
The Curtis Center
170 S Independence Mall W 300E
Philadelphia, Pennsylvania 19106

HYPERTENSION: A COMPANION TO BRENNER AND RECTOR’S 0-7216-0258-4
THE KIDNEY

Copyright © 2005, Elsevier Inc. All rights reserved.

No part of this publication may be reproduced or transmitted in any form or by any means, electronic or
mechanical, including photocopying, recording, or any information storage and retrieval system, without per-
mission in writing from the publisher. Permissions may be sought directly from Elsevier’s Health Sciences
Rights Department in Philadelphia, PA, USA: phone: (+1) 215 238 7869, fax: (+1) 215 238 2239, e-mail: health-
permissions@elsevier.com. You may also complete your request on-line via the Elsevier homepage
(http://www.elsevier.com), by selecting ‘Customer Support’ and then ‘Obtaining Permissions’.

NOTICE

Medicine is an ever-changing field. Standard safety precautions must be followed, but as new research and
clinical experience broaden our knowledge, changes in treatment and drug therapy may become necessary
or appropriate. Readers are advised to check the most current product information provided by the
manufacturer of each drug to be administered to verify the recommended dose, the method and duration
of administration, and contraindications. It is the responsibility of the treating physician, relying on
experience and knowledge of the patient, to determine dosages and the best treatment for each individual
patient. Neither the publisher nor the editor assumes any liability for any injury and/or damage to persons
or property arising from this publication.

Previous edition copyrighted 2000

Library of Congress Cataloguing-in-Publication Data
Hypertension : a companion to Brenner and Rector’s the kidney / [edited by] Suzanne Oparil, Michael A.

Weber.—2nd ed.
p. ; cm.

Companion v. Brenner and Rector’s the kidney / edited by Barry M. Brenner. 7th ed. c2004.
Includes bibliographical references and index.
ISBN 0-7216-0258-4

1. Hypertension. I. Oparil, Suzanne. II. Weber, Michael A. III. Brenner & Rector’s the kidney.
[DNLM: 1. Hypertension—therapy. 2. Antihypertensive Agents—therapeutic use.
3. Hypertension—complications. 4. Hypertension—physiopathology. 5. Life Style. WG 340 
H99426 2005]
RC685.H8H76783 2005
616.1′32—dc22

2004051303

Acquisitions Editor: Susan F. Pioli
Developmental Editor: Kim J. Davis
Publishing Services Manager: Joan Sinclair

Printed in China.

Last digit is the print number: 9 8 7 6 5 4 3 2 1



Roland Asmar, M.D.
Medical Director
Department of Cardiology
The Cardiovascular Institute
Paris, France 
Clinical Applications of Arterial Stiffness in Hypertension

Jan N. Basile, M.D.
Professor of Medicine
Division of General Internal Medicine/Geriatrics
Medical University of South Carolina
Lead Physician-Primary Care
Ralph H. Johnson VA Medical Center
Charleston, South Carolina
Hypertension in the Elderly

D.G. Beevers
Professor
Department of Medicine
University of Birmingham
City Hospital
Birmingham, England
The LIFE Study

Lawrence J. Beilin, M.D. (Lond), M.B.B.S., F.R.C.P., F.R.A.C.P.
Professor of Medicine
School of Medicine and Pharmacology
University of Western Australia
West Australian Institute for Medical Research
Perth, Western Australia
Alcohol and Hypertension

Grzegorz Bilo, M.D.
Department of Clinical Medicine, Prevention and Applied
Biotechnology
University of Milano-Bicocca
Second Cardiology Unit
S. Luca Hospital, IRCCS Instituto Auxologico Italiano
Milan, Italy
Prognostic and Diagnostic Value of Ambulatory Blood Pressure
Monitoring 

Henry R. Black, M.D.
Associate Vice President for Research
Chairman, Department of Preventive Medicine
Rush University Medical Center
Attending Physician
Rush University Medical Center
Chicago, Illinois
The Concept of Total Risk

Guido Boerrigter, M.D.
Instructor of Medicine
Mayo Clinic College of Medicine
Cardiology Fellow
Division of Cardiovascular Diseases
Department of Internal Medicine
Mayo Clinic
Rochester, Minnesota
Endothelin in Hypertension

Lee R. Bone, R.N., M.P.H.
Associate Professor
Department of Health Policy and Management
The Johns Hopkins University Bloomberg School of Public
Health
Baltimore, Maryland
Community Outreach

Hans Brunner
University of Lausanne
Lausanne, Switzerland
The VALUE Trial

John C. Burnett, Jr., M.D.
Professor of Medicine and Physiology
Mayo Clinic College of Medicine
Director for Research
Director, Cardiorenal Research Laboratory
Division of Cardiovascular Diseases
Department of Internal Medicine
Mayo Clinic and Foundation
Rochester, Minnesota
Endothelin in Hypertension

David A. Calhoun, M.D.
Associate Professor of Medicine
Vascular Biology and Hypertension Program
University of Alabama at Birmingham
Birmingham, Alabama
Resistant Hypertension

Vito M. Campese, M.D.
Professor of Medicine, Physiology and Biophysics
Chief, Division of Nephrology and Hypertension
Keck School of Medicine
University of Southern California
Los Angeles, California
Natriuretic Peptides

v

Contributors



Robert M. Carey, M.D., M.A.C.P.
Harrison Distinguished Professor of Medicine
Department of Medicine
University of Virginia Health System
Charlottesville, Virginia
The Angiotensin Receptors: AT1 and AT2

J. Jaime Caro, M.D.C.M., F.R.C.P.C., F.A.C.P.
Adjunct Professor
Department of Medicine
McGill University
Montreal, Quebec, Canada
Scientific Director
Caro Research Institute
Concord, Massachusetts
Current Prescribing Practices

Oscar A. Carretero, M.D.
Professor of Medicine
Henry Ford Health Sciences Center
Detroit, Michigan
Case Western Reserve University
Cleveland, Ohio
Division Head
Department of Hypertension and Vascular Research
Henry Ford Hospital
Detroit, Michigan
The Kallikrein-Kinin System as a Regulator of Cardiovascular
and Renal Function

Mark C. Chappell, Ph.D.
Associate Professor
Hypertension and Vascular Disease Center
Wake Forest University School of Medicine
Winston-Salem, North Carolina
Angiotensin-(1-7)

George S. Chrysant, M.D.
Interventional Cardiologist
Integris Baptist Medical Center
Associate Director
Oklahoma Cardiovascular and Hypertension Center
Oklahoma City, Oklahoma
Ischemic Heart Disease in Hypertension

Jeffrey A. Cutler, M.D., M.P.H.
Senior Scientific Advisor
Division of Epidemiology and Clinical Applications
National Heart, Lung, and Blood Institute
Bethesda, Maryland
The Blood Pressure Lowering Treatment Trialists’ Collaboration
(BPLTTC)

Björn Dahlöf, M.D., Ph.D., F.A.C.C.
Associate Professor
Department of Medicine
Göteborg University
Sahlgrenska University Hospital/östra
Medical Advisor
Scandinavian CRI
Göteborg, Sweden
The LIFE Study

Alexandre A. da Silva, Ph.D.
Instructor
Department of Physiology and Biophysics
University of Mississippi Medical Center
Jackson, Mississippi
Obesity and Hypertension: Impact on the Cardiovascular and
Renal Systems

Ulf de Faire, M.D., Ph.D.
Professor
Division of Epidemiology, IMM
Karolinska Institute
Professor
Department of Cardiology
Karolinska University Hospital
Stockholm, Sweden
The LIFE Study

Maria Carolina Delgado, M.D.
Research Investigator
Department of Internal Medicine
Division of Cardiovascular Medicine
University of Michigan Medical Center
Ann Arbor, Michigan
Pathophysiology of Hypertension

Richard B. Devereux, M.D.
Professor
Department of Medicine
Weill Medical College of Cornell University
Attending Physician
Department of Medicine
New York Presbyterian Hospital
New York, New York
The LIFE Study

Joseph A. Diamond, M.D., F.A.C.C.
Associate Professor
Department of Medicine
Albert Einstein College of Medicine
Bronx, New York
Director of Nuclear Cardiology
Department of Cardiology
Long Island Jewish Medical Center
New Hyde Park, New York
Left Ventricular Hypertrophy, Congestive Heart Failure, and
Coronary Flow Reserve Abnormalities in Hypertension

Donald J. DiPette, M.D.
Chair, Department of Medicine
Texas A&M University College of Medicine and
Scott & White Hospital
Temple, Texas
Vasodilator Peptides: CGRP, Substance P, and Adrenomedullin

Debra I. Diz, Ph.D.
Professor
Hypertension and Vascular Disease Center
Wake Forest University School of Medicine
Winston-Salem, North Carolina
Angiotensin-(1-7) 

vi Contributors



Jonathan M. Edelman, M.D.
Executive Director
Department of Clinical Development
Merck and Company, Inc.
West Point, Pennsylvania
The LIFE Study

William J. Elliott, M.D., Ph.D.
Professor of Preventive Medicine, Internal Medicine, and
Pharmacology
Department of Preventive Medicine
Rush Medical College
Attending Physician
Rush University Medical Center
Chicago, Illinois
The Concept of Total Risk

Steffan Enkman, M.Sc.Pharm.
Novartis Pharma
Basel, Switzerland
The VALUE Trial

Bonita Falkner, M.D.
Professor of Medicine and Pediatrics
Thomas Jefferson University
Philadelphia, Pennsylvania
Hypertension in Children

William L. Fan, M.D.
Fellow
Division of Nephrology
Department of Medicine
Duke University Medical Center
Durham, North Carolina
Dietary Approaches to Hypertension Management: The DASH
Studies

Robert R. Fenichel, M.D., Ph.D.
Lecturer
Department of Medicine
Georgetown University Medical School
Washington, DC
How Antihypertensive Drugs Get Approved in the United States

Carlos M. Ferrario, M.D., F.A.C.C., F.A.C.A.
Professor and Director
Hypertension and Vascular Disease Center
Wake Forest University School of Medicine
Winston-Salem, North Carolina
Angiotensin-(1-7)

Stanley S. Franklin, M.D.
Clinical Professor of Medicine
Associate Medical Director
UCI Heart Disease Prevention Program
Department of Medicine
University of California, Irvine College of Medicine
Irvine, California
Epidemiology of Hypertension
New Interpretations of Blood Pressure: The Importance of Pulse
Pressure

Edward D. Freis, M.D.
Professor Emeritus
Department of Medicine
Georgetown University School of Medicine
Senior Medical Investigator
Department of Medicine
Veterans Administration Hospital
Washington, DC
A History of Hypertension Treatment

William H. Frishman, M.D., M.A.C.P.
Barbara and William Rosenthal Professor and Chair
Department of Medicine
New York Medical College
Director of Medicine
Westchester Medical Center
Valhalla, New York
b-Adrenergic Blockers

Edward D. Frohlich, M.D.
Alton Ochsner Distinguished Scientist
Ochsner Clinic Foundation
Professor, Department of Medicine and Physiology
Louisiana State University School of Medicine
Clinical Professor of Medicine and Adjunct Professor
Department of Pharmacology
Tulane University School of Medicine
New Orleans, Louisiana
Direct-Acting Smooth Muscle Vasodilators and Adrenergic
Inhibitors

John W. Funder, M.D., Ph.D.
Professor
Department of Medicine
Monash University
Senior Fellow
Prince Henry’s Institute of Medical Research
Clayton, Victoria, Australia
Professorial Fellow
Department of Neuroscience
University of Melbourne
Parkville, Victoria, Australia
Aldosterone and Mineralocorticoids 

Frej Fyhrquist
Professor of Medicine
Minerva Institute for Medical Research
Biomedicum Helsinki
Helsinki, Finland
The LIFE Study

Gerardo Gamba, M.D., Ph.D.
Molecular Physiology Unit
Department of Nephrology and Mineral Metabolism
Instituto Nacional de Ciencias Médicas y Nutrición Salvador
Zubirán
Department of Genomic Medicine and Environmental
Toxicology
Instituto de Investigaciones Biomédicas
Universidad Nacional Autónoma de México
Tlalpan, Mexico City, Mexico
Diuretics: Mechanisms of Action 

viiContributors



Apoor S. Gami, M.D.
Assistant Professor of Medicine
Division of Cardiovascular Diseases
Mayo Clinic College of Medicine
Rochester, Minnesota
Obstructive Sleep Apnea and Hypertension

Haralambos Gavras, M.D., F.R.C.P.
Professor
Department of Medicine
Boston University School of Medicine
Chief
Hypertension and Atherosclerosis Section
Boston Medical Center
Boston, Massachusetts
ACE Inhibitor Trials: Effects in Hypertension

Irene Gavras, M.D.
Professor
Department of Medicine
Boston University School of Medicine
Attending Physician
Hypertension and Atherosclerosis Section
Boston Medical Center
Boston, Massachusetts
ACE Inhibitor Trials: Effects in Hypertension

Todd W. B. Gehr, M.D.
Chairman of Nephrology
Professor of Medicine
Virginia Commonwealth University
Medical College of Virginia Hospitals
Richmond, Virginia
Hypertension in Patients on Renal Replacement Therapy
Angiotensin-Converting Enzyme Inhibitors

Gilbert W. Gleim, Ph.D.
Associate Director
Department of Medical Communications
Merck Research Laboratories
West Point, Pennsylvania
The LIFE Study

John E. Hall, Ph.D.
Guyton Professor and Chairman
Department of Physiology and Biophysics
University of Mississippi Medical Center
Jackson, Mississippi
Obesity and Hypertension: Impact on the Cardiovascular and
Renal Systems

Donna S. Hanes, M.D.
Assistant Professor and Director of Clinical Education
Department of Medicine, Division of Nephrology
University of Maryland Hospital
Baltimore, Maryland
Renal Protection in Chronic Kidney Disease

Stephen B. Harrap, M.B.B.S., Ph.D., F.R.A.C.P.
Professor and Head
Department of Physiology
University of Melbourne
Victoria, Australia
Blood Pressure Genetics

Katherine E. Harris, Dr.PH
Director
Department of Clinical Biostatistics
Merck and Company, Inc.
West Point, Pennsylvania
The LIFE Study

Erhard Haus, M.D., Ph.D.
Professor
Department of Anatomic and Clinical Pathology
University of Minnesota
Minneapolis, Minnesota
Pathologist
Department of Anatomic and Clinical Pathology
Regions Hospital
HealthPartners Medical Group
St. Paul, Minnesota
Chronotherapeutics in the Treatment of Hypertension

Ramon C. Hermida, Ph.D.
Professor, Bioengineering and Chronobiology
Laboratories
University of Vigo
Vigo, Spain
Chronotherapeutics in the Treatment of Hypertension

Martha N. Hill, Ph.D., R.N., F.A.A.N
Dean and Professor 
The Johns Hopkins University
School of Nursing 
Baltimore, Maryland
Nursing Clinics in the Management of Hypertension
Community Outreach

Hans Ibsen, M.D., D.M.Sci.
University of Copenhagen
Department of Medicine
Glostrup University Hospital
Glostrup, Denmark
The LIFE Study

Hope Intengan, Ph.D.
Metabolic Research Unit/Diabetes Center
University of California at San Francisco
San Francisco, California
Remodeling of Resistance Arteries in Hypertension

Joseph L. Izzo, Jr., M.D.
Professor
Departments of Medicine and Pharmacology
Head, Clinical Pharmacology Division
Vice Chair, Department of Medicine
State University of New York at Buffalo
Buffalo, New York
The Sympathetic Nervous System in Acute and Chronic Blood
Pressure Elevation

Garry L. R. Jennings, M.D., F.R.C.P., F.R.A.C.P.
Professor and Director
Baker Heart Research Institute
Melbourne, Australia
Exercise and Hypertension

viii Contributors



Ernest F. Johnson III, M.D.
Fellow
Division of Nephrology
Case Western Reserve University
Cleveland, Ohio
Management of Hypertension in Black Populations

Colin I. Johnston, M.D., M.B.B.S., F.R.A.C.P., F.A.H.A.
Professor
Department of Medicine
Monash University
Senior Principal Research Fellow
Baker Heart Research Institute
Melbourne, Australia
Angiotensin Converting Enzymes: Properties and Function

Daniel W. Jones, M.D.
Vice Chancellor for Health Affairs and Dean
School of Medicine
University of Mississippi Medical Center
Jackson, Mississippi
Obesity and Hypertension: Impact on the Cardiovascular and
Renal Systems
Pheochromocytoma: Detection and Management

Stevo Julius, M.D., M.D. (Hon), Sc.D.
Professor of Medicine and Physiology
Frederick G.L. Huetwell Professor of Hypertension
Department of Internal Medicine
Division of Hypertension
The University of Michigan Health System
Ann Arbor, Michigan
The LIFE Study
The VALUE Trial 
Main Results from VALUE
Clinical Outcome Trials of Hypertension with Angiotensin
Receptor Blockers

William B. Kannel, M.D., M.P.H.
Professor of Medicine and Public Health
Department of Preventive Medicine
Boston University School of Medicine
Boston, Massachusetts
Framingham Study
NHLBI/Boston University
Framingham, Massachusetts
Coronary Atherosclerotic Sequelae of Hypertension

Khurshed A. Katki, Ph.D.
Instructor
Department of Medicine
Texas A&M University
Research Scientist
Scott & White Memorial Hospital
Temple, Texas
Vasodilator Peptides: CGRP, Substance P, and
Adrenomedullin

Sverre E. Kjeldsen, M.D., Ph.D., F.A.H.A.
Adjunct Professor
Department of Internal Medicine
University of Michigan
Ann Arbor, Michigan
Chief Physician
Department of Cardiology
Ullevaal University Hospital
Oslo, Norway
The LIFE Study
The VALUE Trial
Main Results from VALUE

Thomas R. Kleyman, M.D.
Professor of Medicine
Chief, Renal-Electrolyte Division
Department of Medicine
University of Pittsburgh
Pittsburgh, Pennsylvania
Diuretics: Mechanisms of Action

Mark A. Knepper, M.D., Ph.D.
Laboratory of Kidney and Electrolyte Metabolism
National Heart, Lung and Blood Institute
National Institutes of Health
Bethesda, Maryland
Diuretics: Mechanisms of Action

Panagiotis Kokkoris, M.D.
Endocrinologist
Department of Endocrinology, Diabetes and 
Metabolism
Hellenic Air Force General Hospital
Athens, Greece
Obesity in Hypertension: The Role of Diet and Drugs

John B. Kostis, M.D.
John G. Detwiler Professor of Cardiology
Professor of Medicine and Pharmacology
Chairman, Department of Medicine
UMDNJ-Robert Wood Johnson Medical School
Chief of Medical Service
Department of Medicine
Robert Wood Johnson University Hospital
New Brunswick, New Jersey
Angiotensin II Receptor Antagonists

Lawrence R. Krakoff, M.D.
Professor
Department of Medicine
Mount Sinai School of Medicine
New York, New York
Chief
Department of Medicine
Englewood Hospital and Medical Center
Englewood, New Jersey
Initial Evaluation and Follow-Up Assessment

ixContributors



Krister J. Kristianson, Ph.D.
Director for Clinical Research
Merck Research Laboratories
Scandinavian Operations
Sollentuna, Sweden
The LIFE Study

Jay J. Kuo, Ph.D.
Instructor
Department of Physiology and Biophysics
University of Mississippi Medical Center
Jackson, Mississippi
Obesity and Hypertension: Impact on the Cardiovascular and
Renal Systems

Jay Lakkis, M.D.
Fellow in Nephrology
Department of Medicine
University of Maryland School of Medicine
Baltimore, Maryland
Diabetes Mellitus and the Cardiovascular Metabolic Syndrome:
Reducing Cardiovascular and Renal Events

John H. Laragh, M.D.
Director of the Cardiovascular Center
New York Hospital
Cornell University Medical Center
New York, New York
The VALUE Trial

David M. Levine, M.D., Sc.D, M.P.H.
Samsung Professor of Medicine, Public Health and
Nursing
Department of Medicine
Johns Hopkins University
Johns Hopkins Hospital
Baltimore, Maryland
Community Outreach

Kathleen C. Light, Ph.D.
Professor
Department of Psychiatry
University of North Carolina School of Medicine
Chapel Hill, North Carolina
Environmental and Psychosocial Stress in Hypertension Onset
and Progression

Lars H. Lindholm, M.D., Ph.D.
Professor and Chair
Department of Public Health and Clinical Medicine
Umea University Hospital
Umea, Sweden
The LIFE Study

Jiankang Liu, M.D., Ph.D.
Postdoctoral Fellow
Department of Physiology and Biophysics
University of Mississippi Medical Center
Jackson, Mississippi
Obesity and Hypertension: Impact on the Cardiovascular and
Renal Systems

Thomas F. Lüscher, M.D.
Professor and Head of Cardiology
University Hospital
Zurich, Switzerland
Endothelium in Hypertension: Nitric Oxide

Giuseppe Mancia, M.D.
Head, Department of Clinical Medicine, Prevention and
Applied Biotechnologies
University of Milano-Bicocca
Head, Unit of Clinica Medica
St. Gerardo Hospital
Chairman, Centro Intrauniversitario Fisiologia Clinica e
Ipertensione
Milan, Italy
Prognostic and Diagnostic Value of Ambulatory Blood Pressure
Monitoring

George A. Mansoor, M.D., F.R.C.P.
Associate Professor
Center for Cardiology and Cardiovascular Biology
University of Connecticut Health Center
Attending Physician
John Dempsey Hospital
Farmington, Connecticut
White-Coat Hypertension

David A. McCarron, M.D.
Visiting Professor
Department of Nutrition
University of California, Davis
Davis, California
President
Academic Network, LLC
Portland, Oregon
Diet: Micronutrients

Heather L. McGuire, M.D.
Fellow
Division of Nephrology
Department of Medicine
Duke University Medical Center
Durham, North Carolina
Dietary Approaches to Hypertension Management: The DASH
Studies

Gordon T. McInnes, M.D., B.Sc.
Professor of Clinical Pharmacology
Division of Cardiovascular and Medical Sciences
University of Glasgow
Consultant Physician 
Department of Acute Medicine 
Western Infirmary
Glasgow, United Kingdom
The VALUE Trial
Critical Assessment of Hypertension Guidelines

Ellen G. McMahon, Ph.D.
Regional Medical and Research Specialist
Pfizer, Inc.
New York, New York
Mineralocorticoid Receptor Antagonists

x Contributors



Renee P. Meyer, M.D.
Assistant Professor of Medicine
Department of Internal Medicine/Geriatrics
Medical University of South Carolina
Geriatrics and Extended Care
Ralph H. Johnson VA Medical Center
Charleston, South Carolina
Hypertension in the Elderly

Nancy Houston Miller, B.S.N.
Associate Director
Stanford Cardiac Rehabilitation Program
Stanford University School of Medicine
Palo Alto, California
Nursing Clinics in the Management of Hypertension

Mitra K. Nadim, M.D.
Assistant Professor of Clinical Medicine
Associate Director, Hypertension Center
Division of Nephrology
University of Southern California
Los Angeles, California
Natriuretic Peptides

Shawna D. Nesbitt, M.D., M.S.
Assistant Professor
Medical Director, Parkland Hospital Hypertension Clinic
Department of Internal Medicine
University of Texas Southwestern Medical Center
Dallas, Texas
Clinical Outcome Trials of Hypertension with Angiotensin
Receptor Blockers

Joel M. Neutel, M.D.
Associate Professor of Medicine
University of California, Irvine
Irvine, California
Director of Research
Orange County Research Center
Tustin, California
Fixed Combination Antihypertensive Therapy

Markku S. Nieminen, M.D., Ph.D., F.A.C.C., F.E.S.C.
Professor and Chief
Division of Cardiology
University Central Hospital
Helsinki, Finland
The LIFE Study

Jürg Nussberger, M.D.
Professor of Medicine
Faculté de Biologie et de Médecine
Hospices Cantonaux
Professor of Medicine
Division of Hypertension and Vascular Medicine
Centre Hospitalier Universitaire Vaudois
Lausanne, Vaud, Switzerland
Renin Inhibitors

Per Omvik, M.D., Ph.D.
Vice Dean and Professor
Department of Internal Medicine
University of Bergen
Professor
Department of Cardiology
Haukeland University Hospital
Bergen, Norway
The LIFE Study

Suzanne Oparil, M.D., F.A.C.C.
Director
Vascular Biology and Hypertension Program
Division of Cardiovascular Diseases
Professor of Medicine, Physiology, and Biophysics
University of Alabama at Birmingham
Birmingham, Alabama
The Antihypertensive and Lipid-Lowering to Prevent Heart
Attack Trial (ALLHAT)
The LIFE Study
Ischemic Heart Disease in Hypertension

Lionel H. Opie, M.D., D.Phil., D.Sc.
Director, Hatter Institute
Faculty of Health Sciences
University of Cape Town
Senior Physician, Hypertension Clinic
Department of Medicine
Groote Schuur Hospital
Cape Town, South Africa
Calcium Channel Blockers: Controversies, Lessons,
and Outcomes

Lars Osterberg, M.D.
Clinical Assistant Professor of Medicine
Stanford University School of Medicine
Stanford, California
Chief of General Internal Medicine
VA Palo Alto Health Care System
Palo Alto, California
Medication Adherence for Antihypertensive Therapy 

Gianfranco Parati, M.D., F.A.H.A., F.E.S.C.
Professor
Department of Clinical Medicine, Prevention and Applied
Biotechnology
University of Milano-Bicocca
Head, Second Cardiology Unit
S. Luca Hospital, IRCCS Istituto Auxologico Italiano
Milan, Italy
Prognostic and Diagnostic Value of Ambulatory Blood Pressure
Monitoring

Krista A. Payne, M.Ed., B.A. (Hons)
Senior Researcher
Caro Research
Montreal, Quebec, Canada
Current Prescribing Practices

xiContributors



Ole Lederballe Pedersen, M.D., D.M.Sci.
Associate Professor
Department of Clinical Pharmacology
University of Aarhus
Aarhus, Denmark
Consultant
Department of Medicine
Sygehus Viborg
Viborg, Denmark
The LIFE Study

Robert A. Phillips, M.D., Ph.D., F.A.C.C., F.A.H.A.
Professor
Department of Medicine
New York University School of Medicine
Chairman
Department of Medicine
Lenox Hill Hospital
New York, New York
Left Ventricular Hypertrophy, Congestive Heart Failure and
Coronary Flow Reserve Abnormalities in Hypertension

Xavier Pi-Sunyer, M.D., M.P.H.
Professor of Medicine
Columbia University College of Physicians and Surgeons
Chief
Division of Endocrinology, Diabetes and Nutrition
St. Luke’s-Roosevelt Hospital Center
New York, New York
Obesity in Hypertension: The Role of Diet and Drugs

Francis Plat, M.D.
Vice President 
Cardiovascular Research and Development
Novartis Pharmaceuticals Corporation
Basel, Switzerland
The VALUE Trial

James L. Pool, M.D.
Professor
Departments of Medicine and Pharmacology
Baylor College of Medicine
Houston, Texas
a-Adrenoceptor Blockers

Francesco Portaluppi, M.D.
Associate Professor of Internal Medicine
Department of Clinical and Experimental Medicine
University of Ferrara
Director, Hypertension Center
St. Anna Hospital
Ferrara, Italy
Chronotherapeutics in the Treatment of Hypertension

L. Michael Prisant, M.D., F.A.C.C., F.A.H.A.
Professor of Medicine
Director of Hypertension and Clinical Pharmacology
Department of Medicine
Medical College of Georgia
Augusta, Georgia
Calcium Antagonists 

Ian B. Puddey, M.D., M.B.B.S., F.R.A.C.P.
Professor
School of Medicine and Pharmacology
University of Western Australia
Nedlands, Western Australia
Alcohol and Hypertension

Satish R. Raj, M.D.
Instructor
Departments of Medicine and Pharmacology
Vanderbilt University
Attending Physician
Autonomic Dysfunction Center
Vanderbilt University Medical Center
Nashville, Tennessee
Orthostatic Hypotension and Autonomic Dysfunction
Syndromes

Gerald M. Reaven, M.D.
Professor of Medicine
Division of Cardiovascular Medicine
Stanford University School of Medicine
Stanford, California
The Role of Insulin Resistance and Compensatory
Hyperinsulinemia in Patients with Essential 
Hypertension

Scott T. Reeves, M.D., M.B.A., F.A.C.C., F.A.S.E.
Professor
Department of Anesthesia and Perioperative Medicine
Medical University of South Carolina
Charleston, South Carolina
Anesthesia and Hypertension

Alain Reinberg, M.D., Ph.D.
Directeur de Recherches
National Center for Scientific Research
Unité de Chronobiologie
Foundation A. de Rothschild
Paris, France
Chronotherapeutics in the Treatment of Hypertension

Ira W. Reiser, M.D.
Clinical Associate Professor of Medicine
Department of Medicine
State University of New York Health Science Center at
Brooklyn
Attending Physician
Division of Nephrology and Hypertension
Department of Medicine
The Brookdale University Hospital and Medical Center
Brooklyn, New York
Renovascular Hypertension: Diagnosis and Treatment

Timothy L. Reudelhuber, Ph.D.
Director
Laboratory of Molecular Biochemistry of
Hypertension
Clinical Research Institute of Montreal (ICRM)
Montreal, Quebec, Canada
Renin

xii Contributors



Molly E. Reusser, M.A.
Technical Writer
Academic Network
Portland, Oregon
Diet: Micronutrients

J.G. Reves, M.D.
Vice President for Medical Affairs
Dean, College of Medicine
Medical University of South Carolina
Charleston, South Carolina
Anesthesia and Hypertension

Nour-Eddine Rhaleb, Ph.D., F.A.H.A.
Associate Professor of Medicine
Department of Physiology
Wayne State University
Senior Scientist
Departments of Internal Medicine, Hypertension, and
Vascular Research
Henry Ford Hospital
Detroit, Michigan
The Kallikrein-Kinin System as a Regulator of Cardiovascular
and Renal Function

David Robertson, M.D.
Elton Yates Professor of Medicine, Pharmacology, and
Neurology
Vanderbilt University
Nashville, Tennessee
Orthostatic Hypotension and Autonomic Dysfunction
Syndromes

Edward J. Roccella, Ph.D., M.P.H.
Coordinator, Office of Prevention, Education and Control
National Heart, Lung and Blood Institute
Bethesda, Maryland
The National High Blood Pressure Education Program

Peter Rudd, M.D.
Professor
Department of Medicine
Stanford University
Stanford, California
Medication Adherence for Antihypertensive Therapy

Michael C. Ruddy, M.D.
Clinical Associate Professor
Department of Medicine
UMDNJ-Robert Wood Johnson Medical School
New Brunswick, New Jersey
Chief, Section of Nephrology
Department of Medicine
University Medical Center at Princeton
Princeton, New Jersey
Angiotensin II Receptor Antagonists

Luis Miguel Ruilope, M.D.
Chief, Hypertension Unit
12 de Octubre Hospital
Carretera de Andalucia
Madrid, Spain
Vasopeptidase Inhibitors

Ernesto L. Schiffrin, M.D., Ph.D., F.R.C.P.C., F.A.C.P.
Professor of Medicine
University of Montreal
Director, CIHR Multidisciplinary Research Group on
Hypertension and Hypertension Clinic
Clinical Research Institute of Montreal
Staff, Division of Internal Medicine
Hôtel-Dieu Hospital of the University of Montreal Hospital
Centre (CHUM)
Montreal, Quebec, Canada
Remodeling of Resistance Arteries in Hypertension
Endothelin Antagonists

John A. Schirger, M.D.
Instructor of Medicine
Mayo Clinic College of Medicine
NIH Cardiology Fellow
Division of Cardiovascular Disease
Mayo Clinic
Rochester, Minnesota
Endothelin in Hypertension 

M. Anthony Schork, Ph.D.
Emeritus Professor
Department of Biostatistics
University of Michigan
Ann Arbor, Michigan
The VALUE Trial

Alexander M. M. Shepherd, M.D., Ph.D., F.A.H.A.
Professor and Chief
Division of Clinical Pharmacology
Departments of Medicine and Pharmacology
University of Texas Health Science Center at San Antonio
San Antonio, Texas
Pharmacokinetics of Antihypertensive Drugs

Domenic A. Sica, M.D., F.A.C.P.
Professor of Medicine and Pharmacology
Department of Medicine
Virginia Commonwealth University
Chairman, Section of Clinical Pharmacology and Hypertension
Division of Nephrology
Virginia Commonwealth University
Richmond, Virginia
Hypertension in Patients on Renal Replacement Therapy
Angiotensin-Converting Enzyme Inhibitors

Helmy M. Siragy, M.D., F.A.C.P., F.A.H.A.
Professor of Medicine and Endocrinology
Director of the Hypertension Center
University of Virginia
Charlottesville, Virginia
The Angiotensin Receptors: AT1 and AT2

Beverly A. Smith, B.S.N.
Associate Director
Global Cardiovascular Clinical Development
Novartis Pharmaceuticals Corporation
East Hanover, New Jersey
The VALUE Trial

xiiiContributors



Michael H. Smolensky, Ph.D.
Professor
Department of Environmental and Occupational Medicine
School of Public Health
University of Texas-Houston Health Science Center
Houston, Texas
Chronotherapeutics in the Treatment of Hypertension

Steven Snapinn, Ph.D.
Senior Director
Department of Biostatistics
Amgen, Incorporated
Thousand Oaks, California
The LIFE Study

Virend K. Somers, M.D., D.Phil.
Professor of Medicine
Divisions of Cardiovascular Diseases and Hypertension
Mayo Clinic College of Medicine
Rochester, Minnesota
Obstructive Sleep Apnea and Hypertension

Lukas E. Spieker, M.D.
Department of Cardiology
University Hospital
Zurich, Switzerland
Endothelium in Hypertension: Nitric Oxide

Samuel Spitalewitz, M.D.
Associate Professor of Clinical Medicine
Department of Medicine
State University of New York Health Science Center at Brooklyn
Attending Physician and Physician-in-Charge of the Renal
and Hypertension Clinics
The Brookdale University Hospital and Medical Center
Brooklyn, New York
Renovascular Hypertension: Diagnosis and Treatment

Pelle Stolt, Ph.D.
Novartis AG
Basel, Switzerland
The VALUE Trial
Main Results from VALUE

Scott C. Supowit, Ph.D.
Associate Professor
Department of Medicine
Texas A&M University System Health Science Center School
of Medicine
Temple, Texas
Vasodilator Peptides: CGRP, Substance P, and Adrenomedullin

Laura P. Svetkey, M.D., M.H.S.
Professor
Department of Medicine
Director, Duke Hypertension Center
Director of Clinical Studies
Sarah W. Stedman Nutrition and Metabolism Center
Duke University Medical Center
Durham, North Carolina
Dietary Approaches to Hypertension Management: The DASH
Studies

Sandra J. Taler, M.D.
Associate Professor of Medicine
Mayo Clinic College of Medicine
Department of Internal Medicine
Division of Nephrology and Hypertension
Mayo Clinic
Rochester, Minnesota
Hypertension in Pregnancy

Lakshmi S. Tallam, Ph.D.
Instructor
Department of Physiology
University of Mississippi Medical Center
Jackson, Mississippi
Obesity and Hypertension: Impact on the Cardiovascular and
Renal Systems

E. Ann Tallant, Ph.D.
Associate Professor
Hypertension and Vascular Disease Center
Wake Forest University School of Medicine
Winston-Salem, North Carolina
Angiotensin-(1-7)

Chris Tikellis, Ph.D., B.Sc. (Hons)
Department of Diabetic Complications
Baker Heart Research Institute
Melbourne, Australia
Angiotensin-Converting Enzymes: Properties and Function

Fiona Turnbull, M.B.Ch.B., F.A.F.P.H.M.
Senior Research Fellow
Heart and Vascular Division
The George Institute for International Health
University of Sydney
Sydney, Australia
The Blood Pressure Lowering Treatment Trialists’ Collaboration
(BPLTTC)

Donald G. Vidt, M.D.
Consultant
Department of Nephrology and Hypertension
Cleveland Clinic Foundation
Cleveland, Ohio
Professor of Medicine
College of Medicine and Public Health
Ohio State University
Columbus, Ohio
Management of Hypertensive Emergencies and Urgencies

Ralph E. Watson, M.D., F.A.C.P.
Associate Professor of Medicine
Director, Hypertension Clinic
College of Human Medicine
Michigan State University
East Lansing, Michigan
Vasodilator Peptides: CGRP, Substance P, and
Adrenomedullin 

xiv Contributors



Michael A. Weber, M.D.
Associate Dean for Clinical Research and Professor of
Medicine 
State University of New York Health Science Center at Brooklyn
Brooklyn, New York
The VALUE Trial
Main Results from VALUE

Hans Wedel
Professor
Department of Biostatistics and Epidemiology
Nordic School of Public Health
Gothenburg, Sweden
The LIFE Study

Alan B. Weder, M.D.
Professor
Department of Internal Medicine
Division of Cardiovascular Medicine
University of Michigan Medical Center
Ann Arbor, Michigan
Pathophysiology of Hypertension

Myron H. Weinberger, M.D.
Professor of Medicine
Hypertension Research Center
Indiana University School of Medicine
Indianapolis, Indiana
Initial Choices in the Treatment of Hypertension
Aggressive Blood Pressure Targets: Developing Effective Algorithms

Matthew R. Weir, M.D.
Professor of Medicine
Director
Division of Nephrology
University of Maryland School of Medicine
Baltimore, Maryland
Renal Protection in Chronic Kidney Disease
Diabetes Mellitus and the Cardiovascular Metabolic Syndrome:
Reducing Cardiovascular and Renal Events

William B. White, M.D.
Professor of Medicine and Chief
Division of Hypertension and Clinical Pharmacology
University of Connecticut School of Medicine
Medical Director, Clinical Trials Unit
University of Connecticut Health Center
Farmington, Connecticut
White-Coat Hypertension 

Marion R. Wofford, M.D., M.P.H.
Associate Professor
Department of Medicine
University of Mississippi Medical Center
Jackson, Mississippi
Pheochromocytoma: Detection and Management

Nathan D. Wong, Ph.D., F.A.C.C.
Professor and Director
Heart Disease Prevention Program
Division of Cardiology
Department of Medicine
University of California, Irvine
Irvine, California
Epidemiology of Hypertension

Jackson T. Wright, Jr., M.D., Ph.D.
Professor
Department of Medicine
Case Western Reserve University
Program Director, General Clinical Research Center
Director, Clinical Hypertension Program
University Hospitals of Cleveland
Cleveland, Ohio
The Antihypertensive and Lipid-Lowering Treatment to Prevent
Heart Attack Trial (ALLHAT)
Management of Hypertension in Black Populations 

Xiao-Ping Yang, M.D.
Senior Staff Scientist
Hypertension Research Division
Department of Internal Medicine
Henry Ford Hospital
Detroit, Michigan
The Kallikrein-Kinin System as a Regulator of Cardiovascular
and Renal Function

William F. Young, Jr., M.D.
Professor of Medicine
Mayo Clinic College of Medicine
Division of Endocrinology and Metabolism
Mayo Clinic
Rochester, Minnesota
Adrenal Cortex Hypertension

Alberto Zanchetti
Professor of Medicine
Centro di Fisiologia Clinica e Hypertension
University of Milan
Scientific Director
Instituto Auxologico Italiano
Milan, Italy
The VALUE Trial

Huawei Zhao, M.D.
Research Associate
Department of Pharmacology and Toxicology
Michigan State University
East Lansing, Michigan
Vasodilator Peptides: CGRP, Substance P, and
Adrenomedullin

xvContributors



Creating a comprehensive book on hypertension is a demand-
ing task, particularly for the numerous contributors who pro-
vide chapters giving detailed descriptions of the most current
information in their fields. For this reason, we were both
highly gratified by the enthusiastic acceptance and wide dis-
tribution of the first edition of this book.

Now, 4 years later, the dedication and generosity of our pro-
fessional colleagues have allowed us to produce this second
edition. In some ways, it might have been tempting simply to
add some updates to the original volume; after all, many of the
chapters from the earlier edition remain highly relevant and
contemporary. But, despite our earlier success, we have
decided to entirely re-cast this publication. The last few years
have seen not only the completion of a number of important
and high-impact clinical trials in hypertension but also the
emergence of new attitudes toward the scientific infrastruc-
ture and the clinical priorities of hypertension. We believe that
the effort involved in creating this new book has been fully
worthwhile.

Major trials that have been recently completed have been
allocated chapters in this volume. These include two studies
done in high-risk hypertensive patients, both comparing the
relatively new angiotensin receptor blockers against older,
more established drug classes. The Losartan Intervention For
Endpoint Reduction (LIFE) trial compared the angiotensin
receptor blocker, losartan, with the β-blocker, atenolol, and
concluded that the angiotensin receptor blocker was signifi-
cantly more efficacious in preventing strokes in hypertensive
patients who are at high risk due to the presence of electro-
cardiographic evidence of left ventricular hypertrophy. The
Valsartan Antihypertensive Long-term Use Evaluation
(VALUE) trial compared the angiotensin receptor blocker, val-
sartan, with the calcium channel blocker, amlodipine. This
study was confounded because the protocol resulted in
achievement of somewhat unequal blood pressures in the two
treatment groups. Importantly, VALUE emphasized that
blood pressure control, perhaps more than any other factor, is
the key to preventing major events and mortality in hyperten-
sion. Both the LIFE and VALUE trials also provided evidence
that the angiotensin receptor blockers may have the added
benefit of preventing or at least delaying the appearance of
new-onset diabetes, an important attribute considering the
worldwide epidemic of the triad of obesity, insulin resistance,
and the cardio-metabolic syndrome.

Two trials, the Irbesartan Diabetic Nephropathy Trial (IDNT)
and Reduction of Endpoints in Non-Insulin Dependent
Diabetes Mellitus with the Angiotensin II Antagonist Losartan
(RENAAL), were performed in patients with diabetic nephropa-
thy and demonstrated that—for the same effects on blood pres-
sure—angiotensin receptor blockers were more efficacious than
other drug classes in preventing further deterioration of renal
function and progression to end-stage renal disease. Apart from
the importance of these results, and their implications for ther-
apy, the studies have had the additional effect of focusing atten-
tion on the interaction of hypertension and diabetes.

One of the most noted events since the first edition was the
publication of the Antihypertensive and Lipid-Lowering treat-
ment to prevent Heart Attack Trial (ALLHAT). This large-
scale trial, conducted primarily in the United States across a
diverse population of high-risk hypertensive patients, com-
pared the effects on fatal and nonfatal coronary events (as well
as other relevant secondary endpoints) of treatments based on
a thiazide-like diuretic, a dihydropyridine calcium channel
blocker, and an angiotensin-converting enzyme (ACE)
inhibitor. The three treatments had virtually identical effects
on the primary coronary outcomes, but the diuretic had
advantages with respect to some of the secondary endpoints,
at least in some high-risk subgroups of patients.

The study was greeted with criticism from an array of
experts who argued that its conclusions were influenced by
artifacts of the study design that favored the diuretic, particu-
larly in terms of achieving blood pressure control, and that
there was no creditable basis for claiming superiority—or, for
that matter, even economic advantage—for the thiazide when
the full cost of therapy beyond drug acquisition was taken into
account. This broad-based skepticism regarding the interpre-
tation of ALLHAT has diluted its impact on hypertension
practice, although it still remains a subject of much discussion
and debate. A particularly interesting finding of ALLHAT was
that the incidence of new-onset diabetes during the trial was
significantly higher with the diuretic than with the other
drugs, although during the relatively short-term follow-up of
these patients there was no indication that having diabetes
increased their risk of cardiovascular events. In this edition of
our book, the authors of ALLHAT present their results as a
chapter and provide an interesting discussion.

More than ever, hypertension is characterized by a wide
array of issues at the molecular, physiologic, clinical, and pop-
ulation levels. A review of our contents will indicate that we
have left very few stones unturned in our quest to provide a
broad and contemporary view of hypertension. Right now, in
the clinical arena, there is a particularly strong focus on the
importance of blood pressure control. Although this goes
back to the very origins of our understanding of hypertension
as a clinical condition, compelling new data have made us
more aware than ever that achieving aggressive target blood
pressure levels during treatment may represent the single
most important benefit that we can provide our patients.
Throughout this book the message of blood pressure control
across hypertension in its many clinical manifestations is
addressed consistently by the authors.

Another contemporary issue in hypertension is the dramat-
ically growing prevalence of the metabolic syndrome and its
frequent outcome, type 2 diabetes mellitus. Even the lay pub-
lic is now aware that there is a worldwide problem of obesity,
perhaps exaggerated by the more physically passive and seden-
tary lifestyles that so many people have adopted. Most worry-
ing, children even more than adults appear to have fallen
victim to the dual problems of increased calories and
decreased activity. A consequence of this is that not only is the
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prevalence of hypertension increased, but also it is likely to be
associated with concomitant problems of obesity, lipid disor-
ders, and glucose intolerance. Our readers will find these
issues addressed in several places throughout this book. We
are working hard to understand the pathophysiology, clinical
characteristics, and optimal management for this important
and highly prevalent syndrome.

Diabetes mellitus, particularly type 2, is increasing dramat-
ically in incidence and is frequently part of the hypertension
story. It would be easy to blame this on the aging of our pop-
ulations in North America and Western Europe, but the
unfortunate fact is that children and young adults are also
now prone to this disorder. Currently, we equate diabetes with
the presence of cardiovascular disease; in fact, most of our col-
leagues in endocrinology simply regard type 2 diabetes as
being equivalent to coronary disease in creating cardiovascu-
lar risk. A small consolation is that we are getting a better idea
of how differing therapies and approaches to management
might provide some measure of protection for our patients
who have diabetes and certainly for those who have this con-
dition in association with hypertension and renal involve-
ment. Once more, several chapters in this edition will provide
insights and recommendations for understanding and man-
aging this all-too-common problem.

The sophisticated readers of a book of this type are already
aware that creating guidelines for the management of hyper-
tension or other medical conditions can be as much a politi-
cal as a scientific process. Ultimately, their recommendations
to some extent represent the compromises of a group of
experts, with disparate interpretations of scientific, clinical,
and practical issues, attempting to achieve a consensus.
Despite the differences among the specific recommendations
produced by organizations or agencies around the world, they
all recognize that control of blood pressure in all countries is
far from optimal and that aggressive reduction of blood pres-
sure remains the primary objective of treatment. There is also
a growing agreement among the guidelines that starting ther-
apy with combination drug treatment—which previously had
been regarded as an imprecise or even shot-gun approach to
hypertension—may in fact be desirable as a means to more
effectively and rapidly achieve blood pressure control in
patients whose pretreatment blood pressures are excessively
elevated.

A quick review of the chapters in this book will reveal the
various categories or sections into which we have placed them.
Section 1 provides interesting background information on
hypertension: its history, chiefly from a clinical perspective,
and the role of an official organization—the National High
Blood Pressure Education Program—in disseminating infor-
mation to the American public about the importance of diag-
nosing and treating hypertension; and, of course, there is a
chapter on the epidemiology of this very common condition.

Given the wide variety of regulatory systems and struc-
tural factors that influence blood pressure, Section 2
describes pathophysiology and is relatively large and com-
prehensive. A number of chapters deal with the renin-
angiotensin-aldosterone system, including renin itself, the
various forms of angiotensin, angiotensin-converting
enzyme, angiotensin receptors, aldosterone, and selective
mineralocorticoid receptors. There is strong evidence that
this system not only plays a major role in blood pressure
control, but also contributes to several mechanisms that

appear to accelerate atherosclerosis and other forms of
hypertension and related target organ damage. This infor-
mation lays the ground work for later chapters that describe
the growing role of drugs that interrupt the renin-
angiotensin-aldosterone system in managing hypertension
as well as other cardiovascular and renal diseases.

Complementary to the renin axis is the sympathetic nerv-
ous system, which clearly is also pivotal in governing blood
pressure. Increased sympathetic activity appears to be a major
mediator of the blood pressure effects of obesity and other
metabolic disorders that predispose to the development of
hypertension. Other important vasoactive mediators, includ-
ing the natriuretic peptides, the vasodilator peptides and the
kallikrein-kinin system are also discussed in detail. Our sec-
tion on pathophysiology emphasizes the endothelium, and
looks at the importance of early structural changes in the
microcirculation, as well as the stiffness of larger arteries. A
chapter on the metabolic syndrome lays the foundation for
important clinical issues discussed elsewhere in the book.

The transition to these more clinical issues requires, first of
all, an understanding of the concept of total risk, particularly
as hypertension is just one of the contributors to cardiovascu-
lar events and mortality. There is little doubt, however, that
hypertension is a major antecedent to coronary events and to
heart failure. These relationships are discussed in Section 3,
which deals with target organ damage and cardiovascular
events. The connection between blood pressure and the kid-
ney is particularly strong, and this Section contains an impor-
tant chapter that delineates how preventing the progression of
renal disease depends highly on blood pressure control as well
as other strategies. It is fascinating how, even at this relatively
advanced stage of our understanding of hypertension, we are
still seeking better ways of interpreting the blood pressure
itself: which component or derivative of the blood pressure is
the most important prognostically, and which should be the
primary target of treatment?

After Section 4 explores blood pressure both from a diag-
nostic and mechanistic point of view, Section 5 goes on to
describe the general principles of treating hypertension. The
early chapters in this Section report the findings of major clin-
ical trials in hypertension and related areas, including those
that were discussed above, and review major meta-analyses
looking at the comparative effects of antihypertensive drugs
on major cardiovascular outcomes. Commentaries on current
prescribing practices in hypertension and some of the high-
lights and controversies arising from published hypertension
guidelines are included, as well as discussion of some innova-
tive approaches to managing hypertension, including nursing
clinics and community outreach programs. Getting patients
to take their medications, one of the hardest tasks in hyper-
tension, is also dealt with here.

We have taken a broader view of hypertension treatment
than consideration of drug therapy alone, and Section 6 con-
tains detailed chapters on lifestyle modifications. These
include discussions of micronutrients, special diets involving
adjustments in macro- and micronutrients that appear to
affect blood pressure, and thoughtful reviews of the mecha-
nisms as well as the challenges of management of obesity in
hypertension. Further chapters deal with the relationship
between alcohol and hypertension, the role of physical activ-
ity in prevention and treatment, and a careful look at the com-
mon concomitant diagnosis of diabetes.
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Section 7 considers some contemporary issues in the use of
antihypertensive agents: how best to choose the initial drug
for treating hypertension, the pharmacokinetics of the major
antihypertensive drugs, the growing role of fixed combination
antihypertensive agents, and the concept of chronotherapeu-
tics in which drugs are designed to exert maximal effects dur-
ing the early morning hours when patients may be at greatest
risk of cardiovascular events.

Circumstances that can affect the selection of antihyperten-
sive drugs, including the presence of concomitant conditions
and the special needs of different populations, are discussed in
Section 8. Particular focus is directed toward the special needs
of patients with such conditions as diabetes or the metabolic
syndrome, chronic kidney disease, and coronary heart disease.
Optimal strategies for treating African American patients, the
elderly and children, as well as the special requirements of
treating hypertension in pregnancy are considered in depth.
The challenges associated with treatment-resistant hyperten-
sion and orthostatic hypotension are also dealt with here.

There is always strong interest in the properties of individ-
ual drugs, and Section 9 gives detailed information regarding
all the currently used antihypertensive drug classes. Potential
new classes are also considered, including endothelin antago-
nists, vasopeptidase inhibitors and renin inhibitors. We have
also included a chapter describing the process by which the
United States Food and Drug Administration approves new
antihypertensive agents.

The final part of the book, Section 10, deals with secondary
hypertension and special circumstances that can affect the
management of hypertension. Beyond the most important
secondary forms of hypertension, including aldosterone
excess, renovascular disease and pheochromocytoma, we have
included chapters on obstructive sleep apnea and the special
requirements of general anesthesia in hypertensive patients, as
well as management of patients with hypertensive emergen-
cies. In view of the ever more aggressive blood pressure targets
recommended by contemporary guidelines, our final chapter
offers strategies and treatment algorithms for achieving this
ambitious goal.

Our most important task is to thank our many colleagues
who labored so hard to write contemporary and incisive chap-
ters for this book. Thanks to their efforts, readers will now
have access to a comprehensive and detailed review of hyper-
tension as we understand it today. We would also like to thank
Susan Pioli and Kim Davis at our publisher, Elsevier, who have
worked so closely with us in dealing with the time-consuming
and complicated issues of producing a work of this magni-
tude. Finally, we are delighted to acknowledge Lorraine
Wilson at the Downstate College of Medicine in Brooklyn,
NY, and Carla Segars at the University of Alabama,
Birmingham, for their outstanding administrative support
and commitment in completing this task.

Suzanne Oparil, M.D.
Michael A. Weber, M.D.
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Results of recent population surveys have underscored the
enormity of the health problem posed by elevated blood pres-
sure. With a prevalence of 20% of the adult population world-
wide, high blood pressure increases the cardiovascular risk of
billions of people. Careful analyses of cohort data have shown
that this increased risk pertains not only to persons with frank
hypertension by traditional definitions but also to those with
blood pressures at the higher end of the “normal” range. The
risk of cardiovascular disease is directly and linearly related to
both systolic and diastolic blood pressure, although the slope
of this relationship is steeper for systolic than for diastolic
pressure. Recent analyses have shown that elevated pulse pres-
sure may carry the worst prognosis of all, particularly among
the elderly.

The risk of elevated blood pressure is clearly modifiable
with appropriate and aggressive antihypertensive treatment.
Results of recent randomized clinical trials have reinforced the
concept that lowering blood pressure can prevent morbidity
and mortality due to cardiovascular diseases, including stroke,
congestive heart failure, myocardial infarction, and end-stage
renal disease. Further, these studies have shown that lowering
blood pressure to more aggressive target levels confers rela-
tively greater benefit in those persons at highest risk, includ-
ing diabetics and persons with renal insufficiency
accompanied by proteinuria.

Despite the impressive successes of controlled clinical trials
in preventing hypertension-related cardiovascular events, the
incidence of heart failure and end-stage renal disease has
increased dramatically since the early 1980s. A major contrib-
utor to this trend is inadequate control of blood pressure in
the population. Hypertension control rates are disappointing
(only 27% in the United States and much lower in other
industrialized countries, for example, 6% in the United
Kingdom) and have declined in recent years.

The challenge to the practicing physician, then, is to trans-
late the promising results of clinical trials into everyday prac-
tice. Impediments to this effort include nonadherence to
prescribed medical regimens by patients, failure to communi-
cate the need for treatment by providers, the cost of care, fail-
ure to prescribe medications in adequate doses, and the
requirement for multidrug regimens to achieve adequate con-
trol in most patients. Hope for the future lies in innovative
health care delivery systems that utilize nurses, pharmacists,
and other nonphysician providers, increased emphasis on
adherence-enhancing measures, and reliance on referral to
hypertension specialists for the care of complex and resistant
patients. The team approach to care of hypertensive patients
also facilitates implementation of lifestyle modification meas-
ures, including novel dietary programs, that can reduce blood
pressure.

Broader recognition by health care providers of the need to
treat to lower goal blood pressures and by the health care
delivery system of the importance of successful antihyperten-
sive treatment should yield immediate benefit. Results of ran-
domized controlled trials currently in progress will yield

insights into whether specific antihypertensive drugs are
more—or less—effective than others in preventing morbid
and mortal cardiovascular events. These studies should pro-
vide definitive answers to the question of whether blood pres-
sure reduction per se fully accounts for the benefits of
antihypertensive treatment or whether the mechanism of
action of antihypertensive drugs also has a bearing on out-
comes.

Interesting questions and controversies remain. High
blood pressure rarely exists as a solitary abnormality.
Metabolic changes such as lipid disorders and insulin resist-
ance, often associated with obesity, are common in hyperten-
sive patients. In addition, cardiovascular findings, including
changes in the structure and function of the left ventricle or
stiffening of the arteries, as well as evidence for renal hyper-
filtration, are also part of this syndrome. Since these findings
can be detected in the apparently normotensive offspring
of patients with hypertension, the issue of how and when to
best evaluate those at risk of hypertension and its conse-
quences becomes important. Another ongoing question:
Although randomized clinical trials with hard endpoints are
critical to hypertension guideline writers and policy makers,
how can practicing physicians best judge the true effective-
ness of treatment in their own individual patients? Can sur-
rogate endpoints like regression of left ventricular
hypertrophy, improvement in arterial compliance, or reduc-
tion in proteinuria be regarded as legitimate guideposts in
patient management?

The science of vascular biology has become a critical part of
hypertension. Changes in the endothelium and in the struc-
ture and function of the arterial wall are critical in determin-
ing the cardiovascular prognosis of patients with this
condition. The renin-angiotensin-aldosterone system,
together with the many other vasoactive peptides and sub-
stances with which it interacts, has become an important ther-
apeutic target as well as a subject of basic scientific interest.
There is now an active ongoing search for links between these
vascular and clinical findings and the underlying genetic vari-
ations and abnormalities that are responsible for them.

It could be anticipated that application of knowledge
gained from the human genome project and other studies of
the inheritance of high blood pressure and related comorbid
conditions will lead to better understanding of the pathophys-
iology of essential hypertension and to the selection of more
effective, targeted antihypertensive therapy based on the geno-
type of the patient.

This entirely new book is intended to be a useful reference
for clinicians who provide care for hypertensive patients, for
scientists who are studying the pathobiology of blood pres-
sure control and hypertension-related target organ disease,
and for health care planners from academia, industry, and
government. The volume begins with a brief history of clini-
cal hypertension and an overview of the epidemiology of
hypertension worldwide. Sections 2 and 3 emphasize con-
temporary issues in the pathophysiology of blood pressure
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elevation and its cardiovascular complications and target
organ damage, as well as common comorbid conditions, such
as obesity and insulin resistance. A particularly novel aspect
of these sections is the discussion of primary arterial pathol-
ogy and arterial stiffness in the pathogenesis of hypertension,
providing a mechanistic basis for the recent emphasis on
pulse pressure as a predictor of cardiovascular morbidity and
mortality in hypertensive subjects. Consideration of target
organ damage and cardiovascular complications, as well as
blood pressure level per se, as components of total cardiovas-
cular risk is presented as a critical factor in deciding when
and how aggressively to treat the patient with elevated blood
pressure.

Section 4 on diagnosis emphasizes the importance of accu-
rate blood pressure measurement, including the role of ambu-
latory and self-measurement of blood pressure in guiding
antihypertensive therapy, as well as the complex issue of
white-coat hypertension. Section 5 on general considerations
in antihypertensive treatment focuses on a number of con-
temporary issues, including use of outcome data from recent
clinical trials in making therapeutic decisions. A critical
assessment of hypertension treatment guidelines and their
impact on office practice is presented. Current prescribing
practices, as well as the cost-effectiveness of antihypertensive
therapy in a managed care setting, are discussed. Novel sys-
tems for delivering antihypertensive therapy, including nurs-
ing clinics and community outreach programs, and for
optimizing compliance with antihypertensive medication
occupy prominent positions in this section.

Section 6 deals with lifestyle modification in the prevention
and treatment of hypertension. It discusses the value of a bal-
anced diet rich in fruits, vegetables, and low-fat dairy products,
for example, the Dietary Approaches to Stop Hypertension
(DASH) diet, as well as weight reduction, increased physical
activity, and moderation of alcohol consumption as primary
or adjunctive therapy in hypertensive patients.

Section 7 outlines general considerations for the initial
choice of antihypertensive drug treatment, including low-
dose fixed-combination therapy, and the role of chronothera-
peutics in treatment decisions. Special considerations in the
treatment of hypertensive patients with comorbid conditions,
particularly insulin resistance, diabetes, ischemic heart dis-
ease, and renal disease, as well as in special patient groups,
including women, the elderly, and Blacks, are discussed in
Section 8. Chapters on resistant hypertension and orthostatic
hypotension round out this section.

The process of antihypertensive drug registration in the
United States is described in Section 9, which also includes
detailed consideration of antihypertensive drug actions by
class. New antihypertensive drug classes, including endothelin
antagonists, renin inhibitors, and the vasopeptidases, which
combine neutral endopeptidase and angiotensin-converting
enzyme–inhibiting properties, as well as the established
classes, are discussed here.

Section 10 emphasizes recent advances in the diagnosis and
treatment of secondary hypertension. Obstructive sleep
apnea, a recently recognized and important cause of hyper-
tension, is highlighted. Anesthesia in the hypertensive patient
and the treatment of hypertensive emergencies, specialized
areas that often baffle clinicians, are discussed in this section.
The volume ends with a set of tables listing the antihyperten-
sive drugs currently available in the United States.

We thank the contributing authors for their scholarly and
extremely contemporary treatment of important topics in
hypertension pathophysiology, diagnosis, and therapy. We
also express our appreciation to Richard Zorab, Jennifer
Shreiner, and the production staff at W.B. Saunders Company
for their expertise and diligent attention to detail in the prepa-
ration of this text.

Suzanne Oparil, M.D.
Michael A. Weber, M.D.
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1SECTION 1

Background and History

Much of the early history of hypertension was collected by
Ruskin and presented in his book entitled Classics in Arterial
Hypertension.1 This book is the primary source of my review
of the opinions of the ancient physicians. Prior to the twenti-
eth century there were no clinical instruments for measuring
blood pressure noninvasively. However, the presence of a high
blood pressure had long been recognized by the degree of
“hardness” of the pulses (difficulty in obliterating the pulse by
manually compressing the radial artery).

The first known reference to increased tension within the
arterial system was made in a Chinese book written about
2600 B.C. entitled The Yellow Emperor’s Classic of Internal
Medicine.2 The author stated “Nothing surpasses the examina-
tion of the pulse, for with it errors cannot be committed. In
order to examine whether Yin or Yang predominates one must
distinguish a gentle pulse and one of low tension from a hard
and pounding pulse.” He further stated that “The heart influ-
ences the force which fills the pulse with blood. If too much
salt is eaten in food, the pulse hardens.” He also described a
syndrome closely resembling hypertensive cardiac failure,
stating that “when the pulse is abundant but tense and hard
like a cord there are dropsical swellings.”

A medical textbook from the Ashurbanipal Library at
Nineveh (669-626 B.C.) advised that apoplexy be treated with
venesection and cupping, which reduces blood pressure. The
Pulse Classic of Wang (280 A.D.) stated that in apoplexy the
pulse should be superficial and slow. If it is firm rapid and large
there is danger.” Leeches were a popular treatment for apoplexy
in ancient times. Some of the ancient Chinese texts recom-
mend acupuncture or venesection for hardening of the pulse.1

In Roman medicine, Cornelius Celsus3 wrote that increased
rate and tension of the pulse occurs with exercise, passion, and
even the doctor’s arrival (the Roman version of the “White
Coat” phenomenon).

The Chinese and Arabic cultures considered that overeating
and overexcitability were harmful. The Arabian textbook called
The Therapy warned: “Nothing is more harmful to an aged per-
son than to have a clever cook and a beautiful concubine.”
Obesity was considered to be dangerous by Hippocrates, who
stated it was associated with sudden death4 (metabolic syn-
drome). Hippocrates correctly believed that apoplexy caused
paralysis and both resulted from plethora of the brain. He also
was the first to find that head wounds of the brain caused
paralysis on the opposite side of the body. He recommended

bleeding in patients with stroke, a treatment used until the
eighteenth century.

Galen (131-201 A.D.) was the great medical authority until
the eighteenth century. But he was often wrong. For example,
he denied that stroke was associated with a hard pulse, that is,
hypertension.5 He also failed to believe that blood circulates
from arteries to veins. Autopsies were forbidden until the sev-
enteenth century.6 This held back the growth of medical
knowledge for hundreds of years.

MEDICAL ADVANCES DURING
AND AFTER THE RENAISSANCE

Thomas Young, who lived in the early eighteenth century, was a
scientific phenomenon, making important discoveries in diverse
fields of science, including theories of light and visual accom-
modation, color vision, a partial translation of the Rosetta stone,
and also became fluent in seven different languages.

Young’s studies on the arterial system were remarkable. In
1808, in his Croonian Lecture,7 he stated, “that pressure of the
blood at the beginning of the great trunk of the aorta is kept
up without noticeable loss down to the branches of the lower
order”. In studies in dogs he discovered that the fall in systolic
blood pressure from the aorta to arteries as small as 200 μm in
diameter was approximately 16 mm Hg. Sugiura and Freis
measured the systolic pressure drop in dogs using modern
equipment.8 We found it to average 17 mm Hg, confirming
Young’s finding of 1808.

Richard Bright in 1836 was the first to describe Bright’s dis-
ease, an inflammatory disease of the kidneys now known as
acute glomerular nephritis, which he described as including
inflammation and hardening of the kidneys, fullness and
hardness of the pulse (hypertension), and albuminuria.9

Bright benefited from the contributions of previous investiga-
tors. Aetios in the sixth century A.D. described a sclerosis of the
kidneys associated with oliguria, hematuria, and edema.
Cotugo first described albuminuria in 1770.1 Cardiac hyper-
trophy with widespread sclerosis of the arteries was described
by Morgagni at autopsy.1

Bright brought these and his own observations together
and illustrated them with anecdotal case presentations. He
later expanded these observations to include reduced specific
gravity of the urine with increased urea, as well as apoplexy,
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serositis, hypertrophy of the left ventricle, and stroke. Most
importantly, he listed scarlatina as a possible cause of acute
glomerulonephritis. He also noted thickening of the walls of
small arteries in the kidneys and throughout the body in
chronic glomerulonephritis.

In 1872 Gull and Sutton10 observed that chronic Bright’s
disease was due to a primary, generalized deposition of hya-
line fibrosis of the arterioles and capillaries. These changes
resulted in hypertrophy of the left ventricle and contracted
kidneys. In 1874 Mahomed, also in England, was the first to
indicate that generalized arteriolar disease frequently
occurred without preceding renal disease.11 In 1876 Gowers12

described the constricted arterioles in the optic fundi of
patients with generalized arteriolar disease using an ophthal-
moscope invented by Helmholtz 25 years earlier.

Sir Clifford Allbutt popularized the concept of hyperten-
sive disease. In 1895 he presented his views on “senile
plethora and hyperpiesia” as a generalized disease of the small
arteries, which was separate from glomerulonephritis.13 In
addition, he separated hypertensive arteriolar disease from
atherosclerosis of the large arteries. These could occur
together or separately. In Germany, the generalized arteriolar
disease was called hypertenonie essential meaning primary
hypertension.14 However, in English speaking countries it was
translated to mean essential hypertension.15 The latter sug-
gested that the term essential indicated that the elevation of
blood pressure was a compensatory reaction of the cardio-
vascular system to overcome ischemia of the tissue caused by
constricted arterioles. Misinterpretation helped to discourage
any attempts to lower the blood pressure by developing anti-
hypertensive drugs.

QUANTITATING BLOOD PRESSURE

Stephen Hales, an eighteenth century parson, is credited for
being the first person to measure blood pressure in a living
animal. To do so he tied a horse to a fallen-down wooden gate.
He then inserted a sharpened brass tube into a carotid artery.
Using the windpipe of a goose, he connected the brass tube to
a vertical glass tube held aloft by an assistant.16 The pulsating
column of blood rose to a height of 8 feet, 8 inches initially
and then gradually declined to two feet, at which point the
animal died.

Fifty years later Poiseuille17 introduced the mercury
hydrometer, which greatly reduced the height of the column
needed for measuring the blood pressure. Carl Ludwig18 in
1864 added a float to the top of the mercury column in
Poiseuille’s hydrometer, with a horizontal arm lightly touch-
ing a smoked drum. The pressure wave of the arterial pulse
was then recorded on a slowly revolving smoked drum.

For clinical purposes, however, a simple noninvasive
method for measuring blood pressure that could be used on
humans was needed. Because hypertension usually has no
symptoms, the only way to detect the disease and measure its
severity is to use some kind of indirect method.

The early attempts were not very accurate and estimated
the systolic blood pressure only. Von Basch19 used the mercury
manometer attached to a rubber bulb placed on the radial
artery. He then compressed the artery slowly with the bulb
until the pulse was obliterated. Only the systolic pressure
could be measured by this method (read off the mercury

manometer). In 1889 Von Hemlhotz made some improve-
ment on the Von Bosch instrument, which he used to first
diagnose coarctation of the aorta by measuring the systolic
blood pressure in the radial and temporal arteries compared
with that in the dorsalis pedis artery.

An important advance was made by Riva-Rocci, who
invented the inflatable rubber cuff to occlude the brachial artery
in the upper arm.20 He could only measure the systolic blood
pressure, which he did by inflating and then slowly deflated the
cuff until he could feel the first pulse detected at the radial
artery. To obtain better accuracy, Von Recklinghausen increased
the width of the cuff from 5 to 14 cm.21

The greatest advance was made by a Russian Army officer,
Nikolai Sergeyevich Korotkov22 in 1905. Using the inflatable
rubber cuff, he listened with a stethoscope over the brachial
artery. After he inflated the cuff to obliterate the pulse, he
slowly deflated it while listening with the stethoscope over the
brachial artery just below the cuff. He proved that the first
sound heard was at the systolic blood pressure and the point
where the sounds disappeared represented the diastolic blood
pressure. It was not long before every doctor’s office contained
a blood pressure manometer.

THE TREATMENT OF HYPERTENSION—
EARLY ATTEMPTS

In 1897 Tigerstedt and Bergman in Sweden discovered a pres-
sor protein in the kidney, which they called renin.23 This led in
1934 to another important discovery by Goldblatt24:
Constriction of a renal artery caused an increased secretion of
renin, which resulted in hypertension. Six years later Page and
Helmer25 and Braun-Menendez26 simultaneously discovered
angiotensin, a polypeptide formed by the action of circulating
renin. The active form of angiotensin is a powerful pressor
substance. These fundamental discoveries had important
clinical consequences, including the diagnosis and surgical
treatment of renovascular hypertension and the develop-
ment of angiotensin-converting enzyme (ACE) inhibitors
and angiotensin receptor blockers (ARBs), pharmacologic
agents of great importance in the treatment of cardiovascu-
lar diseases, including hypertension.

LOW-SODIUM DIETS

In 1905 two French medical students, Ambard and Beaujard27

were the first to promote the concept that the cause of hyper-
tension was salt in the diet. They thought the culprit was chlo-
ride rather than sodium. They claimed some success in
reducing blood pressure by restricting salt.

In the 1940s Kempner demonstrated that a diet of plain
rice, fruit and vitamin tablets was effective in reducing blood
pressure in patients with severe or even malignant hyperten-
sion. All other foods, including salt, were forbidden. Kempner
maintained 100% compliance by forcing the patients to live for
100 days confined to special dormitories. Kempner thought
that the success of his diet was due to the lack of protein, but
two other investigators, Watkin et al.28 and Murphy,29 both
found that the effectiveness of Kempner’s diet was due to its
extremely low sodium content of only 20 to 30 mEq/day,30

much lower than the moderate restriction that is used today to
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approximately 80 mEq/day. The antihypertensive effectiveness
of the lesser degree of sodium restriction is controversial.31-36

The much greater sodium restriction in the Kempner diet
reduced plasma and extracellular fluid volume by an amount
similar to that produced by thiazide diuretics.37,38 This sug-
gests that the antihypertensive effects of both the Kempner
rice diet and thiazide diuretics are volume dependent. These
observations also suggest that sodium restriction may not be
very effective unless it is reduced to the point of lowering
plasma and extracellular volume.28,29,38,39

SURGICAL SYMPATHECTOMY

At the turn of the century it was already known that the exci-
tation of the sympathetic nervous system caused a rise in blood
pressure and, therefore, it was thought that removal of the
sympathetic ganglia might control hypertension. The first
operation to remove part of the sympathetic ganglia in order
to treat hypertension was carried out in Germany by
Bruening40 in 1923. Sympathectomy was later carried out by
American surgeons, especially Peet41 and Smithwick42 in the
1940s, but it was a major debilitating, painful operation only
justified in severe hypertension. However, the operation stim-
ulated the development of drugs that inhibited the sympa-
thetic nervous system by blocking transmission of sympathetic
nerve activity through the autonomic ganglia. These ganglion
blocking agents, such as tetraethylammonium,43 hexametho-
nium,44 pentaquine,45 and bretylium,46 did reduce blood
pressure and reversed signs and symptoms of malignant
hypertension, but the side effects of autonomic blockade were
too great to justify use of these drugs except in patients with
severe hypertension. Nevertheless, these early studies demon-
strated that antihypertensive drugs were beneficial and stimu-
lated the search for agents that had fewer side effects.

EARLY ANTIHYPERTENSIVE DRUG
TREATMENT

Sodium thiocyanate was introduced as a drug treatment for
hypertension by Treupel and Edinger47 in 1900 and later by
Hines in 1946.48 It was not very effective in reducing blood
pressure and was potentially toxic.

The prevailing opinion of physicians during the period
between 1920 and 1970 was that hypertension was a disease of
the small arteries and the arterioles, resulting in restricted
blood flow. They believed that in order to maintain a normal
blood supply to the tissues, compensatory adjustments had to
be made by the body to raise the blood pressure in order to
restore normal blood flow through the narrowed channels.

P.D. White, perhaps the premier cardiologist of his day,
wrote in 1931: “Hypertension may be an important compensa-
tory mechanism which should not be tampered with even were
it certain that we could control it.” This opinion persisted49 in
leading medical centers until the early 1970s except for
patients with malignant hypertension. The first effective drug
treatment of patients with severe, including malignant, hyper-
tension was suggested to me by James Shannon, then with
Squibb Company Research in 1946. I gave the antimalarial
drug pentaquine to 17 patients with severe hypertension, 3 of
them in the malignant phase of the disease.45 Because of dis-

turbing side effects, the drug was not acceptable for clinical
use. However, it lowered blood pressure and reduced several of
its complications, including neuroretinitis, congestive heart
failure, and headache in the patients with malignant hyperten-
sion. There was no improvement in renal failure. Nevertheless,
this study demonstrated that reduction of blood pressure with
a drug could reduce organ damage. Therefore, it was a stimu-
lus for developing antihypertensive drugs with fewer side
effects. Page and Taylor50 reported in 1949 that pyrogen treat-
ment reduced blood pressure and improved signs and symp-
toms in malignant hypertension, but it had too many side
effects for regular clinical use.

The ganglion blocking drugs were introduced by Acheson
and Moe,51 who found that tetraethylammonium blocked
autonomic nerve transmission in animals. In 1947 Lyons43

used the drug in patients. While the drug reduced blood pres-
sure, the effect was too short to be used in treatment, and
intravenous administration was required. Hoobler52 found
that tetraethylammonium abolished the skin temperature
gradient from the foot to the umbilicus, as occurs in a sympa-
thectomized extremity, thereby proving that the blood pres-
sure effect was likely due to sympathetic nerve blockade.

Longer-acting ganglion blockers soon appeared, the prime
example being hexamethonium.53 In 1950 Restall and
Smirk54 published on the treatment of severe hypertension
with two or three subcutaneous injections per day of hexa-
methonium. Despite orthostatic hypotension and a great
number of other side effects, they reported regression of neu-
roretinitis, reduction of heart size, and clearing of the signs of
heart failure.

RESERPINE, HYDRALAZINE,
AND THIAZIDE DIURETICS

Reserpine is still a useful antihypertensive drug. Several
Veterans Administration Cooperative studies55,56 demon-
strated that the customary dose of 0.25 mg could be reduced
to 0.1 mg per day without losing much if any antihypertensive
effectiveness but with great reduction in side effects. Addition
of a thiazide diuretic to reserpine in a 0.1 mg dose provided
excellent blood pressure control with very few side effects.
Because both drugs are inexpensive, they could be made avail-
able in third world countries as 1 tablet daily of either
reserpine or a diuretic alone or in a fixed-dose combination
tablet of reserpine with a thiazide diuretic. A fixed-dose com-
bination of reserpine, hydralazine, and chlorothiazide with
the brand name of “Ser-Ap-Es” was the most widely used
treatment for hypertension in the 1960s to 1980 until other
newer brand name drugs appeared.

Around 1980, a steady bombardment of U.S. physicians
with questionable data about the toxicity of thiazide diuretics,
especially deadly cardiac arrhythmias due to drug-induced
hypokalemia, new onset diabetes, and increased serum cho-
lesterol, convinced many physicians that thiazides are danger-
ous drugs. Sales of diuretics plummeted while sales of the new
more expensive classes of drugs took over. Several physicians,
including myself, wrote articles defending the diuretics, but to
no avail until the early 1990s, when controlled clinical out-
come trials in elderly patients demonstrated that diuretics are
not toxic. Importantly, the ALLHAT study,57 carried out in
more than 42,000 older patients with hypertension plus at
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least one other cardiovascular risk factor, demonstrated that
thiazides are more effective than ACE inhibitors or calcium
channel blockers in controlling blood pressure and reducing
many of the cardiovascular complications of hypertension.

Chlorothiazide, the first thiazide diuretic, was discovered
by Beyer and Sprague. It reduced extracellular volume to the
same degrees as a strict low-salt diet, similar to a strict rice
diet.38 Thiazide diuretics were effective in controlling blood
pressure in approximately 50% of patients, and also
enhanced the antihypertensive effects of other drugs. This
unique action has made possible the success of small-dose
fixed dose combination drugs, one of the constituents being
a diuretic.58

When first administered, the thiazides reduce blood pressure
by lowering cardiac output, but after several weeks of continued
treatment, cardiac output returns to pretreatment levels and
total peripheral resistance falls to maintain the reduction in
blood pressure.59 It is interesting that Ledingham,60 Borst,61 and
Guyton62 all observed the opposite effect during salt-loading
hypertension. The early elevation of blood pressure with salt
loading was due to an increased cardiac output, which after a
month or more converted to a normal cardiac output, the
hypertension being maintained by an increased total peripheral
resistance. This has been called “delayed autoregulation” for the
salt-loading hypertension62 and “reverse autoregulation”63 in
the response to the diuretics. The mechanism is unknown.

b-ADRENERGIC BLOCKING DRUGS

Prichard and Gilliam63 were the first to demonstrate the effec-
tiveness of β-blockers in reducing blood pressure and pre-
venting its complications, as demonstrated in several
controlled trials. β-Blockers were especially effective when
combined with a diuretic. The various types of β-blockers are
discussed in other chapters.

ACE INHIBITORS, ANGIOTENSIN
RECEPTOR BLOCKERS, AND THE
CALCIUM CHANNEL BLOCKERS

ACE inhibitors were developed in the late 1970s64 and their
close cousins, the angiotensin receptor blockers (ARBs), were
developed about a decade later. They are major drug classes that
block the actions of the renin-angiotensin system. These drugs
and the calcium channel blockers are relatively recent impor-
tant additions to the armamentarium of antihypertensive drugs
and will be discussed in greater detail in other chapters.

CONTROLLED CLINICAL TRIALS

A most important advance with regard to prevention of car-
diovascular complications in patients with hypertension was
made possible by the new availability of methods for the
prospective, unbiased evaluation of the efficacy and safety of
antihypertensive drug treatment in preventing cardiovascular
complications in patients with essential hypertension.

Until 1970 there were two schools of thought regarding anti-
hypertensive treatment in patients with systolic/diastolic
essential hypertension. The opinion of most, in part based on

autopsy evidence, was that hypertension was an adaptive
response to provide adequate blood flow through the nar-
rowed arteriolar channels in hypertension. Therefore, reduc-
ing the blood pressure would only make matters worse.49 The
opposing school, which was much smaller in numbers,
believed that the constriction of the arterioles was due to
unknown causes. It was further believed that it was the ele-
vated blood pressure that caused the hyaline sclerosis of the
arteriolar walls. This hypothesis further proposed that the
complications of hypertension, such as accelerated atheroscle-
rosis, were due to the elevated blood pressure. In fact, all of
these complications such as myocardial infarction, heart fail-
ure, stroke, and renal damage, were consequences of the
stresses induced by the hypertension. Isolated systolic hyper-
tension was rightly considered to be caused by loss of disten-
sibility of the elastic proximal aorta due to aging, but was not
considered to be a subject of interest for antihypertensive drug
treatment until some years later.

The first multiclinic prospective controlled double blind
trial designed to determine unequivocally whether drug treat-
ment was safe and effective was carried out by the Veterans
Administration Cooperative Study Group. The results were
reported in 1967 for the subgroup with severe hypertension
(baseline diastolic blood pressures of 115 to 129 mm Hg)65

and in 1970 for the patients with mostly moderate hyperten-
sion.66 The prevention of morbidity and mortality was so
great in the treated patients with severe hypertension com-
pared with the placebo group that the study was discontinued
in those severely hypertensive patients after approximately 1
year. The results for the patients with moderate (and a few
with mild) hypertension, including those with pretreatment
diastolic blood pressure between 90 and 114 mm Hg, were
reported in 1970. The risk of developing a major cardiovascu-
lar complication over a 5-year period was significantly
reduced with active treatment (combination of chloro-
thiazide, reserpine, and hydralazine) compared with placebo.
The greatest reductions in the treated patients were in the
incidence of stroke and heart failure. While the trend was
favorable in the subgroup with mild hypertension, the sample
size of the mild group (baseline diastolic blood pressure of
90/109 mm Hg) was too small to be statistically significant.

The Medical Research Council (MRC) trial67 in 1985 and
other trials68,69 were large enough and well enough controlled
to determine that drug treatment is also effective in
preventing complications in patients with mild hypertension.
Subsequent trials have found that the further the blood pres-
sure is reduced (to <140/90 mm Hg), the greater is the pre-
vention of complications70,71 down to <130/80 mm Hg in
patients with diabetes and chronic renal disease.

Other clinical trials, including the Systolic Hypertension in
the Elderly Program (SHEP),72 demonstrated that antihyperten-
sive treatment was equally or even more effective in preventing
cardiovascular complications in elderly patients with isolated
systolic hypertension as in middle-aged patients with both sys-
tolic and diastolic hypertension.

SUMMARY

It has been approximately 80 years since the Actuarial
Society of America published their breakthrough book Blood
Pressure Study of 1925 that described the high mortality in
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mild and moderate hypertension due to cardiovascular
complications.73

In 1905 Korotkov provided an instrument for making the
measurement of blood pressure clinically possible. Hypertensive
hormones and neurotransmitters such as renin, angiotensin,
norepinephrine, epinephrine, and aldosterone, were discovered
by 1950. Yet only a small fraction of patients had hypertension
due to abnormalities in any of these mediators. Hypertension of
unknown cause, so-called essential hypertension, is by far the
most common form of hypertension occurring in humans.

Because autopsy studies showed that essential hypertension
is associated with sclerotic thickening of the arteriolar walls,
producing narrowed channels of the arterioles, it was formerly
believed that elevated blood pressure was a compensatory
reaction to provide normal blood flow through the narrowed
arterial channels. Therefore, no attempts to reduce blood
pressure were undertaken. However, controlled clinical trials
beginning around 1970 proved that reduction of blood pres-
sure with antihypertensive drugs significantly reduced cardio-
vascular complications.

In recent years it has been shown that the lower the blood
pressure, the better, down to an optimal level of 120/80 mm
Hg. The only way to accomplish this is to use combinations of
antihypertensive drugs in adequate dosage. Currently doctors
are being advised to be more aggressive even with those who
have only mild hypertension and to use diet, exercise, and
drugs such as statins to reduce the associated atherosclerosis.

We have come a long way during the past 100 years. We
have learned to measure blood pressure, and recognize the
risks for complications of hypertension and reduce them with
antihypertensive drugs and other treatment.
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PROGRAM ORIGIN

Published in 1965, the Report of the Commission on Heart
Disease, Cancer, and Stroke contains the recommendations
of the subcommittee on hypertension. It calls for a nation-
wide increase in screening and treatment of high blood
pressure.1 Unfortunately, after publication of the report, no
initiative was launched to address the problem, even though
actuarial studies showed a clear relationship between rising
blood pressure and increased chance of death, and several
epidemiologic studies had reported a relatively high preva-
lence of hypertension in the U.S. population, with only a
small percentage receiving adequate treatment.2,3 Although
the report appeared to be ahead of its time, what was lack-
ing was clear evidence regarding the benefits of lowering
raised arterial pressure. That evidence soon came in a dra-
matic fashion with the 1967, 1970, and 1972 publications of
the Veterans Administration Cooperative Study on the
Treatment of Hypertension.4-6

LANDMARK MEETING

In April 1972, Elliott L. Richardson, then Secretary of the
Department of Health, Education, and Welfare, met with
Mrs. Mary Lasker, a longtime supporter of biomedical
research and lobbyist for improving the nation’s health;
Mr. Michael Gorman, of the National Committee Against
Mental Illness; Ms. Deeda Blair, a philanthropist associate
of Mrs. Lasker; and Dr. Michael DeBakey, a noted cardio-
vascular surgeon. The purpose of their meeting was to con-
vince Secretary Richardson that the moment had arrived
for the federal government to take the initiative and begin
a nationwide effort to reduce high blood pressure. During
the meeting with the Secretary, Mrs. Lasker outlined the
extraordinary findings of the soon-to-be-landmark
Veterans Administration Cooperative Study on the Treat-
ment of Hypertension, which was supported in part by the
Lasker Foundation and conducted by Dr. Edward Freis. She
emphasized that this science was not being applied in clin-
ical practice and the nation was experiencing unprecedent-
ed rates of heart attack and stroke. Secretary Richardson
was especially responsive to the suggestion to launch a
national campaign to detect and treat hypertension. His
father, a distinguished surgeon in Boston at the Massa-
chusetts General Hospital, had suffered a career-ending
stroke that was attributed to uncontrolled high blood pres-

sure and had spent the remaining 15 years of his life in a
wheelchair. Secretary Richardson directed Dr. Theodore
Cooper, Director of the then National Heart and Lung
Institute (NHLI) to develop a national plan of action.

The fortunate temporal coincidence of a proven medical
intervention, the active interest of major philanthropists and a
noted cardiovascular surgeon, a favorable public policy posi-
tion, and a personal interest of the key policymaker led to a
rapid decision—the establishment of the National High Blood
Pressure Education Program (NHBPEP), which was launched
officially in July 1972. This education program was designed
and implemented by the then NHLI staff to raise public
awareness and stimulate blood pressure screening and treat-
ment throughout the nation. Adding to the support for the
NHBPEP was the enactment by Congress, on September 19,
1972, of the National Heart, Blood Vessel, Lung and Blood Act
of 1972 (Public Law 92-423). This Act became the legislative
basis for the NHBPEP by calling for expanded efforts in the
areas of information dissemination and public and profes-
sional education, with special emphasis on certain areas,
including hypertension.

Concurrently, Mrs. Lasker, Dr. DeBakey, and Dr. Malcolm
Todd from the American Medical Association developed
articles of incorporation to form Citizens for the Treatment
of High Blood Pressure, a private-sector group that would
work in tandem with the NHLI effort. Citizens would use its
private-sector platform and join with the NHLI to focus its
efforts on creating a national consciousness regarding high
blood pressure as a medical problem. Early in 1973, Citizens
encouraged Congress to enact legislation creating hyperten-
sion project grants for state health departments. Eventually
passed in 1975, this legislation provided $120 million to the
states for hypertension screening and control over a period
of a decade. Congress later gave large demonstration grants
to seven states to test the research hypothesis that maximal
screening and detection would reduce the prevalence of high
blood pressure. Another important function of Citizens was
to stimulate private-sector resources to address this large
public health problem. The NHLI and other federal agencies
could not provide all the funding needed to implement
these initiatives. Armed with solid data regarding the signif-
icance of hypertension, Citizens and NHLI staff worked to
push innovative programs, such as financial support from
the life insurance industry for health education programs
for high blood pressure detection and control. Demon-
stration programs on the cost-effectiveness of hypertension
screening and control were conducted at worksites.7,8 The
spirited collaboration of the people involved launched and
then vitalized the NHBPEP program over the years, con-
tributing immensely to advancement of the health of the
American people.

The National High Blood Pressure Education
Program
Edward J. Roccella

The National High Blood Pressure Education Program by Edward J.
Roccella, Ph.D., is in the Public Domain.



PROGRAM TENETS

Strong Science Base
From the inception of the NHBPEP, the program planners
recognized the need to ground the program activities to a
strong science base. The congressional act that established
the program mandated the need to translate health informa-
tion into positive action because research results were not
being used to improve the public’s health. Large-scale com-
munity-based education programs and messages would not
go forward unless there was a scientific rationale and data to
support them.

Achieving Consensus
It is reasonable to expect that different people might have dif-
ferent points of view regarding the interpretation of data gen-
erated in research studies. From the beginning, the opinions
of professional and voluntary societies—such as the American
College of Cardiology, the American Heart Association, the
American Hospital Association, the American Medical
Association, the American Osteopathic Association, the
National Medical Association, and the National Kidney
Foundation—were actively sought. All points of view would
be heard. It became clear that differences of opinion needed to
be resolved so that the health and medical professions could
provide clear and consistent messages to the public, patients,
and practicing physicians. To avoid confusion, the program
needed to speak with one voice. For example, at the time,
hypertension was defined in various ways. Some suggested
that hypertension was defined as systolic blood pressure (SBP)
of 100 mm Hg plus one’s age, whereas others defined it as dia-
stolic blood pressure (DBP) greater than 105 mm Hg. Thus,
consensus became another critical program tenet.

To achieve consensus among the major scientific, profession-
al, voluntary societies and federal agencies, the NHBPEP
Coordinating Committee was formed to serve as a policymak-
ing body.9 This committee has now grown to represent 39 pro-
fessional and voluntary societies and 7 federal agencies. Its
purpose is to review the scientific evidence, develop clear mes-
sages, agree on national priorities, and then develop and imple-
ment program activities. Each of the member organizations
brings a different perspective to the hypertension arena. Some
organizations have a clinical perspective; others have strong
interests in subsets of the population, such as minorities, who
experience an unusually high burden of the consequences of
hypertension; and yet others have a population-wide or public
health interest. The representatives participating in the
Coordinating Committee are selected by their parent organiza-
tions, not by the NHBPEP. The intent of this approach is to
increase the probability that consensus, once adopted, will have
credibility and be widely implemented by the Coordinating
Committee member organizations.

Evaluation
A third program tenet has been evaluation of activities. The
approach of the NHBPEP always has been geared toward eval-
uation as an early step prior to implementation. Defining a
problem before implementation—using outcome data to the
extent that resources, opportunity, and the state-of-the-art

permit—is a core planning tenet for the program. Evaluation
data include national baseline surveys of the public’s knowl-
edge, attitudes, and reported behavior; surveys of physicians’
response to hypertension therapy selection and management;
and data on prescribing patterns and patient visits. Other
efforts include gathering and analyzing data on hypertension
prevalence and control rates as well as trends in morbidity and
mortality rates for stroke, coronary heart disease (CHD),
heart failure, and end-stage renal disease (ESRD). This infor-
mation helps track program progress and is useful in identify-
ing program deficits and planning future direction and
activities.

MASS MEDIA EFFORTS

To reach the many different people in the United States with
high blood pressure, education messages require that the tar-
get audience be partitioned in various ways. The audience to
be reached is divided into those who are unaware of their con-
dition; those who are aware but are doing little, if anything, to
control their blood pressure; those who are aware, treated, and
controlled but who need reinforcement to stay on therapy;
and those who are aware, were treated, but dropped out of
care and require advice and motivation to reenter treatment.
Those without hypertension are candidates for primary pre-
vention messages, or they may reinforce needed action by
friends or relatives who do have elevated blood pressure. The
target audiences can be further segmented by sex, race, age,
ethnicity, and other factors. For all these different groups, high
blood pressure may have different meanings. Accordingly, the
messages and skills required, as well as the channels of com-
munication and even the language spoken, may be different.
Figures 2–1 and 2–2 are examples of messages designed to
reach different audiences.

Leveraging Program Resources
A multitude of communication channels and activities must
be used to reach the many target populations with the
NHBPEP’s science- and consensus-based messages.
Program partners are called upon to adapt existing materi-
als and distribute them to their constituents. The American
Medical Association, the American Heart Association, the
National Kidney Foundation, the International Society of
Hypertension in Blacks, and city, county, and state health
departments have developed their own print, radio, and tel-
evision high blood pressure education materials aimed at
various target audiences. The National Heart, Lung, and
Blood Institute (NHLBI) program staff developed a unique
semi-preproduced television program on hypertension,
called “Silent Killer,” and successfully marketed it to a num-
ber of television and radio talk shows. The product was
packaged as a kit and contained film clips and a script that
could be used verbatim or as a guide for the local television
host with questions and answers allowing dialog among the
host and guests—usually local physicians and nurses. More
than 5000 kits were distributed throughout the nation. In
collaboration with Safeway grocery stores, a high blood
pressure message was printed on grocery bags. More than 1
million shopping bags were distributed with messages
encouraging Americans to control their hypertension.

8 Background and History



HIGH BLOOD PRESSURE EDUCATION
MONTH

Another highly visible program strategy designed to stimu-
late community-based action and sustain interest in hyper-
tension is High Blood Pressure Education Month, which is
May of each year. Each year, a kit of program-planning
materials is designed, produced, and distributed to state and
local health departments, community hospitals, voluntary
health organizations, and civic groups. The kit contains sug-
gested print ads, camera-ready artwork, suggested newspa-
per articles, community activity ideas, and heart-healthy
recipes. It also features proclamations to be signed by

governors, mayors, or local dignitaries declaring May as
National High Blood Pressure Education Month and rec-
ommending that citizens get their blood pressure measured
and, if needed, treated and controlled. Participating organi-
zations are encouraged to put their names on the materials
to increase their own visibility and to work harder to dis-
seminate the message.

High Blood Pressure Education Month also encourages
communities to conduct education and screening programs at
churches.10 This forum became a successful way to reach
African Americans, who have a high prevalence of hyperten-
sion and risk of cardiovascular disease. A program-planning
guide was developed to provide direction for health

9The National High Blood Pressure Education Program

HIGH BLOOD PRESSURE
Treat it for life. The National High Blood Pressure Education Program.

The National Heart, Lung, and Blood Institute, National Institutes of Health.
Public Health Service, U.S. Department of Health and Human Services.

“I take my
high blood pressure

pills only when
I’m nervous
or upset.”

“No...you can’t
take care of

high blood pressure
now and then.

Stay on your treatment
every day.

Even when you’re
feeling good.

Don’t take
high blood pressure

for granted.
Take care of it...

every day.”

FFigure 2–1 A public service message on high blood pressure education and prevention
targeting individuals with hypertension.



professionals to reach out to religious congregations to imple-
ment programs to reduce the risk of cardiovascular disease.11

In an effort to reach men, a planning guide was created to
develop high blood pressure education and screening pro-
grams at sporting events.12 Hypertension screening and edu-
cation programs were conducted at professional baseball and
hockey games, at high school football games, golf tourna-
ments, and basketball games.

THE JOINT NATIONAL COMMITTEE
REPORTS

When the U.S. Congress passed a law creating the NHLI (now
the National Heart, Lung, and Blood Institute [NHLBI]) and
directing its function—to improve the health of the people of
the United States through the conduct of research, investiga-
tions, experiments, and demonstrations relating to the cause,
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HIGH BLOOD PRESSURE
Never helps higher profits

The National High Blood Pressure Education Program.
The National Heart, Lung, and Blood Institute, National Institutes of Health.
Public Health Service, U.S. Department of Health and Human Services.

  Think about it. More than 29 million work days, ($2 billion in earnings) are lost in the 
U.S. annually because of high blood pressure-related diseases, like heart attack, stroke 
and kidney disease.
  Think about all those non-productive days it’s cost you in sick leave, disability, and high 
insurance premiums. 
  Now think about paying for something that’s going to pay off for you. A High Blood 
Pressure Control Program that’s right for your company. A program that will help keep 
your employee’s blood pressure down and your production up. 
  Think about it. Then write: Work Place Coordinator, National High Blood Pressure 
Education Program, 120/80 National Institutes of Health, Bethesda, MD 20205

High Blood Pressure Control Programs
BETTER FOR BUSINESS

FFigure 2–2 A message on high blood pressure education and prevention targeting
businesses and their employees.



prevention, and methods of diagnosis and treatment of dis-
eases of the heart and circulation—it also indicated that the
obligation to the public would not be fulfilled even if and
when every research project was completely successful. The
Institute was directed to develop and implement methods of
public and professional education in disease prevention and
control. This directive is completely compatible with the
responsibility of the NHBPEP. The translation of research
results into practice is a natural complement to the research
program, and the NHBPEP facilitates this process.

One important tool that the NHBPEP has fostered is the de
velopment of clinical guidelines and working group reports.13-35

These guidelines are developed in partnership with the Co-
ordinating Committee member organizations. The first clinical
guideline was titled the Joint National Committee (JNC) on the
Detection, Evaluation, and Treatment of High Blood Pressure,
which published its report in 1977.29 The JNC report was
designed to bring order to a then-chaotic situation regarding
hypertension management. At that time many clinicians were of
the opinion that elevated blood pressure was needed to perfuse
the organs of the body and there was little reason to lower blood
pressure. Thus, the important findings of Freis and colleagues
were not being applied to practice. In addition, there was confu-
sion regarding whether to use the fourth or fifth Korotkoff
sound to measure DBP and regarding which drug to use as the
initial therapy for treating hypertension. The first JNC docu-
ment provided consensus regarding key hypertension detection
and control issues, with clinical recommendations based on the
available scientific evidence. In making their recommendations,
the JNC reports have evolved to address difficult questions, such
as the cutpoints to be used to define hypertension, which anti-
hypertensive drugs should be used first and why, and careful
assessment of absolute versus relative risk of cardiovascular dis-
ease and what this means to the responsible physician. Through
the years, the program produced seven JNC reports at approxi-
mately 4- to 5-year intervals, each report building on the evi-
dence and making recommendations to the practicing
community.29-35 The JNC reports have been a critical compo-
nent of the NHBPEP. The intent has always been to synthesize
the available scientific evidence and then to unify the positions
of member organizations and send one clear message. One chal-
lenge has been to achieve consensus among the many organiza-
tions on the Coordinating Committee. Having the many
organizations on the Coordinating Committee agree on strate-
gies to prevent and manage hypertension and to speak with one
voice helps to bring clear messages and guidance to the health
professionals. The JNC documents demonstrate that different
disciplines can agree when the focus is on the common good.

RESULTS OF THE NATIONAL HIGH
BLOOD PRESSURE EDUCATION
PROGRAM

A variety of methods have been used to measure program
impact. Process measures employed included the number of
health education activities, materials produced and distrib-
uted, news articles written, people having their blood pres-
sure measured, antihypertensive drug sales, and reported
changes in behavior. In the early days of the NHBPEP, the
evaluation process was rudimentary at best. With insight and
gradual maturing overtime, it became clear that what really
mattered were changes leading to improvement in health
status and outcome.

Table 2–1 shows the changes in hypertension prevalence
during the last 40 years. In the first three-point estimates, the
age-adjusted hypertension prevalence remained fairly stable,
with approximately 40% of the population reporting blood
pressures >140/90 mm Hg or taking antihypertensive medica-
tion. Then, during the 1980s, the prevalence of hypertension
declined. While the reason for this reduction is subject to dis-
cussion, some of this decline is associated with activities that
encouraged the American public to take action, such as
increasing fruit and vegetable consumption and decreasing
sodium intake. The increase in the prevalence of hypertension
from 1999 to 2000 may be attributed in part to the national
obesity epidemic.36 Figure 2–3 describes changes in mean
arterial blood pressure associated with NHBPEP activities. It
is clear that the average blood pressure for the nation has
declined. This decline is associated with a reduction in mor-
tality. Table 2–2 describes trends in the public’s awareness of
hypertension as reported in the National Health and
Nutrition Examination Survey for adults ages 18 to 74.
Awareness rates have substantially improved from half to
nearly three fourths of the hypertensive population.

In addition to increasing the public’s awareness about
hypertension, the NHBPEP also appears to have interested
scientists and clinical investigators to seek more information
about the condition and has stimulated interest in hyperten-
sion research. Figure 2–4 shows the number of reported cita-
tions from the National Library of Medicine’s PubMed
database accessed by using the search terms hypertension and
clinical trials, indicating that high blood pressure research and
subsequent publications have grown steadily.

Table 2–2 shows that high blood pressure treatment and
control rates have improved rather remarkably in the years
since creation of the NHBPEP. Blood pressure was controlled
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From US Department of Health and Human Services, National Center for Health Statistics. A chartbook of trends in the health of
Americans, 2002.
*Age adjusted to the 2000 standard population. Excludes pregnant women.

Table 2–1 Hypertension among Persons 20 to 74 Years of Age, Both Genders, and All Races: United States, 1960-1962,
1971-1974, 1976-1980, 1988-1994, and 1999-2000*

Percent of Population (Standard Error)

1960-62 1971-74 1976-80 1988-94 1999-2000

Both Sexes 38.1 39.8 40.4 23.9 (0.6) 28.7 (1.6)
Male 41.3 43.9 45.2 26.4 (0.9) 29.8 (1.9)
Female 35.0 35.8 35.8 21.4 (0.7) 27.5 (1.7)



in more than 34% of the hypertensive population in 1999 to
2000. Because hypertension is the primary antecedent of con-
gestive heart failure, the decrease in prevalence, reduction in
mean arterial pressures, and improvement of hypertension
control rates suggest that the prevalence of heart failure
should also decrease. Figure 2–5 shows the age-adjusted
prevalence of heart failure by race and sex for persons ages 25
to 74 over the years since the NHBPEP began. The prevalence
of heart failure in this population has declined in both races
and in both sexes. Because hypertension is also associated with
ESRD, the decline in average blood pressure and improvement
in the hypertension control rate should also decrease the inci-
dence of ESRD. While ESRD has been increasing, Figure 2–6,
which shows the incidence rates by primary diagnosis, indi-

cates that hypertension is no longer as great a contributor to
this condition as diabetes.

Large-scale clinical trials have shown that controlling
hypertension will reduce CHD and stroke regardless of race
or gender. Figures 2–7 and 2–8 show 60% and 50% declines
in age-adjusted mortality for stroke and CHD, respectively,
during the last 30 years. These declines are seen in both
genders and races. It should be noted that the decline in
CHD and stroke preceded the advent of the NHBPEP.
Figure 2–9 shows age-adjusted stroke mortality rates begin-
ning with 1960. If a regression line is plotted for the years
1960 to 1971 and then cast forward, the expected rates of
stroke mortality can be plotted. However, beginning at the
point of NHBPEP inception, the observed rates were much
lower than expected and many more people who were pro-
jected to die of stroke were alive. The precise contribution of
the NHBPEP to improving this disease outcome will never
be known, but it is hoped the steady decline in deaths from
stroke and CHD will continue in synchrony with the efforts
of the NHBPEP. The NHBPEP is clearly the dividend of a
very worthwhile investment promulgated by Mrs. Lasker
and colleagues. The nation owes its gratitude to these
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FFigure 2–3 Smoothed weighted frequency distribution,
median, and 90th percentile of SBP for ages 60 to 74
years, United States, 1960 to 1991. (From Burt VL, Cutler
JA, Higgins M, et al. Trends in the prevalence, awareness,
treatment, and control of hypertension in the adult US
population. Data from the health examination surveys,
1960 to 1991. Hypertension 26(1):60-69, 1995.)

Table 2–2 Trends in Awareness, Treatment, and Control of High Blood Pressure, 1976-2000
National Health and Nutrition Examination Survey (Percent*)

1976-801 1988-911 1991-942 1999-20003

Awareness 51 73 68 70
Treatment 31 55 54 59
Control† 10 29 27 34

1Data from Burt VL, Cutler JA, Higgins M, et al. Trends in the prevalence, awareness, treatment, and control of hypertension in the
adult US population. Data from the health examination surveys, 1960 to 1991. Hypertension 26:60-69, 1995.
2Data from the sixth report of the Joint National Committee on Prevention, Detection, Evaluation, and Treatment of High Blood
Pressure. Arch Intern Med 157:2413-2446, 1997.
3Unpublished data computed by M. Wolz, National Heart, Lung, and Blood Institute.
*Percent of adults age 18 to 74 years with systolic blood pressure (SBP) of 140 mm Hg or greater, diastolic blood pressure (DBP) of
90 mm Hg or greater, or taking antihypertensive medication.
†SBP below 140 mm Hg and DBP below 90 mm Hg and taking antihypertensive medication.
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distinguished individuals who translated their vision into
action. One can only wonder what would have been without
their initiative.
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Chapter 3

Approximately 50 million individuals in the United States
and 1 billion worldwide are affected by hypertension.1 There
are, however, important differences in prevalence between
populations and ethnic groups.2-4 Although there is a dra-
matic age-related increase in the prevalence of hypertension,
several important cardiovascular risk factors, particularly
obesity, nutrient intake, physical activity, and diabetes also
relate to the likelihood of hypertension. The Framingham
Heart Study has estimated that individuals normotensive at
age 55 years have a 90% lifetime risk of developing hyper-
tension.5 Hypertension represents a potent risk factor for
cardiovascular, peripheral vascular, and renal disease6-10

(Figure 3–1). The higher the blood pressure, the greater is
the likelihood of myocardial infarction, heart failure, stroke,
and kidney disease. This chapter reviews the prevalence and
natural history of hypertension, the risk factors associated
with the development of hypertension, the cardiovascular
risks associated with hypertension, and the extent of treat-
ment and control of hypertension.

CLASSIFICATION OF HYPERTENSION

Blood pressure (BP) is continuously distributed with a skewed
normal distribution and without distinct separation between
normotensive and hypertensive values. It has been suggested
that the cutpoint for hypertension is best defined as the level of
arterial BP at which the benefits of intervention exceed those of
inaction. Over the decades the classification of hypertension has
changed as a result of (1) the decrease in severity of hyperten-
sion over the past half century, (2) the improvement in the effi-
cacy and side effect profile of antihypertensive medications, and
(3) the recognition of the continuum of cardiovascular risk
across all levels of BP. This has resulted in a gradual reduction
in the lower limits of target BP for therapeutic intervention.

The most recent definition of hypertension as released by the
Seventh Report of the Joint National Committee on Prevention,
Detection, Evaluation, and Treatment of High Blood Pressure
(JNC 7)1 is a systolic blood pressure (SBP) ≥140 mm Hg or
diastolic blood pressure (DBP) ≥90 mm Hg, which simplifies
hypertension classification by including only stage 1 (SBP 140-
159 mm Hg or DBP 90-99 mm Hg) or stage 2 (SBP 160 mm Hg
or higher or DBP 100 mm Hg or higher) (Table 3–1). Perhaps
the most important change is the new classification of “prehy-
pertension” (SBP 120-139 mm Hg or DBP 80-89 mm Hg),
which combines the normal and high-normal categories of
the previous JNC VI report, in recognition of the fact that
even these levels of BP confer an increased risk of the devel-
opment of hypertension11 and future cardiovascular events.12

Individuals with prehypertension may require health-
promoting lifestyle modification to prevent the development of
future hypertension and cardiovascular disease.

PREVALENCE OF HYPERTENSION

The Fourth National Health and Nutrition Examination
Survey4 (NHANES IV) showed an overall prevalence of
hypertension (140 mm Hg SBP or greater or 90 mm Hg
DBP or greater, or on antihypertensive medication) of
28.7% in 1999-2000, which varied from 7.2% in those aged
18 to 39 years to 65.4% in those aged 60 years and older, and
which was greater in women (30.1%) than in men (27.1%).
Noteworthy is the fact that since 1988-1991 the prevalence
of hypertension has increased significantly in women and in
all age groups, although most dramatically in those aged 60
and older, who experienced an increase in prevalence from
57.9% in 1988-1991 to 65.4% in 1999-2000 (Figure 3–2).
Moreover, in the United States, prevalence of hypertension
is greatest among non-Hispanic Blacks and least among
Mexican Americans4 (Figure 3–3).

Compared with the United States, data primarily from
the past decade have shown that the prevalence of hyper-
tension is similar in Canada, but is markedly higher
in European countries (44% overall, 55% in Germany)3

(Figure 3–4). The specific reasons for such substantial
geographic variation in hypertension prevalence are not
entirely clear, but differences in nutrient intake, obesity,
physical activity, alcohol intake, environmental toxins,
psychosocial stressors, and genetic susceptibility have been
suggested.13

CHARACTERISTICS OF HYPERTENSION
AS A RISK FACTOR

Numerous epidemiologic studies have consistently shown a
relation of increased BP to risk of cardiovascular disease.
The relationship is strong, continuous, and graded without
any distinct threshold level; it is present both in men and in
women, in younger and older adults, and in those with and
without known coronary heart disease (CHD); it is present
in different countries and in different ethnic and racial
groups. As with other risk factors, there is evidence of track-
ing of BP, which refers to the stability of BP over time in an
individual in relation to his or her peers. Of note, however,
there is evidence of disparate rather than parallel tracking of
BP, whereby an individual in the upper quintile or decile of
BP will have a much steeper age-BP relationship than one in
the lower quintile or decile of BP. Although the lability of BP
is directly related to age and severity of hypertension, sug-
gesting that it may also relate to cardiovascular risk, when
other risk factors are accounted for by multivariate analysis,
risk is largely unaffected by lability of BP. It is the average BP
over the day and night cycle, not lability, that determines car-
diovascular risk.

16
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CARDIOVASCULAR COMPLICATIONS
OF HYPERTENSION

Early reports by the Framingham Heart Study demonstrated
that hypertension, SBP, and DBP are risk factors for CHD,9, 10

helping dispel a longstanding belief that the common variety
of hypertension was a benign condition essential for ade-

quate perfusion of peripheral tissues. A 36-year follow-up
from the Framingham Heart Study showed that hypertension
is associated with twofold to fourfold increases in risk for the
development of CHD, stroke, peripheral artery disease, car-
diac failure, and overall cardiovascular events in both men
and women.14 The Seven Countries Study provided strong
ecologic study evidence demonstrating a direct relation of
SBP and DBP within 16 communities to CHD death rates,
showing a doubling in risk for every increment of 10 mm Hg
in the population’s median SBP.6 Among middle-aged men
screened in the Multiple Risk Factor Intervention Trial
(MRFIT), a direct relation of increasing SBP and DBP with
CHD mortality over 11.6 years was shown.7 Moreover, a
pooling of results from 418,343 persons initially free of CHD
showed CHD mortality to begin increasing at levels of DBP
above 73 mm Hg and to increase more than fivefold between
levels of 73 and 105 mm Hg.15 A meta-analysis has further
emphasized the importance of increasing risk above nor-
motensive levels, showing that starting at an SBP/DBP of
115/75 mm Hg, cardiovascular mortality doubles with each
increment of 20/10 mm Hg throughout the BP range.16 In the
Framingham Heart Study, more than a third of those with
high-normal BP (130-139 mm Hg SBP or 85-89 mm Hg
DBP) developed hypertension in the next 4 years (Figure
3–5).11 Compared with those with “optimal” BP of <120 mm
Hg SBP and <80 mm Hg DBP, those with high-normal BP
also had nearly a threefold greater incidence of developing
major cardiovascular events in the next 12 years (Figure
3–6).12

Left ventricular hypertrophy (LVH) is a particularly impor-
tant independent risk factor for cardiovascular disease, and is
the response of the heart to chronic pressure and/or volume
overload. Hypertension often precedes the development of
LVH. The Framingham Heart Study has demonstrated the
highest (versus lowest) quartile of left ventricular mass to be
associated with a fourfold increased risk of cardiovascular
events in women and a threefold increased risk of events in

Peripheral vascular
disease

CAD

Hypertension

CHF
LVH

Renal
disease

↑ Morbidity
↑ Disability

Stroke

FFigure 3–1 Hypertension: A significant CV and renal disease
risk factor. Adapted from the National High Blood Pressure
Education Program Working Group. Arch Intern Med 153:
186-208, 1993.

Table 3–1 Blood Pressure Classification According to JNC 7

BP Classification SBP mm Hg DBP mm Hg

Normal <120 and <80
Prehypertension 120–139 or 80–89
Stage 1 Hypertension 140–159 or 90–99
Stage 2 Hypertension ≥160 or ≥100

Data from Chobanian AV, Bakris GL, Black HR, et al. The
Seventh Report of the Joint National Committee on Prevention,
Detection, Evaluation, and Treatment of High Blood Pressure.
The JNC 7 Report. JAMA 289:2560-2572, 2003.
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men.17,18 It has been well demonstrated that aggressive control
of hypertension can prevent the development or induce
regression of LVH.19

The incidence of stroke and peripheral arterial disease also
increases dramatically with increasing BP, particularly SBP.
Stroke incidence is approximately three times greater in
persons with stage 2 systolic hypertension (160 mm Hg or
greater) and 50% higher in those with stage 1 systolic
hypertension (140-159 mm Hg) compared with those with BP
below these levels. From a 50-year follow-up of the
Framingham Heart Study, elevated midlife BP during the
prior 10 years is associated with a significant 1.7-fold increase
in the risk of stroke per standard deviation increment in
women and a 1.9-fold increase in risk per standard deviation
increment in men at age 60.20 Of those experiencing stroke,
30% have stage 1 hypertension and 40% stage 2 hypertension
(with half of this latter group having SBP of 180 mm Hg or

greater). Framingham has also shown peripheral arterial dis-
ease (intermittent claudication) risk to increase dramatically
by approximately threefold in men and more than fourfold in
women from the first through fifth quintiles of SBP, and
approximately twofold across quintiles of DBP.21

Finally, the relation of increasing BP levels to incidence of
end-stage renal disease (ESRD) is well documented. MRFIT
showed the multivariate-adjusted relative risk of ESRD to be
1.7 in men for every 16 mm Hg increment in SBP. Baseline
SBPs of >140 mm Hg were associated with a fivefold to sixfold
greater risk for the development of ESRD compared with
SBPs below 117 mm Hg.22 Risk of developing ESRD is graded
and continuous throughout the entire distribution of BP
above optimal. Even persons with high-normal BP have
approximately a twofold greater risk of developing ESRD and
those with stage 2 hypertension have a sixfold or greater risk
of developing ESRD compared with those with optimal BP.22

AGE-RELATED INFLUENCES ON BLOOD
PRESSURE AND RELATION
TO CORONARY HEART DISEASE RISK

Approximately 25% of persons with hypertension are younger
than 50 years old, with the remaining 75% 50 years old or
older; 45% of all persons with hypertension are 50 to 69 years
of age.23 Application of JNC 7 BP categories to recently
released 1999-2000 data from NHANES IV shows that among
adults younger than the age of 50, nearly 30% are prehyper-
tensive. Prevalence of hypertension (SBP ≥140 mm Hg or
DBP ≥90 mm Hg or reporting hypertension medication use)
increases dramatically by age, accounting for 7% of subjects
aged 18 to 29, 16.6% of those aged 30 to 39, 33% of those aged
40 to 49, and 54% of those aged 50 to 59 years. By the seventh
decade of life, approximately 70% are hypertensive, increasing
to more than 80% in those aged 80 and older. After age 60, less
than 20% of persons have BP in the normal range (<120 mm
Hg SBP and >80 mm Hg DBP) (Figure 3–7).

Of particular interest is the transition of hypertension
subtype with increasing age among those untreated for hyper-
tension. From NHANES 1999-2000 data, the predominant
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form of hypertension among those younger than 40 years old
is isolated diastolic hypertension (IDH) (SBP <140 mm Hg
and DBP ≥90 mm Hg), which accounts for 60% of those with
hypertension in this age group (Figure 3–8). During ages 40 to
49 there are roughly equal proportions of IDH (SBP <140 mm
Hg and DBP ≥90 mm Hg) and systolic-diastolic hypertension
(SDH) (SBP ≥140 mm Hg and DBP ≥90 mm Hg), which
together account for three fourths of persons with hyperten-
sion. Beginning at age 50, the most predominant form of
hypertension is isolated systolic hypertension (ISH), account-
ing for more than 75% of those with hypertension aged 50 to
59, approximately 80% of hypertension in those aged 60 to 69,

and approximately 90% of those with hypertension aged 70
years or older (see Figure 3–8). Thus, ISH is the most common
subtype of hypertension and SBP is less likely to be under con-
trol than DBP.24 Because guidelines classify hypertension on
the basis of which component (SBP or DBP) is in the higher
category, the majority of persons with hypertension can be
defined based on (or “upstaged” by) SBP, leading to a 94%
accurate classification of BP by assessment of SBP alone. In
contrast, among those aged 18 to 49 years, 65% of individuals
with untreated hypertension in the NHANES III population
were upstaged by DBP alone.24 This indicates SBP is the more
important overall determinant of upstaging of untreated
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hypertension and hence eligibility for therapy in the popula-
tion, because the great majority of individuals with untreated
or inadequately treated hypertension are 50 years of age or
older, with an 80% prevalence of ISH.24

Both cross-sectional25 and longitudinal population stud-
ies26 demonstrate that SBP rises from adolescence through
most of adulthood, whereas DBP initially increases with
age, but levels off at ages 50 to 55 and decreases after ages 60
to 65. Thus pulse pressure (PP), defined by the difference
between peak SBP and end-diastolic BP, increases after ages
50 to 55, a change that is accelerated from the ages of 60 to
65 and older. The rise in SBP and DBP up to ages 50 to 55
can best be explained by the dominance of peripheral vas-
cular resistance. In contrast, after the sixth decade of life (1)
increasing PP and decreasing DBP are surrogate measure-
ments for central elastic artery stiffness; (2) central arterial
stiffness overrides increased systemic vascular resistance
and becomes the dominant hemodynamic factor in both
normotensive and hypertensive individuals, as manifested
by an increase in SBP, a decrease in DBP, and hence, a rise in
PP; and (3) hypertension, left untreated, may accelerate
stiffening of elastic arteries, which, in turn, may set up a
vicious cycle of worsening hypertension and further
increases in elastic artery stiffness.26

BLOOD PRESSURE COMPONENTS
AS PREDICTORS OF RISK

An increased SBP alone has been well documented to be asso-
ciated with increased risks of CHD, myocardial infarction,
kidney failure, stroke, heart failure, and peripheral vascular
disease (Table 3–2).22,27-30 In the MRFIT study, whereas those
with the highest SBP had the highest risk of CHD mortality, a

particularly increased risk was observed for those with the
highest SBP (>160 mm Hg) in conjunction with the lowest
diastolic BP (<70 mm Hg) and, therefore, the highest PP
(Figure 3–9).27

Moreover, in the Framingham cohort, future CHD risk in
those ages 50 and older and free of clinical cardiovascular dis-
ease was inversely correlated with DBP at any level of SBP
≥120 mm Hg, suggesting that PP was an important compo-
nent of risk.31 This suggests that PP may be useful as an
adjunct to SBP in predicting risk. A strong independent asso-
ciation of higher levels of SBP and lower levels of DBP with
thoracic aortic calcium, an indicator of atherosclerosis, is evi-
dence of the significance of increased PP in the etiology of
arterial stiffness and atherosclerosis.32 Numerous other
reports have also shown that at a given level of SBP, there is an
inverse relation of CHD risk with DBP, indicating PP as supe-
rior to the reference SBP in predicting total and cardiovascu-
lar mortality and CHD risk.33-37

Additional information relating BP indices to CHD risk
emerged from the Framingham Heart Study when individu-
als younger than 50 years of age were examined.38 In this
younger group, DBP was a more powerful predictor of CHD
risk than SBP; PP was not predictive. With increasing age
there was a continuous, graded shift from DBP to SBP and
eventually to PP as predictors of CHD risk. From age 60 and
older, when considered with SBP,38 DBP was negatively relat-
ed to CHD risk, so PP emerged as the best predictor. The bias
in favoring DBP over SBP as a risk factor by earlier genera-
tions of physicians may, in part, be due to the emphasis on
hypertension as a young person’s condition. However, with
the aging of the population over the past half-century, hyper-
tension has become largely a condition affecting older per-
sons with ISH.

Table 3–2 Relative Risks of Cardiovascular and Renal
Diseases Associated with Elevated Systolic Blood Pressure

Disease Relative Risk

Kidney failure (ESRD) ≥2.8
Stroke ≥2.7
Heart failure ≥1.5
Peripheral vascular disease ≥1.8
Myocardial infarction* =1.6
Coronary artery disease ≥1.5

Adapted from Kannel WB. Risk stratification in hypertension:
New insights from the Framingham Study. Am J Hypertens
13:3S-10S, 2000; Perry HM Jr et al. Early predictors of 15-year
end-stage renal disease in hypertensive patients. Hypertens
25(part 1):587-594, 1995; Klag MJ et al. Blood pressure and
end-stage renal disease in men. N Engl J Med 334:13-18,
1996; Nielsen WB et al. A significant risk factor of cerebral
apoplexy and acute myocardial infarction. A prospective popu-
lation based study. Ugeskr Laeger158:3779-3783, 1996;
Neaton JD et al. Serum cholesterol, blood pressure, cigarette
smoking, and death from coronary heart disease: Overall find-
ings and differences by age for 316,099 white men. Arch
Intern Med 152:56-64, 1992.
ESRD, end-stage renal disease; SBP ≥165 mm Hg.
*Men only.
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IMPACT OF OTHER CARDIOVASCULAR
RISK FACTORS AND TARGET ORGAN
DAMAGE

Hypertension is usually accompanied by other cardiovascular
risk factors and is metabolically linked to dyslipidemia, glucose
intolerance, abdominal obesity, and hyperinsulinemia. Only
about 20% of the time does hypertension occur in isolation.
About half of the persons with hypertension have two or more
other accompanying risk factors. The clustering of other CHD
risk factors adds to the importance of hypertension as a risk
factor. For example, in a hypothetical 55-year-old adult with
hypertension, the estimated 10-year risk of CHD is expected to
increase fourfold to fivefold from the additional impact of sev-
eral other CHD risk factors.14 Both traditional and new car-
diovascular risk factors from JNC 7, as well as examples of tar-
get organ damage, are listed in Box 3–1.1 The following have
been added to the traditional risk factors of age, family history
of hypertension, cigarette smoking, diabetes mellitus, and dys-
lipidemia: (1) obesity (body mass index ≥30 kg/m2), (2)
physical inactivity, and (3) microalbuminuria (50-300 mg of
urinary albumin/24 hours). The European Society of
Hypertension39 has added elevated high-sensitivity C-reactive
protein (>3 mg/L) as a risk factor. The presence of one or more
of these risk factors greatly increases the rationale for more
intensive treatment to BP goal levels, as well as consideration of
therapy at lower cutpoints. This is demonstrated well by data
from the Multiple Risk Factor Intervention trial, showing a
substantial additive impact of type 2 diabetes on the risk of
CHD conferred by increasing SBP levels (Figure 3–10).40

SIGNIFICANCE OF HYPERTENSION
IN THE METABOLIC SYNDROME

There is general agreement that people with the metabolic
syndrome are at increased risk of developing cardiovascular
disease and diabetes (see Chapter 13).41 Indeed, the cluster of
abnormalities associated with the metabolic syndrome are
probably more important than any single risk factor in predis-
posing to CHD. According to the Third Report of the National
Cholesterol Education Program Expert Panel on Detection,
Evaluation, and Treatment of High Blood Cholesterol in
Adults (ATP III),41 the metabolic syndrome is defined as con-
sisting of three or more of the following abnormalities: waist
circumference >102 cm in men and >88 cm in women
(abdominal obesity); serum triglycerides level ≥150 mg/dl
(1.69 mmol/L); high-density lipoprotein (HDL) cholesterol
level <40 mg/dl (1.04 mmol/L) in men and <50 mg/dl (1.29
mmol/L) in women; BP ≥130/85 mm Hg or being treated for
hypertension; and a fasting serum glucose level of 110 mg/dl
(6.1 mmol/L) or higher. (Some experts recommend separating
diabetes from this definition, because specific treatment goals
for BP and hypercholesterolemia exist for diabetics who should
be treated as having a CHD risk equivalent.) (See Table 3–3.)

One study of U.S. adults with the metabolic syndrome
reported that more than 80% of those satisfying these criteria
(excluding those with diabetes who are universally considered
high risk, warranting aggressive clinical management) had
elevated triglycerides, low HDL cholesterol, and elevated BP.
In this sample, 83% of men and 87% of women with the
metabolic syndrome had elevated BP (SBP/DBP of 130/85
mm Hg or higher, or on treatment) consistent with the ATP
III criteria (Figure 3–11).42 Approximately one fourth of U.S.
adults have the metabolic syndrome (including those with
diabetes), although this varies dramatically with age, with
prevalence increasing to near 40% in older age groups.43 There
is also great variation in risk among those with the metabolic
syndrome; most women are at low or intermediate risk,
whereas most men are at intermediate or high global risk
(>20% calculated risk of CHD in the next 10 years), the latter
of which would constitute a CHD risk-equivalent by ATP III
standards.42 Moreover, projections have estimated that BP
control, ideally to optimal levels, and preferably combined
(lipid and BP) risk factor management, can prevent the vast
majority of CHD events.42

RELATIVE VERSUS ABSOLUTE RISK
ASSESSMENT AND PROJECTION
OF TREATMENT BENEFIT

Over the past several decades, there has been a gradual evo-
lution from the use of relative risk to absolute risk as the basis
of deciding whom and when to treat. Relative risk quantifies
the likelihood of future cardiovascular events in a “hyper-
tensive” population in comparison with a “normotensive”
reference population, with impact most frequently expressed
as a risk ratio (RR). In contrast, absolute risk imparts infor-
mation as to the expected absolute incidence of cardiovascu-
lar deaths or morbid events. In calculating absolute risk, one
must not only include hypertension as a risk factor, but also
age, gender, and all other major cardiovascular risk factors
that commonly cluster with hypertension1,43 (see Chapter
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Box 3–1 Cardiovascular Risk Factors and Target Organ
Damage

Major Risk Factors
● Hypertension*

● Cigarette smoking
● Obesity (BMI ≥30 kg/m2)*
● Physical inactivity
● Dyslipidemia*

● Diabetes mellitus*

● Microalbuminuria or estimated GFR <60 ml/min
● Age (>55 years for men, >65 years for women)
● Family history of premature cardiovascular disease

(men <55 years or women <65 years)

Target Organ Damage
● Heart (left ventricular hypertrophy, angina or prior

myocardial infarction, prior coronary
revascularization, or heart failure)

● Brain (stroke or transient ischemic attack)
● Chronic kidney disease
● Peripheral arterial disease
● Retinopathy

Adapted from Chobanian AV, Bakris GL, Black HR, et al. The
Seventh Report of the Joint National Committee on Prevention,
Detection, Evaluation, and Treatment of High Blood Pressure.
The JNC 7 Report. JAMA 289:2560-2572, 2003.
*Components of the metabolic syndrome.
BMI, body mass index; GFR, glomerular filtration rate.
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21). Over the past decade there have been many national and
international guidelines for antihypertensive therapy that
have used absolute risk in varying degrees to assist physi-
cians in decision making.

In trying to estimate absolute benefit in terms of preventa-
ble CHD events from control of hypertension, one can apply
absolute risk estimates obtained from Framingham algo-
rithms to the general U.S. population of adults with hyperten-
sion.44 This calculation suggests that treatment of the U.S.
population with hypertension (30-74 years of age) to a nomi-
nal goal of <140 mm Hg SBP and <90 mm Hg DBP could pre-
vent approximately 19% of CHD events in men and 31% of
CHD events in women in the next 10 years. Treatment to an
idealized goal of <120 mm Hg SBP and <80 mm Hg DBP
could prevent 37% and 56% of CHD events, respectively.44

The long-term value of sustained antihypertensive treatment
has also been estimated from a secular trend study from
Framingham involving three successive cohorts between the
ages of 50 and 59 years in 1950, 1960, and 1970.45 After adjust-
ing for risk factors, there was as much as a 60% reduction in
cardiovascular mortality in those receiving antihypertensive
therapy for 20 years compared with their untreated coun-
terparts.

GLOBAL RISK STRATIFICATION

Based on the results of considerable outcome data, there is
consensus that antihypertensive medications should be used as
part of therapy in all high-risk patients.1,39 These would
include individuals with persistent stage 2 hypertension BP
(≥160/100 mm Hg) and those with stage 1 hypertension BP
(≥140-159/90-99 mm Hg) or prehypertension BP (≥120-
139/80-89 mm Hg) with associated risk factors or cardiovas-
cular disease. The latter two BP categories encompass those
individuals with (1) hypertensive target organ involvement
(LVH, microalbuminuria [50-300 mg albuminuria/24 hours],
mild increase in serum creatinine [1.3-1.5 mg/dl in men and
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Table 3–3 Criteria for the Metabolic Syndrome (without
diabetes)*

Risk Factor Defining Level

Abdominal obesity†

Waist circumference‡

Men >102 cm (>40 in)
Women >88 cm (>35 in)

Triglyceride ≥150 mg/dl
High-density lipoprotein

cholesterol
Men <40 mg/dl
Women <50 mg/dl

Blood pressure ≥130/≥85 mm Hg or treated
Fasting glucose§ ≥110 mg/dl

Modified from the executive summary of the third Report of the
National Cholesterol Education Program (NCEP) Expert Panel
on Detection, Evaluation, and Treatment of High Blood
Cholesterol in Adults (Adult Treatment Panel III). JAMA
285:2486-2497, 2001.
*Diagnosis is established when three or more of these risk fac-
tors are present.
†Abdominal obesity is more highly correlated with metabolic risk
factors than is ↑ body mass index.
‡Some men develop metabolic risk factors when circumference
is only marginally increased.
§Some experts recommend separating out those with diadetes,
those with a fasting glucose of 126 mg/dl, because clear guide-
lines for these persons exist.
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1.2-1.4 mg/dl in women], and grade 3 or 4 retinopathy [retinal
hemorrhages/exudates and papilledema, respectively]); (2)
associated clinical conditions (CHD, heart failure, stroke, renal
impairment [serum creatinine of >1.5 mg/dl in men and >1.4
mg/dl in women], peripheral vascular disease); or (3) diabetes
with or without vascular complications.

On the other hand, there is considerable disagreement
about when to supplement lifestyle treatment measures with
antihypertensive therapy in individuals with stage 1 hyperten-
sion (140-159/90-99 mm Hg) without associated risk factors
or cardiovascular disease. To date, there have been no defini-
tive trials to assess the benefit of treatment in this group,
which represents the largest single category within the hyper-
tensive population: Ogden et al.46 found that in the NHANES
III adult hypertensive population, 20.7% had complicated
hypertension, 31.3% had uncomplicated but stage 2 hyper-
tension, 5% had stage 1 hypertension without additional risk
factors, and 43% had uncomplicated stage 1 hypertension
with at least one or more additional risk factors.

ACCURACY OF CURRENT RISK
ASSESSMENT FOR UNCOMPLICATED
MILD HYPERTENSION

JNC 7 guidelines1 suggest that every individual with uncom-
plicated stage 1 hypertension who does not respond to lifestyle
modification promptly be started on antihypertensive therapy.

In contrast, the European Society of Hypertension guidelines39

stress the importance of assessing global risk and then comple-
menting lifestyle modification with drug therapy in the pres-
ence of moderate to high risk. This type of assessment requires
that the number and severity of risk factors in an individual be
used to calculate the likelihood of future CHD events by mul-
tivariate assessment, similar to that based on the Framingham
risk equations. According to these criteria, in the presence of a
10-year risk of hard CHD events of >20%, based on
Framingham risk equations and designated a CHD risk equiv-
alent by the Third Adult Treatment Panel of the National
Cholesterol Education Program,41 therapeutic intervention
should be considered for those with SBP of 130 to 159 mm Hg
and DBP of 80 to 89 mm Hg as it is for others in this range with
diabetes or target organ damage. In the presence of an inter-
mediate risk (e.g., 10-year 6%-20% risk), consideration can be
given for using noninvasive screening tests for the detection of
subclinical cardiovascular disease to further stratify risk.47

Data from NHANES adults surveyed in 1999-2000 show
that a substantial proportion of persons with hypertension is
at intermediate risk (6%-20% estimated 10-year risk of
CHD). By the sixth decade of life, more than 40% are at high
risk (>20% 10-year risk of CHD, including those with known
CHD, stroke, or peripheral vascular disease); by the eighth
decade of life this rises to more than 60% of persons with
hypertension (Figure 3–12). Approximately 60% of males and
40% of females with hypertension are at high risk of CHD
based on these estimates.
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Noninvasive subclinical disease measures, including carotid
artery intimal medial thickness (IMT) measured by ultra-
sound, ankle brachial index, coronary artery calcium,
echocardiographic left ventricular mass, and left ventricular
global systolic function (ejection fraction), have been shown
to have reasonable sensitivity and reproducibility in detecting
subclinical atherosclerotic disease and also show predictive
value over and above standard assessment of risk factors. If
evidence of significant subclinical disease is revealed (e.g.,
coronary calcium score >400, ankle brachial index <0.90, or
carotid artery IMT ≥1 mm), one can make the case for strati-
fication of treatment to the next highest level (e.g., as a CHD
risk equivalent), warranting lower cutpoints for treatment ini-
tiation or BP goal.47 For example, the Assessment of
Prognostic Risk Observational Survey (APROS) study48 found
that 53% of patients previously classified as mild or medium
risk by the World Health Organization/ International Society
of Hypertension were reclassified as high risk (10-year risk
≥20%) after LVH was found on echocardiography and/or sig-
nificant increased diffuse or focal carotid artery IMT was
found by ultrasound examination.

However, the prognostic utility and cost-benefit consid-
erations of using noninvasive screening tests in selected
intermediate-risk population groups have yet to be deter-
mined, and no consensus regarding such screening currently
exists for the general population of hypertensives. Therefore,
clinical judgment based on a thorough office-based examina-
tion and global risk assessment remains the primary basis on
which to decide when antihypertensive therapy should be
added to lifestyle measures in uncomplicated prehypertension
and stage 1 hypertension.

HYPERTENSION AWARENESS,
TREATMENT, AND CONTROL RATES

Since 1988-1991, there have been no significant improve-
ments in awareness of hypertension in men (from 63% in
1988-1991 to 66% in 1999-2000) and actually a trend toward
lesser awareness in women (from 75% in 1998-1991 to 71% in
1999-2000).4 Although a trend toward improvements in
awareness among Mexican Americans has been noted, no sig-
nificant improvements were seen in any other ethnic group.

Treatment rates, however, have improved from 52.4% to
58.4% (p = .007) overall due to improvements in treatment rates
in men (44.5%-54.3%, p <.001) but not in women (60.1%-
62.0%, p = .24) (Figures 3–13 and 3–14).4 Rates of treatment
have improved significantly in non-Hispanic whites and non-
Hispanic Blacks, but only marginally in Mexican Americans,
during this time period.

Significant improvement in control of hypertension, both
among those treated and among all with hypertension, have
also been seen in men, but not in women during this time
period. In 1999-2000, approximately 60% of men being treat-
ed had their hypertension controlled to <140/90 mm Hg com-
pared with less than 50% of women (see Figures 3–13 and
3–14). Women, older persons, and Mexican Americans tend-
ed to have the lowest rates of hypertension control. The
improvement in control rates for men exclusively resulted
from substantial improvements in control in non-Hispanic
white men (from 20.7% in 1988-1991 to 36.5% in 1999-2000),
without any significant change in men of other race/ethnic
groups.4 The reasons for the poorer treatment and control
rates in women are not well understood. The poorer control
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rates in older persons, despite universal health insurance
(Medicare) for those aged 65 and older, may in part be a
reflection of greater severity of their hypertension, particular-
ly ISH. It has been noted that improving hypertension treat-
ment and control in women, the elderly, Mexican Americans,
and persons with diabetes will have a significant impact on
overall control rates, and unless hypertension control rates
improve, the 50% target for hypertension control by 2010 will
not be met.4

Although hypertension treatment rates are far from opti-
mal in the United States (52.5%), they are substantially high-
er than in European countries (26.8%) (see Figure 3–4). This
has been attributed to lower thresholds for treatment in the
United States, increasing the numbers of treated cases, and
lowering the mean BP in the population.3

POPULATION VERSUS HIGH-RISK
APPROACHES FOR PREVENTION

Prevention of complications of hypertension requires concert-
ed efforts of both population and high-risk approaches.49 The
former involves efforts of public health education, the media,
communitywide alliances, and legislation promoting healthful
policies, in an effort to gradually reduce morbidity and mortal-
ity in the population from shifting the population distribution
of BPs downward (or prevent their upward trends). The latter
requires intensive one-on-one clinical management of patients
with preexisting hypertension to reduce individual risks of car-
diovascular, renal, and other complications. Efforts of govern-
mental, community, and healthcare providers cooperating
together are vital to successfully prevent and manage hyperten-
sion and its consequences.

SUMMARY

Hypertension is associated with a twofold to fourfold
increased risk of CHD, stroke, peripheral vascular disease, and
renal disease. Increased SBP is strongly associated with
increases in risk, even when diastolic pressure is normal; a
high PP further increases risk. An increase in risk of develop-
ing of hypertension and cardiovascular events begins among
persons in the prehypertension range of BP. Three out of four
persons with hypertension are age 50 or older, and by the age
of 80, more than 65% of the population will have hyperten-
sion, as currently defined. Over the past 15 years, prevalence
has increased among women and older persons, but treatment
and control have improved only among men. ISH is the pre-
dominant form of hypertension after the sixth decade of life,
whereas diastolic hypertension is the most common form
before the age of 50. Hypertension is seldom a lone cardiovas-
cular risk factor; it tends to cluster with additional risk factors
as part of the metabolic syndrome. Appropriate risk stratifica-
tion of persons with hypertension involves a combined
approach of an office-based examination and global risk
assessment. In intermediate-risk persons with hypertension,
subclinical disease screening may be useful to identify candi-
dates for more intensive treatment. For both primary and sec-
ondary prevention, treatment of all significant risk factors, as
opposed to treating only hypertension, will result in the
largest reduction in cardiovascular risk.
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29SECTION 2

Pathophysiology

Regulation of blood pressure is one of the most complex of
physiologic functions, dependent on the integrated actions of
cardiovascular, renal, neural, and endocrine systems.
Hypertension is a disorder of the average level about which
blood pressure is regulated, and although it is of clinical
importance because chronically elevated blood pressure dam-
ages the heart, blood vessels, and kidneys, at least in its early
stages hypertension does not cause obvious disturbances of
cardiovascular function. Most of the functional cardiovascu-
lar derangements of hypertension arise from the compensa-
tory mechanisms elevated blood pressure provokes (e.g., vas-
cular and ventricular hypertrophy) or from its contribution to
vascular damage (e.g., atherosclerosis and nephrosclerosis).
Investigating the pathophysiology of hypertension therefore
means understanding the mechanisms of normal blood pres-
sure control and seeking evidence of subtle abnormalities that
precede (or at least coincide with) the rise of blood pressure to
hypertensive levels.

Because hypertension represents a quantitative dysfunction
of the highly interactive elements of the cardiovascular sys-
tem, traditional reductionist research modes are unlikely to
yield more than fragments of the answer to the question of
what causes hypertension.1-3 Pathophysiologic thinking is one
such reductionist approach. Essentially mechanistic and con-
cerned largely with the immediate or proximate causes of dis-
ease, such research seeks to identify the structures and func-
tions that result in elevated blood pressure. Pathophysiologic
studies have been of great value in describing the underlying
causes of differences between hypertensives and normoten-
sives but less successful in identifying root causes of hyperten-
sion. To address causality, findings gathered in the physiolog-
ic investigation of cardiovascular control systems will need to
be integrated into broader frameworks: The value of evolu-
tionary research for organizing the findings derived from
pathophysiologic research has been pointed out before.4 The
goal of evolutionary thinking is to understand how heritable
traits affect reproductive success, and ultimately to describe
not only the fundamental genetic complement underpinning
hypertension but also the environmental factors necessary for
expression of the phenotype and the physiologic processes
mediating the interaction of genes and environment. Each
such complement of genes, each set of environmental expo-
sures, and each history of their interaction will be unique, so
that a truly comprehensive description of the pathophysiolo-
gy of hypertension will probably never be possible. But
by integrating broad frames such as evolution into our

pathophysiologic thinking, we are likely to get a better under-
standing of ultimate causation.

This introduction attempts to lay out some of the broad
principles of cardiovascular regulation that are relevant to a
consideration of the pathophysiology of essential hyperten-
sion. We do not aim to summarize the mechanisms to be
explored in detail by experts in the succeeding chapters of this
volume but rather to demonstrate how complex the task of
formulating an integrated pathophysiologic picture of hyper-
tension is likely to be. We begin by emphasizing three funda-
mental features of blood pressure control:

1. Blood pressure regulation is flexible and responsive to local
organ perfusion requirements.

2. Blood pressure regulation is integrated into overall cardio-
vascular-renal function to serve total-body homeostasis.

3. The level at which blood pressure is regulated changes
throughout a patient’s life history.

BLOOD PRESSURE CONTROL
AND LOCAL NEEDS

At its most basic level, blood pressure provides the driving
force that moves blood through the vascular system.
Because maintenance of this function is absolutely critical
to life, it is not surprising that natural selection has favored
organisms that have evolved mechanisms that contribute to
blood pressure stability. Nor is it unexpected that such
mechanisms are powerful and highly redundant, providing
ample “backup” to cope with changes in environmental fac-
tors, including electrolyte intake, physical activity, threats,
and trauma. Indeed, it would be remarkable if the situation
were otherwise.

All mammals have fundamentally the same circulatory
system, so blood pressure control systems are likely to be
highly evolutionarily conserved across species, and it may
therefore not seem surprising that mean arterial blood pres-
sure in the aortic root is essentially constant in mammals,
about 100 mm Hg.5 This constancy is in contrast to many
anatomic features (e.g., heart weight) and physiologic func-
tions (e.g., heart rate) that are scaled to average body mass
across a wide range of species sizes.6 In many cases, unscaled
variables (i.e., those not related to body size) are con strained
by fundamental and invariant physical or chemical features
important to life, such as diffusion distances. Because several
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other critical aspects of circulatory function are similarly
unscaled, notably capillary and red blood cell diameters, it
seems plausible to assume that blood pressure is part of a
system finely adapted in many ways to ensure optimal
delivery of metabolic substrates at the tissue level. The level
of blood pressure characteristic of mammals as an adapta-
tion of their particular body plan is evidenced by the differ-
ing average blood pressure levels found in other animals.
Birds, for example, operate at a higher average blood pres-
sure level than do mammals, and the reasons for the differ-
ence are not clear.6

Whereas the constancy of blood pressure in mammals
might seem to imply rigidity of function, nothing could be
further from the truth. An example of naturally elevated
blood pressure in a nonhuman mammalian species is instruc-
tive in demonstrating how flexible blood pressure regulation
can be. Giraffes have evolved to occupy an ecologic niche of
arboreal feeding by means of selection for an extreme elonga-
tion of the neck (selection pressure may have been multifunc-
tional [e.g., male-male competition]). Although closely relat-
ed to the other ruminants, where blood pressure averages the
expected value of about 100 mm Hg mean, giraffes demon-
strate extraordinarily high blood pressures at the level of the
heart, with estimates of resting blood pressure of 180 mm Hg7

to greater than 300 mm Hg.8

Elevated blood pressure in these animals serves to main-
tain blood flow to the brain, so that blood pressure level at
the base of the skull is about 100 mm Hg. The cardiovascu-
lar system has accommodated the particular structural
adaptations of giraffe anatomy by altering force generation
at the left ventricle and thus aortic root pressure to provide
precisely the energy necessary to drive blood to the brain. It
is theoretically possible for natural selection to have altered
the structural plan of the giraffe body to one in which the
brain migrated to a more central body location and there-
fore could operate at a “normal” systemic blood pressure.
However, such an adaptation would involve wrenching
changes in the established body plan and ontologic course
of vertebrate development that would undoubtedly be diffi-
cult to fashion. Nature usually shapes its adaptations con-
servatively. The giraffe’s neck, for instance, although
markedly different in appearance from that of the taxonom-
ically related cow, nonetheless contains the same seven cer-
vical vertebrae. In meeting the cardiovascular demand
imposed by its anatomic adaptation, rather than redesign-
ing the system, it is more efficient to draw on built-in fea-
tures of the cardiovascular repertoire—notably the ability
to regulate average blood pressure level—and to use those
features to match the specific circulatory demands imposed
by neck elongation. Thus although generally fixed within a
narrow range in mammals, when necessary, blood pressure
can be maintained indefinitely at a markedly increased level
when critical local needs require it.

The giraffe illustrates an important principle of blood pres-
sure control: Blood pressure level is flexible and responsive to
important physiologic needs (e.g., brain perfusion). From the
viewpoint of the fitness of the organism in terms of natural
selection, this functional trade-off of high blood pressure for
optimal brain perfusion is perfectly reasonable, even if some
adverse consequences flow from the compromise. The adapta-
tionist paradigm holds that, in general, natural selection
favors any individual or suite of novel features (in the case of

the giraffe, a long neck and the attendant elevated blood pres-
sure) when the net impact of such changes is favorable in
terms of reproductive success of the affected individual’s
genes. Importantly, not every preserved element need be in
itself adaptive. Thus, whereas employing high blood pressure
as a way of matching circulatory function to an unusual
anatomic situation is an elegant solution to an adaptive chal-
lenge, it does not imply that giraffes do not pay a price for
maintaining high aortic root pressures. They evidence a large
number of pathologic effects of high blood pressure, includ-
ing massive left ventricular hypertrophy (LVH) and extraordi-
nary arterial vascular smooth muscle hypertrophy in the
limbs.9,10 It seems likely that such cardiovascular adaptations
are potentially deleterious, but any such adverse consequences
are more than balanced by the advantages of a long neck on
overall fitness.

BLOOD PRESSURE CONTROL AND
INTEGRATED CARDIOVASCULAR-RENAL
FUNCTION

In addition to providing perfusion to the brain, blood pres-
sure plays a key role in the optimization of other organ and
whole-body functions. Starling recognized as long ago as 1909
that total-body sodium and water balance is regulated in part
by renal arterial perfusion pressure.11 This concept was further
characterized by subsequent investigators, most notably by
Guyton et al., who proposed that blood pressure and sodium
homeostasis are related through the mechanism of pressure
natriuresis: When perfusion pressure increases, renal sodium
output increases and extracellular fluid and blood volumes
contract by an amount sufficient to return arterial blood pres-
sure to its baseline.12,13 Guyton characterized the relationship
between natriuresis and mean arterial blood pressure by a
pressure-natriuresis curve characteristic of each individual,
which is shifted to a higher value on the pressure axis when
hypertension is chronically sustained.13

In most normotensives, that curve is very steep, because
blood pressure differs very little at extremes of sodium intake.
In some normotensives and in a greater proportion of hyper-
tensives, the slope of the curve is diminished, meaning that
blood pressure varies continuously with differences in salt
intake. Such individuals are said to be “salt-sensitive.”14

Although the phenomenon of salt-sensitivity is often char-
acterized as a primary isolated defect in pressure-natriuresis
and while that deficiency surely underlies the volume respon-
siveness of blood pressure in patients with advanced renal
insufficiency, more subtle renal dysfunctions also may be
important.15 One such physiologic mechanism recently pro-
posed as contributing to renal physiologic and structural
changes causing salt-sensitivity is a resetting of the set-point
of tubuloglomerular feedback.16

Mammalian kidneys accurately match glomerular filtration
to tubular sodium excretion by regulating afferent and efferent
glomerular arteriolar resistance in response to distal tubular
chloride load (Figure 4–1). Responses of glomerular filtration
rate over a wide range of distal tubular load are described by a
nonlinear function referred to as the tubuloglomerular func-
tion (TGF) curve.17 TGF is a classic negative feedback loop,
serving to control whole-body homeostasis. Thus, when the
macula densa senses a decrease in sodium (NaCl) delivery to

30 Pathophysiology



the distal tubule, a signal is relayed to the afferent arteriole to
dilate, resulting in increased glomerular capillary hydrostatic
pressure and increased glomerular filtration rate. If as hypoth-
esized, the TGF curve is displaced such that at a given distal
tubular load a higher glomerular filtration rate is required to
maintain normal whole-body sodium homeostasis, the chronic
increase in glomerular capillary pressure could result in renal
damage, which could in turn further depress pressure natriure-
sis and lead to a cycle of increasing salt-sensitivity of blood
pressure and progressive renal injury. Such a sequence is con-
sistent with the results of the African American Study of Kidney
Disease and Hypertension, in which angiotensin-converting
enzyme inhibitors and β-blockers, drugs that affect renin-
dependent mechanisms, presumably including afferent arterio-
lar resistance and thus glomerular capillary pressure, slowed the
progression of renal disease more effectively than a calcium
channel blocker.18 Interestingly, more aggressive control of sys-
temic hypertension did not significantly affect the progression
of renal damage and TGF, suggesting that local intrarenal
hemodynamic factors are more important than systemic blood
pressure as a cause of renal damage in this population. TGF

resetting, by triggering a pathophysiologic cascade compromis-
ing whole-body sodium metabolism, may necessitate increased
reliance on a flexible compensatory system, blood pressure,
resulting in a salt-sensitive pressure–natriuresis curve. Salt-
sensitivity of blood pressure thus serves a critical biologic need,
the maintenance of sodium balance in the face of a disorder of
another important physiologic regulator of sodium balance,
TGF. The point to be remembered is that cardiovascular-renal
homeostatic mechanisms are highly integrated and redundant.

CHANGING THE SET-POINT: GROWTH,
DEVELOPMENT, AND HYPERTENSION

As pointed out in 1978 by Sir George Pickering, hypertension
is defined by an arbitrary division in the continuous blood
pressure distribution.19 Two sets of definitions are commonly
used, one for adults and one for children and adolescents.
Adult levels exceeding a threshold of usually 140 mm Hg sys-
tolic or 90 mm Hg diastolic in the United States are defined as
being hypertensive. Such cut-points are based largely on tradi-
tion rather than on any biologic significance of the values. In
childhood, hypertension is defined as a blood pressure
exceeding the 95th percentile for age,20 another arbitrary divi-
sion that results in a constantly changing threshold for hyper-
tension during development. Such definitions are of heuristic
value in identifying individuals on whom medical attention
should be focused. But perhaps the real message of the differ-
ent definitions is that they acknowledge an important feature
of blood pressure during postnatal development: Blood pres-
sure rises with age. Long ignored, the significance of the child-
hood, and indeed even prenatal, antecedents of hypertension
are receiving increasing attention.4,21

The rise of blood pressure during childhood and adoles-
cence follows a very stereotypical course, with a rapid increase
during the first few weeks of life, a gradual increase throughout
childhood, and a dramatic rise during puberty.20 Blood pres-
sure then remains relatively constant in most individuals
throughout the remainder of the second and well into third
decade, after which it again begins to rise.4 It is during this
period that most diastolic hypertension develops (i.e., blood
pressures finally exceed 90 mm Hg diastolic). However, it has
long been recognized that adult blood pressures are related to
adolescent levels: Serial measures of blood pressure within
individuals are correlated, and the coefficient of correlation
becomes increasingly strong with aging.21 As a consequence,
adolescents with the highest relative rank of blood pressure
have the highest risk of future hypertension. So where does
hypertension begin? Is it when the blood pressure is estab-
lished in the upper rank, as certainly can be determined during
adolescence? Or alternatively, must we wait until middle age to
diagnose hypertension? Because the pattern of high blood
pressure is established early in life, hypertension may have its
roots in early developmental events. Events contributing to
high blood pressure in youth may result in pathophysiologic
changes that cannot be subsequently reprogrammed or that set
the stage so that events affecting blood pressure later in life
have an enhanced hypertension-promoting effect.

Although the precise mechanisms affected early in develop-
ment are unknown, several schema incorporating the general
principle of early events conditioning later responses have
been proposed:
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sodium (NaCl) delivery, as expressed in tubular glomerular
feedback (TGF). A resetting of the operating point downward
and to the left occurs in depletion of the extracellular fluid
volume (ECFV) (i.e., dehydration). A resetting of the
operating point upward and to the right occurs in expansion
of the ECFV or in a sustained increase in the delivery of
NaCl to the distal tubules (i.e., tubular hyperperfusion of the
macula densa [MD]), under euvolemic condition. The
vascular tone (vasodilation or vasoconstriction) of the afferent
arterioles is the main mechanism of the change in the GFR.
Resetting of the TGF operating point is largely dependent on
the balance between the levels of angiotensin II, extracellular
adenosine, and nitric oxide in the vicinity of the glomerular
arterioles. Resetting of the set-point has been proposed to
result in chronically elevated glomerular filtration and promote
renal damage. (From Aviv A, Hollenberg NK, Weder A.
Sodium glomerulopathy: Tubuloglomerular feedback and
renal injury in African Americans. Kidney Int 65(2):
361-368, 2004.)



1. Vascular remodeling. Observations by Folkow22 and
Sivertsson23 that hypertensive vessels undergo adaptation by
structural remodeling, which increases the wall:lumen ratio,
identified an important mechanism that maintains chroni-
cally increased vascular resistance in established hyperten-
sion. Although partially reversible by long-term antihyper-
tensive therapy, this structural adaptation persists to a
degree even in effectively treated patients and progresses in
uncontrolled hypertension.24 Because structural changes are
present even in borderline hypertension, it is likely that this
adaptation begins early in the course of the blood pressure
rise, probably before the hypertensive range is reached.25,26

2. Hyperkinetic borderline hypertension. Julius et al. described
serial changes in cardiovascular function that result in a
transition in the hemodynamics of blood pressure control
from a state of increased cardiac output, largely sustained
by the autonomic nervous system, to one of a sustained ele-
vation of blood pressure dependent on increased vascular
resistance and unrelated to increased autonomic tone.27,28

The initiating factor for the early hyperkinetic circulatory
state, increased sympathetic and decreased parasympathetic
tone, is postulated to cause β1-receptor down-regulation in
the heart that, perhaps in concert with changes in myocar-
dial function,29 results in a regression of cardiac output to
normal values. At the same time, structural enhancement of
vascular resistance (increased wall:lumen ratio), induced by
high blood pressure and sympathetic overactivity, results in
a progressive increase in vascular tone even as sympathetic
drive falls. The net effect of these adaptations is a transition
from a state of increased cardiac output to one of increased
vascular resistance.30,31 Because the transition occurs over
decades, serial longitudinal hemodynamic studies have
been difficult to organize, but Lund-Johansen and Omvik
documented the transition in a small group of subjects who
presented with hyperkinetic borderline hypertension in
youth and ended with typical high-resistance essential
hypertension 20 years later.32

3. Allometric dysfunction. Weder and Schork proposed a
schema in which the coordinated programs matching
somatic and renal growth could be disrupted by an exces-
sively vigorous growth pattern in youth and adolescence.4

They postulated that the vigorous growth associated with
modern childhood and adolescence, coupled with compres-
sion of the period of active growth by earlier puberty, might
result in a fixed mismatch of some critical growth-related
renal function and somatic metabolic demands. Such a mis-
match might be compensated for by increased blood pres-
sure, and since the fundamental defect could not be correct-
ed after the cessation of growth at puberty, this fixed defect
could promote hypertension throughout life. Although the
precise nature of the renal defect leading to such a situation
is unknown, underdevelopment of the medullary microcir-
culation or cortical afferent arterioles33 appear to be impor-
tant aspects of renal structure affecting sodium handling.34

Aspects of this schema are pertinent to the subsequent dis-
cussion of how modernity causes hypertension.

4. Synchronicity. Schork et al. noted that in inbred animal
strains, there is a temporal coupling of growth and blood
pressure such that growth spurts regularly precede rises in
blood pressure.35 Similar findings have been reported for
humans when serial changes in body size and blood pres-
sure have been examined.36 The vigor of the rise in blood

pressure after a growth spurt appeared to be greater in
genetically hypertensive rats compared with a genetically
normotensive strain, suggesting that genetic programs
controlling the coupling function could be responsible for
initiating states of increasing blood pressure initially trig-
gered by normal growth processes.

5. Telomere shortening. Aviv and Aviv proposed the interest-
ing hypothesis that telomere shortening, a phenomenon
accompanying normal aging, might contribute to hyper-
tension.37 There is considerable evidence that essential
hypertension is closely linked to the growth, development,
and aging of human beings. One biologic indicator of
growth and aging that could provide a better understand-
ing of the etiology of essential hypertension is the age-
dependent telomere attrition rate in somatic cells, which
registers the replicative history of somatic cells. Telomere
attrition rate records the growth that results from the repli-
cation of somatic cells and their turnover—a process that
is strongly linked to inflammation and oxidative stress,
which are key factors in the biology of human aging.38

6. Birth weight and hypertension. Largely through the work of
Barker, a relationship between low birth weight, increased
placental weight, and increased risk of adult hypertension
has been established.39,40 These observations suggest that in
utero events can condition, or in Barker’s terminology, pro-
gram, an infant to a phenotype characterized by insulin
resistance and a tendency toward the development of
hypertension and diabetes.39 Barker argues that in utero
growth retardation sets the stage for a thrifty phenotype
that manifests itself as disease late in life.

The mechanism of such programming has been further
investigated by Seckl, who has provided evidence that pla-
cental 11β-hydroxysteroid dehydrogenase activity may play a
key role in such programming.41 This enzyme converts phys-
iologic glucocorticoids such as cortisol to inactive metabo-
lites, thus decreasing the transfer of maternal steroids to the
fetus. Experimental studies show that steroid exposure
inhibits fetal growth but increases placental weight, the pat-
tern identified by Barker as predisposing to hypertension.39

Seckl demonstrated that in rats, in utero exposure to steroids
increases the blood pressure of offspring,42 suggesting that
factors that control fetal steroid exposure, especially 11β-
hydroxysteroid dehydrogenase activity, could play a role in
promoting hypertension.

All these mechanisms share a common theme: Events at
one point in development have consequences for the blood
pressure level at a later stage. In searching for causal events,
then, we would be well advised to look at the times at which
such events are operative.

HYPERTENSION: PROXIMATE
AND ULTIMATE CAUSATION

Having stressed the importance to research in hypertension of
the essential functions of the circulatory system, the integrated
nature of cardiovascular-renal homeostasis and the impor-
tance of the temporal evolution of the level of blood pressure,
let us turn to a consideration of why humans get hypertension.

No one can say with absolute certainty when hypertension
first appeared in human history, but it is generally accepted to
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be a relatively modern disease of civilization. The emphasis on
the importance of the acculturated environment somewhat
undervalues the role of genes, and the term syndrome of
impaired genetic homeostasis has been suggested as a better
characterization of the problem.43 The strongest support for
the view that hypertension results from a fundamental mis-
match between our ancient genes and our modern environ-
ment comes from observations of blood pressure in popula-
tions of modern-day hunter-gatherers.44 Individuals in many
of these societies pursue a lifestyle probably quite like that of
the Neolithic period and do not develop hypertension or the
progressive rise in systolic and mean blood pressure that is
universally observed in individuals living in Westernized soci-
eties. Because adult hunter-gatherers have typical mammalian
blood pressures (i.e., mean arterial blood pressures of about
100 mm Hg), elevated blood pressures in Westernized soci-
eties may reflect a response to some physiologic need imposed
by our acculturation. Although we do not have an adaptive
problem as obvious as the giraffe’s long neck, modern envi-
ronmental novelty apparently activates the flexible, powerful,
highly evolutionarily preserved systems that alter the set-point
of blood pressure control to a higher level in some individu-
als. Unlike the giraffe, we do not seem to “need” high blood
pressure, for in general, there is no obvious physiologic dys-
function induced by lowering blood pressure through antihy-
pertensive treatment. Furthermore, clinical trials show that
the adverse consequences of sustained high blood pressure are
ameliorated by such treatment.

Yet the indisputable fact that genes contribute to human
hypertension implies an adaptive role for those genes.45 We
are unaware of any data suggesting an adaptive advantage or
disadvantage for hypertension itself. Except for the relatively
rare event of fatal malignant hypertension in youth, which
could obviously affect reproductive potential, diseases arising
from or aggravated by essential hypertension generally occur
during postreproductive years. Thus, when considering high
blood pressure in an evolutionary context, it is important to
focus on issues other than high blood pressure, because that is
not a trait likely to be related to reproductive success. It is rea-
sonable to view hypertension as a pleiotropic effect of a genet-
ic suite that subserves some important function other than
blood pressure regulation.1,35 The keys to hypertension are
likely to reside in genetic-environmental interactions, with the
genes involved those of our ancient hunter-gatherer–adapted
genome and the environment that of our new human-created
world: Hypertension is a response to environmental novelty.

What is it that Westernized society does to our bodies that
causes high blood pressure? The increased dietary sodium
intake of acculturated societies has been extensively studied,
and the Intersalt trial has provided good evidence that in pop-
ulations with minimal sodium intake, the prevalence of
hypertension is very low.46 However, other factors may also be
important, as exemplified by the Kuna of Panama, some of
whom follow a traditional lifestyle yet consume sodium at lev-
els typical of Westernized societies and do not evidence hyper-
tension.47 Others have suggested that the ratio of sodium:
potassium intake may be critical and have identified the
weight gain associated with migration from rural to urban set-
tings as a factor associated with the development of hyperten-
sion.48 The most obvious features of Westernized lifestyle are
calorie intake in excess of need and calorie expenditure far
below that of our early ancestors. Hunting and gathering

involved nomadic foraging and persistent pursuit of game,
both of which required vigorous physical exertion. Even as
agriculture arose, life remained strenuous, and not until
industrialization did humans begin to escape a lifestyle of
obligatory physical activity. Such a lifestyle required consider-
able energy throughput, and the estimated daily energy
expenditure of adult members of hunter-gatherer and tradi-
tional (nonmechanized) agricultural societies was on the
order of 3000 kcal/day,49,50 whereas individuals in our modern
industrialized societies expend about 2000 kcal/day or less.

This shift is almost entirely the result of mechanization, as
illustrated by estimates of the effect of mechanized farming in
Japan, which reduced daily work expenditure for the average
farmer by more than 50%.51 The shift from a balanced energy
throughput, characterized by high intake but equally high
expenditure, to one of intake in excess of expenditure resulted
in an altered body habitus with an increase in body fat and a
loss of muscle mass.52,53 Even recently studied hunter-
gatherers, who have already been somewhat affected by the
modern world, have skinfold thicknesses half those of
Westernized North Americans.52 The experience of the Inuit
of the Northwestern Territories of Canada during the period
when hunting by dog sled and kayak was superseded by trav-
el on snowmobiles, all-terrain vehicles, and power boats is
particularly powerful and instructive, as the effect of modern-
ization occurred quickly and resulted in dramatic changes in
body composition within a generation.53 Eaton noted that for
20- to 29-year-old males, lean body mass declined 10.1% and
body fat (estimated from skinfold thicknesses) increased
88.7% over one 20-year period; for women in the same age
category, lean body mass fell 12.1% while body fat rose
40.1%.43 Along with the observed changes in body habitus,
which seem to inevitably follow Westernization, comes hyper-
tension. It is reasonable to think that the effects on body habi-
tus and blood pressure are related: The question is, how?

The most logical place to search for the causes of hyperten-
sion is in normal blood pressure regulatory systems, and the
optimal time is before blood pressure rises to pathologic levels.
In order to carry out such studies, we need to examine further
how blood pressure changes during normal growth and devel-
opment. Blood pressure rises in several reasonably stereotypi-
cal spurts, most notably during adolescence. This adolescent
spurt is probably part of our fundamental human biology, as it
appears in hunter-gatherer adolescents as well as in
Westernized individuals.54 However, hunter-gatherers do not
go on to develop hypertension later in life, whereas we do.
Most interest has traditionally focused on the period during
which hypertension actually develops—adulthood. However,
increasing attention is being paid to childhood and adoles-
cence as evidence accumulates that the forces driving the blood
pressure up may already be in play by that time. An alteration
in the natural history of the adolescent growth spurt may be
important in the pathophysiology of adult hypertension.

Schork et al. observed that the rise in blood pressure in
young rats that corresponds to the adolescent blood pressure
spurt in humans is coupled to a growth spurt: Rapid growth
precedes a rise in blood pressure in a regular manner.35 More
recently, longitudinal observations in humans demonstrated
the same sequence with the adolescent blood pressure spurt
trailing the onset of the growth spurt by about 1 to 2 years.36

The appearance of this sequence in both humans and rats sug-
gests that blood pressure rises to serve some need imposed by
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growth, presumably as part of maintenance of overall home-
ostasis.35 In humans, secular trends in growth and development
suggest that the overall program of maturation may be greatly
accelerated by modern life.55 Interestingly, evidence suggests
that human ancestors were quite tall, probably on average as tall
as the upper 15% of the modern population,56,57 so the amount
of linear growth itself may not be the problem.

Historical data show a progressive compression of the peri-
od of active growth and development in children and adoles-
cents,58 such that the growth of contemporary adolescents is
probably near its biologic limits for both the final height
achieved and the rate at which linear growth proceeds.59

Coupled with vigorous linear growth is a tendency to adiposi-
ty that results in a high average body mass index in the tallest
adolescents. In addition, sexual maturity is now probably
achieved almost as early as biologically possible,55 and the rel-
ative obesity of adolescents may again play an important role.
It has been suggested that a critical fat mass is a trigger of
menarche (perhaps mediated by increasing leptin levels),60

presumably because sufficient fat accumulation increases the
potential for successful pregnancy and childbearing.61 The ear-
lier and greater accumulation of body fat by acculturated chil-
dren may be part of the reason that sexual development is now
much more rapid than in earlier times. We have previously
proposed that this compression of growth and development
has affected growth programs preserved during evolution and
adapted for a more leisurely pace, resulting in mismatches
between structure and function, perhaps at the level of the kid-
ney.4 If this hypothesis is correct, a rise in blood pressure to
high levels in adolescents who grow rapidly to a large size and
mature early is simply a mechanism by which the body main-
tains overall homeostasis. Because those adolescents who are
driven by rapid and vigorous growth to develop high blood
pressure are predisposed to adult hypertension, it may be that
the effects of modern civilization are mediated in part by a dis-
ruption of normal (i.e., Paleolithic) growth patterns.

An important distinction between hunter-gatherers and us
is lack of an adult rise in blood pressure in non-Westernized
people. It is during this adult phase that hypertension actually
develops. Hypertension has at least two developmental phases,
an early phase (childhood and adolescence), during which the
stage is set for future hypertension, and a later phase, during
which progressively rising blood pressure finally achieves
hypertensive levels. It seems likely that the later phase of hyper-
tension development is a product of the same environmental
influences that affected early growth and development, but in
adulthood, where linear growth is no longer possible, the result
of caloric excess is progressive adiposity, which ultimately pro-
motes a rise in blood pressure and the development of hyper-
tension. Some support for this view comes from an intriguing
observation reported in the Framingham cohort that lean
young hypertensives go on to develop obesity in adulthood,
suggesting that factors that promote hypertension in youth
may predispose to adiposity in adults.62 As described previous-
ly, Barker et al. suggested that this tendency toward hyperten-
sion and obesity may actually be set during in utero develop-
ment.63 A pathophysiologic schema by which obesity may pro-
mote hypertension has been proposed by Landsberg.64

Our Paleolithic genes are affected by modern lifestyle fac-
tors with the result that we achieve less than optimal muscu-
larity and a considerable excess of body fat, yet we grow lin-
early at an accelerated rate and achieve sexual maturity at a

young age. These alterations in human natural history appear
to provoke a rise in blood pressure through mechanisms not
yet well described: Physiologists still have much to contribute
to reveal the detailed mechanisms by which the set-point of
blood pressure regulation is altered.

GENETICS OF HYPERTENSION

Identifying genes predisposing to hypertension is a daunting
challenge. Mutations have been described for several rare
Mendelian hypertensive diseases with distinctive pathophysi-
ologic features, and it is of interest that most relate to renal
sodium handling, reinforcing the concept that the kidney has
an overriding influence on blood pressure regulation.65 These
variants are not important causes of high blood pressure in
the general population.

That genes contribute to hypertension is well established
from twin and family studies. The diathesis for hypertension
appears to be multigenic and to account for some 30% to 40%
of total variation in blood pressure level. The number of “hyper-
tension genes” transmitted to an at-risk individual is important:
The relative risk of developing hypertension for offspring of
hypertensive parents is higher if both parents are hypertensive
and if the disease has had earlier onset in the parent(s).66

It is important to recognize that while estimates of heri-
tability apportion part of the population variance of blood
pressure to genetic factors, all blood pressure variance repre-
sents a gene-by-environment interaction. There are no “genes
for hypertension,” there are only genes predisposing to hyper-
tension in our current environment. Most if not all the genet-
ic component of hypertension is expressed only in a permis-
sive environment, so-called context-dependency.2,67 Defining
what environmental factors promote and modify the expres-
sion of the genetic component hypertension is at least as dif-
ficult as identifying genes for hypertension, and most clues
from cross-cultural or case-control studies are not carefully
measured when population-based genetic epidemiologic
studies are performed. Effects may be very subtle and in part
be determined by an individual’s life history. Even in a popu-
lation of completely inbred animal models maintained under
standardized conditions, blood pressure is normally distrib-
uted with a surprisingly large range.

Hypertension is a prototypical genetically complex disease;
investigators seeking to identify individual genes for such dis-
eases face many barriers (Figure 4–2):

1. Diseases such as hypertension are not discrete. Unlike
Mendelian diseases with distinctive phenotypes, com-
mon diseases are often quantitative disorders, and defini-
tions are based on arbitrary cut-points. Phenotypes
employed for genetic studies are therefore somewhat
poorly defined and probably etiologically heterogeneous.
One of the clearest lessons from the secondary hyperten-
sions is that there are many ways to sustain elevated
blood pressure chronically. In addition, characterizing
blood pressure is difficult; blood pressure itself is very
labile, and there is no agreement as to what is the “right”
blood pressure for analysis. Reducing variation by arbi-
trarily dichotomizing the population distribution into
hypertensive and normotensive groups probably increas-
es the problem of phenocopies.
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One promising approach accepts the premise that
hypertension is not an isolated disorder of the regulation of
the set-point of blood pressure control but rather reflects a
complex disorder of multiple systems (e.g., those relating to
the metabolic syndrome). Cluster analysis, a method for
empirically in identifying phenotypic features that form
distinctive phenotypes, may advance the identification of
intermediate phenotypes more proximate to genetic disor-
ders than blood pressure itself.68 Other intermediate phe-
notypes based on physiologic (e.g., nonmodulation)69 or
biochemical (e.g., increased red blood cell sodium-lithium
countertransport activity)70,71 also hold promise.

2. Hypertension is a disease of middle age. Although as a group,
offspring of hypertensives have higher blood pressures in
youth than offspring of normotensives, the differences are
modest, and subsequent tracking of blood pressure suffi-
ciently variable to render reliable identification of nor-
motensive individuals destined for future hypertension
impossible. Families identified through hypertensive
parental probands can therefore be studied only in popula-
tions for which hypertension status is known for at least
two adult generations. Classical segregation analyses that
track the vertical transmission of genetic markers in indi-
viduals with and without a disease are therefore of limited
utility in hypertension except in studies of Mendelian
hypertensions in which distinctive features can be identi-
fied early in life or by medical history.

Because of the great difficulties inherent in extended-
family studies, alternative nonparametric approaches have
recently been favored. Foremost among these is the affect-
ed sibling pair approach, in which genetic variants more
common in hypertensive than nonhypertensive siblings are
sought. Increasingly sophisticated analyses of the genetic
transmission of such variants in nuclear families are slow-
ly yielding clues to candidate genomic regions and genes.
Such methods are less likely to be affected by problems of
population stratification that can produce false positive
findings in simple association studies.72

3. Methodologic shortcomings constitute a third barrier to
investigation of the genetics of hypertension. While genetic
linkage approaches have successfully identified genes caus-
ing Mendelian forms, application to essential hypertension
has been less successful. By studying individuals with
severe hypertension (defined either as a very high blood
pressure level, early onset, or a requirement for multidrug
therapy), the angiotensinogen gene was identified by link-
age as a candidate for essential hypertension.73,74 In truth,
however, this gene would have been studied as a logical
candidate anyway, and certainly its identification by link-
age was greatly facilitated by prior knowledge of its physi-
ologic role. More typically genomic regions identified by
genetic linkage encompass broad chromosomal regions
comprising a significant fraction of the genome and con-
taining tens or hundreds of candidate genes, many with
known or potential roles in cardiovascular function. It is
not currently possible to sequence all such genes to look for
functional variants, and prior characterization of hyper-
tension-related physiologic or biochemical disorders
potentially arising from differences in candidate genes is
therefore still required to narrow the search. Unfortunately,
relying upon what is already known probably risks missing
new candidates, confounding the potential for gene discov-
ery that is one of the appeals of the linkage approach.

Incorporating genomic structure via haplotype analysis
may advance the understanding of which segments of
genes harbor functional variants. Current efforts to build a
genome-wide haplotype map will result in a framework
that should facilitate gene discovery work in complex dis-
eases, including hypertension. Haplotype analyses will still
be complicated by the limitations noted above.

4. Is hypertension the result of many relatively uncommon
genetic variants or of common alleles? Although still some-
what unsettled, the latter is favored.75 In either case, in
addition to phenotypic heterogeneity, genotypic hetero-
geneity is likely important in hypertension, complicating
the search for genes. Furthermore, it is unlikely that most
common single nucleotide polymorphisms are nonsyn-
onymous, causing simple changes of the primary amino
acid sequence of encoded proteins.76 More likely, as is
thought to be the case for the A(-6) allele of the
angiotensinogen gene, common allelic variants will affect
functions like gene expression or regulation or perhaps
mRNA splicing. Single lesions may not be causal in them-
selves: Another of the lessons from animal models is that
the genetic background upon which a variant is expressed
may dramatically affect its phenotypic impact. Because
such effects of gene-gene interactions are subtle, defining
the functional consequences of genetic variation defined
by linkage or association studies will be challenging. Here
animal models, particularly those employing gene knock-
out or directed mutagenesis techniques, promise to be
instructive.

5. Race remains a vexing issue in the study of the genetics of
hypertension. There is a history of hypertension research on
racial differences in physiologic and biochemical character-
istics, which leads many to assume that there are unique
genetic determinants of blood pressure in the races. At the
same time, there is considerable debate as to whether genet-
ic characterization of race is possible or desirable.77,78 Given
that there are certainly differences in allelic frequencies
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identification of genes contributing to final phenotypes such
as hypertension is increasingly difficult.



between individuals whose ancestors spread from Africa to
populate the world,79 apparent genetic differences between
hypertensives and normotensives may arise from popula-
tion stratification or admixture. Because many differences
in population-specific allelic frequencies arise from random
genetic drift or other adaptively neutral processes, the
conclusion that allelic frequency differences contribute to
differences in the prevalence of hypertension in different
populations must be viewed skeptically. We are all humans,
and the mechanisms underlying blood pressure are likely to
be quite similar in all of us.

Although challenging, identifying genes has proven not
to be impossible. As noted previously, the angiotensinogen
gene is thought to contribute to hypertension, although not
all studies support the particular polymorphism originally
described. A structural membrane protein, α-adducin, first
identified in the Milan Hypertensive Rat model, has been
associated with blood pressure salt-sensitivity and diuretic
responsiveness.80 Several other polymorphisms including
ones in the genes encoding the β subunit of the G-protein
complex81 and the β2-adrenergic receptor82 are associated
with hypertension. With genotyping becoming ever more
efficient and increasingly affordable, more extensive surveys
of candidate genes, including whole genome surveys using
hundreds of thousands of single nucleotide polymorphisms
will soon be feasible. Such intensive characterization should
allow us to begin to define which genes are related to sub-
types of essential hypertension as defined by intermediate
phenotypes such as salt-sensitivity, nonmodulator status, or
membrane transport abnormalities.

There are a huge number of additional issues to be
addressed at every organizational level to answer the ques-
tion of what causes hypertension. How we ask the question
frames the answer we will get. Let us hope that we are
clever enough to ask the right question.
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39Chapter 5

Attempts to determine the genetic basis of blood pressure
have encompassed a variety of approaches. These range from
studies of blood pressure correlations between relatives,1-3 to
more direct analyses of associations between blood pressure
and DNA variation. The potential of identifying the causative
DNA variants has been reinforced by the release and refine-
ment of the draft sequence of the human genome.4-6 Beyond
scientific curiosity, the impetus is a fundamental understand-
ing of mechanisms to provide the basis for new means of
detecting, preventing, and treating high blood pressure and
allied cardiovascular disease.

The successful discovery of the molecular origins of rare
familial Mendelian diseases that affect blood pressure7 engen-
dered optimism for genetic discovery in more common con-
ditions such as clinical essential hypertension. However, the
elucidation of genetic explanations of normal blood pressure
variation and clinical hypertension are proving much more
difficult.

ASSUMPTIONS AND MODELS

Important to both the discovery and application of genetics of
high blood pressure is a clear understanding of the epidemio-
logic characteristics of blood pressure and its relevance as a
risk factor. In particular, the clinical concept of hypertension
and the relationships with cardiovascular disease deserve
scrutiny.

Blood Pressure and Cardiovascular
Disease
Much interest on the genetics of blood pressure has focused
on hypertension, but the rationale owes more to clinical med-
icine than it does to the population burden of cardiovascular
endpoints or the underlying biology of blood pressure.

Hypertension Is an Arbitrarily Defined Risk Factor,
Not a Disease

For individuals, the greatest relative cardiovascular risk is
associated with the highest blood pressures.8 This correla-
tion justifies the medical approach of screening blood pres-
sure and treating hypertensive subjects to reduce individual
risk.

However, the population distribution of blood pressure is
unimodal (Figure 5–1) and the definition of hypertension is
operational.9,10 Classifications such as hypertensive and nor-
motensive are constantly changing11,12 and do not necessarily
differentiate individuals into meaningful biologic and, there-
fore, genetic groups.

There Exists a Continuous Relationship between
Blood Pressure and Cardiovascular Risk

Epidemiologic analyses indicate that the relationship
between blood pressure and risk of cardiovascular disease is
continuous.8 In other words, across the entire population
distribution an increment in pressure is associated with
higher risk (Figure 5–2). However, such representations of
individual risk reveal little of the impact of blood pressure in
a population.

Much Cardiovascular Disease Attributable to
Blood Pressure Occurs in Normotensives

When the number of people exposed to a certain level of
blood pressure is multiplied by the relevant relative risk, a
different picture emerges.13 For example, population
attributable risk of blood pressure from the MRFIT study
of 347,987 men (aged 35 to 57 years) is shown in Figure
5–3 as “excess deaths” from coronary heart disease (CHD)
in relation to systolic blood pressure levels14 after account-
ing for age, race, serum cholesterol, cigarettes per day, use
of medication for diabetes, and income. Thirty-two per-
cent of CHD deaths attributable to systolic blood pressure
(SBP) occurred in men with a systolic pressure of less than
140 mm Hg, compared with 24% of excess CHD deaths
attributable to SBP in subjects with pressures greater than
160 mm Hg.

The Genetics of Higher Blood Pressure, Not Just
Hypertension, Is Important

Although the individual burden rests with those with the
highest pressures, the population burden is attributable to
“average” pressures. Therefore, genetic explanations of the full
range blood pressures are relevant to both individuals and to
the entire community.

THE RELATIVE IMPORTANCE OF GENES
AND ENVIRONMENT

What is the evidence that human genes affect blood pressure
and how can such effects be understood in relation to the
influences of the environment?

The Family Perspective
Biometric analyses are used to model blood pressure patterns
within families and infer explanations based on genetic or
environmental causation.1-3,15

Blood Pressure Genetics
Stephen B. Harrap



40 Pathophysiology

Shared Genes

Genetic influence is suggested by the observation that the closer
the genetic relatedness, the more similar the blood pressure. For
example, the correlation coefficient for blood pressure between
monozygotic twins (whose genetic similarity is 100%) is 0.78,
while nontwin siblings (whose genetic similarity is 50% on aver-
age) show correlation coefficients of about 0.23.

Shared Environment

The influence of shared environment is revealed by discrep-
ancies in blood pressure correlations between relatives despite
the same degree of genetic similarity. For example, with
genetic relatedness of 50%, dizygotic twins, nontwin siblings,
and parents and offspring show decreasing levels of blood
pressure correlation.15 Such differences can be ascribed only

to variation in the nature and extent of shared environmental
factors such as diet and lifestyle.

Careful research design can provide interesting insights into
such environmental effects. For example, the fact that the
blood pressure correlation of adult offspring living apart
exceeds that between those adult offspring and their parents
suggests the persistent influence of environmental factors
shared by offspring when they were living together in the fam-
ily home.3 It also suggests that the influence of such factors is
more potent within a generation than it is across a generation,
a manifestation of the generation gap. The importance of the
shared family environment is also seen in the blood pressure
correlations during childhood between genetically unrelated
adopted siblings.1 The higher blood pressure correlation
between dizygotic twins than between nontwin siblings sug-
gests possible additional environmental exposures.3 In this
respect the early life environment might be important.16
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In adulthood the influence of shared environment is less
apparent. The blood pressure correlation coefficient between
parents is often of the order of 0.131-3 and does not increase
significantly as the period of shared environment increases.17

Defining the Balance between Genes
and Environment

Sophisticated mathematical modelling and statistical analyses of
family blood pressure patterns can partition variation of blood
pressure into genetic and environmental compartments. The
exact estimates depend on the research design and specific mod-
elling parameters. Studies based on classical twin analyses tend
to inflate the genetic component because the inherent assump-
tion that the degree of shared environment is the same between
monozygotic and dizygotic twins is usually violated.18,19 Blood
pressure heritability (the proportion of variance attributable to
genes) estimates from twin-only studies can be as high as 80%.20

Comprehensive familial analyses that include other relatives in
addition to twins offer more reliable estimates. Such studies sug-
gest that genetic factors account for 40% to 50% of blood pres-
sure variance, while shared environment accounts for about
10% to 30% of variance.1-3

The Population Perspective
Evidence of genetic and environmental effects from families is
obtained from relatively stable groups over short time frames.
A different perspective, particularly in terms of environmen-
tal effects, is obtained by the studies of populations subject to
mass change over longer periods.

Population Environment—Migration and Secular
Trends

Blood pressures change significantly following migration.21-24

Indeed, there appears to be a shift in the population mean
blood pressures (Figure 5–4), such that there are changes at
every level of the distribution.25 These movements must be due
to changes in the population environment because genes
remain stable. In this context, “environment” encompasses eco-
nomic, social, psychologic, and biologic elements. Furthermore,
average blood pressures in geographically stable Western soci-
eties have been falling.26-29 In the absence of major changes in
the genetic constitution, such effects reflect the influence of
subtle but cumulative transformation of the environment of
the population as a whole.
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Attempts to define the responsible environmental factors are
very difficult indeed. Changes in blood pressure are often asso-
ciated with increases in body weight, but there are inconsisten-
cies. In migration, blood pressure and body weight tend to
move in the same direction while recent secular declines in
blood pressures in Western societies seem to be coinciding
with increased levels of obesity.30 Sometimes differences exist
in simple comparisons between populations, as in urinary
electrolyte excretion. However, attempts to define the causative
nature of such differences are confounded by intercorrelated
environmental characteristics, many of which are unmea-
sured.31 Additionally, the influence of specific factors such as
sodium is difficult to demonstrate between individuals within
populations. Nevertheless, grouping of environmental expo-
sures that are defined by socioeconomic status appear impor-
tant correlations of blood pressure within populations.32

Population Genetics

Within populations, individuals vary extensively across the
genome, most commonly in the form of single nucleotide
polymorphisms (see the section “Genetic Markers”). In gen-
eral, the DNA sequence variation is greater within populations
than it is between populations. Some estimates suggest that
populations worldwide share 93% of the variation at individ-
ual genetic loci and 7% is unique to local populations.33

Population-specific DNA variants tend to be younger and less
frequent than the older, more frequent, global variants (Figure
5–5).34 The unanswered question is to what extent population
differences in blood pressure can be explained on population-
specific differences.35

The Individual Perspective
Gene-Environment Combination

Individual blood pressure can be understood as the result of
two underlying influences.36 One, genotype, would determine
an individual’s rank within the population distribution
(Figure 5–6). The other, population environment, would
determine the mean for the population. Therefore, the final
blood pressure would be the sum of these two influences and
in this way depends on both genes and environment.

Gene-Environment Interaction

It is possible that certain genotypes predispose to larger
changes in blood pressure for a given change in the popula-
tion environment. This phenomenon might explain the
skewed distribution of blood pressure in Western societies.
Migration studies have identified subgroups of individuals
who appear to have exaggerated blood pressure responses to
migration.37 These clusters are often familial, although not
explained by simple genetic inheritance.37

MOLECULAR GENETICS

The limelight in genetic research has fallen on the molecular
biologic laboratory and statistical genetic analysis. As it does
so, something of the complex, underlying genetic architecture
is revealed. The concept that specific variants in DNA

sequence—known as alleles—in and around key genes might
affect blood pressure has been proven by the discoveries rele-
vant to monogenetic disease (discussed in the sections that
follow). However, the number and nature of genetic variants
that determine the physiologic variation in blood pressure
and/or clinical hypertension remain largely mysterious. What
seems certain is that the situation is not simple.

Blood Pressure Polygenes
It is important to note that the similarity of blood pressure
between blood relatives is not limited to high blood pressure.
Low, middle, and high blood pressure levels are heritable.
Herein lie clues to the genetic architecture underlying blood
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Figure 5–6 Blood pressure differences within a population
are likely to be explained by genetic differences between
individuals.



pressure; as “hypertension genes” alone could not explain such
patterns. Instead it is believed that a number of genes (poly-
genes) exist. Certain alleles at each polygene could exert incre-
mental effects on blood pressure and in combination with other
alleles at other polygenes could account for the quantitative vari-
ation and familial correlations of blood pressure (Figure 5–7).
More direct evidence of polygenes has been obtained from
molecular genome analyses (see “Genomic Discovery and Blood
Pressure” ).

Lessons from Mendelian Disease
The important question for both research and its application
is how many blood pressure alleles might exist in a popula-
tion. It has emerged that many “monogenic” diseases are in
fact syndromes, comprising often hundreds of specific allelic
forms. Similar clinical phenotypes can be caused by any one of
several genes, for each of which one of many possible
causative alleles is sufficient.7

If such genetic and allelic heterogeneity characterize “sim-
ple” monogenic disease, what are the prospects for complex
conditions? Some theorists propose that the forces governing
genetic architecture for rare and common conditions are dif-
ferent and as a result the allelic spectrum for conditions such
as blood pressure might be simpler rather than more com-
plex.38 As things stand, two schools exist.

Common Disease/Common Variants
According to the common disease/common variant (CD/CV)
hypothesis,39-41 there will exist a few key alleles in a popula-
tion. Such alleles would be relatively common in genetic terms
(population frequency >1%) and each would exert a moder-
ate incremental effect on blood pressure. Related examples
include the APOE4 allele in Alzheimer disease42 or factor
VLeiden in deep venous thrombosis.43

Common Disease/Rare Alleles
In contrast, the common disease/rare allele (CD/RA) hypothesis
postulates that allelic heterogeneity will be high with large num-
bers of uncommon alleles.44,45 A large number of rare alleles
would be difficult to detect in population-based studies46 and

because rare alleles tend to be younger and population-specific34

they might be lost in studies of heterogeneous populations.47

For polygenic traits such as blood pressure both hypotheses
might be relevant, with some polygenes fitting the CD/CV
model and others fitting the CD/RA model.

GENOMIC DISCOVERY AND BLOOD
PRESSURE

Genetic Markers
It has been estimated that one genome differs from another on
average at 1 in every 1250 nucleotides. This allelic variation
provides useful genetic markers. There are three major types
of genetic markers: insertions and deletions of stretches of
DNA (e.g., ACE I/D polymorphism48,49), variation in the
number of times a characteristic DNA sequence is repeated
(e.g., microsatellite short tandem nucleotide repeats50), and
single nucleotide substitutions (known as single nucleotide
polymorphisms [SNPs]).51

The most useful markers should be abundant and evenly
distributed across the genome and they should be measurable
easily and accurately. These criteria apply to microsatellites
but especially to SNPs. Of the microsatellites, repeats of the
dinucleotide CA(GT) are the most common and spread across
the genome.52 The number of repeats at any site is often highly
variable (polymorphic), reducing the likelihood that they will
be the same in any two individuals—a useful characteristic
when tracing the inheritance of blood pressure in family link-
age analyses (see “Linkage Studies”).

Single Nucleotide Polymorphisms

Of the estimated 15 million SNPs that dwell in the genomes of
modern Homo sapiens, between 50,000 and 100,000 SNPs are in
or around genes and are well placed to alter gene function and
protein expression.53 More than 1.4 million SNPs have been
identified,51 the most common being transitions between G⇔A
and C⇔T.54 For the typical gene one can expect to find 12 SNPs
with a mean population frequency of 11% for the less common
(i.e., the younger) allele at each SNP. About one half of SNPs are
in coding sequences and one half of these alter protein
sequence.35 A survey of 75 genes of relevance to blood pressure
homeostasis35 found 874 SNPs, 209 of which changed the amino
acid sequence. No association with blood pressure could be
demonstrated in this relatively small analysis, but these protein-
altering SNPs had the hallmarks of evolutionary youth, in that
they each tended to be infrequent and in specific populations.

Alleles, Markers, and Haplotypes

Both marker SNPs and SNPs that are functional alleles can be
associated on stretches of DNA known as haplotypes.
Consider an ancient chromosome in the original human
population of 10,000 in West Africa 100,000 years ago.55 On
this chromosome exists an ancestral haplotype—a stretch of
DNA with a series of nonfunctional specific SNP alleles
(Figure 5–8). Within this haplotype a mutation appears and
results in a new functional allele that causes an increment of
blood pressure. At each subsequent generation, the process of
recombination during meiosis (formation of eggs and
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Figure 5–7 The unimodal population distribution of blood
pressure could be explained by many genetically distinct
subpopulations defined by a number of polygenes.



sperm) tends to swap pieces of the chromosome with the
equivalent region of its pair. In this way the association
between the blood pressure and surrounding the marker alle-
les tends to be lost. The chance of such recombination
depends on a variety of factors including the distance
between the blood pressure and the marker alleles56 (the far-
ther away, the greater the likelihood of recombination) and
the number of generations (i.e., opportunities to recombine).

Linkage Disequilibrium

Specific SNP markers on remnants of the ancestral haplotype
will lead by association to the blood pressure allele (see Figure
5–8). Such original marker alleles very close to the blood pres-
sure allele will be preserved and are described as being in link-
age disequilibrium (LD). The distance over which LD is
preserved is typically less than 5000 nucleotides but varies in
different parts of the genome from a few thousand nucleotides
to more than 100,000 nucleotides.57 Shorter distances of LD
often occur in so-called recombination “hot spots.”56,58 Given
the relative opportunities to recombine, ancient blood pres-
sure alleles would be surrounded by shorter distances of LD
than blood pressure alleles that emerged more recently.

Linkage

Just outside the stretch of LD will be a variety of marker alle-
les that have been imported by recombination (see Figure
5–8). The precise nature of these new marker alleles might
vary between families, but within families they will be coin-
herited with the blood pressure allele, provided they avoid
being separated by recombination over a handful of genera-
tions. This situation is described as linkage between the blood
pressure and marker alleles when they are inherited together.
Linkage extends over much greater distances on either side of
a blood pressure allele than LD.

Discovery Strategies
From the starting point of the human genome, the first step is
to focus on the likely or “candidate” region in which blood
pressure alleles might exist. This focus is achieved either con-
ceptually by simply nominating a candidate gene on the basis
of physiologic plausibility or experimentally with a genome-
wide scan. The former is potentially efficient, but blinkered.
The latter is burdensome, but without prejudice and more
likely to reveal novel causes.

A contemporary strategy for discovery involves the follow-
ing steps:

Step 1. Genome-wide mapping to identify the candidate
chromosomal region.

Step 2. Fine-mapping study to replicate and refine the local-
ization.

Step 3. Allelic searches in and around genes within the can-
didate region, with priority given to those of known
and relevant function.

Step 4. Identification of candidate alleles with likely func-
tional implications.

Step 5. Testing of candidate alleles in living systems by phys-
iologic genomic methods.

Step 6. Determination of the contribution by candidate alle-
les to population blood pressure variation.

Linkage Studies
Studies based on linkage are used for genome-wide (step 1)
and fine mapping (step 2). They necessarily involve families
and test for coinheritance of blood pressure and adjacent
marker alleles. The most informative linkage markers are
highly polymorphic, so that the specific marker linked with a
blood pressure allele in a particular family would be unlikely
in other relatives by chance alone.

Genome Maps

For genome scans, maps of 450 or so microsatellite markers,
spaced on average 10,000 nucleotides apart, are generally
used. For fine mapping, microsatellite markers more closely
spaced across the candidate region are employed.

Linkage Study Design

Linkage information is gathered family by family and the
exact nature of the polymorphic marker linked with a cer-
tain blood pressure locus might vary between families. The
minimum family unit for linkage studies comprises two
relatives, often a pair of siblings.59,60 Indeed, pairs of dizy-
gotic twins can be especially useful because they have less
environmental variability and a potentially sharper genetic
signal.61 Importantly, the sib-pair design is a pragmatic
choice for conditions of middle age such as hypertension,
in which parents might be dead and offspring difficult to
classify. Both qualitative (hypertension, normotension,
high, low) and quantitative (measured pressures) data can
be used for sib-pair linkage studies.62,63

In linkage approaches, the selection of siblings with discor-
dant phenotypes has been proposed.64,65 Although there may
be a theoretical argument for selecting from the extremes of
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the blood pressure distribution to increase statistical power65,66

there are potential difficulties. The first is logistic. The more
extreme the criteria, the fewer the eligible individuals and sib-
ling pairs. Large screening phases are needed that can involve
hundreds of thousands of individuals.67 The second is etio-
logic. Pickering showed that familial correlation appeared to
decline at very high levels of pressure and interpreted this as
the result of inclusion of nonfamilial secondary forms of
hypertension.68 It can be difficult to effectively exclude non-
genetic causes (sometimes transient) of very high or very low
blood pressure in large scale screening programs. Finally doubt
regarding the representativeness of individuals with extreme
blood pressure will always remain, especially in relation to the
genetic causes of middling levels of blood pressure around
which most of the pressure-related complications occur.

Association Studies
In association studies, the “family” is the population. Cases
with high blood pressure who share common ancestors will
also share the remains of the ancestral haplotype in which a
blood pressure allele arose (see previous section “Alleles,
Markers, and Haplotypes”). By inference, specific ancestral
haplotype marker alleles in LD with a blood pressure allele
will be found more frequently in cases (i.e., associated) with
high blood pressure than in controls. Simple chi-square tests
are used to determine the statistical significance of differences
in proportion of marker alleles.

Association can be tested using individual SNPs one at a
time. However, there might also be merit in testing association
with combinations of SNPs in the region of interest. At each
gene there are on average approximately 14 different SNP
haplotypes.54 One potential advantage of using SNP haplo-
types is that the phenotypic effect might depend on the
molecular interaction between a particular combination of
SNPs. Examples exist of phenotypes that are associated with
the whole SNP haplotype, but not with the individual SNP
components.69 Moreover, it might be possible to identify “tag
SNPs” that distinguish certain haplotypes without the need
for genotyping all SNPs in the haplotypes.70

Association Study Design

The usual comparison in association studies is between hyper-
tensive and normotensive subjects, who sit either side of an
arbitrary line drawn in the population distribution (Figure
5–9). Theoretically, selecting from the top and bottom of the
distribution should enhance genetic contrast and the power to
detect association (Figure 5–10).71,72 One practical example is
the Four Corners Approach devised by Watt selects from the
upper and lower ends of the blood pressure distribution using
measured pressures from two generations.73

As LD extends over shorter distances than linkage (see pre-
vious section “Linkage Disequilibrium”), association studies
have higher resolution especially when using closely spaced
SNPs as markers for fine-mapping (step 2) and allelic searches
(step 3). Indeed, SNPs might also be useful for LD mapping of
the entire genome46 (step 1). Although initial success in car-
diovascular disease has been reported,74 there is debate about
the general utility of this approach45,75,76 in which maps might
require more than 1 million SNPs and high throughput meth-
ods to cope analytically.77

Single Nucleotide Polymorphism Discovery

Detailed allelic searches (step 3) demand a comprehensive
catalog of SNPs in the region. This necessitates reference to
global SNP databases combined with a phase of SNP discov-
ery and verification in the relevant local population.35,54 The
gold standard is direct sequencing in and around candidate
genes, at minimum covering the exons (coding regions, 5′
untranslated region, 3′ untranslated region), up to 100
nucleotides into the introns from the exon-intron boundaries
and the 5′ upstream genomic region.54

Potential Difficulties

SNP LD mapping should be successful if blood pressure is
influenced by relatively old mutations that are at high fre-
quency. However, should the CD/RA model pertain, the utility
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Figure 5–9 Assuming that blood pressure rank is the result
of the individual “dose” of polygenes, the genetic contrast
between hypertensives (to the right of the dashed line) and
normotensives (to the left of the dashed line) is not
especially large.
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Figure 5–10 Assuming that blood pressure rank is the result
of the individual “dose” of polygenes, the genetic contrast
between subjects with high (to the right of the upper dashed
line) and low (to the left of the lower dashed line) blood
pressure is greater than with the dichotomous strategy (see
Figure 5–9).



of LD mapping will be limited with the existing statistical
methods.45,75 Indeed, any methods that depend on LD will
struggle if high levels of allelic heterogeneity underpin blood
pressure, simply because of the complexity imposed in detect-
ing numerous and infrequent alleles. Under such circum-
stances, linkage methods that detect all blood pressure
haplotypes in a chromosomal region might be better.

Bias

For any discovery based on association studies, the possibil-
ity of false positives as a result of population stratification
must be considered,78 although the magnitude of the prob-
lem is debated.79 Stratification arises when bias is intro-
duced (often unwittingly) during the selection of cases and
controls.80 One important example is unrecognized racial or
ethnic heterogeneity confounding analyses.81 Where a racial
or ethnic group is more prone to a disease (therefore,
included more frequently as cases) any genetic variant char-
acteristic of or more common in that group (even if not
causative) will be mistakenly associated with the condition.
Sometimes the causes of bias may be far more subtle and
difficult to identify.

One approach has been to use independent markers at
other loci to detect systemic genetic differences between cases
and controls.82 However, the preferred solution lies in com-
bining approaches and performing association tests within
families. Analyses such as the transmission disequilibrium test
(TDT)83 are not susceptible to population stratification and
have an important role in confirming positive associations of
putative causative DNA variants.

GENETICS OF BLOOD PRESSURE
DISEASES

Among the triumphs of molecular biology stand the defini-
tions of genetic causes of rare Mendelian forms of blood pres-
sure deviation.7 Table 5–1 summarizes these discoveries.

One important lesson for essential hypertension from these
Mendelian syndromes is that even blood pressure effects of
major mutations are not guaranteed,102 presumably as a result
of interactions with other genes and the environment.

GENETICS OF COMMON BLOOD
PRESSURE VARIATION

Candidate Genes
Before the advent of genomic maps, much of the early work
analyzed associations between polymorphisms in candidate
genes and clinical essential hypertension. The choice of candi-
dates is directed by a variety of considerations.

Candidates from Rare Mendelian Diseases

Although major mutations in genes responsible for Mendelian
blood pressure diseases do not explain common hyperten-
sion,103,104 other DNA variants in the same candidate genes
with more subtle effects on gene expression or function might
be relevant.

For example, the SCNN1B and SCNN1G genes encoding the
β- and γ-subunits of the epithelial sodium channel that have
been implicated in Liddle syndrome86,87 make logical candi-
dates and these genes have been linked with variation of SBP in
the general population.105 Causative DNA variation in these
genes has yet to be identified for common hypertension, but
these findings illustrate the potential relevance of rare syn-
dromes to defining candidates for population genetic analyses.
Other genetic loci from Table 5–1 are also worthy candidates.

Candidates from Physiologic Plausibility

Careful physiologic study of blood pressure, and in particular
the predisposition to high blood pressure, provides important
clues to genes worthy of investigation. In contrast to the rare
Mendelian syndromes, the pathophysiology is not predomi-
nantly renal and includes other neuronal and metabolic
abnormalities.106-110

Candidates with Functional Polymorphisms

Given the complex physiologic determination of blood pres-
sure, the list of candidate genes is potentially enormous.
However, those candidates for which functional DNA varia-
tion has been identified attract greater priority, especially if
the variants are relatively common. For example, the simple
I/D polymorphism of the ACE gene has been associated with
differences in ACE enzyme activity111,112 and variants of the
angiotensinogen gene are associated with differences in
plasma angiotensinogen levels.118 A common polymorphism
of the glucocorticoid receptor gene108 has been related to
tissue-specific differences in steroid sensitivity113 and poly-
morphisms of the gene encoding the β2-adrenergic receptor
have been associated with changes in vascular reactivity.114

SNPs of the natriuretic peptide A receptor also have func-
tional effects on receptor mRNA levels.115

Candidates from Linkage Mapping

The advent of genome-wide mapping offers an important
means of selecting candidates that are located within chromo-
somal regions linked with blood pressure (see next para-
graph). This approach will become increasingly important as
linked loci are replicated to achieve confirmed status (see
“Genome Scans” section).

Candidate Association Analyses

Polymorphisms in and around a large range of candidates
have been associated with blood pressure, including genes
encoding ACE,116,117 angiotensinogen,118 glucocorticoid recep-
tor,108 insulin receptor,119 complement C3F,120 β2-adrenergic
receptor,121,122 lipoprotein lipase,123 type 1A dopamine recep-
tor,124 alpha-adducin,125 α1B-adrenergic receptor,124 endothe-
lial nitric oxide synthase,126 pancreatic phospholipase A2,127

α2-adrenergic receptor,128 SA gene,129 angiotensin II type 1
receptor,130 G-protein β3 subunit,131 6-phosphogluconate
dehydrogenase,132 prostacyclin synthase,133 growth
hormone,134 Na,K,2Cl-cotransporter,135 alpha(1)-Na,K-
ATPase,135 and GPR10.136 However, almost every published
positive result has been followed by a negative result.137-149

Aspects of research design and analysis provide some possible
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Table 5–1 Rare Mendelian Forms of Blood Pressure Deviation

Disease Phenotype Genetic Cause

Glucocorticoid remediable Autosomal dominant, hypertension, Chimeric 11β-hydroxylase/aldosterone 
hyperaldosteronism84 variable hyperaldosteronism synthase gene

Syndrome of apparent Autosomal recessive, volume expansion, Mutations in the 11β-hydroxysteroid dehydro-
mineralocorticoid excess85 hypokalemia, low renin and aldosterone genase gene

Liddle syndrome86,87 Autosomal dominant, hypertension, Mutation subunits of the epithelial sodium
volume expansion, hypokalemia, channel SCNN1B and SCNN1G genes
low renin and aldosterone

Pseudohypoaldosteronism type II Autosomal dominant, hypertension, Linkage to chromosomes 1q31- q42 and 
(Gordon’s syndrome)88 hyperkalemia, volume expansion, 17p11- q21

normal glomerular filtration rate

Gitelman’s syndrome89 Autosomal recessive, low blood pressure, Mutations in the Na, Cl cotransporter NCCT
hypokalemic alkalosis, hypocalciuria gene

Bartter’s syndrome90,91 Autosomal recessive, low blood pressure, Mutations in the Na, K, 2Cl cotransporter
hypokalemic alkalosis, hypercalciuria NKCC2 gene or mutations in the K channel 

ROMK gene

Bartter’s syndrome type III92 Autosomal recessive, low blood pressure, Mutations in the chloride channel CLCNKB
hypokalemic alkalosis, hypercalciuria gene
without nephrocalcinosis

Pseudohypoaldosteronism Autosomal recessive, low blood pressure, Mutation subunits of the epithelial sodium 
type I—severe93 renal salt wasting, hyperkalemia and channel SCNN1B and SCNN1G genes

metabolic acidosis, elevated aldosterone 
levels

Pseudohypoaldosteronism Autosomal dominant, low blood pressure, Mutations in mineralocorticoid receptor gene
type I—mild94 renal salt wasting, hyperkalemia and 

metabolic acidosis, elevated aldosterone 
levels that remit with age

Polycystic kidney disease95 Autosomal dominant, renal cysts, Mutations in the PKD1 and PKD2 genes
hypertension and renal failure, liver cysts, 
cerebral aneurysms, valvular heart 
disease

Pheochromocytoma96,97 (a) Multiple endocrine neoplasia type (a) Mutations in the RET protooncogene
2A: autosomal dominant, medullary 
thyroid carcinoma, pheochromocytoma, 
hyperparathyroidism
(b) von Hippel-Lindau disease: autosomal (b) Mutations in the VHL tumour suppressor
dominant, retinal angiomas, hemangio- gene
blastomas of the cerebellum and spinal 
cord, renal cell carcinomas, adrenal 
pheochromocytomas98

(c) Neurofibromatosis type 1: autosomal (c) Mutations in the NF1 tumour suppressor 
dominant, multiple neurofibromas, café au gene
lait spots, Lisch nodules of the iris and 
pheochromocytomas99

(d) Nonsyndromic pheochromocytomas (d) Mutations in RET, VHL, SDHB, SDHD
genes100

Hypertension exacerbated Autosomal dominant, early onset, severe Missense mutation resulting in substitution of 
in pregnancy101 hypertension with low aldosterone levels, leucine for serine at codon 810 (MRL810)

exacerbated in pregnancy



explanations for inconsistencies. However, the combination
of chance and editorial bias150 explains why certain positive
results have not stood the test of time.

Genome Scans
Figure 5–11 shows the results of a typical genome-wide scan,
in this case a multipoint quantitative sib-pair analysis of
SBP.151 Each panel represents a probability plot (expressed as
Z scores) along the length of each of the 22 autosomes and the

X chromosome. The Y chromosome is not included in linkage
analyses because, other than at the very tips, the vast majority
of the Y chromosome does not recombine and is, therefore,
uninformative for linkage.

Genome-Wide Significance

Evidence of linkage is derived from the magnitude of the
probability and the likely location of the blood pressure locus
is identified by the position along the chromosome

48 Pathophysiology

3002001000

3002001000

3002001000

3002001000

3002001000

4

2

4

0

-2

8
2

4

0

-2

12
2

4

0

-2

16
2

4

0

-2

20
2

4

0

-2

1
2

4

0

-2
3002001000

3002001000

3002001000

3002001000

3002001000

3002001000

5
2

4

0

-2

9
2

4

0

-2

13
2

4

0

-2

17
2

4

0

-2

21
2

4

0

-2

3002001000

3002001000

3002001000

3002001000

3002001000

3002001000

2
2

4

0

-2

6

2

4

0

-2

10
2

4

0

-2

14
2

4

0

-2

18
2

4

0

-2

22
2

4

0

-2

3002001000

3002001000

3002001000

3002001000

3002001000

3002001000

3
2

4

0

-2

7
2

4

0

-2

11
2

4

0

-2

15
2

4

0

-2

19
2

4

0

-2

X
2

4

0

-2

FFigure 5–11 Genome-wide probability plots for evidence of linkage with SBP. Each panel shows a chromosome (22
autosomes and X) with genetic distance in centiMorgans along the x-axis and probability (Z) along the y-axis. On
chromosomes 1, 4, 16, and X, Z exceeds the evidence for suggestive linkage. (From Harrap SB, Wong ZY, Stebbing M, et al.
Blood pressure QTLs identified by genome-wide linkage analysis and dependence on associated phenotypes. Physiol
Genomics 8:99-105, 2002.)



(expressed for example as a genetic distance in centiMorgans
from the p telomere) at which peak probability occurs.
Because multiple markers (around 450 microsatellites per
first pass scan) increase the likelihood of false positives,
Lander and Kruglyak152 proposed guidelines for accepting
genome-wide significance with a series of gradings including
“suggestive,”“significant,” and “highly significant.” These cor-
respond to the likelihoods of false positive being 1.00, 0.05,
and 0.001, respectively, per genome-wide scan. These strin-
gent guidelines have been questioned153 as they may risk dis-
carding important results in cases of inadequate statistical
power. Many investigators use lower thresholds and the cate-
gory of “promising” has been adopted with probabilities
below “suggestive.” Nevertheless, more important than arbi-
trary probability thresholds is the replication of linkage in
independent populations. This essential step toward formal
proof is central to the concept of a “confirmed” locus.152

Table 5–2 summarizes these results from genome-wide
scans for blood pressure or hypertension that have reported
chromosomal loci for which multipoint analyses reveal link-
age evidence that exceeds the “promising” threshold. The
summary has been restricted to multipoint analyses (using
adjacent groups of markers simultaneously) as they increase
the power to detect true linkages, they decrease the false-
positive rate, and when linkage is detected, they provide local-
ization and confidence intervals.154

Mixed Success

One is struck immediately by the differences in the number,
location, and statistical significance of blood pressure loci
between the studies. Evidence of genome-wide suggestive
linkage was reported for between 0 and 4 loci per study.
Given that one suggestive locus is expected by chance, this
leaves only nine studies with results that might be considered
less likely to be false positives. This group includes six stud-
ies reporting more than one suggestive locus67,158-161 and
three others reporting a single locus at which linkage proba-
bility exceeded the “significant” threshold (log-of-the-odds
[LOD] >3.6).155-157

Where Are the Blood Pressure Polygenes?

The sparsity of linked loci might lead one to question the
veracity of the polygenic model. But it is more likely that
methodological problems impair the ability to detect the poly-
genes in linkage studies, especially if there are many of small
individual effect.174 If nothing else, the genome scans offer an
attempt to define empirically the research designs that appear
to provide the greatest success. This necessary process of trial
and error will help chart the size and nature of further stud-
ies. The following identifies issues of potential relevance to
both association and linkage analyses.

Maximizing Success in Genetic Discovery
Quantitative Versus Qualitative Phenotypes

Most of the nine “successful” genome-wide studies used quan-
titative methods (see Table 5–2). In qualitative analyses, clini-
cal hypertension is most often used as the defining phenotype.
However, the range of recorded pressures from any group of

hypertensives is very broad.175 The qualitative assumption that
all hypertensives are genetically similar is unlikely to be true
and lumping together such genetic heterogeneity obscures
valuable quantitative information that reflects to locus-
specific effects that might be peculiar to certain families in
linkage studies. Given the simple approaches for adjusting for
the effects of antihypertensive treatments, quantitative analy-
ses in treated subjects are feasible and worthwhile.175

Different Pressure Phenotypes

Blood pressure can be measured as systolic, diastolic, mean, or
pulse pressure in lying, sitting, standing, or ambulatory situa-
tions. Is any one better than another? From the genome scans,
it appears that loci linked with SBP were reported more fre-
quently than those with diastolic blood pressure (DBP) (see
Table 5–2). However, this may simply be a function of the rel-
atively high degree of individual-specific variation such as
measurement error of DBP.15

The relationship between blood pressure and the underly-
ing genotype might be complex or simple. If complex, a het-
erogeneous group of genes might influence blood pressure at
any one of the numerous points of physiologic control (see
Figure 5–7). By inference such alleles might be discovered
when heterogeneity is minimized by subgrouping blood pres-
sure according to underlying physiologic intermediate pheno-
types.176-181 Few genomic analyses have used this approach
because detailed phenotypic characterizations in large num-
bers of subjects is very difficult. Nevertheless, simple dissec-
tion of blood pressure in large-scale studies is feasible. For
example, analyses of postural changes182,183 have the potential
to reveal genetic factors related to the sympathetic nervous
control of blood pressure. In hypertensive subjects the imme-
diate blood pressure change on standing shows suggestive evi-
dence of linkage to chromosome 18.182 However this locus was
not linked with the postural blood pressure change after 2
minutes standing,182 suggesting genotypic heterogeneity even
for the postural phenotypes.

If simple, there might exist DNA variants with pleiotropic
effects (i.e., influencing all pressure phenotypes). Indeed,
some evidence suggests that SBP and DBP,15 lying and stand-
ing SBP,183 and SBP and pulse pressure184 share genetic deter-
minants. For pleiotropic genes, the most appropriate
phenotype would be 24-hour ambulatory recordings185 with
the added advantages of repeated measures and reduced
measurement error. Ambulatory recordings would also allow
analyses of blood pressures for genes whose effects are more
obvious at one time of the day than another.186

Whether DNA variants are pleiotropic or highly specific in
phenotypic effects, it is important that genetic analyses of
blood pressure are precise and explicit in the selection of phe-
notypes. Furthermore, so that the measurements reflect the
underlying genotype as reliably as possible,187 measurement
error must be minimized by careful standardization of tech-
niques, training observers, and making repeated measures.

Study Size

All other things being equal, the bigger the study size the
greater the statistical power. However, meaningful power cal-
culation for linkage is a difficult task without knowledge of
the underlying genetic architecture and the potency of
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individual DNA variants. Variants of small effect will be diffi-
cult to detect by any means, but in general association studies are
expected to be more powerful than linkage studies, unless the
variants are rare in which case even association studies strug-
gle.188 The theoretical estimates of the required numbers of fam-
ilies for linkage studies range from several hundred to a few
million.46 A review of genome-wide scans, each comprising 20
to 1783 individuals (1 to 580 families) found that successful
scans had on average twice as many subjects as unsuccessful
scans.189 Strangely, the same trend is not especially obvious for
blood pressure (see Table 5–2) where some of the bigger searches
were less successful. However, factors other than numerical size
are relevant to study power.

Population, Racial, and Ethnic Issues

The majority of genome-wide analyses have been based in out-
bred populations that have been sampled in a representative
fashion151,155,163,171 or with certain restrictions or selection crite-
ria.* The nature of the selection criteria varied considerably and
comprised enrichment or exclusion of obesity,158,160,164 dia-
betes,156,158,164 and hyperlipidemia.161 The impact of ascertain-
ment and selection on the genetic characteristics is unknown.

Four studies have been based in relatively isolated popula-
tions,156,157,159,164,168 in which genetic heterogeneity and envi-
ronmental variation are expected to be relatively low.
However, the theoretical advantages of genetic isolates such
as Finland164 and Sardinia168 for linkage mapping have been
questioned.190 For blood pressure, genetic isolates reported
single loci, often at relatively high probability.156,157

Nonetheless, these loci were not reproduced in other studies.
Indeed, results were not found to be consistent between dif-
ferent genetic isolates within Finland itself,164 raising ques-
tions (other things being equal) about the general inferences
that might be obtained from genetically isolated populations.

The problem of population stratification (see previous sec-
tion “Bias” ) is relevant not only for association studies but also
for genome scans. If blood pressure alleles are ancient and pre-
date the divergence of the human populations, they would be
found globally and one might expect consistent findings
between genomic analyses in different geographic, racial, and
ethnic groups (see Figure 5–5).47 However, little consistency
exists for blood pressure genome scans (see Table 5–2).

One might infer, therefore, that in terms of its genetic cau-
sation, hypertension is a modern condition resulting from
recently derived alleles that are population-specific. However,
it is not possible to exclude the existence of ubiquitous ancient
blood pressure alleles that are obscured in particular popula-
tions by environmental milieux that might constrain their
expression.191,192 Population differences, whether genetic or
environmental will confound genetic studies that combine
diverse populations.193,194

Nevertheless, not all evidence favors population-specific
modern blood pressure alleles as some regions on chromo-
somes 2158,159,164,169 and 1667,151 have been identified in different
populations. The locus at 16q13 was reported as suggestive in
two quantitative analyses, one of the full range of SBPs in white
subjects,151 the other of low SBP in Chinese.67 In addition, two
other studies found evidence of promising linkage in this
vicinity.162,171 This locus is attractive because it encompasses a

number of plausible candidate genes including the SCNN1B
and SCNN1G genes that encode the β- and γ-subunits, respec-
tively, of the amiloride-sensitive epithelial sodium channel and
SLC12A3 that encodes the thiazide-sensitive NaCl cotrans-
porter. These candidates have been proven relevant in genetic
blood pressure diseases (see previous section “Candidates from
Rare Mendelian Diseases”) and it is conceivable that other
DNA variants in and around these genes might have less dra-
matic but more common blood pressure effects.

Dealing with Covariates

It is important to identify and, if necessary, control important
sources of variation. However, in doing so, care must be taken
not to jettison covariate effects that might share genetic ori-
gins with blood pressure. For example, blood pressures are
often adjusted by regression methods for well-recognized
sources of variation such as age and sex. However, removing
the components of blood pressure variation associated with
these covariates will obscure the phenotypic effects of genes
whose effects might be age- or sex-dependent.195,196

Age

In adulthood there is a positive correlation between age and blood
pressure and many linkage studies* adjust pressure for age prior
to analysis (see Table 5–2). However, some studies include adoles-
cents67,159,166 in whom the substantial effects of growth on blood
pressure distort blood pressure ranking and correlations between
blood pressure and age.197 Indeed, genes for blood pressure found
in growing adolescents might relate more to genes that determine
the rate and timing of growth than to blood pressure per se.

Sex

Sex is relevant to blood pressure genetics in a number of ways.
First, blood pressure alleles might be on sex chromosomes. To
date only one genome scan has included the X chromosome and
reported suggestive evidence for a blood pressure locus.151

Variation in the nonrecombining region of the Y chromosome
has also been associated with significant blood pressure differ-
ences.198,199 Second, the sexual phenotype and its hormonal
milieu can influence gene expression. Dependence of expression
on sex might explain why evidence of linkage164 or association196

with blood pressure is demonstrable in one but not the other sex.
Few studies make formal tests of the possible influence of

sex, and simple mathematical adjustments will not necessarily
help reveal loci whose phenotypic expression depends on the
sexual phenotype. Unfortunately dividing studies into sub-
groups of single sexes reduces statistical power and novel sta-
tistical methods are needed for identifying sex-dependent
genetic effects from entire data sets.

Body Mass Index

Some analyses adjust blood pressures for variation in body mass
index (BMI)151,163 or exclude subjects with high BMI levels.158,164

The rationale is to avoid the secondary nongenetic effects of
BMI per se on blood pressure. However, there also appear to
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exist genetic factors that determine both blood pressure and
BMI15 that will be missed when adjustments for BMI are made.
Genes that influence several related cardiovascular risk factors in
such a way might be the most important to identify because of
their multiplicative implications for coronary risk including
conditions such as the metabolic syndrome. At least one genome
scan has addressed this issue by comparing the linkage results for
systolic pressure unadjusted and adjusted for BMI.151 Three of
the four suggestive loci were relatively unaffected by adjustment
for BMI, but one locus showed a substantial reduction in link-
age probability following adjustment of systolic pressure BMI.

Antihypertensive Treatments

In quantitative analyses, problems can arise with pressures
measured in subjects taking antihypertensive medication.175

Measured pressures in treated subjects represent a biased dis-
tortion in a quantitative analysis because treatment lowers
blood pressure and is usually applied to those with the high-
est values. For this reason, some studies have excluded treated
individuals, but not only is important information lost from
subjects most likely to have a genetic predisposition, but over-
all statistical power is weakened.163 Relatively simple methods
have been proposed to adjust for treatment in ways that max-
imize genetic information and statistical power.175

Genotyping Errors

The benefits of reliable measures of appropriate phenotypes can
be undermined if the same rigorous standards are not applied to
genotyping itself. Small error rates of 1% to 2% can have serious
repercussions for linkage results200 and the rates of error are
likely to increase with the use of extensive SNP maps and high-
throughput technologies. It is possible to check for Mendelian
transmission of marker alleles, but this method is not infallible,
especially for small families and SNPs, and more comprehensive
methods must be employed.201 However, newer statistical meth-
ods are being developed to account for genotyping errors, even
without actually correcting or deleting suspect genotypes.202

THE FUTURE

There is still a long distance to travel before genetic mutations
of significance to blood pressure are confirmed203 and even
further until they have an impact in everyday life. At the pres-
ent stage we can claim to have made significant attempts at
genome mapping (step 1 in the discovery strategy). However,
there has been little reported evidence of the results of fine-
mapping (step 2). As a result of thoughtful candidate gene
selection there are well-documented alleles shown to be in
linkage disequilibrium with functional variants (step 4)
although their association with blood pressure is less certain.

In any case we can look ahead to the future where the genet-
ics of blood pressure can be envisaged in terms of potential
benefits for individuals and for populations.

Individual Benefit
Genetic discovery might be utilized to predict our personal
risks, to suggest the most appropriate antihypertensive treat-
ments and even to design gene therapy.

Genetic Diagnosis

Some hope that DNA analyses will identify genetic predispo-
sition to high blood pressure and its complications. Such a
possibility is predicated on reliable DNA tests that can be used
to detect tangible and meaningful increases in risk. These pos-
sibilities will be hard to realize unless markers or variants con-
form to the CD/CV model. Vast numbers of infrequent alleles
with small individual effects that typify the CD/RA paradigm
will be difficult to locate and catalog in any comprehensive
way. Even if discovered, they will not be useful individually for
predictive screening because of their small effects.

In any case, genetic tests for complex human multifactorial
disease might only ever provide an indication of predisposi-
tion and not predestination because of the modifying influ-
ence of other relevant genetic and environmental factors.
Indeed, the true value of genetic markers of high blood pres-
sure will not be known until large-scale epidemiologic studies
demonstrate and quantify their predictive competency for
major cardiovascular endpoints. Such evidence must not only
achieve overall statistical significance but must also provide
acceptably low rates of false positive and false negative results
for individuals to avoid unnecessary anxiety or a false sense of
security.

Tailored Treatments

Pharmacogenomics is a growing discipline in which genomic
information is used, amongst other things, to inform treat-
ment choices.204 DNA variants might be used to identify indi-
viduals who respond best to a certain class of antihypertensive
drug treatment or to avoid certain treatments in particular
patients in whom side effects are more likely to occur. Indeed,
it might be that such DNA variants have no direct association
with blood pressure but instead are relevant to drug pharma-
cokinetics or other physiologic control systems with which
drugs might interact. Many large prospective clinical trials are
incorporating genetic analyses in an attempt to identify vari-
ants that might be of use.205

Gene Therapy

Beyond pharmacotherapy for hypertension, the possibility of
gene therapy has been raised.206-211 Some approaches are sim-
ply clever means of offering “symptomatic” treatment to
achieve physiologic changes that can otherwise be achieved by
pharmacologic treatment. Others might attempt to modulate
a fundamental genetic defect. However, effective, safe, and
cheap therapies exist to treat blood pressure and at this stage
the difficulties and doubts about the long-term safety of gene
therapy make it unattractive.

Population Benefit: Common
Disease/Common Mechanism
Genetics might never contribute to personalized diagnosis of
common diseases simply because of the underlying complex-
ities. But that does not diminish the far greater potential of
genetics for prevention and treatment. It is not necessary to
accumulate comprehensive catalogs of every blood pressure
allele to discover novel and tractable biologic mechanisms of
high blood pressure.
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Physiologic Convergence

We know from Mendelian cardiovascular diseases such as
hypertrophic cardiomyopathy, that such phenotypes can be the
common point upon which converge the effects of diverse alle-
les.212 This physiologic distillation of molecular diversity pro-
vides unique targets for preventive and treatment strategies.213

The CD/RA hypothesis does not sound the death knell for
genetics if there is a common disease/common mechanism
(CD/CM) paradigm toward which we can direct our attention.

Instead of genetic searches for the whereabouts of every
blood pressure allele, we should search for molecular clues to
the points of physiologic convergence. In theory a single allele
could lead from a polygene to a subclinical phenotype for
common hypertension in the way that such discoveries have
been made in Mendelian hypertension. The physiologic inter-
section of a variety of genes provides an ideal target for devel-
oping methods to thwart the actions of several different genes
simultaneously.

Public Health Strategies

The identification of points of physiologic convergence facili-
tates tests of environmental variation on genetically deter-
mined mechanisms. Specific lifestyle or behavioral factors
might be revealed as triggers of genetic predisposition and
new strategies could be devised to minimize the impact of
such mechanisms. If the behavioral or dietary modification is
cheap and safe, then it could be (simply for consistency)
implemented communitywide, even if the target genetic
mechanism is not ubiquitous. Such an outcome might be the
greatest contribution that genetics might make to blood pres-
sure and cardiovascular disease.
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Chapter 6

It has been almost 150 years since Claude Bernard proposed
the concept of “sympathetic function,” by which he meant an
organized patterned response of an animal to its external
environment. In his vision, vasomotor nerves helped preserve
the “internal milieu” in an overall normative process later
called homeostasis. We now know that there is a wide spec-
trum of responses of the sympathetic nervous system (SNS)
that ranges from mild to massive and from acute to chronic.
With respect to cardiovascular regulation, the SNS is the only
system in the body capable of both momentary (seconds to
minutes) and sustained (days to years) regulation of blood
pressure (BP).1,2 The SNS also plays a key role in extracellular
volume regulation, metabolism, and thermoregulation.
Because there is basal activity of the SNS at all times, it is log-
ical to question whether hypertension and its associated
metabolic abnormalities are related to SNS dysregulation.
Such questions have been raised for more than a century but
never satisfactorily resolved due to many factors, including the
intrinsic complexity of the SNS; the cumbersome, expensive,
and limited techniques required to study it; the complexity of
the syndromes in which the SNS must be evaluated; the rela-
tive lack of direct clinical applications; and the failure of
research agencies to fund investigations involving complex
physiologic integrative science. Nevertheless, the conclusion
that the SNS is intimately involved with all forms of hyper-
tension is the inescapable theme of this chapter. Included are
discussions of the organization of the SNS; links of sympa-
thetic function with obesity, insulin resistance, and volume
dysregulation; the complex effects of aging on SNS function;
and the role of the SNS in secondary forms of hypertension.

ORGANIZATION AND FUNCTION OF
THE SYMPATHETIC NERVOUS SYSTEM

For the purposes of this discussion, the SNS will be considered
to include the vasomotor control centers within the central
nervous system (CNS), the peripheral afferent and efferent
sympathetic nerves, and the adrenal medulla. The arborized,
multilayered, cross-linked organizational pattern of the central
and peripheral SNS provides numerous mechanisms by which
the SNS can affect BP. A review of these mechanisms and select-
ed animal studies provides an important backdrop for under-
standing the potential role of the SNS in human hypertension.

Central Neuroanatomy and Sympathetic
Nervous System Outflow Control
Much of our neuroanatomic understanding derives from the
elegant studies of the late Donald Reis and others who identi-
fied the functional role of several CNS nuclei in acute and
chronic BP regulation3-6 (Figure 6–1). Reflex and behavioral

control of arterial pressure is integrated in the rostral ventro-
lateral nucleus of the medulla oblongata (RVLM), which is
sometimes called the vasomotor control center.3,5 Cell bodies
of efferent SNS cardiovascular stimulatory neurons lie in the
C1 subregion, which also receives and sends neural projections
to and from many other CNS centers.4,7 The most critical
RVLM input comes from the adjacent nucleus tractus solitar-
ius (NTS), which receives afferent fibers from stretch-sensitive
mechanoreceptors in the carotid sinus and aortic arch (aorto-
carotid baroreflexes), and the cardiac atria and ventricles (car-
diopulmonary baroreflexes).6-8 Signals from the NTS inhibit
RVLM sympathetic outflow and tend to buffer acute BP
changes.6,9 In parallel, the NTS receives signals from stimula-
tory chemoreceptors in the kidneys and skeletal muscle.6 The
NTS integrates a variety of signals from stimulatory and
inhibitory centers in the brain stem, basal ganglia, and cortex,
including the overlying area postrema (AP) located in the
floor of the fourth ventricle.10 The NTS is also controlled by
signals from the overlying AP, which does not have a blood-
brain barrier.11 The AP is exquisitely sensitive to circulating
angiotensin II (Ang II), which acts to blunt the inhibitory
effect of the NTS, thereby increasing RVLM-dependent SNS
outflow.11-14 The NTS-RVLM complex also receives sensory
input from excitatory peripheral chemoreceptor afferent neu-
rons in the kidneys and skeletal muscle that act to enhance or
sustain RVLM-dependent SNS outflow.6,7

The Brain Stem in Hypertensive Models
CNS centers that modulate or control SNS outflow clearly
affect acute and chronic BP levels in animal models of hyper-
tension. In spontaneously hypertensive rats (SHR), sympa-
thectomy prevents the development of hypertension.15 Brain
stem regions in particular seem to participate in all forms of
experimental hypertension. Ablation of the NTS in normal rats
causes increased SNS outflow and either severe BP lability9 or
severe chronic hypertension with organ damage,16 which can
be abolished by simultaneous lesions of the RVLM.17 Lesions
in the AP lower BP in rats with genetic17 and steroid-induced
hypertension,13,18 while stimulation of the AP by Ang II sus-
tains genetic and steroid-induced hypertension.11,13,14,18

Role of the Hypothalamus in Integration
of Behavioral and Cardiovascular
Responses
Stress, emotions, and drugs affect SNS function through a
variety of CNS centers. Different patterns of stress responses
are initiated by unique activation patterns of participating
hypothalamic subregions, with each pattern driving a linked
hemodynamic redistribution that optimizes the organisms’
response to the environmental stimulus that is present. The
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posterolateral hypothalamus mediates defense reactions such
as the global “fight or flight” response, which induces massive
RVLM activation, with increased heart rate and BP and
vasodilation in skeletal muscle.19,20 Brody et al. identified the
anteroventral third ventricular (AV3V) region as a region
capable of modulating baroreflex function and SNS outflow
in a complex pattern.21-23 The median preoptic nucleus in this
region serves to integrate water balance and thirst-sensing
mechanisms with cardiovascular signals and may mediate
organ-specific responses such as skeletal muscle vasodila-
tion.23 Thus, an interplay of CNS influences affects SNS out-
flow and these phenomena may also be involved in the het-
erogeneous syndrome of human essential hypertension.

Many other CNS nuclei have been found to modulate SNS
outflow but a full discussion is beyond the limits of this work.
For example, epinephrine release during exercise is blunted by
benzodiazepine therapy.24 The specificity of benzodiazepines
for GABA-ergic neurons in the locus ceruleus strongly sug-
gests a participatory role of that region of the basal ganglia in
epinephrine-mediated hemodynamic responses.25 Various other
integrated hemodynamic response patterns are also necessary to
meet different emotional and physiologic demands. For exam-

ple, an individual can experience different patterns of hemody-
namic stimulation that are dependent on the individual’s state-
of-mind. Stimuli perceived as challenging or manageable are
characterized by SNS-mediated increases in cardiac output,
whereas stimuli perceived as threatening or outside the individ-
ual’s range of control are associated with systemic vasoconstric-
tion.26,27 These differential hemodynamic responses are not
genetically determined because they are not predicted by family
history of hypertension and because both threat and challenge
patterns can be seen in the same individual.26 In extreme situa-
tions such as vagal syncope, bradycardia is the result of a general
parasympathetic override of SNS outflow that involves the
nucleus ambiguus and other hypothalamic centers.

The Hypothalamus in Hypertensive
Models
In addition to acute changes in BP, the hypothalamus may affect
long-term BP control as well. Ablation of the posterior hypo-
thalamus reduces BP in steroid-induced, genetic, and renal
hypertension.28 Lesions of the anterior hypothalamus dramati-
cally increase BP via massive adrenomedullary stimulation in
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FFigure 6–1 CNS control of sympathetic outflow. Efferent SNS output is the result of integrated actions of several CNS centers,
including many areas of the cortex as well as lower centers in the hypothalamus, basal ganglia (especially the locus ceruleus),
and circumventricular regions, including the area postrema (AP) and the AV3V region. The critical integrator region is the
nucleus tractus solitarius (NTS), which lies in the medulla oblongata. The NTS receives inhibitory afferent signals from the
baroreflexes (volume and pressure signals) and stimulatory afferent signals from renal and muscular chemoreceptors
(metabolic signals). SNS outflow is ultimately dependent on stimulation of the rostral ventrolateral medulla (the RVLM or
vasomotor control center), which is tonically inhibited by the adjacent NTS. Circumventricular regions such as the AP are of
particular interest because they have no blood-brain barrier; stimulation of the AP by circulating angiotensin II (Ang II) blunts
the inhibitory effects of the NTS. Ultimately, RVLM stimulation sends signals via the spinal cord and sympathetic ganglia to
regulate heart rate, cardiac stroke volume (SV), and systemic vascular resistance (SVR), which together determine momentary
and chronic blood pressure (BP) levels.



normotensive rats, whereas electrical stimulation of this region
causes hypotension.16,29 Ablation of the paraventricular nucleus
prevents the development of hypertension in SHR.30

The Spinal Cord and Peripheral Neurons
The SNS efferent impulses generated by cell bodies in the
RVLM-C1 region are conducted through efferent axons that
run in the intermediolateral columns of the spinal cord and
outward to the sympathetic ganglia. The pattern of neuronal
arborization that is created allows an extremely small number
of RVLM cell bodies to amplify the overall signal while allow-
ing an extremely diverse system of linked organ-specific
responses. Further amplification of the SNS signal occurs at
the level of individual peripheral sympathetic neurons
because each axon contains a series of norepinephrine (NE)-
containing varicosities arranged like a string of beads that
release NE in response to RVLM activation. Thus, the inter-
linked arborized organization of the SNS allows a spectrum of
graded hemodynamic responses that range from subtle
changes in regional blood flow to massive stimulation during
fight or flight responses or in response to such major stimuli
as severe hemorrhage, hypotension, hypoglycemia, or
hypothermia.

Peripheral Hyperinnervation
in Hypertensive Models
A series of studies suggests that SHR are anatomically hyper-
innervated, as reflected in the increased number,31 axonal vol-
ume,32 and granular NE content33 of peripheral sympathetic
nerves in these animals. In addition, the NE content34 and
expression of mRNA for nerve growth factor (NGF) in caudal
and mesenteric arteries and kidney35 are increased during
development in these rats, and early treatment with antibody
to NGF prevents this hyperinnervation and the accompanying
vascular hypertrophy and lowers BP.33 A pattern of accelerated
growth of renal sympathetic innervation has also been
described in SHR.36

Adrenal Medulla
The adrenal medulla is a specialized postganglionic sympa-
thetic organ that is responsible for the secretion of epineph-
rine and NE into the circulation in response to cardiovascular
and metabolic stimuli. The adrenal medulla is dually con-
trolled by the locus ceruleus and the RVLM area of the brain
stem, as already noted.24,37 Generally speaking, stimuli that
cause substantial adrenomedullary responses are relatively
major in magnitude, such as hypoglycemia, strenuous exercise
beyond the anaerobic threshold, or hemorrhage. Whether the
small increases in adrenal epinephrine secretion that occur
during less intensive stimuli (postural change or mild mental
stress) play a significant role in cardiovascular homeostasis is
less clear.37

Intrasynaptic Neuromodulation
The release of NE from storage granules in peripheral sympa-
thetic varicosities is an exocytotic process dependent on intra-
cellular calcium release.38 Neuronally released NE faces one of
three fates within the synapse: Reuptake (uptake 1) into the

presynaptic noradrenergic varicosity removes about 80% of
the NE released into the synapse; uptake and metabolism by
postsynaptic cells (uptake 2) releases O-methylated metabo-
lites in urine or plasma; diffusion (spillover) from the synap-
tic cleft releases NE into the extracellular fluid.39 Speculation
about reduced catecholamine uptake in states of SNS excess
has not been clearly substantiated, however. A variety of sub-
stances act at specific receptors on postganglionic presynaptic
membranes to modify local neurotransmission, either reduc-
ing or augmenting the amount of NE released with each elec-
trical nerve impulse.40-42 The most important of these presy-
naptic receptors is the α2 receptor, which is usually occupied
by NE. α2 Receptors act as conservators of peripheral neuro-
transmission by signaling the noradrenergic neuron that NE is
already present in the synaptic cleft and that subsequent nerve
impulses need not release the same amount of NE as the
immediately previous ones. This system thus provides a check
and balance to excessive SNS discharge. Presynaptic α2 recep-
tors are probably the main site of action of central sympa-
tholytics such as clonidine, guanfacine, guanadrel, methyl-
dopa, and rilmenidine, which compete with NE at α2 or
imidazoline receptors to exert their effects. In direct opposi-
tion to these inhibitory presynaptic receptors are stimulatory
presynaptic receptors such as β2 receptors and Ang II recep-
tors42,43 that augment the amount of NE released per nerve
impulse. Rand42 first postulated that epinephrine facilitates
SNS neurotransmission by functioning as a cotransmitter
with NE. Under chronic stress, epinephrine initially released
from the adrenal medulla is subsequently taken up into post-
ganglionic neurons in parallel with NE. Subsequent SNS nerve
impulses then cause the release of both epinephrine and NE
from noradrenergic nerve terminals. If stress is protracted, the
stimulatory effect of intrasynaptic epinephrine on presynaptic
β2 receptors counterbalances the inhibitory effects of intrasy-
naptic NE on α2 receptors. The clinical importance of this
mechanism is not yet clear with respect to chronic hyperten-
sion, but studies suggest that the antihypertensive effect of
nonselective β-blockers is related partly to blockade of
intrasynaptic β2 receptors.40,44,45

Reinforcing Interactions of the
Sympathetic Nervous System and 
Renin-Angiotensin-Aldosterone System
The body’s two main BP defense mechanisms, the SNS and
renin-angiotensin-aldosterone system (RAAS), have a unique
set of mutually reinforcing actions that combine to raise BP
acutely and chronically. A major impact of SNS activation is β1
receptor–mediated release of renin from the kidney.46 Renin in
turn increases circulating Ang II, which acts at four or more
levels to enhance further SNS outflow. First, circulating Ang II
acts on CNS nuclei such as the AP, which does not have a
blood-brain barrier, to enhance sympathetic outflow.47,48

Second, Ang II acts on stimulatory presynaptic receptors in
CNS and peripheral synapses to enhance the amount of NE (or
epinephrine) released by each nerve impulse,48 similar to the
function of presynaptic β receptors. Third, Ang II facilitates the
effects of NE by virtue of its unique mechanism of inositide-
dependent potentiation of calcium influx.49 A fourth mecha-
nism is the probable blunting of baroreflex suppression of SNS
outflow.11-14 In addition, Ang II has potent direct vasoconstric-
tive effects, principally via stimulation of AT1 receptors, as well
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as stimulation of other physiologic responses that indirectly
raise BP, including increased thirst, secretion of aldosterone
from the adrenal cortex, and secretion of vasopressin (antidi-
uretic hormone) from the posterior pituitary.49 Ang II acts
together with catecholamines to promote structural changes
such as hypertrophy of cardiac50 and vascular smooth mus-
cle.51,52 Finally, Ang II promotes inappropriately high renal
nerve activity, which directly promotes excessive salt and water
retention and the phenotype of salt sensitivity.53,54

Other Neuromodulators
A wide variety of other neurohormones, autacoids, and
paracrine factors modify SNS activity centrally and peripher-
ally. Nitric oxide (NO) has significant neuroinhibitory
features, as demonstrated by increased SNS nerve traffic after
NO synthase blockade.55,56 Either neuronal NO deficiency or
baroreflex desensitization56 secondary to reduced NO avail-
ability has been postulated to contribute to chronic hyper-
tension. Gamma amino butyric acid (GABA) is another
neurodepressant, as evidenced by the ability of valproate or
muscimol to lower BP in hypertensive rats.25 Calcitonin gene-
related peptide (CGRP) suppresses NE release from the brain
stem in normotensive rats but not SHR.57 The CNS effects of
opiates,58,59 atriopeptins,60 and probably numerous other sub-
stances, are complex and dependent on the individual nuclei
affected. Endogenous neurostimulatory substances also exist.
SHR demonstrate augmented SNS responses due to activation
of glutamate-sensitive neurons in the RVLM.61 Ouabain also
mediates increased RVLM-SNS outflow, but this effect
depends to a degree on the presence of Ang II because the pro-
hypertensive effects of ouabain are diminished by AT1 recep-
tor blockade.62,63 Ouabain-Ang II interactions appear to exert
their effects through altered cardiopulmonary baroreflex
sensitivity.63,64

Postsynaptic Adrenergic Receptors
α1-Adrenergic receptors tend to be found within adrenergic
synapses, particularly on postsynaptic membranes on the
adventitial side of the smooth muscle layer of blood vessels and
their stimulation causes vasoconstriction, predominantly
under the influence of NE. In addition to their intrasynaptic
role, α2 receptors are found on endothelium, platelets, white
blood cells, and fibroblasts. β1 Receptors are found predomi-
nately in the heart and kidneys, whereas β2 receptors are found
in smooth muscle, endothelium, formed blood elements, and
presynaptic neural membranes. Stimulation of β2 receptors,
which are preferentially occupied by epinephrine, tends to
vasodilate directly and to increase cardiac output indirectly.

Effects of Circulating Catecholamines
Contrary to their relatively weak effects on metabolic param-
eters,65 physiologic-range elevations of circulating NE can
increase plasma renin activity and diastolic blood pressure
(DBP).66,67 Thus, circulating NE should most properly be con-
sidered to be a cardiovascular hormone.66,67 Other effects of
physiologic increases in circulating NE include increased
platelet and leukocyte number68 and increased platelet aggre-
gation.69 Hypertensives have greater platelet aggregability than
normotensives.70

Cardiac Chromaffin Cells
The mammalian heart possesses unique perivascular cate-
cholamine-producing cells that are not innervated by post-
ganglionic sympathetic neurons and do not respond to SNS
activation.71 These cells have the potential to regulate a variety
of physiologic processes, including growth and develop-
ment,72 but their clinical significance is unknown.

INTEGRATED CARDIOVASCULAR,
VOLUME, AND METABOLIC
REGULATION

The richness and complexity of the physiologic responses
mediated by the SNS is the basis for the complex patterns
observed in physiologic and behavioral responses to environ-
mental stimuli.

Hemodynamic Regulation
The simplified physical equation describing BP (the product
of cardiac output and systemic vascular resistance [SVR]) is
shown in Figure 6–2, along with the proximal neurohumoral
and receptor-mediated efferent factors that acutely control BP.
It can be seen from Figure 6–2 that the SNS directly and indi-
rectly affects many different parameters that directly control
cardiac output (the product of heart rate and stroke volume)
and SVR, which together determine the BP at the moment.

63The Sympathetic Nervous System in Acute and Chronic Blood Pressure Elevation

Sympathetic nervous
system

HRSV • • SVR

β1α1,2 α1

β1

Angiotensin II

Aldosterone

Renin

FFigure 6–2 Central position of the sympathetic nervous
system (SNS) in blood pressure (BP) regulation. Changes in
BP are directly effected by acute or chronic alterations in
SNS activity. Hemodynamically, these changes depend on
alterations of systemic vascular resistance (SVR) or cardiac
output, which is the product of heart rate (HR) and stroke
volume (SV). Cardiac β1 receptor stimulation directly
increases HR and SV, while renal β1 receptor stimulation
indirectly increases extracellular fluid volume and cardiac
filling pressure (preload). Preload is increased by stimulation
of renal nerve–dependent renin release and subsequent
production of Ang II and aldosterone. In addition, α1
receptor–mediated peripheral venoconstriction centralizes
blood volume, while renal tubular α2 receptor stimulation
enhances tubular sodium reabsorption. SVR is dependent on
tonic arteriolar constriction that is affected by vascular α1 and
Ang II receptors. Circulating Ang II exerts a positive feedback
on CNS centers, increasing or sustaining SNS outflow.
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Cardiac output is highly dependent on ventricular distension
during diastole (preload); ventricular preload is in turn
dependent on SNS-mediated peripheral venoconstriction and
venous volume. Ventricular performance is diminished by fac-
tors that increase impedance to ventricular emptying, mainly
increased systolic blood pressure (SBP) and central arterial
stiffness. Under resting conditions, cardiac output and SVR
counterregulate each other so that BP remains relatively con-
stant. Maintenance of a relatively constant central BP in
response to common physiologic stimuli is thus dependent on
simultaneous matching of flow and resistance.2,73,74 BP itself is
only a loosely regulated physiologic variable that is directly
influenced by the activity of the SNS. For example, during
postural adaptation, venous return is limited by gravitational
pooling of blood and cardiac output is about 20% to 25% less
than that of the supine position. During dynamic exercise,
cardiac output can increase by as much as fourfold and hyper-
tensives exhibit a slightly greater increase in cardiac output
with reduced exercise-induced systemic vasodilation.75

Teleologically, it is probable that SNS-mediated central
vasoregulation conferred adaptive advantages by allowing
effective adjustments to upright posture but also aided in
times of significant hemorrhage or dehydration.

The traditional view that hypertension is caused by an isolat-
ed increase in SVR is a gross oversimplification but the simpli-
fied hemodynamic model remains useful for instructional
purposes. SVR measured under supine resting conditions in
hypertensive subjects tends to be elevated, but the overlap with
the normal range is extremely broad and the differences
between normotensives and hypertensives are only modestly
statistically significant. The dynamic physiologic variation in
SVR is also extremely wide within and between individuals.76-78

Accordingly, over the range of conditions experienced daily,
hypertensives exhibit features of both inappropriately high
cardiac output and inappropriately high SVR. The fact that
hemodynamic differences between normotensives and hyper-
tensives are both instantaneous and chronic provides a clue that
the SNS participates in the pathogenesis of hypertension, at
least in a permissive fashion; no other system in the body is
capable of such rapid and dynamic responses.2

High-Pressure (Aortocarotid)
Baroreceptors and Pressure Regulation
Two distinct inhibitory baroreflex sensor systems exist: One
responds to changes in arterial pressure (aortocarotid barore-
flexes), the other to changes in cardiac volume and filling (car-
diopulmonary baroreflexes). In general these two systems work
in tandem to defend systemic perfusion pressure and blood
flow. Arterial pressure increases are immediately counterregu-
lated by the aortocarotid baroreflex arc, which begins with
stretch receptors within the walls of large arteries (the pressure
signal). Baroreceptor loading during acute increases in arterial
pressure initiates negative afferent signals that act via the NTS
to limit subsequent efferent RVLM-SNS outflow. Reductions
in arterial pressure “unload” the aortocarotid baroreflexes,
which send afferent signals via the NTS to activate efferent SNS
outflow, thereby resulting in increased heart rate, enhanced
myocardial contractility, and constriction of arteriolar and
venous smooth muscle. The arterial baroreflex system can also
respond to metabolic signals generated by the carotid sinus
endothelium.6 Aortocarotid baroreceptors are sensitized by

prostanoids79 and respond to other factors that alter cellular
ion transport.80,81 Whether baroreflex feedback mechanisms
continue to function appropriately in hypertension or whether
they permit excessive BP variability82 or inappropriately elevat-
ed SNS activity83-89 remains a central issue in understanding
the hemodynamic abnormalities in hypertension.

Cardiopulmonary Baroreceptors
and Volume Regulation
Operating in tandem with the arterial system are the low pres-
sure stretch receptors in the heart and great veins (cardiopul-
monary baroreflexes) that sense changes in cardiac stretch and
central blood volume (cardiac preload). Decreases in preload,
usually caused by loss of blood volume or severe salt depletion,
lead to SNS activation; conversely, salt loading or extracellular
volume expansion leads to suppression of SNS activity (the vol-
ume signal).90,91 Thames et al. demonstrated that renal sym-
pathetic nerve traffic was normally suppressed by volume
loading even after ablation of afferent aortocarotid nerves,92,93

demonstrating the intimate relationship between cardiac fill-
ing and renal nerve activity. In humans, cardiopulmonary
baroreflexes can be stimulated separately by lower body nega-
tive pressure (LBNP), which increases muscle sympathetic
nerve activity, renal vascular resistance, renal overflow of NE,
glomerular filtration rate, plasma renin activity, and plasma
Ang II, while reducing forearm and splanchnic blood flow.94-97

Postural adaptation studies in humans also reveal the close
relationship between cardiac filling and SNS activity; across
both supine and upright postures, plasma NE correlates more
strongly with reduced cardiac stroke volume and increased
SVR than with central arterial pressure.98 These integrated
physiologic responses can occur independent of any changes
in aortocarotid baroreflex activity,97 although it is clear that
the two baroreflex systems also have extensive interac-
tions.99,100 The net impact of cardiopulmonary baroreflex stim-
ulation can thus supersede that of the aortocarotid system in
controlling SNS and RAAS activity, especially during postural
adaptation or other conditions that affect central blood vol-
ume in dogs92,93,101 or humans.98

Renal Nerves
Afferent and efferent renal sympathetic nerves are extremely
important as direct controllers of renal hemodynamics and
volume homeostasis. Renal nerve stimulation causes renal
vasoconstriction102,103 and also regulates renin release.104-106

There are collateral synapses of RVLM-C1 axons on nora-
drenergic cell bodies in the spinal cord that offer the oppor-
tunity for regional modulation of SNS responses.4 The most
relevant of these regional modulating influences is probably
the reno-renal reflex that modifies contralateral renal hemo-
dynamics in response to changes in ipsilateral flow and func-
tion.107,108 Juxtaglomerular cells release renin primarily via
activation of membrane β1 adrenoceptors109 but α1 adreno-
ceptors also stimulate renin release,102,103 probably via alter-
ing tubular sodium content or macula densa function.104

Given these interrelationships between the SNS and the
RAAS, a permissive role of the SNS in renovascular hyper-
tension could be anticipated. The physiologic importance of
renal nerves is further demonstrated by experimental dener-
vation of the kidney, which leads to a salt-wasting state.110



Relative salt wasting also occurs after pharmacologic sympa-
thectomy with guanethidine in humans111,112 and in auto-
nomic insufficiency.113 Renal salt wasting is a major reason
why individuals with autonomic insufficiency have abnor-
mally low blood volume and orthostatic hypotension. Renal
nerves also mediate the hypertension caused by NO synthase
inhibition in rats because renal denervation prevents the BP
increases.114

Baroreflex Abnormalities with Aging 
and Hypertension
Arterial baroreceptors exert an important permissive influence
in chronic hypertension because they can never fully return BP
or heart rate to normal if there is sufficient acute or chronic
SNS stimulation. Two factors can be identified in the limitation
of baroreflex activity, baroreflex resetting, and baroreflex
blunting. Resetting of arterial baroreceptors is necessary in
order for the baroreflex to continue to respond to acute
changes in pressure, even when BP is mildly elevated.115 Thus
the SNS can never be completely suppressed by the barore-
flex.85,115-118 Although there remains an inverse correlation
between resting plasma NE and arterial baroreflex sensitivity
in chronic hypertension,84 it can be argued that the apparent
normal levels of SNS outflow are still inappropriately elevated.
Chronic arterial baroreflex blunting also occurs with long-
standing hypertension, where the relative ability of a given
pressure increase to reduce SNS outflow is also diminished.
Baroreflex blunting is associated with aging116,118 and with con-
ditions such as chronic hypertension84 or renal failure,119 in all
of which there is increased arterial stiffness and presumably,
reduced arterial mechanoreceptor distensibility.118 Arterial
baroreflex dysfunction in the setting of age-related arterial
stiffness is an attractive explanation for the positive interrela-
tionships among age, SNS activity, and BP.87,88,120

Altered sensitivity of cardiopulmonary baroreflexes may
also play a significant role in permitting chronic increases in
SNS activity with aging and hypertension. Hajduczok demon-
strated that impaired cardiopulmonary baroreflexes con-
tribute to the age-related increases in SNS activity.86 When
cardiac filling is reduced equally, borderline hypertensives
exhibit augmented muscle sympathetic activation compared
with normotensives.97,121-123 In volume loading experiments
in dogs with renal failure and hypertension, blunting of
both cardiopulmonary and aortocarotid baroreflexes was
found.92,93 CNS ouabain and Ang II may play a role in car-
diopulmonary baroreflex blunting because the slope of the
curve in hypertensives is normalized by digitalis.62,64

Metabolic Regulation
and Thermoregulation
The SNS controls intermediary metabolism and body temper-
ature by several interrelated mechanisms. Maintenance of
peripheral metabolic homeostasis is generally blood flow
dependent, and low-flow situations or conditions of high mus-
cular energy expenditure decrease tissue pH and alter local
redox potential, which stimulates peripheral chemoreceptors
to enhance CNS sympathetic output in an effort to increase tis-
sue blood flow (the metabolic signal).6 The significance of
these reflexes in hypertension has not been established.
Thermoregulation is influenced by cutaneous blood flow reg-

ulation and sweating, which is mediated by acetylcholine
rather than NE. Cold exposure creates the need for SNS acti-
vation to constrict blood flow to the extremities and the skin,
reducing convective heat loss. Body temperature is also poten-
tially influenced by the catabolic effects of catecholamines on
adipose tissue, which can increase caloric availability and sub-
sequent heat generation. In rodents, the metabolism of brown
adipose tissue is regulated directly by catecholamines and
adrenergic receptors.124,125 Speculation exists that visceral fat in
man is the rough equivalent of brown fat in rats.

The role of the SNS in the regulation of body temperature
involves selective cutaneous vasoconstriction. A link exists to
energy combustion because vascular sensitivity to NE is
increased by free fatty acids, which are liberated by the
action of catecholamines on adipose tissue.125 Young and
Landsberg demonstrated that sucrose overfeeding increases
SNS activity, as manifested by increased cardiac NE turnover
in rats.126 In contrast, starvation decreases SNS activity in
rats and humans.126-128 The SNS also plays a major role in
glucose homeostasis, providing an early line of defense
against hypoglycemia.126

Both NE and epinephrine have diabetogenic properties and
infusion of catecholamines causes a rise in blood glucose sim-
ilar to that found in pheochromocytoma.129 Increased SNS
activity promotes hyperglycemia by a variety of mechanisms,
including epinephrine-induced glucose biosynthesis from lac-
tate and amino acids,128,129 and β receptor–mediated decreas-
es in glycogen synthase activity. The effects of NE in vivo on
insulin and glucagon release are complicated by the influences
of glucose, potassium, calcium, and growth hormone.130

Stimulation of α-adrenergic receptors by catecholamines
inhibits insulin secretion by pancreatic cells.131 In contrast,
pancreatic islet cells pretreated with NE show enhanced
glucose-mediated secretion of insulin.126

Microcirculatory Protective Effects
of Sympathetic Nerves
Although excessive SNS activity may be globally harmful, cat-
echolamines and sympathetic nerves may also have organ
protective effects via reflex arteriolar constriction, which may
protect the capillaries of the brain and kidney from surges in
SBP. A baroprotective role of cerebral sympathetic nerves was
uncovered by Heistad et al., who unilaterally denervated the
cerebral vasculature in stroke-prone rats and found that fatal
stroke occurred rapidly in the hemisphere ipsilateral to the
sympathetic denervation.132-134 In the syndrome of malignant
hypertension, cerebral edema is worsened by sympathectomy,
which causes increased cerebral blood flow.134 In rats made
acutely hypertensive by stellate ganglion stimulation, cerebral
sympathetic nerve stimulation limits hyperemia.135 In the kid-
ney, afferent arteriolar constriction may slow the progression
of glomerulosclerosis.136 Presumably, sufficient lowering of
systemic pressure in hypertensives reduces the need for pre-
capillary arteriolar protection of the microcirculation.

ENVIRONMENTAL STRESS AND BLOOD
PRESSURE

The relatively loose regulation of BP is most apparent during
times of physiologic stress, especially pain, exercise, and mental
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stress. The role of environmental and psychosocial stress in
hypertensives is reviewed extensively in Chapter 7.

Acute Mental Stress and Blood Pressure
The SNS stimulation that occurs repeatedly throughout the day as
a result of mental stress and activity causes transitory increases in
NE production and BP. Among the most important of these
stimuli is physical activity. Although exercise raises BP, physical
conditioning overrides this stimulatory effect and leads to effec-
tive reduction in basal and stimulated SNS activity and BP,137,138

as well as cardiovascular risk.139 Another important SNS stimu-
lant is cigarette smoking.140 Even though the effects of smoking
are transient and BP is only increased for a short time, the
repetitive nature of smoking causes an increase in average daily
BP. Major stressors that cause acute hypertension are burns,
brain injury, surgical interventions such as cardiopulmonary
bypass, and general anesthesia, each of which results in marked
SNS activation.140 Exposure to cold and withdrawal from drugs
such as opiates and central sympatholytics also acutely activate
the SNS. Such episodes are transient, however, and are not asso-
ciated with chronic hypertension.

Chronic Stress, Personality Factors,
and Blood Pressure
Among the most provocative simple observations about the
effects of chronic stress on BP is that BPs are lower in primi-
tive societies than complex societies. Lower socioeconomic
groups within complex societies, who lead more stressful lives,
have increased rates of hypertension.141 Because of the difficulty
in quantitating stress, however, large trials have generally
ignored stress as a cardiovascular risk factor. When diary
recordings have been combined with ambulatory BP moni-
toring, correlations have been found among stressful daily
events, increased BP,142-145 and increased left ventricular
mass.145,147 A major component of workplace BP elevation is
stressful interpersonal relationships, particularly with one’s
immediate supervisor.147 Specific personality subtypes also
appear to predispose to hypertension and cardiovascular dis-
ease, but the original description that anxiety-prone individuals
with “type A” personalities are at increased risk is no longer
generally accepted. Rather, a personality pattern of suppressed
hostility or “anger-in,”148 with controlled, guilt-prone, and
submissive characteristics has been found to be associated
with hypertension. This personality pattern correlates with
elevated plasma NE and increased plasma renin activity149 and
with increased cardiovascular morbidity and mortality.150

Volume Regulation during Stress
Exaggerated stress-induced systemic and renal vasoconstric-
tion contribute to increased SVR, reduced renal blood flow,
and blunted natriuresis. Abnormally high renal sympathetic
nerve tone thus is an important potential consideration in the
pathogenesis of essential hypertension because excess salt and
water retention during times of psychologic or physiologic
stress contributes to high cardiac output. Delayed natriuresis
due to renal vasoconstriction would also be important in sus-
taining the transient increase in extracellular volume and car-
diac output for an extended period of time. If the frequency of
significant stressors were sufficiently high, excessive volume

retention would result.107,151-154 Dibona et al. used an air jet
stress paradigm to study renal nerves and salt and water excre-
tion in SHR, which exhibited exaggerated renal vasoconstric-
tion and excess salt and water retention during stress.155 Other
studies identified the importance of α2 receptors in CNS con-
trol centers in mediating this pattern.151 In humans,
Hollenberg et al. directly measured changes in renal blood flow
during mental stress in normotensives with no parental histo-
ry of hypertension, normotensives with a parental history of
hypertension, and borderline hypertensives.156 In borderline
hypertensives there is decreased renal blood flow with mental
stress.156,157 Blunted natriuretic responses during stress would
be further exacerbated by the blunting of cardiopulmonary
baroreflex suppression of renal sympathetic nerve activity.92

SNS activation also causes modifiable activation of the RAAS
during mental stress,158 an additional feature promoting
impaired salt–water excretion.

Circadian and Seasonal Variation in
Sympathetic Nervous System Activity
The circadian rhythm of BP follows the circadian rhythm of
the SNS, which decreases during sleep and then peaks in the
morning hours in parallel with plasma renin activity, blood
volume, cortisol secretion, cardiac output, body temperature,
and other variables. Panza et al. used plethysmographic tech-
niques to demonstrate that the basal vasomotor tone of the
peripheral vasculature has a diurnal rhythm that is dependent
on α-receptor stimulation.159 SNS activity decreases at night
or during sleep along with BP, heart rate, cardiac output, and
plasma catecholamines.160 Superimposed on this circadian
pattern are other daily SNS stimuli. Daytime BP is determined
principally by daily activities rather than diurnal
rhythms,161,162 as shown most clearly in shift workers.163 In
addition to these high frequency and circadian patterns, sea-
sonal and other ultradian variations in SNS activity have also
been reported. During winter months, plasma and urinary
catecholamine levels are increased164-166 and there is increased
systemic vasoconstriction, decreased blood volume and car-
diac output, and in some cases, seasonal hypertension.
Morbidity and mortality patterns also follow the patterns of
SNS activation. The morning peaks of myocardial infarction
and sudden cardiac death167,168 and ischemic stroke169 parallel
the morning peak of SNS activity and platelet aggregability.
This diurnal pattern is abolished by β-blockers.167 A seasonal
influence on coronary and cerebrovascular disease also exists
with higher incidence of angina, heart failure, and mortality
rates during winter months.170-172

SYMPATHETIC NERVOUS SYSTEM
HYPERACTIVITY IN ESSENTIAL
HYPERTENSION

General Considerations
The foregoing discussion has served to underscore the central
position of the SNS in physiologic BP regulation and leads
directly to the hypothesis that the SNS plays a major patho-
genetic role in chronic human hypertension. At least five
major questions arise in considering the role of the SNS in
hypertension.
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1. Is the SNS only a trigger mechanism or a sustaining influence
in hypertension? The answer to this question is important for
several reasons, including optimal therapy for the condition.

2. What level of SNS activity is normal in the setting of chronic
hypertension? It can be argued that appropriate SNS out-
flow should be low in hypertension, not normal.

3. What are the effects of aging or obesity on SNS outflow? Age,
weight, SNS activity, and BP all tend to increase together, so
the question of causality or interaction is complex.

4. If the SNS responds to so many cardiovascular and metabolic
signals, can these influences be adequately controlled among
individuals? Assessment of SNS activation ideally requires
control of time of day, body temperature, central blood vol-
ume, blood glucose, degree of emotional excitation, pos-
ture, and degree of physical activity to name several.

5. Have appropriate study techniques been employed? None of
the current techniques is fully applicable to all forms of
investigation.

Genetic Markers
At present there are no genetic markers for increased SNS activ-
ity, but in SHR, the Y-chromosome confers higher BP and SNS
activity but not increased pressor responses to physiologic
or social stress.173 The mechanism for this effect is not known
but may be related to the stimulatory effects of testosterone on
the rate-limiting catecholamine synthetic enzyme tyrosine
hydroxylase.174 Another catecholamine synthetic enzyme,
dopamine beta hydroxylase (DBH) and its regulatory genes
have been found to be deficient in certain patients with auto-
nomic failure.175

Family History Studies
Family history studies worldwide consistently reveal weak
correlations between genetics and various indices of SNS
overactivity. In a cross-sectional study of 557 Japanese, high
plasma NE was found to predict future hypertension but was
not closely related to family history of hypertension.176-178

These investigators also found that family history of hyper-
tension correlated with supranormal responses of NE and
insulin to glucose loading.176-178 In two smaller American
studies, no relationship was found between family history of
hypertension and plasma NE, urinary NE,179 or plasma chro-
mogranin A at rest or after mental stress.180 A Swedish study,
on the other hand, found that family history of hypertension
predicted exaggerated responses of urinary catecholamines
and heart rate to mental stress.181 Similar findings, including
an association with exaggerated BP responses were observed
in an Italian study of children with hypertensive parents,182

while an Australian study found that normotensives with a
parental history of hypertension had elevated plasma NE
and increased NE spillover.183 In a small Swiss study184 and in
African Americans,185 family history of hypertension was
associated with exaggerated responses of muscle sympathetic
activity to mental stress. A Canadian study demonstrated
that the abnormal heart rate and forearm blood flow
responses to mental stress in normotensives with a family
history of hypertension could be abolished by α-β-
blockade.186 At the same time, arterial baroreflex sensitivity
appears to be inherited separately from hypertension in
humans.187 In all these studies, the overlap between those

with and without a family history of hypertension was sub-
stantial and the presence of a positive family history
explained no more than 20% to 30% of the intergroup dif-
ferences. Thus increased SNS activity and hypertension
appear to be related more to environmental or acquired
characteristics than to a strong genetic predetermination.

Prehypertension and Early Hypertension
The first clinical evidence of SNS overactivity in prehyper-
tensives was the observation that military recruits who later
developed hypertension exhibited higher heart rates than
those who remained normotensive.188 Louis was the first to
report elevated plasma catecholamines in hypertension, also
observing that the abnormal catecholamines and hyperten-
sion could be proportionally reduced by the administration
of ganglionic blockers.189 Goldstein reviewed 78 studies pub-
lished by 1982190 and concluded that the majority of studies
demonstrated elevated plasma NE values in young border-
line hypertensives. Urinary catecholamines have been less
consistently elevated in early hypertension.191-193 In the
Tecumseh study, 37% of borderline hypertensives were
found to have elevated plasma NE along with increased heart
rate, cardiac index, and forearm blood flow.194 This pattern
persisted from ages 5 to 23 and was also associated with a
parental history of hypertension. More recently, a prospec-
tive 10-year follow-up study in initially normotensive
Japanese found higher initial plasma NE values in those nor-
motensives whose BPs subsequently increased than in those
who remained normotensive,177,178 clearly suggesting a role
for the SNS in the initiation of hypertension. Elevated plasma
epinephrine values have been reported to be elevated in early
essential hypertensives,195 who also have evidence of
decreased β receptor responsiveness.196 It has been suggested
that increased circulating epinephrine could act as a
cotransmitter with NE release that acts to “prime the pump”
for sustained elevation of SNS outflow. Another SNS bio-
chemical marker, plasma chromogranin A, is elevated in
hypertension.180

In the hope of improving upon the relatively low sensitivity
of plasma NE for detecting small changes in SNS activity,
Esler et al. pioneered the use of steady-state radio-labeled NE
infusion techniques to measure NE spillover and found
increased whole-body NE spillover in early hypertension, cor-
roborating the conclusions based on studies of plasma NE.197-199

Kinetic techniques have also yielded data to suggest increased
organ-specific NE spillover from the heart, kidney, and jugu-
lar vein of hypertensive subjects.197,200 Despite the intuitive
appeal of the kinetic approach, there are discrepancies with
respect to data derived from direct muscle sympathetic nerve
recordings. For example, kinetic techniques do not reveal
increased skeletal muscle SNS traffic in hypertension, a find-
ing consistently demonstrated by venous plasma NE values
and by muscle sympathetic nerve recordings.201,202 Curiously,
muscle sympathetic activity has been reported to correlate
with renal NE spillover.203 Furthermore, obese individuals
demonstrate reduced cardiac and increased renal NE
spillover,204 data that seem at odds with studies showing
increased muscle sympathetic nervous activity in obesity.205,206

These technical discrepancies should be interpreted in the
context of the totality of evidence demonstrating increased
SNS activity in early hypertension.
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The Metabolic Syndrome
Central obesity, hypertension, glucose intolerance, and dys-
lipidemia compose the metabolic syndrome because they
coexist in individuals at prevalence rates greater than would
be predicted by chance alone207,208 (see Chapter 13). The cen-
tral feature of the metabolic syndrome is probably central adi-
posity, which is strongly and positively correlated with hyper-
tension at all ages, regardless of gender or race.209-211 In the
Tecumseh study, obesity, insulin resistance, and sympathetic
hyperactivity were highly correlated194; thus, increased SNS
activity appears to be an under-recognized feature of the
metabolic syndrome. Increased muscle sympathetic activity
has been found in obese individuals205,206 and there is growing
realization of the potential role of the SNS in obesity-related
hypertension.212-214 There is thus a well-documented three-
way association among increased SNS activity, obesity, and
insulin resistance.212-215 Not only does increased SNS activity
cause insulin resistance but hyperinsulinemia clearly increases
SNS activity216 and probably favors weight gain. Thus, the
vicious cycle of increased SNS activity; hyperinsulinemia may
be a major pathophysiologic linkage between obesity and
hypertension. Insulin-sensitizing drugs such as metformin217

have been found to decrease SNS activity and BP. Given the
diabetogenic actions of catecholamines, it is likely that
increased SNS activity itself causes insulin resistance.129 This
hypothesis is consistent with studies showing that when the
SNS is activated by lower body negative pressure, human fore-
arm insulin resistance increases218 and with the ability of the
central sympatholytic drug clonidine to lower SNS output and
plasma catecholamines while increasing insulin sensitivity in
obese dogs.219 Salt sensitivity is a lesser known association
with the metabolic syndrome, as is “nondipping” status of
overnight BP.220

Sympathetic Nervous System-Renin-
Angiotensin-Aldosterone System
Interactions in Hypertension
Given the close relationship between SNS activity and RAAS
activity, it would be logical to examine their interactions in
essential hypertension. Esler found higher heart rates and
cardiac indices among the high-renin hypertensives who
also had isolated systolic hypertension.221 In contrast, the
normal-renin hypertensive group had normal heart rates
and cardiac indices but elevated peripheral resistance. In
addition, the degree of BP lowering following β-blockade
was significant only in the high renin subgroup, suggesting
that these individuals had neurogenic hypertension.222 Other
studies demonstrated a direct correlation between plasma
renin activity and plasma NE in these younger individu-
als.223,224 In essential hypertensives, Luft et al. found that
mental stress caused exaggerated increases in glomerular fil-
tration and plasma Ang II that were fully blocked by ACE
inhibition.225 Increased RAAS activity may play a role in
insulin resistance as well, and insulin resistance may also
stimulate Ang II production, because the insulin sensitizer
troglitazone has been found to suppress Ang II along with
insulin signaling in vascular smooth muscle cells.226 Thus
similar to the pattern observed for insulin resistance and
SNS activity, bidirectional reinforcement may also exist for
Ang II and insulin resistance.

Sympathetic Nervous System Activity
in Aging and Chronic Hypertension
The presence of multiple confounders in the assessment of
appropriateness of SNS outflow has already been emphasized.
The most important confounder of assessment of sympathetic
activity in chronic hypertension is the close interrelationship
among aging, increased SNS activity, and hypertension.
Despite the prevalent view that SNS activation is present only
in the early phases of hypertension, a more careful review of
available information suggests that increased SNS activity
remains a major pathogenetic component of essential hyper-
tension at all stages of the disorder. Because body mass
increases with age, it can at least be argued that a common
thread linking aging, obesity, and hypertension is increased
SNS activity. What remains to be identified are the precise
mechanisms by which SNS activity increases with aging.

The prevalent view about the effects of aging on circulating
catecholamines has been that age adjustment eliminates dif-
ferences in SNS activity between hypertensives and nor-
motensives. Upon closer scrutiny, however, this dogma
appears to be incorrect. Messerli et al.78 and Izzo et al.120 found
a significant positive correlation among age, plasma NE, and
BP in hypertensives. After adjustment for age, a strong resid-
ual correlation between plasma NE and SVR remained.120

Closely related to this pattern is the age-related decrease in
β-adrenergic receptors that may explain in part the observed
age-related decline in cardiac output.227,228 In the Normative
Aging Study,229 one of the strongest residual relationships
among the various parameters tested as determinants of BP
was the age-independent relationship between urinary
NE excretion and BP. Plasma epinephrine has also been
reported to remain elevated in hypertensives beyond age 60,
suggesting a continuing role in sustaining inappropriate SNS
activity.230 Although age-related increases in plasma NE were
once believed to be reflections of reduced clearance rather
than increased release,231 this finding is probably explained
by technical artifacts introduced by the use of tracer infusion
techniques. Clear-cut age-related increases have been docu-
mented in muscular sympathetic nerve traffic in normoten-
sives and hypertensives232-234 and specifically in the resistance
arterioles within these tissues.233 In addition, positron imag-
ing techniques have demonstrated increased cardiac sympa-
thetic activity with advancing age.235 On balance, it is highly
likely that increased SNS activity is a central feature of the age-
related increase in BP.

Antihypertensive Therapy and
Sympathetic Nervous System Activity 
in Sustained Hypertension
In the early twentieth century, the notion that vasomotor
nerves contributed to vasoconstriction led to the variably suc-
cessful practice of surgical sympathectomy of the lower
extremities to treat hypertension. Pharmacologic studies were
the first techniques used to corroborate increased SNS activity
in hypertension. The fist class of oral antihypertensive drugs
developed were the ganglionic blocking drugs, which lowered
BP but caused significant postural hypotension.236 These
agents were found to cause proportional falls in BP and
plasma NE in people with longstanding, severe hyperten-
sion.189 Julius et al. concluded that because elevated cardiac
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outputs in borderline hypertensives were not normalized by β-
blockade without atropine, there was a combination of sympa-
thetic hyperactivity and parasympathetic dysfunction.237,238

Goldstein found that hypertensive individuals with high rest-
ing plasma NE values exhibited a proportional fall in both BP
and plasma NE after administration of the central α2-agonist
clonidine,239 confirming results with guanethidine.189 Similar
findings have been demonstrated in patients with kidney fail-
ure, another state of increased SNS activity.240,241 Goldstein
demonstrated that the α2 antagonist yohimbine increased SNS
outflow and plasma NE to a greater degree in hypertensives
than normals.242 Similarly, Izzo et al. found that when BP was
lowered by α1-blockade or nonspecific vasodilation, plasma
NE doubled in hypertensive subjects,243 while ACE inhibitors
had no effect on plasma NE. The vasodilator studies of
Goldstein and Izzo suggest that baroreflex suppression of SNS
outflow masks the intrinsically increased SNS activity in
chronic hypertension and, furthermore, that the RAAS plays a
role in baroreflex blunting.243 General clinical experience con-
firms the general utility of the central sympatholytic agents in
hypertension, a finding that supports the concept of inappro-
priate SNS activity in all forms of chronic hypertension.

a-Adrenergic Hyperresponsiveness
NE-induced vasoconstriction may be enhanced in hyperten-
sion.244 Egan et al. found increased basal forearm vascular
resistance in established hypertensives that could be normal-
ized by α-blockade.73 Philipp et al.245 and Kiowski246 exam-
ined the relative contributions of increased plasma NE and
increased α-adrenergic vascular responsiveness in established
hypertension. After stratification for BP, Phillip found a series
of hyperbolic relationships between plasma NE concentration
and α-adrenergic responsiveness; those with high plasma NE
had low α-adrenergic responsiveness, whereas those with low
plasma NE had high α-adrenergic responsiveness.245 Thus, the
impact of the SNS on BP is a combined effect of the amount
of agonist and the tissue sensitivity to that agonist. Differential
genetic expression of α-adrenergic receptors has been found
in different vascular beds, and α1 gene expression increases
with age, at least in the internal mammary artery.248 Racial dif-
ferences in α-adrenergic responsiveness have been described
as well; Black children have higher BPs with lower urinary cat-
echolamines.248 Egan et al. have reported that α-adrenergic
hyperresponsiveness is caused by increased endothelial fatty
acid uptake, suggesting another link between metabolism and
hypertension.249 Vascular responses to SNS activation are gen-
erally attenuated by aging250-252 and in diabetes.250 The signif-
icance of this finding in age-related BP increases and hyper-
tension has not been fully evaluated.

SECONDARY HYPERTENSION

There is clear evidence that inappropriate SNS activity occurs
in all forms of secondary hypertension.

Steroid-induced Hypertension
A significant misconception exists that steroid-induced
hypertension is simply volume-dependent hypertension.
Substantial evidence in animals and humans suggests that

steroid-induced hypertension is neurogenic in nature and
is most clearly understood as a disturbance of the equilibrium
between volume and SNS-mediated vasoconstriction.
Normally, volume loading leads to a suppression of SNS 
outflow.90,91 In steroid-induced hypertension, there is elevated
or unsuppressable SNS outflow. Although rats implanted with
deoxycorticosterone acetate (DOCA) develop hypertension with
minimal elevations of catecholamines, their SNS outflow
is accentuated by hemorrhage,253 and pharmacologic interrup-
tion of neurotransmission results in BP normalization.254

Zambraski et al. demonstrated that miniature swine implanted
with DOCA, which do not require additional salt loading to
manifest hypertension, exhibit increased plasma catecholamines
that are normalized by pharmacologic sympathectomy.255,256 In
DOCA-salt rats, adrenalectomy significantly lowers BP and
blunts NE release by a reduced cotransmitter effect on presy-
naptic β2 receptors.257 Although the mechanisms by which
steroid excess engenders increased SNS outflow are not fully
known, brain stem epinephrine synthesis increases during
chronic steroid administration through induction of the
epinephrine-synthesizing enzyme phenylethanolamine-N-
methyl transferase (PNMT).258,259 Local epinephrine exerts an
excitatory effect on the RVLM to increase SNS outflow, which
may interact with impaired cardiopulmonary baroreflexes259 to
sustain the hypertension.

Renovascular Hypertension
Given the tight interrelationship between the SNS and the
RAAS, a permissive role of the SNS in renovascular hyper-
tension should be expected. Renal nerves participate in the
maintenance of 2-kidney and 1-kidney renovascular hyper-
tension in the rat because renal denervation substantially
lowers BP in these animals.260,261 In the 1-kidney renovascu-
lar model, Katholi et al. found that renal denervation
reduced the abnormal hypothalamic NE metabolism that
was found262,263 and corrected the SNS overactivity.263,264 In
these animals, the development of hypertension could be
prevented by posterior hypothalamic lesions, chemical sym-
pathectomy, or thoracolumbar dorsal rhizotomy, which
selectively ablates afferent renal nerves.265-267 Thus, renal
afferent nerves are important promoters of SNS overactivity,
which contributes to the genesis and maintenance of reno-
vascular hypertension.

Renal Parenchymal Hypertension
Hypertension in renal failure may be simply an extension of
essential hypertension, a subject that has recently been exten-
sively reviewed.268 Plasma catecholamines are elevated in
chronic renal failure240,269 in parallel with elevations in whole-
body NE turnover269 and BP. In uremic humans, hypertension
is associated with increased muscle sympathetic nerve traf-
fic.270 Central sympatholytic drugs such as clonidine are
extremely effective in uremic hypertension, causing propor-
tional falls in plasma NE and BP.240,241 Widespread clinical
experience dictates that combined α-β-blockers are also
extremely effective in treating hypertension in renal patients.
The mechanisms for increased sympathetic discharge in ure-
mia include cardiopulmonary baroreflex failure,92,93 but it is
also likely that abnormal afferent signals from renal nerves
contribute to inappropriately high SNS outflow.271
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Pheochromocytoma
The paradigm of catecholamine hypertension is the naturally
occurring model of pheochromocytoma. In this situation, exces-
sive production of catecholamines directly causes hypertension
and the removal of the autonomous catecholamine-secreting
tissue cures the hypertension. In pheochromocytoma, plasma
catecholamine levels are generally much higher than those
observed in essential hypertension.272 This argument has been
used in the past to indicate that catecholamines play no role in
essential hypertension. Because about 80% of NE released is
immediately taken back up into that nerve terminal, however,
the concentration of NE at the postsynaptic membrane in
essential hypertension may be similar to that observed in
pheochromocytoma.

Preeclampsia
Microneurographic studies have demonstrated that the syn-
drome of preeclampsia is associated with marked increases in
SNS activity, which was shown to return to normal as BP nor-
malized after delivery.273 Although this syndrome has features
similar to profound volume depletion, the degree of SNS acti-
vation is higher than would be expected to occur from a com-
pensatory response to hypovolemia.

SUMMARY

The SNS is a diverse physiologic regulatory system that mod-
ulates normal cardiovascular, renal, and metabolic function in
response to existing environmental conditions. Experimental
evidence in animals and humans indicates that inappropriate-
ly high SNS activity is a feature of all stages and all forms of
hypertension. Thus, the SNS participates at least as a facilita-
tor of chronic hypertension and may be a primary etiologic
factor in many situations.
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Life events that evoke negative emotions such as anger, fear,
and sadness have long been known to produce temporary ele-
vations in blood pressure (BP).1,2 Since the application of
standardized laboratory experimental methods has become
widely used to assess cardiovascular and neuroendocrine
responses (psychophysiologic stress testing), a large body of
evidence has shown that many other experiences also lead to
short-term pressor responses. These experiences range from
cognitive to physical challenges and from positive to negative
emotional states. These laboratory studies have also shown
that different adrenergic and hemodynamic patterns are
involved during different types of stressors. Challenging tasks
involving active coping and mental effort typically elicit a state
involving increased β-adrenergic receptor activity character-
ized by increased heart rate, cardiac output, cardiac contrac-
tile force (frequently indicated by decreased pre-ejection peri-
od) and vasodilation in skeletal muscle.3-5 This state is similar
to the pattern originally identified through studies in animal
models as “preparation for fight or flight” or the defense reac-
tion, which is characterized by enhanced activity of the sym-
pathetic adrenomedullary system.6,7 Events that incorporate
aspects of frustration, passive coping, loss of control, or help-
lessness tend to evoke less β-adrenergic activity and less car-
diac activation but instead result in greater vasoconstriction,
presumably owing to α-adrenergic activity.3-5 This pattern
resembles the “defeat reaction” of animal models, which is
characterized by overactivity of the hypothalamic-pituitary-
adrenocortical (HPAC) system.6,7

These psychophysiologic stress studies have also shown
that even when the stressors themselves are highly standard-
ized, individuals differ greatly in the magnitude that the
BP increase evoked.3 Those individuals who demonstrate BP
increases that place them in the top 25% of those studied are
often labeled high stress reactors. An active hypothesis guiding
considerable research has focused on these hyperresponsive
persons as a group that may be at increased risk of develop-
ing hypertension.8 Studies have also shown that healthy nor-
motensive men and women differ in their stress responses,
with men showing greater systolic BP (SBP) increases, greater
vasodilation during stressors evoking β-adrenergic activa-
tion, and greater vasoconstriction during stressors evoking
α-adrenergic activation.5,9 Men also show slower return of BP
to prestress levels (slow recovery) after the stressful event has
ended.9 These gender differences are enhanced when women
are tested in the phase of their menstrual cycle when female
reproductive hormones, particularly estrogen and proges-
terone, are higher than when these are low. Estrogen has
vasodilator effects, which may underlie both this observation
and other findings suggesting that postmenopausal women
have enhanced stress-induced BP increases compared with
premenopausal women.10,11 Ethnic differences in cardiovas-
cular stress responses have also been shown in both nor-

motensive and hypertensive adults, with African Americans
demonstrating greater vasoconstriction during stress and
sometimes greater BP increases than European
Americans.4,12,13 African Americans more frequently demon-
strate another potentially maladaptive response to short-
term stress exposure—increased sodium retention. This
response, like exaggerated BP increases during stress, has
been shown to occur more frequently in persons with risk
factors for hypertension, including borderline hypertension
and positive family history of hypertension.14-16

Laboratory stress studies in normotensive and hypertensive
humans can be very informative about patterns of cardiovas-
cular responses. They can also document the stability of high
and low reactivity in a variety of cardiovascular measures.
Stability at acceptable levels has been documented over peri-
ods ranging from weeks to months to as long as 10 years.3,8,17

However, such studies cannot establish the long-term predic-
tive significance of stress or of stress reactivity in the onset or
progression of hypertension. This critical issue has been
addressed in several other ways. This review summarizes
recent findings in the following areas: (1) animal models
involving stress showing progression to hypertension;
(2) human studies showing relationship of environmental fac-
tors or personality or behavioral patterns to the development
of hypertension; (3) prospective long-term follow-up studies
of normotensive individuals characterized as high and low
stress reactors; and (4) evidence that stress buffers and stress-
management interventions are related to lower BP.

ANIMAL MODELS OF STRESS-RELATED
HYPERTENSION

One of the most influential leaders in the field of stress expo-
sure, patterns of response, and health consequences was James
P. Henry.7 His model of stress-related hypertension in mice
induced by social environments that increase territorial con-
frontations provided some of the strongest evidence to date
that chronic stress exposure can indeed be a key precipitating
factor in the pathogenesis of hypertension. The development
of sustained hypertension was evident in dominant males
(mean BP levels of 145 mm Hg) and was worsened in sub-
dominant males (those just below the dominant ones in social
status; mean levels of 160 mm Hg) but not in the truly subor-
dinate males (mean levels of 125 mm Hg). The elevation was
greater when the colony members were changed frequently
versus when stable dominance hierarchies were allowed to
remain intact. According to the interpretation of Henry and
Stephens, dominant males showed a classic defense reaction
with sympathetic activation as they exerted themselves but
maintained control. Subdominant animals showed a more
extreme defense reaction associated with striving but
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incomplete control. Subordinate animals showed a defeat
reaction with enhanced corticosterone and HPAC activity.18 In
keeping with this as the era of genetic and molecular biology,
it is important to emphasize that even in this model of social
environmental hypertension, genetic influences are critical.

When Henry extended his work on social stress from mice
to rats, he compared chronic social stress effects in rat strains
that normally do not develop hypertension in standard labo-
ratory environments.7,19 Wistar-Kyoto hyperactive rats, classi-
fied as very peaceable, showed no BP rise with chronic unsta-
ble social environments, whereas the moderately peaceable
Sprague-Dawley animals showed some rise in BP, and the
aggressive Long-Evans rats showed much larger increases in
BP, with rise in BP positively correlated with number of scars
from aggressive encounters. This research was later expanded
by Mormede, who reports that among six rat strains, both
behavioral and adrenal and heart weight evidence can be used
to identify those strains more vulnerable to social stress.20

However, even strains showing high social stress sensitivity
must also have related target organ vulnerability (renal, car-
diac, or vascular) before the excess sympathetic adreno-
medullary activity evoked by chronic social instability results
in sustained BP increases.20,21

A second prominent model of stress-related hypertension is
the borderline hypertensive rat (BHR) as developed and stud-
ied by Lawler et al.22-26 This first-generation backcross of a
spontaneously hypertensive rat (SHR) with a normotensive
Wistar-Kyoto rat typically develops only high-normal or bor-
derline hypertension in the usual laboratory environment.
With daily exposure to a brief period of a shock avoidance con-
flict task for 16 weeks, the BHRs develop hypertension with

target organ damage that persists even if the stress exposure is
terminated. This stress-induced hypertension is blunted if the
animals receive daily swimming exercise as well as the conflict
task (Figure 7–1).25 Hypertension also develops in BHRs if
they are placed on a high intake of salt, and the combination of
high salt and stress leads to greater adverse cardiovascular
effects than either environmental factor individually.

A primary role for renal involvement in the hypertension
resulting from either high stress or high salt is suggested by the
observation that renal denervation delays onset of the rise in
pressure. Work by DiBona et al. has shown that stress induces
greater increases in sodium retention in SHRs and BHRs than in
normotensive rat strains, and that this effect of stress can be pre-
vented by renal denervation or reduction in central sympathetic
outflow owing to administration of sympathetically active
agents into the ventricles of the brain.27-29 Lawler et al. have
reported that in the early period of stress exposure plus high salt,
norepinephrine content decreases in nuclei of the hypothalamus
that are known to be involved in the classic defense reaction.24

A third animal model of stress-related hypertension
described by Anderson et al. is the mongrel dog exposed to daily
shock avoidance while on increased salt and low potassium
intake.30-32 This model requires both stress exposure and high
salt intake to induce hypertension; neither factor alone is suffi-
cient. The reversible hypertension that results involves retention
of sodium, and either renal denervation or potassium supple-
mentation is sufficient to prevent or reverse hypertension in
this model. Thus, even in animals lacking clear genetic predis-
position, a reversible form of hypertension may arise when
three adverse environmental factors are present: excessive salt,
potassium deficiency, and regular stress exposure.
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FFigure 7–1 Stress-induced hypertension in borderline hypertensive rats (BHR) is attenuated by concurrent swim training. Mean
(±SEM) tail cuff systolic blood pressure (SBP) for each 2-week period before the stress manipulations (Pre), during the 2 weeks
when the stress was being progressively lengthened (Training), and during the 12 weeks of daily swim or tail shock, or both
(Stress), in rats exposed to daily shock plus swim training (triangles), shock only (circles), or neither intervention (squares).
(From Cox RH, Hubbard JW, Lawler JE, et al. Exercise training attenuates stress-induced hypertension in the rat. Hypertension
7:747-751, 1985.)



In animal models, early life and even prenatal exposure to
stress have also been shown to affect BP and stress responses
throughout the life span.33 In animals as well as humans, early
loss of a parent or prolonged maternal separation has partic-
ularly profound effects including increased BP and corticos-
terone levels as an adult.33-35 Conversely, early exposure to
stress buffers such as enhanced maternal contact and stroking
(known to increase central oxytocin activity), or multiday
exogenous oxytocin administration, leads to decreased BP,
corticosterone, and anxiety behavior into adolescence and
adulthood.36-37 Oxytocin, a mammalian neuropeptide/
hormone linked to social bonding as well as maternal
behavior, appears to decrease BP through alterations in cen-
tral α-adrenergic activity, as well as stimulating release of
atrial natriuretic peptide and affecting cardiovascular func-
tion peripherally.38

These animal models provide the most definitive evidence
to date that chronic life stress exposure can contribute to the
development of hypertension in individuals with genetic sus-
ceptibility and/or when combined with other adverse envi-
ronmental factors such as a high-salt/low-potassium diet.
Also, the importance of early exposure to stress and/or stress
buffers is highlighted. These observations lay the foundation
for studies of environmental stress in humans, which cannot
provide such direct and definitive evidence but do show
important associations with parallels to the animal models.

ENVIRONMENTAL STRESS EXPOSURE:
CHRONIC JOB OR HOME LIFE STRESS
AND ACUTE TRAUMATIC STRESS

Observations of people who move from stable, rural, tradi-
tional societies to unstable, urban, Westernized environments
have indicated that contemporary urban conditions con-
tribute to increases in BP over the life span.39 For example, the
nomadic Samburo warriors of Kenya show no BP increase
with age in their traditional environment, yet when they join
the Kenyan military, they show BP increases similar to those of
recruits from more urban areas.40,41 The principal factors that
change with such a move and are believed to contribute to
the pressure rise include (1) diet, (2) physical activity,
(3) increased obesity, (4) reduction of supportive ties to the
family and larger community, and (5) increased mental effort
and active coping to perform work and home life activities
under time pressure and competition. Waldron et al., after
examining BP data from 84 different cultures and social groups,
concluded that BP increases were independent of changes in
salt intake and obesity (in men), and that the remaining factors,
particularly economic competition and loss of family ties,
appear to be the more universal contributing causes.42

Among Westernized societies, both urban and rural, people
with less education, lower-status occupations, less total house-
hold income, and generally lower socioeconomic status (SES)
have higher BP.43 Although African Americans have on aver-
age fewer educational and economic resources and higher BP
than age-matched European Americans, ethnic differences do
not account for these differences in BP between lower and
higher SES groups. Clear BP differences are seen between
lower and higher SES African Americans, as between lower
and higher SES whites and members of other ethnic minori-
ties. Sources of these group differences have been reviewed by

Anderson et al.44,45 All explanations involve multiple con-
tributing factors, including chronic stress, defined as increased
frequency of threats to the well-being of the individual and
her or his close family and friends. This definition of chronic
stress is so general that it leaves completely open which spe-
cific elements that differ between SES groups are most critical
in their impact on BP. However, its generality is also one of its
strengths in that it spans both the objective and the more indi-
vidualized subjective perception of actual and anticipated life
experiences as components of the stress exposure. Thus, it
leaves room for individual differences in response to the same
experience and for multiple models focusing on specific
dimensions of low SES, such as economic insecurity or lack of
control at work or at home.

One specific model that grew from the observed SES differ-
ences in BP is Dressler’s model of lifestyle incongruity.46 This
model associates increased chronic stress and sympathetic
nervous system (SNS) activity with the extent to which the
individual’s material acquisitions are higher than average for
his or her occupation and income level (i.e., living beyond
one’s means). High lifestyle incongruity has been associated
with increased BP levels. Dressler’s current model also
addresses incongruity in regard to noneconomic issues that
are related to expectations about behavior and multiple roles
or status within the family and community. Both economic
and social incongruity appear to act, in part, through another
important factor—reduction in social support from family
and other sources.

Low occupational status and low control within the work-
place are associated with lower SES, and both have been asso-
ciated with increased job stress. Ever since early work by Rose
et al. on air traffic controllers,47 the hypothesis that daily
stress exposure on the job may contribute to hypertension
has been gaining support. Karasek et al.’s model of “job
strain” was developed to formalize the study of stress on the
job across a variety of occupations.48 Job strain focuses on
two dimensions of work stress: (1) psychological demands
(i.e., how hard and how fast the worker perceives she or he
must work) and (2) job decision latitude (i.e., the level of
control over the nature and pace of the work). Job strain is
defined as occurring when high psychological demand occurs
together with low decision latitude.

Research on job strain as a contributing stress exposure fac-
tor in the onset and exacerbation of elevated BP has included
more than 14 studies since the late 1980s. As summarized by
Pickering, the method of BP assessment is critical.39 Clinic
assessments of BP are more time-efficient, but ambulatory BP
obtained at intervals of every few minutes throughout a normal
weekday spent at work and at home has distinct advantages for
assessing response to daily work life demands at work and as
they spill over to influence responses after work. Of seven stud-
ies using clinic assessments only, none has found a relationship
between job strain and increased BP. Of another seven studies
that employed ambulatory monitoring, all but one have
observed a positive relationship for men. The most definitive
work has come from Schnall et al., who have shown that job
strain is related to higher BP at work and also at home and dur-
ing sleep, to increased left ventricular mass, and to hypertensive
status in a case-control study in 196 men.49,50 They have also
reported that job strain interacts with age such that the increase
in BP with age is greater for high–job strain men, and that the
combination of high job strain and increased alcohol use is
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related to greater increases in BP. Furthermore, in a 3-year
follow-up study, this research team found that increases in pres-
sure over time are greater for high–job strain than low–job
strain men, controlling for BP at study entry.

High work demand and low control on the job have been
related to increased urinary epinephrine but not cortisol,51

suggesting that enhanced adrenergic receptor activity may
contribute to the BP increase in high–job strain individuals.
It is worth noting that research reported by Pickering39 and
another study by Light et al.52 have observed no increase in
work BP in women reporting job strain, although men in
the same study showed the predicted relationship. This
observation is consistent with recent work by Lundberg53

and by Luecken et al.54 suggesting that stress related to child
care and other family duties is a greater influence than job-
related stress on the mental and physical well-being of
working women.

PERSONALITY AND BEHAVIORAL
PATTERNS ASSOCIATED WITH ELEVATED
BLOOD PRESSURE

A number of psychological characteristics have been related to
higher BP levels and/or increased prevalence of hypertension.
Several of these traits are of relevance because they are pre-
sumed to act, in part, by increasing the individual’s exposure
to stress or perception of stress (e.g., cynical hostility) or
because they themselves may be a consequence and thus a
marker of excessive stress exposure (e.g., hopelessness and
depressive symptoms).

Type A or the coronary-prone behavior pattern is associat-
ed with increased risk of atherosclerosis and coronary mor-
bidity.55 This pattern includes three semiindependent com-
ponent traits: hostile outlook, competitiveness, and time
urgency.56 Of these traits, hostile outlook was the primary
predictive factor in most studies that examined relationships
of the individual factors. Additional research on hostility by
Barefoot et al. has confirmed that this trait is stable over time
and predicted both cardiovascular and all-cause mortality, in
part through its relationship to increased BP.56,59 Hostile out-
look, described as a combination of angerability and cynical
mistrust, leads to increased BP, vasoconstriction, and plasma
cortisol and testosterone responses to laboratory stressors, as
well as higher 24-hour urinary cortisol and ambulatory BP
levels in normotensive and hypertensive individuals.60-63

Some experts have interpreted such findings as evidence that
hostile individuals demonstrate greater and more frequent
stress reactions in daily life because they perceive more situa-
tions as threatening and because they provoke more conflicts
and negative interpersonal interactions. Some studies have
found no excessive BP responses to stress in high-hostility
men and women during purely cognitive tasks such as men-
tal arithmetic or the Stroop color-word task64,65; but other
investigations in which the stressors involved interpersonal
interactions, including efforts to control or dominate others
or harassment and frustration by others, have consistently
found greater pressor responses in high-hostility persons.66

High-hostile young men reporting greater frequency and
longer duration of angry episodes in their lives also demon-
strate adrenergic receptor down-regulation, suggesting
greater chronic SNS activity.63

Some studies have reported an apparently paradoxical asso-
ciation between low rather than high self-reports of hostility
and higher BP. Work by Shapiro and Jamner et al. has suggest-
ed that these persons are not truly low in hostility, but instead
they employ a defensive coping style, characterized by reluc-
tance to admit to anger, anxiety, or other socially undesirable
thoughts or feelings.67,68 Defensive copers among paramedics
and nurses showed higher ambulatory BP on the job, particu-
larly under more stressful conditions. Defensive coping, like
hostility, is more consistently related to high stress responsiv-
ity in men than in women, possibly because of differences in
social expectations about expression of emotion between gen-
ders.69,70 These observations indicate that it is not appropriate
to conclude that there is a simple, unidirectional relationship
between high scores on a hostility scale and risk of hyperten-
sion. Furthermore, several large-scale investigations have
found that hostility scores decrease with increasing education
and income.71,72 Thus, it is important to separate the effects of
social class from hostility by matching groups for education
and economic resources or controlling statistically for group
differences in these variables.

Anger-arousing experiences have long been known to raise
BP and increase vasoconstriction.1,2 One way in which hostile
outlook may influence cardiovascular risk is through frequent
bouts of anger. Three patterns of anger coping—high anger-
out (hair trigger and explosive verbal and physical expression
of anger), low anger-out (inability or unwillingness to show or
express anger even when appropriate and justified), and high
anger-in (denial of angry feelings toward others with unjusti-
fied self-blame)—have been hypothesized to lead to increased
BP reactivity to stress and to hypertension.73,74 The original
research by Harburg et al. on African Americans living in
high-crime areas of Detroit suggested that anger suppression
or low anger-out was directly related to elevated BP in these
stress-vulnerable people.75 This pattern has been related to
increased BP and heart rate during role play of conflicts and
harassment in the laboratory, as well as to increased BP in
wives after discussion of conflicts with their husbands.59,76-80

Anger suppression, like hostility with its association of high-
anger expression, has been related to down-regulation of
β-adrenergic receptors, suggesting a stable pattern of sympa-
thetic overactivity.63,81,82 Engebretson et al. originally suggest-
ed that high cardiovascular reactivity was more frequent in
both high–anger-in and high–anger-out persons if the stres-
sor involved some provocation of angry feelings.77 A recent
prospective analysis of middle-aged men from the Kuopio,
Finland study indicated that subjects who were at the extreme
ends of the distribution for either anger-in or anger-out had a
significantly higher risk of developing hypertension over the
next 5 years.83 These results confirm that extremes in either
expressing or suppressing angry feelings are maladaptive and
that moderation is the lowest-risk solution.

Another psychological factor related to increased BP is the
desire to dominate and impress others, termed power moti-
vation. McClelland found that inhibited power motivation in
men predicted hypertension-related pathology in a 20-year
study,84 but few studies have confirmed an association
between power motivation and either high reactivity or
increased BP levels. Furthermore, a number of negative
studies exist. The parallel of this pattern to Henry et al.’s
psychosocial model of hypertension in rats and mice7,18 is
compelling and may provide a basis for integrating the
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contradictory results. Dominant and subdominant rats
develop hypertension only if they are members of a strain
that is vulnerable to stress-induced hypertension, and the BP
increase occurs when aggressive contacts are high. In the
truly dominant males, this occurs only when the social
group members change, so that frequent bouts of aggression
are required to assert dominance. In humans, the appropri-
ate parallel might be that inhibited power motivation may
lead to hypertension only when the individual’s work and
home environments are also unstable and the individual’s
social dominance is repeatedly threatened.

A related characteristic is the preference for active coping,
or “John Henryism.”85-90 This trait is defined by the belief in
individual control and that hard work and persistence despite
obstacles will lead to future success. The theory regarding the
active coping behavior pattern states specifically that it will
not be related to increased sympathetic activity and BP if the
environment is supportive and has adequate resources. Only if
the individual’s environment is deficient in some way, thus
leading to excessive effort and sympathetic overactivity, will
hypertension develop. James et al. showed that high John
Henryism was associated with increased BP in lower–social
class rural African Americans, whose environment offered lit-
tle opportunity for success.85,86 African American and white
adolescents with the combination of high John Henryism and
lower social class had increased BP and higher vascular resist-
ance.90 In another study in which the sample was limited to
well-educated and employed African American and white
adults, Light et al. observed that ambulatory BP at work was
increased in women and African Americans with high-status
professional and managerial jobs who scored high in this pref-
erence for active coping.89 This effect was not seen among
white male professionals and managers, and this was inter-
preted as evidence that this role is more threatening and less
supportive for women and African Americans because of lack
of peers in these jobs.

Attention has also focused on depressive symptoms and
their relation to hypertension and cardiovascular risk.91,92

Depression is different from previous psychological factors
because it is assumed to be an impermanent mood state
(characterized by sadness and loss of interest in work, hob-
bies, family, and friends) rather than a stable trait. However,
longitudinal studies indicate that depressive states tend to
recur and that past history of depression is a primary predic-
tor of subsequent depressive states. Although fewer reports
have supported a link between depression and hypertension
versus a link between depression and cardiovascular or total
mortality, the overall consistency of the pattern is com-
pelling. Depression (as well as its correlated measure of dis-
tress, anxiety) is linked prospectively to onset of hypertension
in both men and women, and in African American as well as
white samples.93 In elderly patients with established hyper-
tension, men and women with higher depression scores show
greater hypertension-related disease progression and in-
creased incidence of stroke.94,95 Depressive symptoms are
predictive of more severe cardiac events. In patients with con-
firmed coronary heart disease (CHD), depressive symptoms
are linked to increased myocardial infarction (MI), stroke,
surgical intervention, and cardiac death; to decreased heart
rate variability; and to increased cardiac activation and
myocardial ischemia during Holter monitoring or mental
stress in the laboratory.91,96-100

Depression can develop in susceptible persons as a reaction
pattern to life stress, including stresses associated with health
crises such as MI and other serious cardiovascular diag-
noses.96,97 In young healthy women, depressive symptoms
were related to increased cardiac adrenergic tone and
enhanced norepinephrine increases during a speech stres-
sor.101 In a larger subsequent study involving a biracial sample
of both men and women, depressive symptoms were linked to
increased ambulatory BP in persons with a genetic suscepti-
bility to hypertension (i.e., those with hypertensive parents),
but not in those with no susceptibility.102 Stressful life events
may contribute to worsening of depressive symptoms, and
depression may in turn worsen sympathetic and cardiovascu-
lar responses to stress, producing a vicious circle effect.
Frasure-Smith et al. have confirmed that in patients with a
recent MI, depression predicts premature death due to recur-
rent MI, arrhythmic events, and congestive heart failure
(CHF) at 6, 12, and 18 months’ follow-up; risk was further
increased in those whose post-MI depression was not their
first depressive episode.91,96,97 The effects of depression are
strongest in the subgroup with premature ventricular com-
plexes, a group especially vulnerable to arrhythmia and sud-
den death associated with alterations in cardiac autonomic
activity, such as may be induced by severe acute life stress.

Hopelessness and pessimism are common among depres-
sed and vitally exhausted individuals, but these can also occur
without the severe sadness or loss of interest in life that are the
true hallmarks of depression.103 Unlike depression, which is
more common in women than in men and less common in
African Americans than in other ethnic groups, hopelessness
is reported equally in both genders, and it may be equally or
more common in minorities and those from lower social
classes.104 In the Kuopio Ischemic Heart Disease study, men
with moderate to high hopelessness at baseline were 2.5 to 4
times more likely than men with lower levels of hopelessness
to die of cardiovascular causes over a 6-year follow-up period,
even after controlling for baseline BP, smoking, and other tra-
ditional cardiovascular risk factors.105 Hopelessness also pre-
dicted all-cause mortality in this group of 2428 middle-aged
men and carotid atherosclerotic lesion progression in the 942
men showing some carotid plaque at initial testing.105,106 The
effect of persistent hopelessness was equivalent to that of smoking
2.5 packs of cigarettes daily. Pessimism before coronary bypass
surgery is also linked to increased likelihood of having a peri-
operative MI.107,108 Less research has focused on the linkage of
hopelessness and pessimism to hypertension, but the few
studies reported to date support this relationship.109 For
example, in postmenopausal women, those who both had low
SES and used a stable pessimistic attributional style (believing
that bad events are permanent and cannot be controlled or
improved) had increased ambulatory BP.110 Helplessness and
pessimism, like depression, are seen as both consequences of
previous life stress and states that enhance the adverse cardio-
vascular effects of subsequent stress exposure.111 Additional
work on these important factors, which appear to parallel
the defeat and helplessness state in animal models,6,7 is cur-
rently in progress.

Altogether, there is substantial and growing evidence to sup-
port the association of hypertension and cardiac events with a
number of psychological factors that involve stress as a causal
factor in initiating the psychological condition or in contribut-
ing to its adverse cardiovascular consequences. Psychological
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states such as hostility, depression, anxiety, and hopelessness
are thus ripe for serving as risk identifiers and as focal points
for interventions to reduce risk. In two clinical trials, the
Sadheart trial of pharmacotherapy for depression and the
Enhanced Recovery in Coronary Heart Disease Patients
(ENRICHD) trial of cognitive-behavioral therapy for clinical
depression and/or social isolation, the addition of treatments
for depression to standard medical care in patients with recent
MI have alleviated psychological symptoms but did not further
reduce cardiovascular morbidity and mortality.112-114 Thus, it
appears at this time that such psychological measures are best
used as markers of additional risk that might be employed in
an equation identifying persons for whom traditional medical
interventions are even more vital to implement.102

HIGH CARDIOVASCULAR RESPONSE
TO STRESS IN PREDICTION OF LATER
BLOOD PRESSURE ELEVATION

The hypothesis that those individuals who show exaggerated
BP, heart rate, or other cardiovascular responses to behavioral
stressors have increased risk of becoming hypertensive has
generated considerable research and much debate since the
late 1970s.8,115 Indirect evidence supporting this hypothesis
included observations that persons with borderline hyperten-
sion or those with hypertensive parents showed increased BP
responses to stress in many studies, although not in all. Other
evidence indicated that high response to stress was a stable
characteristic of certain people, documented by highly corre-
lated response levels when compared across stressors or on
retesting after intervals as long as 1 to 10 years. Notably,
response levels showed greater stability than did reactivity
scores (calculated as increases from resting baseline levels).3,17

More direct support for this hypothesis has been derived from
several longitudinal studies. A number of these have employed
a single stressor, often the cold pressor test, which elicits a BP
increase via α-adrenergically mediated vasoconstriction.
These investigations have not always yielded positive find-
ings,115 but the two largest investigations with the longest
follow-up interval have supported the reactivity hypothesis by
showing that individuals with the greatest BP increases to
painful cold later developed hypertension at a higher rate than
those with lesser BP increases.116,117

Several smaller-scale studies, particularly those focusing on
young borderline-hypertensive individuals, have shown that
high reactivity to active coping stressors like mental arithmetic
that evoke BP increases through β-adrenergic activity and
increased heart rate and cardiac output is predictive of later sus-
tained hypertension.118,119 Similar studies with active coping
stressors using normotensive subjects have generated both pos-
itive and negative findings after partitioning out effects related
to higher prestress BP, which is associated with high stress reac-
tivity and later hypertension.120-122 BP increases during antici-
pation of upcoming physical or mental stress and during recovery
after stress are added effects of stress reactivity; increases in these
measures are strongly predictive of later hypertension.118,119,123

Two prospective studies that included women as well as
men in the sample have examined responses to multiple stres-
sors. In the study by Matthews et al. involving parents and
their children, high pressor reactivity to active coping stressors
was related to increased BP after 6.5 years; the effects were

more consistent for men and boys than for women and
girls.124 In the much larger Coronary Artery Risk Develop-
ment in Young Adults (CARDIA) study involving more than
3300 African American and white young adults,125 results after
5 years of follow-up indicated that high SBP reactivity to the
active coping task, but not to the passive cold pressor test, was
predictive of greater BP elevations and increased incidence of
hypertension in African American and white men, even after
controlling for baseline BP levels and other key covariates. In
women regardless of race, neither task was effective in pre-
dicting later BP (Table 7–1).125 The gender difference seen in
the latter studies may have been related, in part, to the fact that
women tend to develop hypertension at a later age, perhaps
related to protective effects of female reproductive hormones
during the ages under study. Another possibility is that video
games may differentially engage higher active coping effort in
men than in women.

Prior work by our group has supported the interpretation
by the CARDIA investigators that individuals showing
enhanced cardiac responses due to β-adrenergic activity
during active coping stressors have a greater likelihood of
demonstrating BP increases as young adults. In our investi-
gation, the sample under study was small, but the follow-up
testing involved more than 60 measures of BP from each
subject obtained through ambulatory monitoring on a reg-
ular workday, providing greater confidence in the outcome
measures.120 Both high heart rate reactors and high BP
responders to an active coping reaction time task demon-
strated increased BP at work and at home as well as in the
clinic 10 years later. The predictive effect of high heart
rate reactivity most directly points to mediation via β-
adrenergic activity, because our laboratory has confirmed
through use of β-antagonists that heart rate and SBP eleva-
tions in response to active coping reaction time tasks pri-
marily reflect such activity.4,5

More recently, our group has completed a second 10-year
follow-up study using ambulatory BP monitoring.126 This
study reconfirmed that initially normotensive young men
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Table 7–1 Odds Ratios of Having Significant Blood Pressure
Increase (8 mm Hg) Over 5-Year Follow-Up Function of Gender
and Systolic Reactivity to Video Game: The CARDIA Study*

Systolic Reactivity to 
Video Game (mm Hg)† OR (95% CI)

Men 5 0.8 (0.77, 0.92)
10 1
20 1.4 (1.19, 1.69)
30 2.0 (1.41, 2.86)

Women 5 1.0 (0.89, 1.05)
10 1
20 1.1 (0.91, 1.07)
30 1.1 (0.83, 1.59)

From Markovitz JH, Raczynski JM, Wallace D, et al.
Cardiovascular reactivity to video game predicts subsequent
blood pressure increases in young men: The CARDIA study.
Psychosom Med 60:186-191, 1998.
OR, odds ratio; 95% CI, 95% confidence interval; BP, blood
pressure.
*n = 889 with BP increase; n = 2722 without BP increase.
†Reference group = 10 mm Hg.



who were high heart rate and SBP responders to stress
showed greater BP increases and a high incidence of border-
line hypertension 10 years later. The results also showed that
prediction of later development of borderline to stage 1
hypertension was strongest for the men who had hyperten-
sive parents as well as high stress responsivity (Figure 7–2).126

Finally, the study indicated that the stress exposure and stress
buffers in the person’s home and work environments could
influence the predictive effect of high cardiovascular respon-
sivity to stress. Clinic pressure was higher in high stress
responders who reported high scores on the Daily Stress
Inventory, but not for those reporting low daily stress.
Similarly, ambulatory pressure at work was greater in high
stress responders reporting low support from their work
supervisor and greater during leisure at home from those
reporting low overall social support, but not in high respon-
ders who had greater support in their lives. These findings
encourage reconsideration of the reactivity hypothesis,
expanding it to take into account genetic factors (e.g.,
parental hypertension); differences across individuals in
chronic stress exposure, which affects expression of the pre-
disposition to high heart rate and BP responses; and differ-
ences in exposure to stress buffers like social support.

In sum, these investigations provide cautious encourage-
ment for continued research addressing high reactivity to
stress as a potential risk factor for hypertension. Future
research should avoid some of the oversimplified approach-
es of the past and utilize available opportunities to
examine stress-response patterns in association with informa-
tion about family history and factors relating to chronic
stress level.

STRESS BUFFERS AND STRESS-
REDUCTION INTERVENTIONS

As one of the spokesmen for models of stress and disease in
humans, Cohen has incorporated a category of factors
labeled stress buffers in his model.127 Stress buffers include any
factor that reduces perceived level of distress in individuals
exposed to stress, that limits exposure to stressors, or that
decreases adverse physiologic reactions to stress. The best-
documented stress buffer is social support. Social isolation
has been associated with high rates of premature death from
cardiovascular disease and all causes combined.128-131 In
patients with MI, increased emotional social support was
related to decreased mortality, even after controlling for age,
Killip class, and other cardiovascular risk factors.131

Laboratory studies have shown that BP and other cardiovas-
cular responses to mental challenges are less when a support-
ive and nonevaluative person is present.132-134 Similarly, even
support from a pet dog or cat has been shown to reduce stress
responses.135 In contrast, when the supportive person may be
evaluating the test subject based on her or his performance,
or when support may increase the intensity of effort (such as
arguing against racial discrimination in the presence of
another person advocating the same position), cardiovascular
responses can actually be increased rather than decreased
when the supporter is present.134-136 Support provided by a
marital partner can be especially beneficial in reducing stress
responses. In a recent study by Grewen et al., BP and heart
rate increases to a speech task were reduced by almost 50% in
100 men and women tested immediately after a 10-minute
period of warm contact with their partner (including hand-
holding and a hug) versus 89 persons tested after solitary rest
(Figure 7–3).137

In studies involving ambulatory BP monitoring, high
perceived support is related to lower BP.138-141 Again marital
support is especially important. Persons reporting a more
supportive relationship with their spouse/partner had lower
ambulatory BP than those with no partner, but others who
were married with a poor partner relationship had higher
BP than those with no partner.140 In a 3-year prospective
study of hypertensive patients, more supportive marital
relationships were prospectively associated with an 8%
decrease, whereas poorer marital relationships were associ-
ated with a 6% increase in left ventricular mass.141 In anoth-
er study, Brownley et al. reported that high social support
did not act by itself to lower BP in 129 healthy African
American and white men and women, but it did interact
with another factor that might increase stress and BP: a hos-
tile outlook on life. In this sample, high-hostile persons
lacking support had higher ambulatory BP, whereas high-
hostile persons with social support showed no BP increase
relative to low-hostile persons.139 A similar interaction was
seen in a prospective study of Swedish men, in which type A
men lacking social support had increased mortality but
other type A men reporting more support had no increase
in risk relative to type B men.142 Additional work addressing
the potential stress-buffering effect of social support is
needed, however. In particular, interactions of support with
anger-coping styles and other psychological factors, with
high stress reactivity, and with environmental stressors
like job strain have clear potential to reveal important
relationships.
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Another potential stress buffer is aerobic exercise. A num-
ber of studies have compared cardiovascular responses to
stress after a period of exercise versus those following a con-
trol condition.143-148 Some of these studies showed no differ-
ences, whereas others supported the hypothesis that stress
responses are reduced after exercise.148 Two factors that may
influence the outcome of such studies are whether the subject
is a high reactor to stress and whether his or her BP is elevated.
Research in our laboratory has suggested that moderate aero-
bic exercise for only 20 to 30 minutes can evoke a reduction in
vascular resistance in most individuals, but that BP will not
decrease in all subjects.144,147 BP responses during stress
appear to be blunted after exercise in high stress reactors. This
makes sense, because it is hard to reduce a response that is

already minimal. Also, ambulatory BP levels have been shown
to be reduced at work for up to 5 or more hours after exercise
in borderline-hypertensive persons, whereas normotensive
subjects typically show no reduction in BP, although they do
show potentially beneficial decreases in total vascular resist-
ance.147,149 This appears to be related to homeostatic influ-
ences, such as baroreceptor activity, that elicit compensatory
adjustments in circulatory control systems to prevent a fall in
BP in normotensive individuals. Other research has indicated
that reduced efferent SNS activity and lower circulating cate-
cholamine levels contribute to the lower vascular resistance in
the postexercise period.150,151

These studies addressed the effects of only a single bout of
exercise on responses during the postexercise period. Other
investigations have examined the effects of increased aerobic
fitness level due to weeks of physical training on stress
responses. These studies have similarly suggested that stress
responses are reduced after aerobic training in some but not
all persons, with hypertensive individuals being most likely to
benefit. More rapid recovery of cardiovascular responses after
stress has been observed as a more general benefit of train-
ing.148 For this reason, regular exercise is strongly recom-
mended both as adjunctive treatment and as a preventive
intervention for hypertension.109,151-153

Stress-reduction interventions, including biofeedback,
relaxation training, and cognitive behavioral therapies, have
been extensively studied as potential ways to lower BP, with
mixed success.154-157 McGrady and Higgins attempted to
develop a profile of hypertensive patients most likely to lower
their BP through biofeedback. They found that young women
with higher anxiety and tension levels and higher initial heart
rates are the most successful in using this method.155 Other
studies have indicated that relaxation therapy is more effective
with individuals whose daytime ambulatory BP is elevated
versus those with lower daytime pressures.154 Although some
studies employing a “habituation control phase” have
observed no changes with stress-reduction treatment,157 falls
in BP during both habituation and treatment have been seen
in other well-designed investigations.156

There has been substantial rekindling of interest in stress-
reduction interventions after the reports by Ornish et al.158

and by Blumenthal et al.159 that stress management can be
part of a lifestyle intervention program that can reduce risk
and even partially reverse vascular pathology in CHD
patients. The former study employed stress management only
in combination with other established methods, such as low-
fat diet, exercise, and weight reduction, whereas the latter used
stress management as a solitary intervention and compared its
benefits with an exercise training group as well as to a usual
care group. Patients given a combination of relaxation,
biofeedback, and cognitive therapies to help them recognize
and manage stress, anger, and depression demonstrated
greater reduction in risk of subsequent cardiac events or
interventions compared with patients given exercise training
or usual care.159 Although more studies are clearly needed, the
overall pattern suggests that stress-management techniques
are effective in reducing cardiovascular risks in some individ-
uals. Benefits are more likely with interventions using cogni-
tive therapy as well as simpler relaxation or biofeedback
approaches and in patient groups with more cardiovascular
and psychological risk factors. It is expected that more
research on this topic will be forthcoming.
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SUMMARY 

The preponderance of animal and human research shows that
environmental and psychosocial stress have a clear impact on BP
levels over the short term, and these may have a role in the onset
and progression of hypertension in individuals with genetic or
environmentally enhanced susceptibility (such as a high-salt,
low-potassium diet). Increased SNS activity is a mediator of the
effect of stress on BP, although other factors are also involved.
Certain personality and behavioral patterns are associated with
high stress responses and greater risk of hypertension and car-
diovascular disease, and certain environmentally stressful condi-
tions (ranging from the broadest, such as low SES, to the more
specific, such as high job strain) are potential risk factors for
hypertension. Buffers available to reduce the adverse effects of
stress on BP include social support, exercise, and stress-manage-
ment therapies. Since modern life in Western societies appears to
make stress exposure unavoidable, more research on strategies
to reduce the effects of stress exposure is needed.
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89Chapter 8

More than 100 years ago Tiegerstadt and Bergmann first
noticed that extracts of rabbit kidney had the ability to raise
blood pressure (BP). It eventually became clear that the
active ingredient in this extract was a protease that would
later be named renin (derived from renal), which plays a key
role in the generation of the angiotensin vasoactive peptides
(for a historical review see Hall1). Over the last century, the
work of a host of laboratories across the world has led to our
current understanding of the renin-angiotensin system (RAS;
Figure 8–1). In humans, renin is coded for by a single gene
located on chromosome 1. Although rats also have a single
renin gene, most strains of laboratory and wild mice have two
renin genes, both of which contribute to circulating renin.2

Renin is an aspartyl protease that is first synthesized as an
enzymatically inactive precursor, prorenin. Although it is
possible to activate prorenin by prolonged exposure to cold
or acidic conditions in the laboratory, the primary mecha-
nism for prorenin activation in vivo is the proteolytic
removal of a 43 amino acid prosegment from its amino ter-
minus. This proteolytic activation is not autocatalytic, and
although several proteases have been shown to convert
prorenin to renin in vitro, the most likely physiologically
relevant proteases to date are cathepsin B, and the prohor-
mone convertases 1 and 5 (PC1, PC5).3-5

The vast majority of the renin in the circulation originates
in the juxtaglomerular (JG) cells surrounding the renal affer-
ent arterioles (Figure 8–2, A). Removal of the prosegment
occurs within the secretory pathway, after prorenin is targeted
to immature secretory granules.6 Once activated, renin is
stored in these secretory granules until the cells receive a sig-
nal for its release. It has been estimated that JG cells divert
roughly 20% of the prorenin they produce to secretory gran-
ules for activation,7 while the remainder of the prorenin is
secreted unmodified and constitutively. In humans, there is
from 5 to 10 times more prorenin than renin in the plasma,8,9

and there is no evidence to date that circulating prorenin con-
tributes to the activity of the circulating RAS.

There have been some interesting variations proposed for
the cell biology of renin, including the suggestion that active
renin can be formed within the cytoplasm of cells (reviewed
in Re10), and the finding of renin receptors,11,12 at least one of
which appears to generate an intracellular signal when bound
to renin.13 The importance of these phenomena to the biology
of the RAS remains unclear, however.

RENIN BIOLOGY AND ITS IMPORTANCE
IN MEDICINE

Tissue Origin and Activating Enzymes
The mechanism of activation of prorenin has received a lot of
attention in recent years because organs other than the kidney,
including the brain, pituitary, and adrenal glands; testes;

uterus; and placenta, have been shown to express the renin
gene (reviewed in Lavoie and Sigmund14). In fact, after
nephrectomy renin virtually disappears from the circulation
while prorenin persists,15 demonstrating that nonrenal organs
not only make prorenin but can also secrete it into the circu-
lation. Other organs, such as the heart, are capable of taking
up renin and prorenin from the circulation.16,17 Because many
of these tissues also make other components of the RAS,
including angiotensinogen, angiotensin-converting enzyme
(ACE), and angiotensin receptors, it has been suggested that
tissue RAS could exist and be biologically important. The key
question that remains is whether these tissues can activate
prorenin to catalyze the first reaction in the RAS. Evidence
supporting this possibility comes from three findings: First,
enzymes are present in nonrenal tissues that can activate
prorenin in the secretory pathway and lead to renin storage in
secretory granules.5 Second, prorenin with its prosegment still
attached appears to display some enzymatic activity within
tissues in transgenic mouse models.18 Third, prorenin taken
up from the circulation can be cleaved to active renin after
uptake in certain cells.19 Thus, while active renin in the circu-
lation has been the primary focus for most physiologic stud-
ies and pharmacologic interventions, there is substantial
experimental evidence suggesting that a tissue RAS could con-
tribute to the local production and action of angiotensins.

Control of Circulating Renin Levels
The primary mechanism by which the RAS contributes to
acute changes in fluid and pressure homeostasis is by regulat-
ing renin levels in the circulation. This is accomplished in
large part by modulating the release of renin-containing
secretory granules from JG cells. The afferent arterioles con-
tain baroreceptors and release renin in response to a perceived
drop in BP or interstitial pressure. In addition, nerve terminals
that make connections to the JG cells cause a release of renin
in response to sympathetic nervous system activation. The JG
cells also express angiotensin II type 1 (AT1) receptors and
decreases in circulating angiotensin II (Ang II) or inhibition
of signaling through the AT1 receptor (e.g., by pharmacologic
blockade) stimulate renin release. In fact, chronic inhibition
of the RAS actually causes the recruitment (or reactivation) of
new JG cells (see Figure 8–2, B), leading to a further increase
in renin secretion. Finally, the macula densa relays a signal to
the JG cells to increase renin release when a drop in sodium is
detected in the distal tubule. Renin secretion can also be
inhibited by the converse of these same signals. For exam-
ple, increases in BP, β-adrenergic blockade, increases in cir-
culating Ang II, and a high urinary sodium concentration
will all result in a decrease in renin secretion in an attempt
to balance their effects on BP. These considerations are clin-
ically important when tailoring therapy for hypertension, as
the most common interventions (diuretics, β-blockers, ACE
inhibitors, angiotensin receptor blockers [ARBs], low-sodium
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diet) will cause a resetting in the activity of the circulating
RAS that often requires a further adjustment in medication
dosage.

Renin as a Limiting Factor in the Renin-
Angiotensin System
Laboratory measurements for renin are most commonly
expressed as the capacity of plasma to generate angiotensin I
(Ang I) when incubated either directly (plasma renin activity
or PRA) or in the presence of excess angiotensinogen (plasma
renin concentration or PRC). Thus, PRA reflects not only the
amount of renin in the circulation, but also the amount of
substrate angiotensinogen and is therefore the best measure of
RAS activity in vivo. In most cases, PRC will parallel PRA,
with the exception of patients with heart or liver failure, or
other conditions that lead to increases in angiotensinogen.20

The fact that PRA can be affected by changes in the levels of
either angiotensinogen or renin is explained by the biochem-
istry of the RAS: In humans, the concentration of plasma
angiotensinogen is close to the affinity constant (Km) of renin
for angiotensinogen.21 In practical terms, this means that the
amount of angiotensin peptide generated in the plasma is a
direct reflection of the concentrations of angiotensinogen and
renin, because ACE is in over-abundance in the vascular wall.
In general, this provides for rapid increases in activity of the
RAS through the acute release of renin-containing granules
from JG cells and more long-term regulation of the RAS by
modulation of expression of the genes coding for both
angiotensinogen and renin. Interestingly, in laboratory mice
renin appears to be in excess and angiotensinogen is limit-
ing for the activity of the RAS.2

RENIN AS A RISK FACTOR
AND DIAGNOSTIC TOOL

Plasma Renin as a Predictor
of Cardiovascular Complications
In a study involving 1717 hypertensive patients, Alderman
et al. found that those with a high PRA (adjusted for urinary
sodium content) were at significantly higher risk of suffering
a myocardial infarction independent of other risk factors,
including BP, race, sex, age, serum cholesterol, smoking, ECG
evidence of left ventricular hypertrophy (LVH), history of car-
diovascular disease, body mass index (BMI), and use of β-
blockers.22 This very striking result was the first indication
that circulating renin might act via a mechanism other than
by regulating BP and it provided a boost to those who cham-
pioned the importance of tissue RAS. This association was
later refuted in a study by Meade et al.,23 who found that
myocardial infarction correlated best with BP. Attempts to
sort out the differences between these studies24 have not been
very fruitful, and the unfortunate conclusion has been that
renin-sodium profiling may not be a good indicator of future
cardiovascular complications.

Renin Gene Mutations for Genetic
Diagnosis and Prognosis
Because physiologic modulation of the activity of the RAS
plays such a crucial role in fluid and pressure homeostasis, it is
a natural extension to postulate that mutations in the genes
coding for components of the RAS might result in activation of
the system and therefore explain some forms of hypertension.
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Early evidence suggesting a link between genetic variations in
the angiotensinogen gene and hypertension25 fueled an intense
search for variations in the genes of the remaining components
of the RAS, including renin. However, there have been many
conflicting results over the years, with some suggesting a link
between the renin gene and hypertension (see for example,
Zhu et al.26), while others found no link (see for example, Jeu-
nemaitre et al.27). This is a surprising result, because several
rare forms of hypertension are associated with mutations in
genes that code for downstream effectors of the RAS, including
salt transport in the kidney.28 The variable results in most asso-
ciation studies might be due to the small size of the patient
populations or difficulty in defining the appropriate target
group. Another possibility, suggested in a whole-genome scan
study for hypertension-related genes, may be the fact that “BP
regulation is most likely governed by multiple genetic loci, each
with a relatively weak effect on BP in the population at large.”29

Alternatively, the genes of the RAS may be “protected” from
mutation because of their importance for some aspect
of human survival. This possibility is supported by the find-
ing that pharmacologic inhibition of the RAS during preg-
nancy in humans is fetotoxic, resulting in spontaneous
abortion with severe defects of the fetus, including hypoplas-

tic organs and multiple defects of the kidney and urinary
tract.30 Hydronephrosis, defects in development of the urinary
tract, and high neonatal mortality are also seen in laboratory
mice in which the gene coding for renin,31 as well as those
coding for any of the other components of the RAS, including
angiotensinogen, ACE, or the AT1 receptor are inactivated (see
Gurley et al.32 for a review). These results probably explain
why there has never been a report of a human mutation that
completely inactivates the RAS because such a mutation
would probably be lethal. Therefore, even though mutations
in the renin gene have not been shown to cause hypertension
to date, data on the consequences of blocking the RAS during
development raise the possibility that such mutations may
eventually explain some of the congenital abnormalities of the
kidney and urinary tract (CAKUT).33

Measurement of Renin to Tailor Therapy
The many physiologic, pharmacologic (discussed previously),
and pathophysiologic (discussed in the following paragraphs)
factors that can cause changes in circulating renin levels make
the measurement of renin a capricious indicator of therapeu-
tic potential. Studies have confirmed that PRA varies widely in
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Figure 8–2 Immunodetection of renin-producing cell in the
juxtaglomerular (JG) apparatus (dark arrows) of rats either
untreated (A) or after 2 weeks of treatment with the ACE
inhibitor captopril (B). g, glomeruli.



hypertensives.34,35 In a study involving more than 4000
hypertensive patients,35 Alderman et al. divided their
patient population into those with low renin (PRA <0.65
ng/ml/hr; 30% of the patients); medium renin, (PRA 0.66 to
4.5 ng/ml/hr; 60% of patients); or high renin, (PRA >4.5
ng/ml/hr; 10% of patients). They found that PRA varied
according to sex, ethnicity, and age, but demographics alone
could not predict the renin levels for any given patient
group because of high interindividual variability. In spite of
this complication, Laragh has proposed that hypertensive
patients can be rationally subdivided into three groups to
tailor therapy36: (1) “R” patients who have too much renin
and who will respond best to interventions (β-blockers,
ACE inhibitors, ARBs) that will block the RAS. (2) Hyper-
tensive patients who have low renin levels and who will not
respond well to this regimen. (3) “V” patients who have a
predominantly volume and salt-dependent hypertension
that will respond best to diuretics. Renin status as a guide
for tailoring therapy remains hypothetical and the choice of
drug class for the treatment of hypertension by most pri-
mary care physicians continues to be largely empirical.

CONDITIONS OF RENIN EXCESS

With the key role that renin plays in the activity of the RAS in
humans, it is not surprising that disorders of renin secretion
would have deleterious effects on cardiovascular health. In fact,
there are two clinical syndromes that are associated with renin-
dependent hypertension. Diagnosis of these uncommon types
of hypertension is made more difficult by the overwhelming
prevalence of essential hypertension.

Renovascular Hypertension
Obstruction of the renal artery leads to a drop in perfusion
pressure in the JG apparatus, which reacts by increasing renin
secretion. The relationship between renal artery stenosis and
hypertension was elegantly demonstrated by the work of
Goldblatt et al.,37 who placed unilateral clips on the renal artery
in rats and showed that the resulting increase in BP was initially
due to a massive increase in renin production by the “clipped”
kidney. Interestingly, as hypertension progresses in this model,
it becomes less renin-dependent and may actually be fueled by
a vicious cycle of secondary organ damage.38

The identification of patients with renovascular hyper-
tension is important because they are more likely to
progress to severe hypertension and to suffer from ischemic
kidney injury. On the other hand, early diagnosis and treat-
ment holds hope for reversal of the stenosis and resulting
pathologies.

There are two major causes of renal artery stenosis, which
are not seen with equal frequency in men and women. The
most common cause of renovascular hypertension is athero-
sclerotic renal artery stenosis (ARAS; for a review see Safian39

and Chapter 74). ARAS occurs more frequently in men than
women, although gender differences tend to disappear in eld-
erly individuals. Disease progression in these patients gener-
ally mirrors the development of atherosclerosis throughout
the rest of the body and the vast majority of patients with
ARAS have other clinical manifestations of atherosclerosis.

Fibromuscular dysplasia, in contrast, is restricted to the renal
arteries. Although far less common overall that ARAS, fibro-
muscular dysplasia is the most common cause of renovascular
hypertension in women younger than 50 years of age.39,40

The common clinical hallmarks of hypertension due to
renal artery stenosis include the appearance of hypertension
in young (<30 years) or old (>60 years) patients, the rapid
progression of previously mild or controlled hypertension
and/or the presence of an abdominal bruit. Associated clinical
findings include unexplained acute or chronic azotemia.
Although elevated renin is at the root of the problem, meas-
urement of circulating renin either at rest, after ACE inhibitor
“stimulation,” or in the renal veins has not proven to be of
great use because of the confounding effects of hypertension
and antihypertensive medications on renin levels.39,40

Treatment of renovascular hypertension, particularly in the
early phases, includes inhibition of the RAS including β-
blockers, ACE inhibitors, and/or ARBs. In ARAS, aggressive
risk reduction and use of lipid-lowering drugs are also recom-
mended. In case of primary treatment failure, revasculariza-
tion with angioplasty and/or stent placement is sometimes
necessary. The diagnosis and treatment of renovascular
hypertension are covered in more detail in Chapter 74.

Renin-secreting Tumors
Renin-producing tumors represent the purest, albeit very rare,
form of primary reninism resulting from unregulated secre-
tion of renin, because the tumors have escaped the hemody-
namic and hormonal control of the afferent arteriole. Two
very thorough and informative reviews on renin-producing
tumors have been published41,42 and, because of the rarity of
these cases, will likely remain excellent sources of information
and reference for the interested reader for the foreseeable
future. Renin-secreting tumors can be roughly divided into
renal and nonrenal tumors, including lung cancers, hepato-
blastomas, paragangliomas, pancreatic carcinomas, adenocar-
cinoma of the colon, adrenal carcinomas, and various types of
ovarian and fallopian tube tumors. Production of renin by
these tumor types is rare and unexpected and likely to be due
to the particular chromosomal mutations or rearrangements
undergone by the cancer cells. Treatment of hypertension in
these cases has focused on the use of RAS inhibitors and
tumor ablation, although hypertension is likely to reappear
with new tumor growth or metastasis.

In the kidney, hypersecretion of renin is infrequently associ-
ated with renal carcinomas and quite frequently (>50% of
cases) with Wilms’ tumors. Although renal masses can cause
compression-induced hypertrophy of the JG apparatus, leading
to increased renin secretion, it is now clear that Wilms’ tumor
cells themselves secrete renin. Another exceedingly rare type of
tumor associated with renin-dependent hypertension is the JG
cell tumor, sometimes referred to as reninoma. These tumors
are benign neoplasms that are most often clinically detected as
causes of hypertension associated with severe hypokalemia in
very young patients. The first report of such a tumor appeared
in 1967, and to date the English literature contains less than 100
reports of such tumors.

Patients with renin-producing tumors are invariably
hyperreninemic, resulting in hyperaldosteronemia and
hypokalemia. Increased plasma renin activity (PRA) is not
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always apparent in these patients, however, and diagnosis by
PRA is complicated in patients being treated for hypertension
with medications that lead to increased renin secretion, such
as ARBs and ACE inhibitors. Increased circulating renin is
also seen in other conditions, including renovascular hyper-
tension and renal failure, making the interpretation of
increased PRA more equivocal. The best evidence in the diag-
nosis of a JG cell reninoma is the appearance of significant
hypertension associated with hypokalemia in relatively young
patients without other apparent risk factors.41 In analyzing
previously reported cases, Martin et al.42 noted that the mean
age at diagnosis was 26.8 years with less than one fourth of
patients being diagnosed after 40 years of age. Many of these
patients display hypertension that becomes increasingly diffi-
cult to control with standard therapy over time. If left
untreated, patients may present with complaints commonly
associated with severe hypertension, including headache,
vomiting, polyuria, nocturia, and dizziness.

Three clinical tests have been used with limited success to
provide support for the diagnosis of a reninoma. First, treat-
ment with an ACE inhibitor or ARB, which normally results in
a rise in renin secretion in patients with essential hyperten-
sion, will sometimes fail to elicit increased renin secretion in a
patient with a reninoma, since the tumor cells may have
escaped the normal feedback regulation of renin secretion.
The hormonal response of these tumors is not uniform or
entirely predictable, however.41 It may also be impractical to
administer such tests, as most suspect cases will already be
dependent on RAS-targeted antihypertensive therapy to con-
trol their BP. Second, renal vein PRA measurements have been
used to test for lateralization of renin secretion from the
tumor-bearing kidney, because the healthy kidney suppresses
renin secretion in response to the hypertension. Renin secre-
tion from the tumor-bearing kidney is not always increased,
however,43,44 perhaps due to alternate vascularization of the
tumor or to direct generation Ang II within some of the
tumors. Patients with unilateral artery stenosis may lateralize
renin secretion to the ischemic kidney, limiting the specificity
of this diagnostic test. Finally, renal arteriograms may be used
to detect larger tumors and in some cases to rule out stenosis
as a cause of the hyperreninism. However, most reninomas are
less than 4 cm in diameter41,42 and may not appear on an arte-
riogram. A careful analysis of imaging studies of the kidneys
will be the best adjunct when a reninoma is suspected, as it
should have the necessary resolution to detect even small
tumors, which can be clinically significant even at sizes under
1 cm in diameter. Importantly, there is no obvious correlation
between the severity of hypertension and the size of the
responsible reninoma.42

Treatment of hypertension associated with renin-secreting
tumor of any sort consists of RAS-targeted antihypertensive
therapy and may become more difficult with time as the
tumor grows or metastasizes.45 However, the ultimate correc-
tion of this problem is by ablation of the tumor. Patients har-
boring a JG cell reninoma have a particularly good prognosis.
In greater than 90% of cases, reninoma-associated hyperten-
sion is smoothly and completely reversed by surgical resection
of the tumor. In most of the remaining cases, only mild hyper-
tension persists, perhaps due to secondary organ damage, and
can be managed by standard therapy. As JG cell tumors are
benign, there have been no reported cases of metastases or
recurrence after surgery.

PHARMACOLOGIC BLOCKADE

Several aspects make renin an ideal target for pharmaco-
logic blockade. First, renin is limiting in the activity of the
RAS, so its inhibition should be achievable and effective in
blocking the generation of angiotensins. Second, although
Ang I can be metabolized by alternate pathways (see Figure
8–1), renin is the only enzyme that can generate Ang I in
vivo, as demonstrated by the inactivation of renin in mice,31

making it the “gatekeeper” for activity of the RAS. Third,
because renin has only one known substrate, angiotensino-
gen, a specific renin inhibitor would presumably only block
the RAS and would thus have a low likelihood of side
effects. Nevertheless, as of this writing there are no renin
inhibitors approved for clinical use, presumably due to the
high cost of synthesis, problems with bioavailability, and the
obvious success of competitor classes of drugs. Would
development of such an inhibitor be advantageous? Limited
research has suggested that renin inhibitors might be more
effective in lowering Ang II than ACE inhibition,46 and there
is the possibility that they could be used in combination
with other RAS inhibitors to achieve more effective BP con-
trol. It therefore seems likely that the development of this
new class of drugs will continue.

SUMMARY

Renin modulates fluid balance and BP through its key role in
controlling the activity of the RAS. Although measurement of
renin activity and assessment of mutations in the genes
encoding renin and other components of the RAS have not
proven to be useful in the management of hypertension to
date, understanding the factors that regulate the production
and release of renin may be important in tailoring effective
therapy. The future development of specific renin inhibitors
may allow a more effective targeting and inhibition of the RAS
in the treatment of cardiovascular disorders.
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95Chapter 9

The renin-angiotensin system (RAS) is an important pathway
that regulates blood pressure (BP)1 and sodium/water home-
ostasis.2 Angiotensin-converting enzyme (ACE) is a key com-
ponent of the RAS. It is responsible for converting the
inactive decapeptide, angiotensin I (Ang I), to the biologic
active octapeptide angiotensin II (Ang II), as well as inacti-
vating the vasodilator bradykinin.3 Ang II is thought to be
responsible for most of the physiologic and pathophysiologic
effects of the RAS.

In mammals ACE occurs as two isoforms that are produced
from a single gene with alternate splicing:

1. A somatic form (sACE), which is a type I integral mem-
brane glycoprotein and which is widely distributed in
many endothelial cells in variety of tissues, including the
heart4 and kidney and in the epithelial cells of proximal
tubules,5 small intestine6 and a variety of neuronal cells in
the brain.7 This enzyme is anchored through the cell mem-
brane and has a short intracellular extension with the
major extracellular portion containing two duplicate
domains, each containing a catalytic site.

2. A testicular form (germinal ACE or gACE) that is smaller
as it only contains the C-terminal domain of somatic ACE
and has only a single catalytic site. gACE is only expressed
in differentiating male germinal cells,8 and studies of ACE
gene deletion in animal models have demonstrated a
strong association with reduced fertility in males.9

3. A soluble form, which is formed in many body fluids,
including the plasma and which arises from proteolytic
cleavage, by a membrane “secretase”10 at the membrane
anchor of somatic ACE. Plasma ACE is catalytically active.

Gene deletion studies have shown that mice lacking endothe-
lial ACE but having normal plasma ACE are unable to main-
tain normal BP, particularly when stressed by a low-salt diet,
thus suggesting the functional primacy of the tissue RAS.11,12

Twenty years after the introduction of specific inhibitors of
ACE, the ACE inhibitors or “prills” have been established as
preferred treatment for cardiovascular and renal disease (see
Chapter 35). However, the classical view of the RAS has been
challenged due to the discovery of other enzymes and
angiotensin peptides that have been shown to have biologic
activity and physiologic importance.

ANGIOTENSIN-CONVERTING ENZYME 2

Structure
Angiotensin-converting enzyme-related carboxypeptidase
(ACE2), has been shown to cleave Ang I at different sites
from ACE and to convert Ang II to angiotensin-(1-9)

(Ang-[1-9]).13,14 Analysis of the genomic sequence for
ACE2 has shown that this gene contains 18 exons and
maps to chromosomal location Xp22.13 ACE2 is an 805
amino acid protein with a transmembrane domain (amino
acids 740-763) and a single catalytic domain (amino acids
147-555) and has been classified as a metalloprotease due
to its single HEXXH zinc-binding consensus (amino acids
374-378)14 and its inhibition by EDTA.13 Unlike ACE, ACE2
functions as a carboxypeptidase.15 ACE2 has 60% homology
with the testicular ACE isoform and 42% homology with
somatic ACE at the metalloprotease catalytic domain13,14

but differs from ACE in having only one enzymatic site.
In humans ACE2 transcripts have been identified in the

heart, kidney, testis,13,14 gastrointestinal tract, brain, and
lung.16 Preliminary data have also localized ACE2 to the retina
(Tikellis C, Johnston CI, unpublished data), suggesting more
ubiquitous expression than initially thought (Figure 9–1).

Physiologic Function
The full physiologic functions of ACE2 are yet to be eluci-
dated. To date it has been shown that recombinant ACE2
hydrolyses the carboxy terminal leucine from Ang I to gener-
ate Ang-(1-9)13,14 and also cleaves the C-terminal residue of
the peptides des-Arg9-bradykinin, neurotensin 1-13, and
kinetensin.14 Tipnis et al. showed that ACE2 was also able to
cleave Ang II, resulting in its degradation to the vasodilator
angiotensin-(1-7) (Ang-[1-7]).13 In vitro studies showed that
the catalytic efficiency of ACE2 is greater with Ang II as a sub-
strate than with Ang I,15 thus indicating that in the RAS the
major role for ACE2 is probably the conversion of Ang II to
Ang(1-7) (Figure 9–2). (See Chapter 10 for a more complete
discussion of Ang-[1-7].)

Ang-(1-7) plays an important role in RAS as it counteracts
most actions of Ang II (i.e., it has been shown to have
vasodilator actions,17-22 diuretic and natriuretic effects,23

antiangiogenic action,24 antithrombotic action,25 and
antiproliferative effects on vascular smooth muscle26). The
biologic actions of Ang-(1-7) are not mediated via AT1 or AT2
receptors, and binding experiments have described specific
Ang-(1-7) receptors.18,27 With the use of knockout mouse
technology, the mas protooncogene, a seven hydrophobic
transmembrane domain protein that was previously
described as an orphan G protein coupled receptor, was
identified as a potential Ang-(1-7) receptor.28 Further-
more, studies in mas-deficient mice confirmed that the
Ang (1-7) receptor was expressed in the kidney and that Ang-
(1-7) had an antidiuretic effect and a vasodilator effect on
aortic rings. Ang-(1-7) undergoes further processing by ACE,
which cleave two more amino acids at the C-terminal, result-
ing in Ang-(1-5)14 and Ang-(3-5),29 whose actions remain
unknown.

Angiotensin-Converting Enzymes: Properties
and Function
Chris Tikellis, Colin I. Johnston
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ACE2 is not inhibited by classical ACE inhibitors such as
captopril and lisinopril.13,14 Potent (picomolar range) and
selective inhibitors of ACE2 have been designed and synthe-
sized,30 which will greatly assist in elucidating the physiologic
roles of ACE2 in vivo.

A preliminary insight into the physiologic roles of ACE2
was gained when Crackower et al. constructed ACE2 mutant
mice.31 They showed that deletion of ACE2 in these mice
resulted in increases in the angiotensin peptides Ang I and
Ang II in heart and kidney, implicating ACE2 as an important
regulator of a number of angiotensins, including Ang I, Ang
II, Ang-(1-9), and Ang-(1-7). Interestingly, BP was not altered
in the ACE2 null mice even after the addition of the ACE
inhibitor captopril. Most importantly, they demonstrated that
ACE2 is essential for normal cardiac development, as deletion
of the ACE2 gene in this mouse model resulted in cardiac con-
tractile dysfunction. Furthermore, the loss of ACE2 induced
the hypoxia-regulated genes, Bcl2/adenovirus EIB 19kD-
interacting protein 3 (BNIP3) and plasminogen activator

inhibitor-1 (PAI-1), in the heart. Crackower et al. postulated
that loss of ACE2 from the vascular endothelial cells resulted
in constriction of the coronary vessels and thus reduced
oxygen delivery to the myocytes.31

Other studies have provided further evidence implicating
ACE2 in cardiovascular function. Ang-(1-7) formation has
been reported to be increased in failing human hearts. A study
by Zisman et al. examined Ang-(1-7) formation in human
hearts and confirmed with the use of specific inhibitors that
Ang-(1-7) formation was attributable to ACE2.32 This is con-
sistent with the hypothesis that ACE2 may have a cardiopro-
tective role in damaged tissue, as in heart failure. In another
study, ACE2 transgenic mice were generated that expressed a
specific increase in cardiac ACE2.33 These mice died from ven-
tricular tachycardia and terminal ventricular fibrillation. They
overexpressed ACE2 and had down-regulated gap junction
proteins, connexin40 and connexin43, which are postulated to
account for the electrophysiologic disturbances. The authors
suggested that ACE2 may be important for certain aspects of
ventricular remodeling. Additional evidence implicating
ACE2 in cardiac function is provided by another study that
showed increased Ang-(1-7) formation via increased cardiac
expression of ACE2 in cardiac membranes from persons with
various forms of heart failure.32 Thus, a number of studies
provide evidence to implicate ACE2 as an important compo-
nent of the RAS, particularly in the heart. It is postulated that
this enzyme may counterbalance the actions of ACE by con-
verting Ang II, a potent vasoconstrictor, to Ang-(1-7), a
vasodilator (see Figure 9–2).

ACE2 has been characterized in the kidney in a rodent
model of type 1 diabetes mellitus. Previous studies in this
model demonstrated that ACE is down-regulated in the
tubules but up-regulated in the glomerulus of the diabetic
kidney.34 This redistribution has also been observed for ACE2.
Treatment with an ACE inhibitor normalized the distribution
of ACE and ACE2 protein,35 suggesting that ACE2 may have a
renoprotective role in diabetes.
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Thus early studies provide evidence that implicates ACE2
as an important component of the RAS, as it counterbal-
ances the actions of ACE by competing for and inactivating
Ang II, a potent vasoconstrictor, generating Ang-(1-7), a
vasodilator. Furthermore, the beneficial effect of ACE
inhibitors may be due in part to the fact that these inhibitors
do not inhibit ACE2.

ACE POLYMORPHISMS

With the discovery of polymorphisms in the ACE gene there
was great excitement about a possible association between
ACE gene polymorphisms and some diseases. The most
intensely studied of these polymorphisms was the biallelic
ACE insertion/deletion (I/D) polymorphism, defined by the
presence of an extra 287 base pair sequence inside intron 16 of
the ACE gene (insertion or “I”) or the absence of these extra
base pairs (deletion or “D”). Inheritance of the I/D polymor-
phism follows Mendelian principles, with 25% of the popula-
tion homozygous for the DD genotype, 25% homozygous for
the II genotype, and 50% heterozygous for the DI genotype.
Even though the ACE I/D polymorphism is in an intronic
region of the ACE gene it is still responsible for at least half of
the phenotypic variance observed in serum ACE levels.36 The
D genotype is strongly associated with increased plasma or
serum ACE levels. Persons homozygous for deletion (DD) dis-
play the highest ACE values; those homozygous for insertion
(II), the lowest ACE values; and those heterozygous (I/D),
intermediate values.37 Although persons with the ACE DD
genotype have high ACE levels, their Ang I and Ang II levels
are not elevated.38,39

Ethnic origin is also a determining factor in serum ACE
activity. Caucasians with the ACE DD allele, have a greater
vasodilator response to bradykinin than African Americans
with ACE DD allele.40 There are differences in serum ACE
activity among ACE genotypes in Caucasians, but not in
African Americans or African Caribbeans.41-43

The possible association between the ACE I/D polymor-
phism and cardiovascular disease remains controversial.
Initially, small studies showed an association between the ACE
DD genotype and cardiovascular disease. Later, larger and
better-conducted trials showed no association. Some of the
positive associations that have been identified appear only in
certain ethnic groups and in subsets of patients. For example,
a correlation was demonstrated between the ACE DD geno-
type and left ventricular hypertrophy (LVH) in a group of
untreated hypertensive subjects, who had an increased risk of
LVH .44 In a meta-analysis, a positive association was demon-
strated between the ACE DD genotype and common carotid
artery intima-media thickness (IMT).45 Initial studies also
showed a positive correlation between the ACE DD genotype
and myocardial infarction (MI).46 However, more recent
larger studies failed to confirm this association and did not
demonstrate an increased risk of cardiovascular disease with
the DD genotype.47

The relationship of the ACE DD genotype to other disor-
ders such as diabetic nephropathy has also been closely exam-
ined. Meta-analyses of studies in type 1 and type 2 diabetic
subjects demonstrated that the ACE DD genotype was
significantly associated with diabetic nephropathy.48,49 Similar
studies have been carried out in many populations and in

many ethnic groups, and a number of these have found no
association between ACE genotype and nephropathy.50,51 The
mixed results may in part be explained by ethnic differences in
the frequency of the D allele, although even within individual
ethnic groups, the results of studies are conflicting.

Circulating levels of Ang II are different from levels found
in tissues, and can make a pronounced contribution to vaso-
constriction in tissue. Increased ACE activity has been
observed in hearts of ACE DD persons,52 and ACE mRNA
levels were found to be increased in left ventricular tissue
from heart failure patients with the ACE DD genotype.53,54 It
appears that the increased levels of ACE mRNA may be
cell/tissue specific, as no association of ACE mRNA with
ACE I/D genotype was observed in human atria.55,56

Therefore, increased ACE mRNA expression may be tightly
regulated and site specific, providing another possible reason
for the conflicting nature of data from studies assessing ACE
polymorphism in association with coronary heart disease
(CHD) and LVH. Thus, the observation that tissue ACE
mRNA levels are increased in association with the ACE DD
allele warrants that future studies examining an association
between the ACE DD allele and cardiovascular disease
should measure tissue levels of ACE mRNA and activity as
well as serum ACE activity.

The ACE I/D polymorphism may have a more important
role as an indicator of patient responsiveness to standard ACE
inhibitor therapy. In particular, the ACE I/D polymorphism
may help identify patient groups who fail to respond to ACE
inhibitor therapy. For example, patients with the DD genotype
have been shown to be three times less likely to respond to
ACE inhibitor therapy than patients with the II genotype.57

For the moment there are insufficient data to make a firm
conclusion about the role of the ACE I/D polymorphism as an
accurate and reliable indicator of ACE inhibitor responsive-
ness in patients.

Genes encoding for other components of the RAS, such as
the M235T polymorphism of the angiotensinogen gene and
the A1166C polymorphism of the angiotensin II type I (AT1)
receptor gene, have also been implicated in cardiovascular
and renal disease. Patients with the M235T polymorphism
have been shown to have elevated ACE and angiotensinogen
levels58,59 and tend to exhibit hypertension59 although no
relationship with hypertension was seen in some studies.60

However, data are conflicting on whether there is an associa-
tion with cardiovascular and renal disease.59,61-64 Among
studies examining the association of the A1166C polymor-
phism of the AT1 receptor with cardiovascular and renal dis-
ease, some have shown a positive correlation,65,66 whereas
others have not.67,68

SUMMARY

The conflicting nature of the evidence to date emphasizes that
any simple genetic variant is unlikely to have more than a
minor impact in genetically complex conditions such as
hypertension and cardiovascular or renal disease. In addition,
the ACE I/D polymorphism is located in an intron, and the
true loci that regulate ACE activity are still undefined. Thus it
is highly likely that many interactions between genes and the
environment all contribute to initiation and/or progression of
cardiovascular and renal disease.
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100 Chapter 10

Angiotensin-(1-7) (Ang-[1-7]) is the first amino-terminal
angiotensin peptide product identified as possessing biologic
actions. From this observation, new concepts regarding the
regulation of cardiovascular function by the renin-angiotensin
system (RAS) have evolved. The actions of Ang-(1-7) are as
diverse as those of Ang II, including activation of a variety of
vasodilator systems to oppose the actions of Ang II. There is
strong evidence for a role of endogenous Ang-(1-7) in the con-
trol of blood pressure during states with prolonged activation
of the RAS as a result of actions on at least one novel receptor
[AT(1-7)] as well other potential sites. In this chapter, we update
the information available for the role of this peptide in the
regulation of renal function.

In setting the stage for interpretation of the findings pre-
sented on the pleiotropic nature of the RAS, it is important to
recognize that a variety of peptide systems express numerous
biologically active C- and N-terminal metabolites. Responses
to peptide fragments exhibit complex relationships with
respect to the major actions of the parent peptides, with both
similar and dissimilar actions noted for substance P, opioid,
and vasopressin systems.1-4 Indeed, extensive studies of the
opiate and tachykinin systems reveal a family of receptors
linked to different responses in different tissues.5-10 For many
of these peptide systems, the C-terminal metabolites retain
the majority of the actions of the parent peptide, although
they may have reduced affinity for binding at the receptor.11-14

On the other hand, N-terminal metabolites for substance P
(tachykinin), bradykinin, and vasopressin systems, which
exist as peptides with a C-terminal proline,3,12,15-18 may act as
physiologic or pharmacologic antagonists. There is down-
regulation/desensitization of the NK1 receptor by substance
P-(1-7),16,19 even though this peptide has low affinity for the
NK1 receptor.19 There are reports that weak agonists cause
down-regulation of the serotonin,20 parathyroid,6 and
endothelin21 systems by a mechanism independent of recep-
tor internalization. With these concepts in mind, there are
striking parallels among other peptide systems and the RAS.
Our initiation of the study of the N-terminal metabolite of
Ang II nearly 15 years ago led to the recognition that many of
the same features that are well accepted for other peptide sys-
tems may also be true for the angiotensin peptides and will be
highlighted in this chapter.

FORMATION AND METABOLISM
OF ANG-(1-7) IN THE KIDNEY

Ang-(1-7) is present in the circulation and in various tissues
including the kidney22-24 at levels comparable to those of Ang
II. Levels of the peptide in plasma, renal tissue, and urine are
altered during physiologic or pathophysiologic conditions
including those associated with changes in sodium and

volume (hypertension, low- and high-salt diets). Emerging
evidence also supports the concept of an intrarenal
angiotensin system distinct from the circulating RAS,25 with
concentrations of Ang peptides in proximal tubular fluid,26,27

isolated glomeruli,28 interstitium,29 and renal tissue24,30-32 gen-
erally exceeding those of the circulation. Indeed, renin and
angiotensinogen mRNA are present in JG cells, and proximal
and distal tubules.33-37 Ang-(1-7) exists within the tubular
regions throughout the kidney as shown in Figure 10–1.38

The enzymes responsible for metabolism of the Ang pep-
tides are distinct in pulmonary and renal tissues.22

Processing pathways in the circulation, where Ang II is the
predominant peptide by ~twofold, appear to employ the
endopeptidase neprilysin as the major activity forming Ang-
(1-7) from Ang I.39 Ang-(1-7) is the primary product formed
in preparations of isolated proximal tubules and exists in
urine at ~fivefold higher levels than Ang II.40 In the kidney,
Ang-(1-7) can be formed directly from either Ang I or Ang
II. Figure 10–2 illustrates schematically the pathways for for-
mation and metabolism of Ang-(1-7) in this tissue. Several
endopeptidases present within renal vascular and tubular
tissue have the capacity to form and metabolize Ang-(1-7).41

Neprilysin may contribute to the formation as well as the
degradation of the peptide.22,42,43 Neprilysin cleaves Ang I to
Ang-(1-7) and Ang-(1-7) to Ang-(1-4). Neprilysin inhibitors
augment the urinary levels of Ang-(1-7) in human and rat.44-46

ACE also directly metabolizes Ang-(1-7) to Ang-(1-5).
Significant urinary excretion of Ang-(1-7) occurs in both
rats and humans,24,44-46 and chronic ACE inhibitor treatment
that lowers blood pressure and stimulates diuresis is associ-
ated with enhanced excretion of Ang-(1-7) in both nor-
motensive and hypertensive rats.45,46 The in vivo clearance of
Ang-(1-7) is reduced sixfold with the ACE inhibitor lisino-
pril, which, depending upon the species (rat, dog, or
human), may involve either the N-terminal or C-terminal
catalytic domains of ACE.47,48 Recent studies reveal that a
homolog of ACE termed ACE249,50 (distinct from the ACE.2
knockout model developed by Bernstein and colleagues51,52)
exhibits carboxypeptidase activity cleaving a single amino
acid residue at the carboxy terminus. ACE2 is not inhibited
by ACE inhibitors. ACE2 was originally reported to cleave
Ang I to Ang-(1-9),49,50 but recent kinetic studies suggest
that the conversion of Ang II to Ang-(1-7) is preferred.53

ACE2 expresses the highest efficiency (kcat/Km) among Ang-
(1-7)–forming enzymes with a 500-fold greater kcat/Km for
Ang II as compared with Ang I. Ang II, apelin-(1-13), and
dynorphin A share a kcat/Km ranging from 1800 to 2900 mM−

1sec−1, kinetics with at least an order of magnitude greater
than for Ang I or [des-Arg9]-bradykinin (BK 1-8). ACE2,
like ACE, exists in both soluble and membrane-associated
forms with the highest densities in the kidney, heart, gut,
and testes.49

Angiotensin-(1-7)
Debra I. Diz, Mark C. Chappell, E. Ann Tallant, 
Carlos M. Ferrario
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Differential and independent regulation of the formation of
Ang-(1-7) and Ang II is reported in the kidney during ischemia
and in hypertensive animals during changes in dietary sodium
intake. In rats undergoing acute unilateral ischemia and subse-
quent reperfusion, increases in Ang II are not accompanied by

increases in Ang-(1-7).24 In hypertensive animals maintained
on low- and normal-salt diets differential changes in levels of
the two peptides also occur.30,46,54 In fact, Ang-(1-7) appears to
contribute to maintenance of normal pressure during periods
of salt restriction and the accompanying increase in Ang II lev-
els in the circulation.30 In salt-sensitive hypertension in the
female mRen.2.Lewis congenics, there is increased ACE and a
reduction in ACE2 in the kidney,55 providing initial evidence
that salt-sensitive hypertension may result from a deficit in for-
mation of Ang-(1-7), as well as an increase in Ang II. In fact,
during omapatrilat treatment of salt-sensitive hypertensive
patients, this combined NEP and ACE inhibitor increases lev-
els of Ang I and Ang-(1-7) dramatically.45 In spontaneous
hypertensive rats omapatrilat treatment is associated with sus-
tained increases in Ang-(1-7) and a pronounced water diuresis,
without increases in Ang II.56 Furthermore, increased expres-
sion of ACE2 is seen in the proximal tubules of treated kidneys,
which may contribute to the expression of Ang-(1-7) in this
cortical area.57 Studies in the ACE2 knockout mouse illustrate
the importance of this enzyme in regulation of RAS, because
higher circulating and tissue levels of Ang II occur.58

Spontaneously hypertensive rats (SHR) and the Sabra salt-
sensitive rats exhibit reduced mRNA levels and protein expres-
sion of ACE2.58 Moreover, ACE2 maps to a QTL region on
chromosome 10 known to be highly associated with the hyper-
tensive phenotype.58 Indeed, the results of these studies suggest
that dysregulation of these two enzymatic systems (ACE and
ACE2) may lead to altered levels of Ang II and Ang-(1-7). At
the present time, little is known about the regulation of ACE2
and its role in hypertension and other cardiovascular patholo-
gies. We would propose that the balance of ACE and ACE2 may
serve to regulate the expression of Ang II and Ang-(1-7) in the
kidney.

Angiotensinogen

Ang I
ACE2

Renin

EPsACE

ACE2

EPs

ACEEPs

Ang-(1–9)

Ang-(1–7)

Ang-(1–5)

Ang II

Ang-(1–4)

FFigure 10–1 Localization of Ang-(1-7) immunoreactivity in the kidney. Photomicrographs of SHR kidney sections showing
immunostaining for Ang-(1-7) at 10× in the left panel and 100× in the right panel. Staining is densest in the tubules.

Figure 10–2 Processing pathways for formation and
metabolism of Ang-(1-7) in the kidney. Once formed from
angiotensinogen by renin, angiotensin (Ang) I can be
processed to Ang II or Ang-(1-7) by the pathways shown.
The major endopeptidases (EPs) involved in formation of
Ang-(1-7) from Ang I or Ang-(1-9) in the kidney include
neprilysin, prolyl endopeptidase, and thimet
oligopeptidase.41 The critical positions of converting enzyme
(ACE) and its recently identified homolog ACE2 with respect
to reciprocal formation and metabolism of Ang II and Ang-
(1-7) underscore the importance of studies aimed at
determining the contribution of each enzyme during normal
physiology and pathophysiology.
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INTRARENAL ACTIONS OF ANG-(1-7)

As illustrated previously, the presence and independent regu-
lation of Ang II and Ang-(1-7) in kidney supports the concept
of important and divergent actions for the two peptides with-
in this organ. For Ang II, the actions include potent, but dif-
ferential, constriction of diverse segments of the renal
microvasculature as well as retention of sodium and water
through stimulation of various transporters in the proximal
epithelium. For Ang-(1-7), most actions are in opposition to
those of Ang II. Ang-(1-7) infusions into the renal artery lead
to diuresis and natriuresis accompanied by modest increases
in glomerular filtration rate (GFR).59-64 Ang-(1-7) induces
dilation of preconstricted afferent arterioles.65 Ang-(1-7) and
Ang-(3-7) are potent inhibitors of Na+,K+-ATPase activity in
isolated convoluted proximal tubules and the renal cor-
tex.60,66,67 Actions at the Na+/H+ exchanger may also occur.68

Ang-(1-7) stimulates transcellular flux of sodium in renal
tubular epithelial cells, which is associated with activation of
phospholipase A2.

69 Furthermore, inhibition of sodium trans-
port by Ang I is markedly potentiated by captopril suggesting
either a shift in processing pathways to Ang-(1-7) or reduced
metabolism of the peptide in the proximal tubules of the kid-
ney. The vasopeptidase inhibitor omapatrilat produces a
chronic and pronounced diuresis associated with large increas-
es in urinary excretion of Ang-(1-7) and enhanced immuno-
cytochemical staining of the peptide as well as ACE2 in the kid-
ney of the SHR.55,56 That the diuresis consists of dilute urine is
consistent with the localization of the Ang-(1-7) in all seg-
ments of the renal tubules.56 The recent observations that the
peptide may regulate aquaporin 1 in the proximal tubule70 also
reveal the potential of Ang-(1-7) as a key regulator in the con-
trol of water handling within the kidney.

Renal actions of Ang-(1-7) and Ang II are also comparable
in several situations. In perfused straight proximal tubules,
peritubular application of Ang-(1-7) displays biphasic effects
on bicarbonate transport—a low concentration (10−12 M)
stimulates transport, whereas higher levels (10−8 M) inhibit
absorption—similar to what is seen with Ang II.68

Intratubular application of Ang-(1-7) stimulates transport in
the loop of Henle, but does not affect reabsorption in either
the proximal or distal tubule.71 The lack of an effect may result
from the high luminal concentrations of Ang-(1-7) in the
proximal or distal segments of the tubule. This would be sim-
ilar to what occurs with Ang II where application of an AT1
antagonist or ACE inhibitor attenuates basal reabsorption in
the proximal tubule, but there is no additional effect of adding
Ang II.72 In fact, the natriuretic effects of high doses of Ang II
may be due to the conversion of Ang II to Ang-(1-7) at the
epithelial surface of the proximal tubule to functionally
oppose the AT1-dependent actions of Ang II. In water-loaded
Wistar rats administration of Ang-(1-7) promotes an antidi-
uretic action.73,74 Ang-(1-7) stimulates water transport in col-
lecting duct tubules suggesting a site of action for Ang-(1-7),
but the cellular mechanisms have not been defined.75 Finally,
Ang-(1-7) stimulates ouabain-insensitive Na+-ATPase activity
in the ovine renal cortex, but inhibits Ang II–dependent stim-
ulation of this ATPase.76,77 Burgelova et al.78 showed that
intrarenal administration of Ang-(1-7) produced natriuresis
and blocked the antinatriuretic actions of Ang II. Ang-(1-7)
did not attenuate the reduction in GFR or the increase in renal
perfusion pressure associated with Ang II; however, it is simi-

lar to what was reported by Handa et al.60 Finally, the renal
actions of Ang-(1-7) also include an increase in oxidative
stress markers such as thiobarbituric acid reactive species
(TBARS), an indicator of lipid peroxidation, accompanied
by a decrease in reduced glutathione as well as superoxide
dismutase and glutathione peroxidase activities.79 Together
these studies emphasize the complexity of the actions and
interactions of Ang-(1-7) and Ang II. Thus, the overall state of
activity of the RAS and site(s) of the nephron exposed to the
peptides clearly influence the ultimate physiologic action
observed.

The cellular mechanisms responsible for actions of Ang-(1-7)
in the kidney most likely involve mobilization of arachidonic
acid and its subsequent processing through pathways yielding
vasodilator and natriuretic products. The in vivo depressor
response to Ang-(1-7) in the pithed rat was first shown to be
dependent upon cyclooxygenase pathways.80 Infusion of Ang-
(1-7) into isolated rat kidneys causes an increase in prostacyclin
in both the urine and the perfusate.61 A renal source of circulat-
ing prostaglandins may in fact participate in the lowering of
blood pressure produced by Ang-(1-7). Ang II infusions are
associated with activation of prostanoid pathways within the
kidney, and in the presence of thromboxane and AT1 receptor
antagonists, a blood pressure lowering effect is seen due to
renal release of prostanoids.81

The natriuretic and diuretic actions of Ang-(1-7) in the per-
fused kidney are associated with increased levels of prostacy-
clin that are attenuated by the cyclooxygenase inhibitor
indomethacin.61 Ang-(1-7) infusion into SHR caused diuresis
and natriuresis during the early days of infusion, concomitant
with increases in urinary prostaglandins measured.82 In hyper-
tensive rats treated with lisinopril and losartan, indomethacin
causes increases in blood pressure similar to those produced
by an antibody to Ang-(1-7) or a neprilysin inhibitor and
the treatments are not additive, suggesting that vasodilator
prostaglandins mediate the effects of Ang-(1-7) in
lisinopril/losartan-treated rats. Ang-(1-7) stimulates arachi-
donic acid release and inhibits transcellular sodium transport
in renal tubular epithelial cells69 and blocks the Ang II–
stimulated Na+-ATPase activity in the proximal tubule.77 Low
picomolar doses of Ang-(1-7) stimulate phosphatidylcholine
incorporation in the renal cortex, providing a potential mech-
anism for supply of the arachidonic acid substrate83; however,
there is no evidence for activation of phospholipase C by Ang-
(1-7) in kidney.84,85 Ang-(1-7)–dependent inhibition of
ouabain-sensitive rubidium (Rb86) influx selectively activates
the proximal epithelial cytochrome P450 (CYP450) system in
isolated tubules to augment sodium excretion.40,86 This con-
trasts with the stimulation of the vascular CYP450 system by
Ang II to produce potent vasoconstrictors.87-89 Cyclooxygenase
products do not appear to play a role in this effect.86

An important concept generated by work over the past 5
years is that increased Ang-(1-7) levels may contribute to the
actions of ACE inhibitors. On the basis of knowledge that
ACE is a major factor in the clearance and metabolism of
Ang-(1-7), early studies revealed that, in animals and patients,
~fivefold increases in circulating levels of Ang-(1-7) occur
during chronic ACE inhibition. In agreement with these
studies, patients chronically treated with the ACE inhibitor
captopril have increases in plasma concentrations of prosta-
cyclin with no significant effect on plasma concentrations of
Ang II.90 Blockade by the Ang-(1-7) receptor antagonist
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D-[Ala7]-Ang-(1-7) or sequestration of the peptide with a
specific monoclonal antibody reverses the blood pressure low-
ering actions of an ACE inhibitor alone or when combined
with the AT1 antagonist losartan.54,91,92 Interestingly, the Ang-
(1-7) receptor antagonist also reverses the blood pressure
effects of treatment with losartan alone in the SHR; however,
the Ang-(1-7) neutralizing antibody or the neprilysin
inhibitor does not reverse the effects on blood pressure to the
same extent.92 These data suggest that the high levels of Ang II
following chronic AT1 receptor blockade due to disinhibition
of renin release may spill over to an Ang-(1-7) receptor site to
stimulate prostaglandin release.92 Indeed, high resolution
autoradiography revealed competition for Ang-(1-7) sites in
the mesenteric artery or the aorta by [D-Ala7]-Ang-(1-7), Ang
II and Ang-(1-7)—all assays were performed in the presence
of AT1(losartan) and AT2 receptor (PD123319) antago-
nists.91,92 Together these results suggest that Ang-(1-7) and
prostacyclin may account for up to 30% of the antihyperten-
sive actions of ACE inhibition and AT1 receptor blockade.

RECEPTORS RESPONSIBLE FOR ACTIONS
OF ANG-(1-7) IN THE KIDNEY

Accumulated evidence, discussed subsequently, suggests that
there are several mechanisms by which Ang-(1-7) produces its
actions.14,93 At least three potential mechanisms have been iden-
tified to account for these actions (Figure 10–3). These include
(1) activation of antihypertensive systems (prostaglandins, nitric
oxide) by actions at a novel non-AT1/AT2 receptor [AT(1-7)] that
are blocked by [D-Ala7]-Ang-(1-7); (2) actions of Ang-(1-7)
that are blocked by AT1 or AT2 receptor antagonists in addition
to [D-Ala7]-Ang-(1-7); and (3) Ang-(1-7)–induced homolo-
gous or heterologous down-regulation or desensitization of
classic AT1 receptors.

1. Activation of antihypertensive systems (prostaglandins,
nitric oxide) by actions at a novel non-AT1/AT2 receptor
[AT(1-7)] that are blocked by [D-Ala7]-Ang-(1-7) (see
Figure 10–3, First Panel). Many of the actions of Ang-(1-7)
are blocked by the nonselective potent peptide antagonist,

[Sar1-Thr8]-Ang II and sarcosine analogs of Ang II com-
pete for Ang-(1-7) receptors in endothelial cells, whereas
the AT1 or AT2 selective antagonists do not. [D-Ala7]-Ang-
(1-7) selectively antagonizes several of the actions of
Ang-(1-7), but not those of Ang II.94 Non-AT1/AT2 recep-
tor binding for Ang-(1-7) is reported in human skin
fibroblasts,95 canine coronary artery endothelium,14 the
mesenteric vasculature,96,97 rat thoracic aorta,98 and in rat
thoracic aortic vascular smooth muscle cells (VSMC) in
culture.99 The response to an intravenous infusion of [Sar1-
Thr8]-Ang II was tested in SHR given the combination of
lisinopril and losartan for 8 days, a treatment known to ele-
vate Ang-(1-7) in plasma.54,100 A pressor response was
observed of magnitude and characteristics similar to that
obtained by [D-Ala7]-Ang-(1-7), endogenous neutraliza-
tion of Ang-(1-7) with a monoclonal antibody, or an
inhibitor of Ang-(1-7) formation (neprilysin inhibitors).
Thus, in the presence of both AT1 (losartan) blockade and
ACE inhibition, interference with the actions of Ang-(1-7)
reverses the antihypertensive effect of the peptide, suggest-
ing that the vasodepressor effects of Ang-(1-7) during
the combined treatment are mediated by a non-AT1/AT2
angiotensin subtype receptor. This receptor is designated
as AT(1-7).

101,102 The fact that these actions of Ang-(1-7)
are manifest during ACE inhibition excludes interaction of
the peptide with ACE103,104 as the mechanism to account
for these responses.

Ang-(1-7) infusion transiently decreases blood pressure
in SHR and this effect is blocked by [D-Ala7]Ang-(1-7).105

Ang-(1-7) also causes a depressor response in salt-sensitive
Dahl rats that is blocked by [D-Ala7]Ang-(1-7).106 Ang-(1-7)
infusion increases release of prostacyclin and nitric oxide
and reduces thromboxane A2 levels, all of which are pre-
vented by pretreatment with the [D-Ala7]Ang-(1-7). Other
studies are consistent with the existence of an AT(1-7) recep-
tor in renal tissue.63,77,83 The in vivo actions of Ang-(1-7)
are attenuated by the antagonist [D-Ala7]-Ang-(1-7), but
not by the AT1 antagonist losartan.63,78 The natriuretic and
diuretic effects of Ang-(1-7) and actions on the afferent
arteriole are blocked by [D-Ala7]-Ang-(1-7), suggesting
that the renal actions of Ang-(1-7) encompass both tubular
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non-AT1/non-AT2
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[D-Ala7]-Ang-(1–7)
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Increase GFR
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Vasorelaxation
Down-regulation
of AT1 receptors

Biphasic effect on
renal fluid balance
Blood pressure reduction

Desensitization
Weak agonist/antagonist

Effects blocked by
AT1 or AT2

receptor antagonists and
[D-Ala7]-Ang-(1–7)

Ang-(1–7)

AT1 receptor
modulation

Ang II

=Ang-(1–7)

AT(1–7) ?AT1 AT1

PGE2 or PGI2
release

?AT2

↑PGI2
↑NO

FFigure 10–3 Schematic presentation of potential mechanisms for actions of Ang-(1-7).



and vascular binding sites that are non-AT1/AT2 receptors.
Intrarenal administration of D-[Ala7]-Ang-(1-7) to nor-
motensive rats elicits a fall in GFR, urine volume, and
sodium excretion, suggesting tonic activity of renal Ang-
(1-7) in these animals.78 In the afferent arteriole, Ang-(1-7)
exhibits potent vasodilator effects that are blocked by D-
[Ala7]-Ang-(1-7) and nitric oxide synthase inhibitors, but
not AT1 or AT2 antagonists.65 Actions of Ang-(1-7) to
inhibit Na+,K+-ATPase activity (86Rb uptake) in isolated
proximal tubules from normotensive rats,40 consistent with
natriuretic actions within the kidney, are blocked by D-
[Ala7]-Ang-(1-7), but not AT1 or AT2 antagonists.

These data provide overwhelming evidence that the
actions of Ang-(1-7) are mediated by a non-AT1/AT2
receptor. The unique AT(1-7) receptor is defined by its sen-
sitivity to Ang-(1-7), its antagonism by [Sar1-Thr8]-Ang II
and [D-Ala7]-Ang-(1-7), and its lack of response to losar-
tan or PD123319, either functionally or in competition for
binding. Importantly, data from Santos et al. reveal that
the mas receptor gene codes for an Ang-(1-7) binding
site.107 Studies in mas receptor–deficient mice indicate the
loss of 125I-Ang-(1-7) binding in the kidney of these ani-
mals. Functional assessments indicated the loss of vascular
responses to Ang-(1-7) as well as effects of the heptapep-
tide in the collecting duct.107 In addition, antisense
oligonucleotides or small interfering RNAs to mas pre-
vented responses to Ang-(1-7) (inhibition of mitogen-
stimulated MAP kinase activity), in conjunction with a
reduction in mas protein.108 These findings further sup-
port the presence of a unique receptor in kidney responsi-
ble for the majority of actions of the peptide.

2. Actions of Ang-(1-7) that are blocked by AT1 or AT2 recep-
tor antagonists in addition to [D-Ala7]-Ang-(1-7) (see
Figure 10–3, Second Panel). As with most peptide systems,
all of the actions of Ang-(1-7) cannot be attributed to acti-
vation of a single receptor. In fact, from the initial observa-
tion that Ang-(1-7)–released vasopressin from isolated
hypothalamo-neurohypophysial explants,109 many of the
early actions of Ang-(1-7) appeared to be similar to Ang II.
With identification of the Ang II receptor subtypes AT1 and
AT2 by both pharmacologic and molecular approaches, sub-
type selective antagonists were used to attempt to charac-
terize the actions of Ang-(1-7). The resulting pharmacolog-
ic data are far from clear. In addition to the actions of
Ang-(1-7) at the novel AT(1-7) receptor highlighted previ-
ously, several actions of Ang-(1-7) are similar to those of
Ang II or are blocked by AT1 or AT2 receptor antagonists.
Examples of these responses, which occur at low doses or
doses equivalent to Ang II, are found in several tissues, but
especially brain and kidney. Moreover, in both binding and
functional studies losartan and PD123319 compete for the
same subpopulation of sites.110-119

In the kidney, Handa et al. reported that Ang-(1-7)–
induced effects on oxygen consumption were due to actions
blocked in part by losartan and completely by Sar1Thr8-Ang
II.60 Baracho and coworkers120 reported that losartan and
[D-Ala7]-Ang-(1-7) each caused 100% inhibition of the
antidiuretic actions of Ang-(1-7) in isolated collecting
tubules or in whole animals, but that neither AT2 nor vaso-
pressin antagonists had any effect. However, Ang-(1-7) has
a poor ability to elicit vasoconstrictor or pressor responses
or compete for Ang II binding. Infusion of Ang-(1-7) into

the renal artery also does not antagonize the actions of Ang
II on renal blood flow or GFR.59-61 Thus, the actions of Ang-
(1-7) contrast with the potent vasoconstriction elicited by
Ang II through classic AT1 sites.

To better understand the pharmacology of the receptors
mediating the above responses, receptor-binding studies
were carried out in membrane preparations from rat kid-
ney. There was evidence for high affinity competition of
125I-[Sar1-Thr8]-Ang II binding by Ang-(1-7), which
accounted for 10% to 20% of the total binding in the rat
kidney (Figure 10–4). All of the binding was competed for
by losartan, but both PD123319 and [D-Ala7]-Ang-(1-7)
competed for 10% to 20% of the binding. Competition
with [D-Ala7]-Ang-(1-7) was not additive with Ang-(1-7),
suggesting that they compete for the same population of
receptors. Alternatively, the biphasic nature of the losartan
binding data suggest that losartan may discriminate
between a classic AT1 site and a second site that recognizes
Ang-(1-7), [D-Ala7]-Ang-(1-7), and possibly PD123319,
with high affinity. Further work by Garcia and Garvin68

concluded that the biphasic effects of Ang-(1-7) in prox-
imal tubules are inhibited primarily by losartan (80%);
however, these effects of Ang-(1-7) are also inhibited sig-
nificantly (40%) by the AT2 antagonist PD123319. Other
studies of low-dose Ang-(1-7) in proximal tubule prepa-
rations reveal that actions are blocked by [D-Ala7]-Ang-
(1-7)40,120; thus, the binding data in kidney tissue strong-
ly parallel the actions of Ang-(1-7) at a high affinity site.

104 Pathophysiology

120

100

80

60

40

20

0
–13 –12 –11 –10 –9 –8 –7 –6 –5

log [Ang-(1-7)] or [Los]

P
er

ce
nt

 s
pe

ci
fic

 b
in

di
ng

IC50(1) = 5.8�10–12 (31%)
IC50(2) = 1.2�10–8 (69%)
R2 = 0.994

Los

IC50(1) = 2.4�10–11 (19%)
IC50(2) = 1.6�10–7 (81%)
R2 = 0.993

Ang-(1-7)

125I-Sarthran Binding in Renal Medulla
Competition with Ang-(1–7) and Losartan

FFigure 10–4 Rat kidney membranes express high affinity for
both losartan and Ang-(1-7). In membranes prepared from the
renal medulla, as shown, or cortex of SD male rats (n = 3),
binding to the antagonist 125I-[Sar1,Thr8]-Ang II (0.2 nM) was
competed for by Ang II with an IC50 of 2 nM. Losartan (Los)
competed for essentially all of the binding in a biphasic
manner in the medulla. Competition by Ang-(1-7) also
revealed two sites, one of high (<1 nM; 20%) and one of low
affinity (0.2 μM; 80%). A similar percentage of binding was
competed for by 1 μM [D-Ala7]-Ang-(1-7) and variably by 
1 μM PD123319 (not shown). The competition by [D-Ala7]-
Ang-(1-7) was not additive with 50 nM Ang-(1-7) suggesting
that they both compete for the same high affinity site.



The aforementioned data are similar to what is reported
for cultured mesangial cells.115 In those studies, 125I-[Sar1]-
Ang II binding was displaced completely by losartan, a por-
tion (~20%) was competed for by PD123319 but not
CGP42112A, and a similar percentage of the binding (20%)
showed a reasonably high affinity (20 nM) for Ang-(1-7).
The relationship of the PD123319 component of the bind-
ing to the Ang-(1-7) component is not totally clear, because
additive effects of the Ang-(1-7) and the AT2 antagonists
were not tested. Another report also found both a typical
AT1 receptor which accounted for 80% of the 125I-Ang II
binding in renal tissue as well as a PD123319-sensitive,
losartan-sensitive component accounting for 20% of the
total binding.121 Ernsberger and colleagues115 designated
the novel binding site in the mesangial cells in culture an
AT1B in earlier publications to distinguish it from the clas-
sic AT1 receptor. This designation currently creates confu-
sion with the molecular AT1B receptor. Whether the
PD123319-sensitive effects represent a separate popula-
tion of AT2 receptors or overlap with the Ang-(1-7)– and
[D-Ala7]-Ang-(1-7)–sensitive component is not clear and
is the subject of ongoing investigations. However, a study
in whole animals showed that PD123319 and [D-Ala7]-
Ang-(1-7) each partially reverse the blood pressure lower-
ing effects of AT1 receptor blockade with losartan.122 The
effects of the two treatments were not additive, suggesting
overlapping mechanisms if not receptors.

Therefore, available functional data support actions of
Ang-(1-7) in the kidney through a losartan- and/or
PD123319-sensitive site that is also inhibited by [D-Ala7]-
Ang-(1-7). The receptor clearly does not fit the classical
AT1 receptor classification due to its recognition of Ang-
(1-7) and [D-Ala7]-Ang-(1-7), because Ang-(1-7) does
not activate phospholipase C.123 The fact that only a subset
(15%-20%) of the total losartan-sensitive receptors showed
high affinity for Ang-(1-7) suggests that either these recep-
tors are isoforms of the AT1 or AT2 receptors or the subtype
selective antagonists are capable of interacting with AT(1-7)
receptors. To begin to distinguish between these possibili-
ties, we reported residual 125I-[Sar1-Thr8]-Ang II binding
sites in AT1A deficient mouse kidney that are losartan
and/or PD123319 sensitive and also show high affinity for
Ang-(1-7) and [D-Ala7]-Ang-(1-7).124,125 That these sites
contribute to less than 20% of the sites in wild-type mouse
kidney, persist in the kidney of AT1A receptor knockout
mice, and now account for the majority of residual binding
reveals evidence for actions on a novel gene product. Data
by Santos and colleagues107 indicate the mas protein is
a [D-Ala7]-Ang-(1-7)–sensitive receptor. However, this
receptor does not recognize the presumed AT1 or AT2 selec-
tive antagonists. Alternately, we have evidence that expres-
sion of the AT1B receptor in VSMCs conveys an increase in
a PD123319-sensitive site with high affinity for Ang-(1-7)
and [D-Ala7]-Ang-(1-7).126 Interestingly, the pattern of dis-
tribution of AT1B receptors in kidney parallels the distribu-
tion of the actions and binding of Ang-(1-7).111-113,119,127

3. Ang-(1-7)–induced homologous or heterologous down-
regulation or desensitization of classic AT1 receptors (see
Figure 10–3, Third Panel). Regulation of receptors and
receptor-mediated responses occurs at a number of differ-
ent levels. These include regulation of the receptor by the
ligand itself (homologous regulation) or by unrelated sub-

stances (heterologous regulation). Homologous regulation
can be immediate and related to receptor internalization
and rapid decreases in receptor numbers. It can be pro-
longed and include changes in number or affinity of the
receptor through regulation at the mRNA and protein, or
through alterations in the cellular signaling pathways.
Desensitization or the functional uncoupling of the recep-
tor from its effector system is typically a result of agonist-
induced receptor phosphorylation.128-130

Reductions in AT1 receptor density in the presence of elevated
levels of Ang II may be due to receptor internalization.131,132

Prior exposure to Ang II also may result in a rapid desensitiza-
tion of cellular responses.128,129-135 However, the reduction in
the response to Ang II is not associated with changes in recep-
tor number or affinity and inhibiting internalization does not
prevent the desensitization. Acute and chronic exposure to ele-
vated Ang-(1-7) decreases AT1 receptors and AT1 receptor–
mediated responses in brain and kidney tissue and cells in
culture. The mechanism for the Ang-(1-7) effects is not likely
to be the result of direct pharmacologic antagonism (see next
paragraph). Ang-(1-7) may act as a weak agonist at the AT1
receptor to cause homologous receptor regulation, although
the duration or magnitude may be less than that seen with a
more potent agonist.20,21 Indeed, studies in VSMC or CHO-
AT1A cells indicate a direct effect of Ang-(1-7) at the AT1 recep-
tor, consistent with agonist-induced homologous down-regu-
lation.135,136 The response occurs rapidly, is present in cells
containing only AT1A receptors without any evidence for Ang-
(1-7) receptors, and may be accompanied by reduced activa-
tion of phospholipase C by Ang II.

In brain and peripheral tissues, the effects of ACE inhibitors
on AT1 receptors are variable, with decreases occurring in brain
and increases occurring in the vasculature.137,138-141 Because Ang
II is decreased only acutely with ACE inhibition, the variety of
responses indicates that factors other than Ang II contribute to
the regulation of the AT1 receptor. Termed heterologous regula-
tion, this is known to occur in addition to the aforementioned
ligand-mediated regulation.132 Ang-(1-7) activates cellular
mechanisms such as prostaglandin or nitric oxide release that
may result in acute physiologic antagonism of the response to
Ang II as indicated in the preceding sections. We propose that
these mediators also participate in the regulation of AT1 recep-
tors based on a series of findings in cells in culture or kidney
slices incubated with Ang-(1-7). Prostaglandins participate in
heterologous down-regulation of opioid receptors142 and sub-
stance P NK1 receptors.19 Nitric oxide decreases AT1 receptor
mRNA.143Short-term incubation of isolated kidney slices with
Ang-(1-7) results in a reduction in 125I-Ang II–labeled receptors.
This effect is reversed completely in the presence of meclofena-
mate and, at least in part, by [D-Ala7]-Ang-(1-7). Although Ang-
(1-7) is associated with down-regulation of the AT1 receptor
following these relatively short-term treatments, Neves et al.144

report that 24-hour treatment with Ang-(1-7) up-regulates AT1
mRNA in VSMCs isolated from the Akron strain of WKY and
SHR. This suggests that chronic exposure to Ang-(1-7) may alter
the expression of the AT1 receptor in a strain-specific manner.
The physiologic relevance of these in vitro studies is underscored
by the additional findings that WKY rats infused for 2 weeks
with Ang-(1-7) have a reduction in Ang II–stimulated release of
prostacyclin (Figure 10–5) as well as reduced pressor responses
to exogenous Ang II.145
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At concentrations 1000-fold higher than that of Ang II, Ang-
(1-7) does not antagonize Ang II–dependent vasoconstriction
in the rat kidney.60 However, high concentrations of Ang-(1-7)
bind to the AT1 receptor and either stimulate AT1-like responses
or antagonize Ang II responses. Ang-(1-7) prevents the Ang
II–mediated increase in Ca2+ in rat mesangial cells at micromo-
lar concentrations and competes for the AT1 receptor in these
cells.84 Micromolar concentrations of Ang-(1-7) constrict rat
renal microvessels and reduce AT1 receptor binding and Ang
II–mediated phospholipase C activity in rat aortic VSMCs and
CHO cells transfected with the AT1A receptor.135,136,146 AT1
receptor antagonists block down-regulation of the AT1 receptor
by Ang-(1-7), demonstrating that Ang-(1-7) interacts with the
AT1 receptor to reduce Ang II–mediated responses. Therefore,
competition for the AT1 receptor by pharmacologic concentra-
tions of Ang-(1-7) may be responsible for blockade of contrac-
tile responses to Ang II by Ang-(1-7) in vascular studies that
require micromolar amounts of Ang-(1-7).147,148 However,

these supraphysiologic actions of the peptide do not explain the
majority of actions attributed to Ang-(1-7) as illustrated in the
preceding sections of this chapter.

SUMMARY

The findings of many studies provide strong support for the
premise that both exogenous administration and endogenous
production of Ang-(1-7) elicit responses within tubular and
vascular elements of the kidney. Most, but not all, actions
oppose the effects of Ang II at least in part through
prostaglandin production. The majority of actions of Ang-(1-
7) are blocked by [D-Ala7]-Ang-(1-7). This argues strongly for
involvement of novel receptors mediating the actions of the
heptapeptide. However, as with many previously studied pep-
tide systems, there is likely a family of receptors responsible for
the myriad effects of Ang-(1-7). Pharmacologically, both
actions and binding sites can be subdivided into those blocked
solely by [D-Ala7]-Ang-(1-7) and those blocked by either or
both presumed selective AT1 and AT2 antagonists in addition to
the [D-Ala7]-Ang-(1-7). It is known that multiple protein iso-
forms exist within the AT1 and AT2 receptor categories based
on glycosylation patterns or migration on isoelectric focusing
gels. However, no one has yet determined whether these iso-
forms explain differences in the ability of these classic receptors
to interact with Ang-(1-7). Finally, through its unique receptor
or by direct interactions, the heptapeptide may play a role in
down-regulation or desensitization of AT1 receptors. Thus,
Ang-(1-7) may influence Ang II–mediated responses in specif-
ic regions of the kidney by a variety of distinct mechanisms.
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FFigure 10–5 Ang II–induced prostacyclin release from rat
kidney slices is diminished in rats infused with Ang-(1-7). We
tested whether basal or Ang II–stimulated PGI2 release from
kidney slices was altered after chronic treatment with Ang-
(1-7) in WKY rats.*Ang-(1-7) (24 μg/kg/hr) or saline
vehicle (V) was infused intravenously via osmotic minipumps
for 2 weeks as described.† On day 2 or 12 of infusion, the
kidneys were removed and slices prepared for incubation in
oxygenated Krebs buffer at 37˚C; data from both days were
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Angiotensin II (Ang II), the principal effector hormone of the
renin-angiotensin system (RAS), stimulates a variety of phys-
iologic responses that control blood pressure (BP), renal func-
tion, and cellular growth (Figure 11–1). Ang II contributes to
the pathogenesis of hypertension, cardiac hypertrophy, heart
failure, diabetic renal disease, and myocardial infarction (MI).
The biologic effects of Ang II are mediated through its inter-
action with its cell membrane receptors.1-3 Most of the actions
of Ang II are mediated by the Ang II type-1 (AT1) receptor. In
contrast to rodents that have two subtypes of the AT1 receptor
(AT1A and AT1B), humans have only one form. The other
angiotensin receptor isoform, the AT2 receptor, has a less well-
defined functional role in adult organisms.

ANGIOTENSIN RECEPTORS

The development of highly selective Ang II receptor antago-
nists has allowed the characterization of at least two distinct
Ang II receptor subtypes, AT1 and AT2.

4 Both receptors belong
to the super-family of seven transmembrane-spanning region
G-protein–coupled receptors5,6 and bind Ang II with a similar
affinity, but share only 34% sequence homology. The expres-
sion of these receptors is not static, and certain hormones,
pharmacologic agents, and pathologic conditions can enhance
or suppress their expression.7,8

AT1 RECEPTOR EXPRESSION AND
REGULATION IN HUMANS

The AT1 receptor gene is mapped to band 22 of chromosome
3 and has five exons.9 Exon 1 enhances protein synthesis; exon
3 is responsible for amino-terminal extension of the AT1
receptor; and exon 5 contains the coding region.10-15 Multiple
factors regulate AT1 receptor expression. Glucocorticoids,16

growth hormone,17 and insulin18 increase AT1 receptor expres-
sion, whereas mineralocorticoids, estrogen,19 and nitric
oxide20 reduce it. AT1 receptor cDNA encodes a 39 amino acid
protein with molecular weight of 41,000 Daltons.21 The AT1
receptor protein contains three potential sites for N-glycosyla-
tion on its putative extracellular domains. There are four
extracellular domains that contain cysteine residues, which
seem to be responsible for the sensitivity of Ang II binding to
sulfhydryl reagents.

AT1 receptor protein is widely distributed in the kidney.22-26

It has been localized to the renal vasculature, mainly in vascu-
lar smooth muscle and endothelial cells. The AT2 receptor is
also found in the renal vasculature, glomeruli, and juxta-
glomerular apparatus, as well as in the nephron, including
proximal and distal tubules, particularly on proximal tubule
brush border and basolateral membranes, thick ascending

limb epithelia and collecting duct cells, glomerular podocytes,
and macula densa cells.22,26-31

AT1 RECEPTOR SIGNALING

In humans the AT1 receptor contains 359 amino acids and is
coupled primarily to pertussis toxin-insensitive G-proteins
that lead to activation of phospholipase C and calcium signal-
ing. Once Ang II binds to the AT1 receptor, it induces confor-
mational changes in the receptor molecule that mediate signal
transduction via several mechanisms. Interestingly the AT1
receptor has a complex intracellular signaling system mediat-
ed by G-protein–coupled and G-protein–independent path-
ways. Ang II binding sites for the AT1 receptor are in the N-
terminal extracellular domain and the second extracellular
loop, while the AT1 receptor antagonist binding sites are locat-
ed within the transmembrane regions of the receptor.4 AT1
receptor activation stimulates phospholipases C,9,21 A2, and
D32; increases intracellular calcium and inositol 1,4,5-triphos-
phate; activates the mitogen-activated protein kinases, extra-
cellular signal–regulated kinases (ERKs), and the JAK/STAT
pathway; and enhances protein phosphorylation and stimula-
tion of early growth response genes.33-36 The AT1 receptor has
been shown to attenuate the production of cyclic adenosine
3′,5′-monophosphate (cAMP) via inhibition of adenylyl
cyclase. AT1 receptor activation enhances vasoconstriction
through a reduction in cAMP and an increase in intracellular
calcium. The signaling pathways for the AT1 receptor clearly
demonstrate its contribution to the development of hyperten-
sion, inflammation, cellular hypertrophy, and matrix forma-
tion (Box 11–1). Tyrosine phosphorylation appears to be the
major signaling pathway for AT1 receptor effects.37

CHARACTERISTICS OF ANGIOTENSIN
BINDING TO THE AT1 RECEPTOR

Three dimensional structural analysis of the AT1 receptor
(Figure 11–2) has revealed that portions of the first and third
extracellular loops are crucial for the Ang II binding, whereas
the second and third intracellular loops are crucial for G-
protein–coupling.38-42

AT2 RECEPTOR EXPRESSION 
AND DISTRIBUTION

The AT2 receptor gene is encoded on chromosome Xq22-q2 in
humans, and in the rat and mouse, on chromosome Xq3 and
chromosome X.43-45 It has three exons, but the entire AT2 recep-
tor coding sequence is contained in the third exon.46,47 Absence
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of an intron in the coding region indicates absence of isoforms
for the AT2 receptor. The regulation of the AT2 receptor gene is
not well elucidated. cAMP down-regulates the AT2 receptor via
destabilization of its mRNA. Expression of the AT2 receptor is
linked to growth states and growth factors. During embryogen-
esis and fetal development, the receptor is expressed in large
quantities, and expression is decreased in the postnatal period.
AT2 receptor expression is significantly decreased in adults, but
it is still detectable in multiple organs, including the heart, kid-
ney, adrenal glands, brain, uterus, and ovaries.48-52 AT2 receptor
expression is up-regulated in several pathologic conditions,
such as vascular injury, sodium depletion, post-MI, and con-
gestive heart failure (CHF).48,51,53-58 In contrast, AT2 receptor
expression is down-regulated in diabetes mellitus.59,60 Insulin,
insulin-like growth factor-1, and interleukin-1β increase AT2
receptor expression, whereas platelet-derived growth factor,
basic fibroblast growth factor, exogenous Ang II, increased
intracellular calcium, activation of protein kinase C, and nor-
epinephrine administration down-regulate this receptor.61-66

AT2 RECEPTOR SIGNALING

The AT2 receptor is considered a G-protein–coupled receptor,
but its signaling mechanisms are different from those usually
associated with this receptor family. Its receptor third intracellu-
lar loop domain is important for initiating cell signaling. The
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FFigure 11–1 Schematic representation of different
components of the renin-angiotensin system (RAS). There are
circulating and local tissue paracrine components of this
system. Also, multiple pathways can lead to angiotensin II
(Ang II) formation. AT1, angiotensin subtype AT1 receptor;
AT2, angiotensin subtype AT2 receptor.

Box 11–1 Effects of Angiotensin II via AT1 Receptors

● Vasoconstriction ● Cardiac contractility
● Activate SNS ● Super oxide production
● Aldosterone, vasopressin, ● Vascular smooth muscle 

and endothelin secretion growth
● PAI-1 synthesis ● Myocyte growth
● Platelet aggregation ● Collagen formation
● Thrombosis

FFigure 11–2 Molecular modeling of AT1 receptor. (A) Model
of rat AT1A receptor based on high-resolution structure of
bovine rhodopsin. The Cα-trace of the entire receptor viewed
from side color coded green except for TM-5 (pink) and
TM6 (red). The ligand (yellow) bound to the receptor is
candesartan, an insurmountable antagonist of the AT1
receptor. (B) Candesartan (yellow) location in the pocket
predicted by AutoDock Computer Program is shown.
Residues are shown as Lys199 (pink), His256 (blue), and
Glu257 (red) that directly participate in candesartan binding.
(From Takezako I, Gogonea C, Saad Y, et al. “Network
leaning” as a mechanism of insurmountable antagonism of
the angiotensin II type 1 receptor by non-peptide
antagonists. J Biol Chem 279(15):15248-15257 2004;
With permission.)



AT2 receptor has low amino acid sequence homology (32%-
34%) with the AT1 receptor. The similarity between the AT1 and
AT2 receptors is mainly confined to the transmembrane
hydrophobic regions of the molecules, which allows for Ang II
binding to these receptors.67 The AT2 receptor signaling region is
located on the third intracellular loop is different from that of
the AT1 receptor, which allows for signaling mechanisms dis-
tinctive from those of the AT1 receptor.67 The differences
between the third intracellular loops of these receptors, com-
bined with the differences in their C-terminal domains, allow for
unique binding to their respective agonists and antagonists.67

The AT2 receptor signaling mechanisms initiated by the third
intracellular loop involve both Gi and protein phosphotyrosine
phosphatases.68 The AT2 receptor inhibits ERK activity via
okadaic acid-sensitive serine/threonine phosphatase PP2A,69

tyrosine/threonine phosphatase MKP-1,70-72 and vanadate-
sensitive tyrosine phosphatase (SHP-1),73 leading to inhibition
of cell growth. Inhibition of ERK contributes to initiation of
MKP-1–mediated bcl-2-dephosphorylation.72 The AT2 receptor
may activate phospholipase A2 (PLA2), leading to release of
arachidonic acid and subsequent activation of MAP kinase and
P21 ras.73-75 The AT2 receptor may influence renal tubular sodi-
um reabsorption via this signaling pathway.

The AT2 receptor induces sphingolipid and ceramide accu-
mulation.76,77 This effect may induce DNA fragmentation
(apoptosis) via activation of capsase-3. The AT2 receptor stimu-
lates bradykinin78,79 production with subsequent generation of
nitric oxide (NO) and cyclic guanosine 3′,5′-monophosphate
(cGMP).80-82 Thus the AT2 receptor can stimulate vasodilation
through a bradykinin-NO-cGMP cascade.

AT2 RECEPTOR DISTRIBUTION

During fetal kidney development, the AT2 receptor is highly
expressed in mesenchymal cells of the mesonephros, imma-
ture glomeruli, cortical and medullary tubules, and interstitial
cells.48,83 Although AT2 receptor expression rapidly declines in
the postnatal period, the receptor can still be detected in the
adult kidney. Sodium depletion increases AT2 receptor expres-
sion in the kidney.48 In the adult kidney, the AT2 receptor is
expressed in the renal vasculature, glomeruli, and tubules.84

Autoradiography has revealed AT2 receptor binding sites in
the renal capsule85 and juxtaglomerular apparatus.86 In chil-
dren, AT2 receptors have been localized mainly in the inter-
lobular arteries.87 Immunohistochemistry of the adult rat and
human kidneys revealed AT2 receptor staining in glomerular
epithelia, tubules, and large renal vessels.22,48,83,84,88

RENAL EFFECTS OF THE AT2 RECEPTOR

Chronic infusion of subpressor doses of Ang II reduced uri-
nary sodium excretion in AT2-null mice, but had no such
effect in wild-type mice.79 The lack of ability to enhance sodi-
um excretion is attributed to inability of the AT2-null mice to
produce enough bradykinin, NO, and cGMP.80-82 Similarly,
under conditions of renal perfusion pressure, AT2-null mice
were unable to increase their sodium and water excretion as
compared with wild-type mice.89 These data strongly suggest
a role for the AT2 receptor in sodium excretion and pressure
natriuresis (Box 11–2). The AT2 receptor directly modulates

blood vessel structure and function. Chronic treatment of
wild-type mice or mice overexpressing the AT2 receptor with
Ang II produces a vasodepressor response.90 In contrast,
administration of subpressor dose of Ang II to AT2-null mice
produces a significant increase in BP.79 These studies suggest a
role for the AT2 receptor in mediating vasodilation via the
bradykinin-NO-cGMP cascade. Further studies have con-
firmed this hypothesis. Administration of Ang II to animals
treated with losartan or valsartan caused a further reduction
in BP,91 and in animals treated with candesartan a sustained
vasodilator response without desensitization.92 This contrasts
with responses via the AT1 receptor, which internalizes and
desensitizes in response to long-term agonist exposure.
Similarly, administration of the selective AT2 receptor agonist
CGP-42112A decreases BP, an effect that is blocked by the AT2
receptor antagonist PD123319 or the NO synthase inhibitor
L-NAME.91 The protective effect of the AT2 receptor was
demonstrated in a rat renal-wrap hypertension model.78 In
this study AT2 receptor blockade reduced renal production of
bradykinin, NO, and cGMP and reversed the BP-lowering
effects of losartan.

The AT2 receptor improves vascular remodeling by stimu-
lating smooth muscle cell apoptosis. Study of vascular injury
in AT2-null mice demonstrates a reduction in the number of
apoptotic cells.93 Interestingly both AT1 and AT2 receptors can
induce apoptosis of renal tubular cells.94 AT2 receptor block-
ade reduces tubular cell apoptosis in a rat model of unilateral
ureteral obstruction.95 In AT2-null mice unilateral ureteral
obstruction is associated with significantly fewer apoptotic
cells, confirming the role of AT2 receptors in stimulating
apoptosis.96 The most likely candidate signaling molecule that
mediates AT2 receptor-induced apoptosis is ceramide.76,77

Consistent with these observations, AT2 receptor blockade
inhibits apoptosis in PC12W cells.77

The AT2 receptor contributes to regulation of glomerular
function. Afferent arteriole microperfusion studies demon-
strate that the AT2 receptor mediates vasodilation via release
of epoxyeicosatrienoic acid (EET).97 Reduction in glomerular
AT2 receptor expression has been seen in patients with
glomerular disease.98

AT1 AND AT2 RECEPTOR CROSS TALK

AT1 and AT2 receptors bind to Ang II with similar affinity,
but have opposite functional effects (Box 11–3). Whereas the
AT1 receptor is responsible for vasoconstriction, natriuresis,
cell hypertrophy, and matrix formation, the AT2 receptor
induces vasodilation, sodium excretion, and inhibition of
cell growth and matrix formation. An increase in AT2 receptor
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Box 11–2 Effects of Angiotensin II via AT2 Receptors

Tissue bradykinin production
Tissue NO production
Tissue cGMP production
Antiproliferation
Apoptosis
Cell differentiation
Tissue regeneration



expression99 and activity100 may occur during AT1 receptor
blockade. The AT2 receptor also regulates AT1 receptor expres-
sion and activity, as AT2-null mice have increased AT1 recep-
tors. Transfection of vascular smooth muscle cells with the
AT2 receptor gene decreased the expression of the AT1 recep-
tor.101,102 At the cellular level, the AT1 receptor promotes pro-
tein phosphorylation while the AT2 receptor antagonizes this
effect via stimulating protein dephosphorylation. While the
AT1 receptor increases intracellular Ca2+ content to promote
contraction, the AT2 receptor produces the opposite effect.
The AT2 receptor had been shown to act as an AT1 receptor
antagonist.103 This effect seems to be mediated via direct
binding of the AT2 receptor to the AT1 receptor to for a
heterodimer.

SUMMARY

Although the RAS has been known for many years, only late-
ly we began to understand the molecular and cellular mecha-
nisms of action of Ang II. With the development of the non-
peptide antagonists and cloning of angiotensin receptors, we
have begun to understand the pathophysiologic mechanisms
that involve Ang II in development of renal and cardiovascu-
lar diseases. The discovery of opposing functions of AT1 and
AT2 receptors will help develop new drugs and strategies to
prevent and treat cardiovascular and renal diseases.
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117Chapter 12

DEFINITIONS

Aldosterone
Aldosterone is a steroid hormone produced primarily if not
exclusively in the adrenal cortex. It is derived from cholesterol
by sequential enzymatic reactions, including a final modifica-
tion of the methyl (CH3) group at carbon 18 (C18) to produce
a unique aldehyde (CHO) group, whence the name aldos-
terone. Aldosterone is the physiologic mineralocorticoid hor-
mone in terrestrial vertebrates; other steroids, most notably
deoxycorticosterone (DOC), can also act as mineralocorti-
coids, but their secretion is not regulated in such a way that
they are physiologic regulators of salt and water balance.

Mineralocorticoid
Mineralocorticoid is defined in effector terms, as a hormone
promoting unidirectional transepithelial sodium transport.
Aldosterone was isolated from fractionated bovine adrenal
glands half a century ago1 on the basis of this mineralocorti-
coid activity, and not surprisingly its physiology has been
almost exclusively described in epithelial terms. More recently,
however, the definition of mineralocorticoid has had to be
broadened, to accommodate physiologic actions of aldos-
terone on blood vessels and in the central nervous system, as
detailed later in this chapter. The emerging pathophysiologic
roles of mineralocorticoid receptors (MR), also dealt with
toward the end of this chapter, similarly call for continuing
refinement of their definition.

ALDOSTERONE STRUCTURE
AND SYNTHESIS

As noted in the preceding definition, aldosterone is character-
ized by an aldehyde group at C18. Aldehyde groups are chem-
ically very reactive, and in solution the C18 aldehyde cyclizes
with the hydroxyl (OH) group at C11 to form an 11,18 hemi-
acetal. In common with other adrenal steroids, aldosterone is
produced by sequential enzymatic steps (side chain cleavage,
3β reduction, 21-hydroxylation) from cholesterol. Unlike other
hormonal steroids, aldosterone synthesis in the adrenal gland
is confined to its outermost layer, the zona glomerulosa. The
final enzymatic step is catalyzed in most species by the enzyme
aldosterone synthase (CYP11B2), by a multistep process with
DOC as substrate; aldosterone synthase shares 11β hydroxylase
activity with the closely related enzyme CYP11B1 (11β
hydroxylase), responsible for the defining step in glucocorti-
coid (cortisol, corticosterone) synthesis. In some species (e.g.,
bovine) a single CYP11B enzyme appears responsible for both
glucocorticoid and aldosterone synthesis, with the mecha-
nism(s) determining zonal specificity yet to be determined.

Regulation of Aldosterone Secretion
A number of positive (e.g., adrenocorticotropic hormone
[ACTH]) and negative (e.g., nitric oxide [NO]) factors
have been shown to affect aldosterone secretion in a variety
of experimental situations, but there is consensus that
angiotensin II (Ang II) and plasma potassium concentra-
tion ([K+]) are the two major determinants of aldosterone
secretion. The renin-angiotensin-aldosterone system
(RAAS) has evolved to defend organ perfusion and blood
pressure (BP), in response to reduced circulating volume
monitored by the kidney, and to increased renal sympa-
thetic drive. This level of integration provides a powerful
counter-regulatory mechanism in situations of acute vol-
ume loss, such as major hemorrhage or massive gastroin-
testinal fluid and electrolyte loss. Although the primary
role for aldosterone in the RAAS is usually considered to be
that of volume expansion by epithelial sodium and water
retention, it is now clear that aldosterone has additional
sites of action. These include the amygdala, to stimulate
salt appetite; the circumventricular region within the hypo-
thalamus, to raise BP; and the vascular wall, acting as a
vasoconstrictor.

Ang II is commonly considered the major determinant of
aldosterone secretion, but this is not necessarily the case.
Mice in which the gene for angiotensinogen has been
knocked out are incapable of producing Ang II in response
to physiologic stimuli such as salt restriction. In an elegant
series of studies, however, angiotensinogen−/− mice were
shown to respond indistinguishably from wild-type in
terms of elevating aldosterone in response to a low-salt diet
for 2 weeks.2 When mice are placed on a low-[Na+], low-
[K+] diet, two things are seen. First, even in wild-type mice
the aldosterone response is less than to low [Na+] alone.
Second, for the first time, the angiotensinogen−/− mice no
longer match the wild type in terms of aldosterone
response, evidence for the importance of [K+] in the
process.

In the clinical context there are a number of factors that
modify the evolutionary drives of catastrophic volume loss,
restricted salt intake, or dietary potassium overload. Western
diets are commonly sodium rich; increased sympathetic drive
is similarly common, and manifests as essential hypertension.
Although the dangers of diuretic-induced hypokalemia have
been appropriately recognized, those of a modest and con-
tained degree of hyperkalemia often appear exaggerated. The
development of effective angiotensin-converting enzyme
(ACE) inhibitors and Ang II receptor (AT1) blockers has
proven of immense clinical utility. The recent development of
second-generation MR antagonists, and their side-effect–free
therapeutic profile, promise to add an additional dimension
to the treatment of cardiovascular disorders, including hyper-
tension (see Chapter 70).

Aldosterone and Mineralocorticoids
John W. Funder



Aldosterone Transport and Metabolism
Aldosterone can be secreted rapidly in response to elevation in
Ang II or plasma [K+], and circulates in the blood loosely
bound to albumin (50%-60%) and free (40%-50%). This
contrasts with most other adrenal steroids, which are com-
monly ≥95% bound, in considerable part (and with high affin-
ity) to corticosteroid binding globulin (CBG, transcortin).
Metabolism occurs both in the liver (glucuronidation) and in
the kidney (reduction) to water soluble products that are large-
ly excreted in urine, where free aldosterone represents only
~1% of the total product. The metabolic clearance rate for
aldosterone in humans of the order of 1200 L/day, equivalent
to the hepatic blood flow, and consistent with the albumin-
bound fraction being extracted as equivalent to free in long
transit time organs such as the liver.

PHYSIOLOGIC ACTIONS
OF ALDOSTERONE

Aldosterone was isolated on the basis of its effect on epithelial
sodium transport, and this is commonly considered to be its
principal physiologic role. Receptors for aldosterone were first
identified in classical target tissues such as the kidney,3 and
subsequently in a variety of nonepithelial tissues. In some of
the latter aldosterone appears to have physiologic actions,4

whereas in others the effects are clearly pathophysiologic.5

Common to both epithelial and nonepithelial actions of
aldosterone are MR and the enzyme 11β hydroxysteroid
dehydrogenase type 2 (11βHSD2). Mineralocorticoid recep-
tors are members of the steroid/thyroid/retinoid/orphan
receptor family of nuclear transactivating factors, closely
related to receptors for glucocorticoids (GR), androgens
(AR), and progestins (PR).6 MR are unusual in that they have
equivalent high affinity for aldosterone and the physiologic
glucocorticoid cortisol (and corticosterone, in mice and rats);
in fact, cortisol and corticosterone have >30-fold higher
affinity for MR than for GR. In addition, MR are found in
fish, for example, which do not secrete aldosterone, suggest-
ing the possibility of (patho)physiologic roles for MR occu-
pied by glucocorticoids.7

Circulating plasma levels of glucocorticoids are commonly
~1000-fold higher than those of aldosterone, and plasma-free
levels ~100-fold higher. Given their equivalent affinity for
MR, a time-honored question is that of the mechanism allow-
ing aldosterone to occupy and activate MR in its physiologic
target tissues. Selectivity of the target-tissue response to aldos-
terone is vested in the enzyme 11βHSD2, which is coexpressed
at very high levels (3.5–4 × 106 molecules per renal principal
cell, for example) with MR in aldosterone target tissues.
11βHSD2 converts cortisol and corticosterone to their
receptor-inactive 11-keto analogs cortisone and 11-dehydro-
corticosterone; aldosterone is not similarly metabolized, as its
11-OH group is protected from enzymatic attack by its
cyclization to the 11,18 hemiketal.8,9

Although from clinical studies the operation of 11BHSD2 is
crucial to allow aldosterone to selectivity activate target tissue
MR, conversion of cortisol to cortisone is only one part of
the specificity-conferring mechanism. The other action of
11βHSD2 is to stoichometrically convert NAD to NADH.
This action also appears crucial in preventing glucocorticoids

from activating MR in aldosterone target tissues under nor-
mal circumstances. The NADH/redox state does play a role in
inappropriate MR activation under pathophysiologic condi-
tions, as will be discussed later.

The postreceptor events following MR activation have been
relatively lightly explored. In common with other members of
the superfamily, MR can act as transcription factor, binding to
response elements in the promoter regions of particular genes,
and binding an increasing array of coregulators serving to
modulate the rate of gene transcription. A variety of candidate
MR-regulated genes have been reported—Na+,K+-ATPase sub-
units, epithelial sodium channel (ENaC) subunits, CHIF (cor-
ticosteroid hormone induced factor), GILZ (glucocorticoid
induced leucine zipper) protein—of which the most thor-
oughly explored has been SGK-1 (serum- and glucocorticoid-
induced kinase-1). SGK-1 is constitutively expressed
in glomeruli and in response to aldosterone in principal cells in
the distal tubule.10 SGK-1, when phosphorylated by insulin
(probably inter alia), is ultimately responsible for the phos-
phorylation of ENaC subunits, thereby blocking ENaC inter-
nalization and thus increasing intracellular Na+. Intracellular
Na+ is substrate for Na+,K+-ATPase on the basolateral surface
of the cell membrane, which pumps Na+ out of the cell into the
interstitial space and ultimately the blood. These postreceptor
studies have been largely done in kidney, renal cell lines, and to
some extent distal colon; comparable studies in nonepithelial
aldosterone target tissues are currently in progress.

Nonclassical aldosterone target tissues include the vascula-
ture, the amygdala, and the A3V3 region of the hypothalamus.
Vascular smooth muscle expresses both MR and 11βHSD2, and
both rapid and prolonged effects of aldosterone at physiologic
or near physiologic concentrations have been reported.11-13 The
amygdala similarly expresses both MR and 11βHSD2, but in
terms of selectivity is at a disadvantage compared with periph-
eral tissues in that aldosterone has a very high reflection coef-
ficient at the blood-brain barrier. The A3V3 region lies out-
side the blood-brain barrier, and expresses MR but not
11βHSD2. Experimental studies in rat and dog (but not
sheep) show that aldosterone clearly can raise BP by acting on
MR in the A3V3 region, though the extent to which this
reflects a physiologic response in humans is yet to be
determined.14

Finally, it is now clear that aldosterone has rapid nonge-
nomic effects. Initially such effects were ascribed to interac-
tion with a membrane receptor for aldosterone, distinct from
the classical MR.15 Subsequent studies in both vascular
smooth muscle12 and cardiomyocytes16 have shown such
rapid nongenomic effects to be mediated via classical MR;
whether or not membrane-receptor mediated effects can be
shown in these or other tissues remains to be systematically
explored. Unlike the estrogen receptor (ER), MR do not have
a myristoylation site in their sequence, and are thus unlikely to
be plasma membrane located.

CLINICAL SYNDROMES

There are various ways of categorizing clinical disorders, and
for simplicity this section will begin with a consideration of dis-
orders of aldosterone secretion, followed by disorders of miner-
alocorticoid receptor activation, with a final section on essential
hypertension. Though some of the syndromes described are
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very rare, they have often been illustrative, with the pathophys-
iology providing insight into the normal physiology.

Aldosterone Synthase Deficiency
Aldosterone deficiency may be part of a generalized hypoad-
renal state, may follow deficiency in biosynthetic pathways
shared with other adrenal steroids (e.g., 3βHSD, 21 hydroxy-
lase), or may be “pure” aldosterone synthase deficiency. The
condition commonly presents in infancy, and is characterized
by the signs and symptoms of uncompensated sodium loss—
failure to thrive, hyponatremia, hyperkalemia, hyperrenine-
mia, and low or undetectable plasma and urinary aldosterone
levels; the latter finding clearly distinguishes the syndrome
from pseudohypoaldosteronism. The subject has been com-
prehensively reviewed.17

Glucocorticoid Remediable Aldosteronism
Of more relevance to hypertension is the condition of gluco-
corticoid remediable aldosteronism (GRA), also known as
glucocorticoid suppressible hypertension. GRA reflects the
transcription of a chimeric gene, located at 8q24, which con-
tains the 5′ end of CYP11B1 (11β hydroxylase) and the 3′
end of CYP11B2 (aldosterone synthase). Such a gene is not
only transcriptionally activated by ACTH, but also is
expressed throughout the adrenal cortex. The diagnosis
should be suspected in patients with early onset familial
hypertension, and can be confirmed or excluded by PCR for
the chimeric gene. Treatment is optimally low dose (0.25-0.5
mg/day) dexamethasone. The occurrence of a chimeric
CYP11B1/B2 gene reflects the two genes being located in
tandem, and sharing 94% nucleotide identity, thus allowing
the possibility of an unequal crossing over at meiosis.18 The
most common explanation for two highly homologous genes
in tandem is a relatively recent gene duplication, consistent
with the relatively recent appearance of aldosterone, in
terrestrial vertebrates.

Primary Aldosteronism
A year after the isolation and characterization of aldosterone
in 1953, Jerome Conn reported resolution of hypertension
and hypokalemia in a patient after removal of an aldosterone-
producing adenoma.19 For the next 40 years primary aldos-
teronism was considered to be a rare (<1%) cause of hyper-
tension, despite Conn’s estimate that up to 20% of patients
with elevated BP may have primary aldosteronism. Over the
past decade, thanks to the wider application of the aldos-
terone:renin ratio as a screening test, and adrenal venous
catheterization to lateralize (or not) the source of the aldos-
terone, it has become clear that 8% to 15% of unselected
hypertensives have autonomous aldosterone production; in
a recent general practice population study, 30% of patients
with moderate hypertension had elevated aldosterone:
renin ratios.20 In terms of diagnosis, patients increasingly
are found to have bilateral adrenal hyperplasia rather than
a discrete adenoma, and are commonly normokalemic, so
that hypokalemia is no longer pathognomonic. Treatment
is laparoscopic adrenalectomy, or mineralocorticoid recep-
tor blockade in those with bilateral hyperplasia or who are
unsuitable for surgery.

Pseudohypoaldosteronism
Although more than 20 years ago defects in MR binding of
aldosterone were postulated as the cause of pseudohypoaldos-
teronism (PHA) from studies on affected patients’ leuko-
cytes,21 in subsequent studies no abnormalities in gene
sequence were found.22,23 This apparent conundrum has been
resolved by the distinction between PHA type 1 and type 2,
where one is caused by an epithelial sodium channel (ENaC)
defect, and the other a defect in MR. The phenotype varies,
but severe cases can be distinguished from aldosterone syn-
thase deficiency by the often marked elevation in aldosterone
as well as renin levels. Treatment is rigorous salt supplementa-
tion in infancy, with even severe cases appearing to improve
with age, by mechanisms that remain poorly understood.

Pregnancy-Associated Hypertension
In contrast to the inactivating MR mutations that may be
found in PHA, a recently discovered point mutation24 has
been shown to result in a constitutively partially activated MR,
in which both progesterone and spironolactone act as ago-
nists, rather than as antagonists as is the case for the wild-type
MR. The syndrome was discovered in a young male hyperten-
sive, whose two sisters suffered severe exacerbations of hyper-
tension in pregnancy, presumably reflecting the agonist effect
of progesterone on the mutant MR. The syndrome is rare, and
abnormal MR do not appear to underlie the relatively com-
mon finding of hypertension in pregnancy.

Apparent Mineralocorticoid Excess
A more common, though still comparatively rare, condition
of inappropriate MR activation is that of apparent mineralo-
corticoid excess (AME), first described by New and Ulick in
1977.25 In this syndrome—of juvenile hypertension, sodium
retention, and hypokalemia, in the presence of suppressed
renin and aldosterone levels—epithelial MR are activated by
cortisol, reflecting deficient activity of the specificity-confer-
ring enzyme 11βHSD2. The finding of an elevated ratio of
urinary free cortisol:cortisone is diagnostic, and patients are
treated by MR blockade, on occasion with the suppression of
cortisol by dexamethasone administration. Whereas previous-
ly it had been assumed that epithelial 11βHSD2 excluded glu-
cocorticoids from MR, this has been shown not to be the
case.26 The enzyme acts to debulk intracellular glucocorticoid
levels, from ~100-fold those of aldosterone to ~10-fold, con-
sistent with a role for the forgotten cosubstrate (NAD, from
which NADH is generated stoichometrically) in activation of
glucocorticoid-MR complexes, as briefly discussed subse-
quently and elsewhere in detail.27,28

Essential Hypertension
Although an increasing number of patients with essential
hypertension appear to have autonomous aldosterone secre-
tion, the potential role of aldosterone, 11βHSD2, and MR in the
majority of hypertensive patients remains unclear. A number of
studies have linked allelic variation in 11βHSD2 or CYP11B2
with a higher incidence of elevated BP,29,30 and there have simi-
larly been sporadic reports of a subgroup of essential hyperten-
sives with impaired conversion of cortisol to cortisone.
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The selective MR antagonist eplerenone has been shown to
be of equivalent potency to ACE inhibitors, Ca2+ channel
blockers, β-blockers, or angiotensin receptor blockers (ARBs)
in terms of BP reduction.31,32 In titration-to-effect studies, a
wide (4- to 10-fold) dose range of eplerenone was needed in
moderate hypertensives to reduce diastolic BP to <90 mm Hg,
with comparable falls in BP (~16/12 mm Hg) at each dose
level,33 further evidence for a significant role for aldosterone
in essential hypertension.

Pathophysiology
Whereas the physiologic role of aldosterone in epithelia to
retain Na+ and water, and to excrete K+, are well accepted, its
other physiologic roles (as a vasoconstrictor, by a direct action
on vascular smooth muscle cells (VSMCs), and in the brain to
stimulate salt appetite) are less well explored. In other nonep-
ithelial tissues it is unclear what, if any, are physiologic roles
for aldosterone. What is clear, however, is that aldosterone
may have direct pathophysiologic effects on blood vessels and
cardiomyocytes, almost certainly inter alia, in the context of
inappropriate salt status.

Mineralocorticoid/Salt Imbalance
In physiologic terms, aldosterone and sodium have a recipro-
cal relationship; when salt status falls aldosterone rises, and
vice versa. When, however, aldosterone secretion is no longer
responsive to normal negative feedback—in primary aldos-
teronism, GRA or in animals infused with aldosterone and
given only 0.9% NaCl solution to drink—this reciprocal nexus
is broken, and aldosterone levels are inappropriate for salt sta-
tus, and vice versa. Under these circumstances very marked
cerebral, renal, and coronary vascular inflammation can be
shown in experimental animals,34,35,38 progressing to perivas-
cular and interstitial cardiac fibrosis.36,37 Importantly, if
infused animals are on a low-salt diet with water as drinking
fluid, these changes are not seen; in the human situation of
prolonged Na+ deficiency, very high levels of aldosterone
coexist with no cardiac or vascular toxicity. The mechanisms
involved in the deleterious synergy between aldosterone and
inappropriate Na+ status are currently unclear; their clarifica-
tion would constitute a major advance in cardiovascular
endocrinology.

Vascular Inflammation and Cardiac
Fibrosis
As noted previously, inappropriate aldosterone (or other min-
eralocorticoid) for salt status is followed by progressive vascu-
lar inflammation in a variety of organs. Animal models used
include the stroke-prone spontaneously hypertensive rat
(SHR-sp), where eplerenone has been shown to be very pro-
tective of both cerebral and renal vasculature, and tissue archi-
tecture35; the aldosterone infused rat on 0.9% NaCl solution to
drink, in which eplerenone is similarly protective of renal and
coronary vessels, and kidney/heart architecture34,38; and the
AngII infused/0.9% NaCl drinking rat, in which BP is Ang II
driven, and unaffected by eplerenone or adrenalectomy.34,38

On the other hand, adrenalectomy or eplerenone administra-
tion completely reverses the vascular and perivascular
inflammatory response produced by Ang II/salt, which is

restored in adrenalectomized rats by aldosterone infusion. In
all these models, markers of inflammation—ED-1, MCD-1,
COX-2, IL-1β, IL-6, osteopontin—increase over the first 2 to
4 weeks of study, and their levels are returned toward or to
baseline by MR blockade.

MR Activation by Glucocorticoids
In tissues coexpressing MR and 11βHSD2, intracellular gluco-
corticoid levels are 10 times those of aldosterone, and in
unprotected tissues (e.g., cardiomyocytes, most neurons) lev-
els of glucocorticoids are ~100 times higher. Under normal
circumstances these glucocorticoid-MR complexes appear
inactive, and the glucocorticoid appears to act in tonic
inhibitory mode.5,39 In other circumstances, however, gluco-
corticoids act as MR agonists. The first of these is when
11βHSD2 is deficient or blocked, leading to the syndromes of
AME or licorice intoxication. Under these circumstances
intracellular cortisol levels rise from ~10 times those of aldos-
terone toward ~100 times; more importantly, however, levels
of intracellular NADH fall precipitously. In other systems
NADH has been shown to regulate transcription factor activ-
ity by activating corepressors.40,41

Secondly, when 11βHSD2 is blocked by administration of
carbenoxolone, an identical pattern of vascular inflammation
is seen as with mineralocorticoid/salt administration; impor-
tantly, these effects, presumably of glucocorticoids on MR
occur when NADH levels fall as 11β hydroxysteroid dehydro-
genase is blocked by carbenoxolone.42 Third, experimental
angioplasty in pigs is followed by a constriction in coronary
luminal diameter, a constriction blocked by eplerenone treat-
ment.43 These animals were not receiving aldosterone or on a
high-salt intake; our interpretation of these data is that under
conditions of tissue damage and reactive oxygen species
(ROS) generation, intracellular redox status changes—just as
it does when 11βHSD2 is blocked—allowing normal levels of
glucocorticoids to activate vascular MR and thus mimic the
aldosterone/salt effects.

In this context it should be remembered that in both
Randomized Aldactone Evaluation Study (RALES)44 and
Eplerenone Post-Acute Myocardial Infarction Heart Failure
Efficacy and Survival Study (EPHESUS)45 aldosterone levels
were normal and salt status unremarkable. In the circumstances
of heart failure—progressive or postmyocardial infarction—
cardiomyocyte levels of ROS are known to be elevated. Under
these circumstances, then, it would appear that spironolactone/
eplerenone are not acting primarily as aldosterone blockers, but
truly as MR antagonists blocking the effects of cortisol via MR
in the context of tissue damage.

FUTURE DIRECTIONS

Any prognostication is necessarily speculative, and thus these
will be mentioned only briefly, and in no detail.

Ectopic Aldosterone Synthesis
For the past decade there have been claims—commonly but
not uniquely based on PCR of steroidogenic enzymes—that
aldosterone can be synthesized in neurons, vascular wall and
heart. Clinical data are conflicting—aldosterone is elaborated46
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or extracted47 by the failing heart; in unpublished studies we
were unable to find any consistent arteriovenous differences, in
normal persons or those with severe heart failure. The Ang
II/salt studies by Rocha et al.,34,38 in which adrenalectomy
totally reversed the vascular inflammation, argue powerfully
against paracrine secretion of cardiac aldosterone of any con-
sequence. Finally, the low levels of enzyme expression found by
PCR, commonly between 0.01% and 1% of adrenal levels,
means that each step of ectopic steroid synthesis becomes rate-
limiting. Unless the enzymes are concentrated in merely a few
cells, their contribution to even local aldosterone concentra-
tions is likely to be negligible.

MR-Independent Effects
Any molecule that circulates at subnanomolar concentrations
can only act effectively by relatively high affinity binding.
Many acute nongenomic effects of aldosterone have now been
shown to be mediated via classical MR, in for example
VSMC12 and cardiomyocytes.16 This does not exclude the pos-
sibility of another receptor for aldosterone, distinct from the
classic MR, binding aldosterone and other mineralocorticoids
with high affinity (and some degree of specificity, given their
low circulating concentrations). It is unlikely that this is one
of the 48 members of the steroid superfamily of nuclear trans-
activating factors identified in the human genome; it may,
for example, be an analog of the membrane receptor for pro-
gesterone.48

Therapeutic Implications
If aldosterone/salt imbalance is followed by inflammatory
vascular and perivascular responses, and downstream tissue
damage, then MR blockade assumes a particular therapeutic
importance. If cortisol can activate MR in the context of tissue
damage and ROS generation, leading to further ROS gene-
ration and exacerbation of tissue damage, MR blockade
should prove of utility in breaking this potentially vicious
cycle in conditions in addition to those characterized by
mineralocorticoid/salt imbalance. MR blockade, therefore,
may prove beneficial not only in the context of obvious car-
diovascular disease (atherosclerosis/hypertension/myocardi-
tis/heart failure), but also in conditions as diverse as diabetes,
cerebrovascular protection and the prevention of premature
labor. These possibilities need to be critically examined at the
preclinical level, and if found of interest, transferred into the
arena of clinical trials.
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123Chapter 13

Essential hypertension is a multifactorial condition, and it
should be obvious that one abnormality is not the “cause” of
this syndrome. Rather, there are a number of physiologic
changes that predispose individuals to develop high blood
pressure. One of the goals of this chapter will be to review evi-
dence that resistance to insulin-mediated glucose uptake and
compensatory hyperinsulinemia may play such a role. In addi-
tion, there is a cluster of abnormalities associated with insulin
resistance/hyperinsulinemia that contribute significantly to the
risk of cardiovascular disease (CVD) in patients with essential
hypertension. This chapter will address both of these issues
by attempting to provide answers to the following three
questions: (1) Do insulin resistance and/or compensatory
hyperinsulinemia play a role in the pathogenesis of essential
hypertension? (2) What are the mechanistic links between
insulin resistance/hyperinsulinemia and essential hyperten-
sion? and (3) Is there a relationship between insulin resist-
ance/hyperinsulinemia and CVD risk in patients with essential
hypertension? Although there is considerable evidence from
animal models of hypertension concerning these issues, as well
as potentially relevant in vitro data, the evidence reviewed in
this chapter will be limited to studies in human beings.

DO INSULIN RESISTANCE AND/OR
COMPENSATORY HYPERINSULINEMIA
PLAY A ROLE IN THE PATHOGENESIS
OF ESSENTIAL HYPERTENSION?

At the simplest level, there is substantial evidence that patients
with essential hypertension are insulin resistant/hyperinsuline-
mic as compared with normotensive individuals.1-8 Furthermore,
it has been shown that insulin resistance/hyperinsulinemia exist
in normotensive, first-degree relatives of patients with essential
hypertension.9-13 Despite this evidence of a strong link between
insulin resistance/hyperinsulinemia and essential hypertension,
the view that these changes in insulin metabolism play a role in
blood pressure regulation continues to be debated. For exam-
ple, the inability to detect a relationship between plasma insulin
concentration and blood pressure in some cross-sectional stud-
ies has been interpreted to mean that insulin resistance/hyper-
insulinemia is not involved in the pathogenesis of essential
hypertension.14-17 However, a very different view of the rela-
tionship between insulin resistance/compensatory hyperinsu-
linemia and blood pressure emerges from the results of the
European Group for the Study of Insulin Resistance.18 These
investigators defined the relationship between a specific meas-

ure of insulin-mediated glucose disposal, fasting insulin con-
centration, and blood pressure in 333 normotensive individu-
als, studied in 20 different clinical research centers, and
reported that blood pressure was directly related to both insulin
resistance and insulin concentration. Furthermore, these rela-
tionships were independent of differences in age, gender, and
degree of obesity.

The size of the European study, in addition to its use of a
direct measure of insulin action, as contrasted to surrogate
estimates, provides strong evidence that there is a relation-
ship between insulin resistance, hyperinsulinemia, and
blood pressure. In addition, results of prospective studies
in which hyperinsulinemia has been used as a surrogate
marker of insulin resistance support the view that insulin
resistance/hyperinsulinemia are causally linked to the
development of essential hypertension.19-22 Perhaps the
most compelling in this context is the study by Skarfors et
al.,19 who evaluated risk factors for the development of
hypertension in 2130 men observed over a 10-year period.
These investigators showed that the individuals with nor-
mal blood pressure at baseline who subsequently developed
hypertension were more obese and higher plasma insulin
(fasting and after intravenous glucose) and triglyceride
(TG) concentrations. When baseline blood pressure was
excluded from multivariate analysis, independent predic-
tors of the progression to hypertension were obesity (as
estimated by body mass index [BMI]), fasting and post-
glucose challenge plasma insulin concentrations, and fam-
ily history of hypertension.

Essentially similar results were reported by Lissner et al.,20

who evaluated risk factors for the development of hyperten-
sion in 278 women followed over a 12-year period. In addition,
they examined the relationship between blood pressure and
risk factors in 219 women not receiving antihypertensive
medication. Hypertension developed in approximately one
third of the population in the 12-year period. In multiple logis-
tic regression analysis, fasting hyperinsulinemia predicted the
transition from normal to high blood pressure, independent of
adjustments for initial BMI, waist:hip ratio, and weight gain.
Individuals in the highest quartile in terms of fasting plasma
insulin concentration were greater than threefold more likely
to develop hypertension than those in the lowest quartile, and
fasting insulin also predicted changes in blood pressure over
the 12-year period.

The ability of insulin to predict changes in blood pressure
over time in children and adolescents has also been shown on
two occasions. One study21 involved a population that ranged
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from 3 to 18 years at baseline, and was followed for 16 years.
The results indicated that fasting insulin concentrations “seem
to regulate actual blood pressure within the normal range and
to predict future blood pressure”; conclusions that applied to
both boys and girls, and were independent of differences in
age and weight. In a somewhat more complicated study, 1865
children and adolescents were followed over a 6-year period,
with essentially similar findings concerning the positive pre-
dictive power of baseline fasting insulin concentration.22

Perhaps of greater interest was the finding that “high insulin
levels seems to precede the development of a potentially
atherogenic risk factor profile including low high-density
lipoprotein cholesterol (HDL-C), high TG, and high systolic
blood pressure.”

More recent skepticism concerning the notion that insulin
resistance/hyperinsulinemia plays a causal role in the genesis
of essential hypertension stems from population-based
studies in which the statistical technique of factor analysis
is used to evaluate the relationship between insulin resistance
and conditions thought to be related to it. The results of
studies employing this approach have found that blood
pressure appears to be a “factor” separate from the other clus-
ter of abnormalities that associate with insulin resistance
and/or hyperinsulinemia.23 Although these findings are usu-
ally interpreted to signify the lack of an “independent” rela-
tionship between blood pressure and insulin resistance/
hyperinsulinemia, the etiologic and clinical heterogeneity of
patients with essential hypertension provides an obvious
reason to question this conclusion. Resistance to insulin-
mediated glucose disposal and compensatory hyperinsuline-
mia are continuous variables,24 not dichotomous ones, and
there is no simple way to classify a person as being insulin
resistant or insulin sensitive.

An effort to estimate the number of persons with essential
hypertension who are insulin resistant was made by measur-
ing blood pressure and the plasma insulin response 120 min-
utes after a 75-g oral glucose challenge in an unselected
population of 732 factory workers.25 As a result of these

measurements, 41 individuals were identified as having
essential hypertension.

Figure 13–1 illustrates the distribution of the plasma
insulin responses to the glucose challenge of these individu-
als and those of 41 participants in the same survey with nor-
mal blood pressure. The two groups were matched for age,
gender, degree of obesity, ethnic background, type of employ-
ment in the factory, and level of physical activity. Only 10%
of the normotensive persons had plasma insulin concentra-
tions that exceeded 80 mU/L when determined 120 minutes
after the oral glucose challenge. In contrast, the plasma
insulin concentration was >80 mU/L in 45% of the persons
with essential hypertension. On the basis of these and other
findings,8 no more than half of the persons with essential
hypertension can be considered to be insulin resistant/
hyperinsulinemic.

If at most only half of the persons with high blood pres-
sure are insulin resistant/hyperinsulinemic, it should not be
surprising that population-based studies, in which surro-
gate markers of insulin resistance are applied to primarily
normotensive individuals, do not always discern a relation-
ship between insulin resistance and blood pressure. When
the fact that at least half the persons with essential hyper-
tension are not insulin resistant is added to these confound-
ing variables, it is not difficult to understand why studies
based on the use of factor analysis find that blood pressure
does not segregate with whatever surrogate measures of
insulin resistance are being used. It should also be empha-
sized that the results of population-based studies that con-
clude that insulin resistance is not related to the
development of essential hypertension do not negate the
observations that (1) the prevalence of insulin resistance/
hyperinsulinemia is increased in patients with essential
hypertension; (2) these changes can be seen in normoten-
sive, first-degree relatives of patients with essential hyper-
tension; and (3) insulin resistance/hyperinsulinemia have
been shown in prospective studies to be independent pre-
dictors of the development of essential hypertension. The
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fact that insulin resistance/hyperinsulinemia does not con-
tribute to the etiology of essential hypertension in some indi-
viduals should not obscure the conclusion, based on a large
database, that it does in others.

Finally, the view that insulin resistance and compensatory
hyperinsulinemia play a role in the pathogenesis of essential
hypertension has been challenged by evidence that hyperinsu-
linemia, per se, does not necessarily result in an increase in
blood pressure. Perhaps the evidence most often cited in this
context is that the acute administration of insulin to normal
volunteers causes vasodilation, and does not increase blood
pressure.26 On the other hand, there is no a priori reason to
believe that the chronic effects of compensatory hyperinsu-
linemia on blood pressure regulation in insulin-resistant sub-
jects should be the same as the acute effects of a primary
increase in insulin concentration in healthy volunteers.

Turning to the association between chronic hyperinsuline-
mia and blood pressure regulation, it has been argued that the
prevalence of hypertension is not increased in patients with
insulin-secreting tumors of the pancreas. However, neither
fasting nor postprandial plasma insulin concentrations in
patients with an insulinoma are particularly elevated when the
plasma concentration of proinsulin is considered, and the
diagnosis of insulinoma is based upon the development of
fasting hypoglycemia in the face of a plasma insulin concen-
tration that does not decline as the plasma glucose level falls. At
a more physiologic level, there is considerable evidence that
chronic hyperinsulinemia plays a role in blood pressure regu-
lation. For example, weight loss, which enhances insulin sensi-
tivity and lowers plasma insulin concentrations in nondiabetic
individuals,27 can also decrease blood pressure in persons with
essential hypertension.28 This change seems to be correlated
with the improvement in insulin resistance.29 In a similar vein,
there is evidence that blood pressure can be lowered in obese
individuals by physical training without any change in weight,
but only in those individuals who were hyperinsulinemic
and/or hypertriglyceridemic before the training program was
initiated.30 Because there is also evidence that insulin sensitiv-
ity is directly related to level of habitual physical activity,31 it is
reasonable to conclude that the decrease in blood pressure in
these individuals was associated with an improvement in
insulin-stimulated glucose uptake. It is also worth noting that
blood pressure falls when insulin dose is reduced in obese
patients with type 2 diabetes and hypertension,32 and that
insulin treatment increases blood pressure in patients with
type 2 diabetes.33 Thus, evidence that the acute administration
of insulin does not increase blood pressure in normal individ-
uals, or that blood pressure is not elevated in patients with an
insulinoma, appears to be, at the least, counterbalanced by evi-
dence that modulation of insulin resistance and/or insulin
level in insulin-resistant individuals leads to predictable
changes in blood pressure.

WHAT ARE THE POSSIBLE MECHANISTIC
LINKS BETWEEN INSULIN
RESISTANCE/HYPERINSULINEMIA
AND ESSENTIAL HYPERTENSION?

Before discussing possible mechanisms by which insulin resist-
ance/hyperinsulinemia increase the risk of developing hyperten-
sion, three fundamental issues must be emphasized. First, as

emphasized previously, not all persons with essential hyperten-
sion are insulin resistant, nor do all insulin-resistant individuals
become hypertensive. Second, the relationship between insulin
resistance and the development of hypertension is analogous
to the role played by insulin resistance in the pathogenesis of
type 2 diabetes.34,35 Hyperglycemia develops in insulin-resistant
individuals only when they no longer are able to secrete the large
amount of insulin necessary to overcome the insulin resistance.
In a similar fashion, it seems likely that hypertension devel-
ops only when some unknown compensatory response (or
responses) is no longer able to overcome the metabolic changes
associated with insulin resistance/hyperinsulinemia that favor
an increase in blood pressure. Third, although insulin resistance
is the fundamental defect, it is most likely that it is the compen-
satory hyperinsulinemia that increases the risk of an individual
becoming hypertensive. This seeming paradox is because insulin
action varies dramatically in a given individual as a function of
the tissue in question. Resistance to insulin action at the level of
the muscle (stimulation of glucose uptake) and the adipose tis-
sue (inhibition of lipolysis) are highly correlated,36 and the pres-
ence of these defects in insulin action can coexist in the same
person with normal insulin action on the kidney and sympa-
thetic nervous system.37-40

An example that may that best illustrate the general princi-
ples outlined previously is the relationship between insulin
resistance/hyperinsulinemia, the kidney, and salt sensitivity.
The fact that the infusion of insulin into normal individuals
increases sodium retention has been known for some time,41

and there is evidence that this is also true of persons with
essential hypertension.38 If the link between insulin resistance
and hypertension is attributable to enhanced sodium reten-
tion, as a consequence of compensatory hyperinsulinemia, it
might be predicted that such patients would also be salt sensi-
tive. There is evidence in both normotensive and hypertensive
individuals that this is the case.42,43

Perhaps the clearest example of the complex nature of the
relationship between insulin resistance, compensatory hyper-
insulinemia, the kidney and blood pressure regulation evolved
from a study comparing changes in these variables in response
with diets varying in sodium intake. Table 13–1 contains
results of such measurements in 19 healthy volunteers who
ingested alternating diets containing either low (25 mmol/day)
or high (250 mmol/day) amounts of sodium, consumed in
random order for 5 days each.44 The high-sodium diet resulted
in significant increases in body weight and 24-hour urinary
sodium excretion, along with the expected decreases in con-
centrations of plasma renin activity (PRA) and aldosterone
and increase in atrial natriuretic peptide (ANP) concentration.
However, the average mean arterial pressure (MAP) of the 19
individuals in this study did not change. Insulin-mediated glu-
cose disposal, as quantified by determining the steady-state
plasma glucose (SSPG) concentration at the end of a 180-
minute infusion of octreotide, insulin, and glucose, was similar
when measured at the end of each dietary sodium intake.
Because the steady-state plasma insulin concentrations were
the same on both occasions, insulin-mediated glucose disposal
rates were not affected by the 10-fold difference in sodium
intake. Furthermore, plasma insulin concentrations 120 min-
utes after a 75-g oral glucose challenge were also similar when
measured at the end of each period of sodium intake. Finally,
there was an increase in 24-hour urinary nitrate and nitrite
(NOx) excretion of borderline statistical significance.
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The salt-induced increase in body weight was directly
related to baseline degree of insulin resistance (SSPG, p = .03)
and plasma insulin concentration 120 minutes after an oral
glucose challenge (p = .07), and inversely related to the ability
to increase urinary sodium excretion (p = .01). The inability
to increase sodium excretion was also significantly related to
both SSPG (p = .04) and the postglucose challenge insulin
concentration (p = .11). In contrast, changes in ANP, PRA,
and aldosterone concentrations and urinary NOx excretion
were unrelated to the changes in body weight and sodium
excretion in response to the high-salt diet.

Although the data in Table 13–1 indicated that MAP did not
change significantly with the high-salt diet, there was consider-
able individual variability, and multiple regression analysis in
the whole population showed that the greater the weight gain in
response to the high-salt diet, the greater the increase in MAP
(r = 0.51, p <.05). The only other significant variable associated
with a salt-induced increase in MAP was the 24-hour urinary
NOx excretion, and the results in Figure 13–2 demonstrate a
highly significant inverse relationship (r = −0.77, p <.001)
between these two variables. These results suggest that only
those individuals who were insulin resistant/hyperinsulinemic
retained a significant amount of salt and gained weight in
response to a high-salt diet. However, as seen in Figure 13–2, if
insulin-resistant individuals increased their urinary NOx excre-
tion, their blood pressure did not increase. Obviously, 24-hour
urinary NOx excretion is only a surrogate measure of nitric
oxide production, but it can be speculated that the daylong
increase in circulating insulin concentrations that is character-
istic of insulin-resistant individuals acts on a insulin-sensitive
kidney to retain-salt and water in response to a high-salt diet.
Unless this can be compensated for by an increase in nitric
oxide production, blood pressure is likely to increase. Whether
or not this ultimately proves to be a correct formulation
remains to be seen, but these results help explain why the preva-
lence of salt sensitivity is increased in insulin-resistant/
hyperinsulinemic individuals.42,43

Insulin activation of the sympathetic nervous system
(SNS) provides a somewhat broader approach to under-
standing why insulin-resistant and hyperinsulinemic indi-
viduals are at increased risk to develop hypertension. An
increase in heart rate is recognized as not only a manifesta-
tion of enhanced SNS activity, but also as a significant pre-
dictor of the development of hypertension.45,46 The fact that
heart rate is also related to both insulin resistance and hyper-
insulinemia39 is consistent with the view that these abnor-
malities of insulin metabolism predispose individuals to
develop hypertension via activation of the SNS. Results of
the population-based Normative Aging Study provide fur-
ther support for this point of view in that SNS activity, as
estimated by 24-hour urinary excretion of norepinephrine,
was elevated in hyperinsulinemic, and presumably insulin-
resistant subjects.47 Furthermore, results of that study identi-
fied a significant relationship between plasma insulin
concentration and urinary norepinephrine excretion, inde-
pendent of differences in other relevant variables, including
BMI and regional fat distribution.

Finally, the possibility that stimulation of the SNS by com-
pensatory hyperinsulinemia in insulin-resistant individuals
plays a role in the development of essential hypertension is
another example of differential insulin sensitivity. Specifically,
both heart rate and plasma norepinephrine concentrations
appear to increase normally in response to hyperinsulinemia
in individuals who demonstrate a defect in insulin-mediated
glucose disposal by muscle.48

This discussion of the possible causal relationship between
insulin resistance/hyperinsulinemia and the development of
essential hypertension has focused on two, somewhat related,
potential mechanisms. These are not the only possibilities, but
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Table 13–1 Experimental Variables at the End of the Low-
and High-Sodium Diets (Mean + SEM)

Variable Low High p

Weight (kg) 78.8 + 3.1 79.4 + 3.0 .005
Urinary Na 12.7 + 2.8 174 + 14 .0001

(mmol/day)
MAP (mm Hg) 82.7 + 2.6 82.9 + 2 NS
SSPI (pmol/L) 306 + 42 330 + 49 NS
SSPG (mmol/L) 8.25 + 1.01 7.83 + 1.00 NS
Insulin (pmol/L) 270 + 33 258 + 32 NS
ANP (pmol/L) 4.6 + 0.7 10.3 + 1.3 .009
PRA (ng/ml/hr) 2.8 + 0.4 0.41 + 0.1 .0001
Aldosterone 674 + 75 92 + 11 .0001

(pmol/L)
Urinary NOx 1119 + 94 1353 + 136 .06
(umol/day)

Adapted from Facchini FS, DoNascimento C, Reaven GM, et al.
Blood pressure, sodium intake, insulin resistance, and urinary
nitrate excretion. Hypertension 33:1008-1012, 1999.
Na, sodium; SSPI, steady-state plasma insulin; SSPG, steady-
state plasma glucose; ANP, atrial natriuretic peptide; PRA,
plasma renin activity.
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they seem to be the explanations for which there is the most
evidence at this time. At the least, they provide a testable
hypothesis as to the nature of these relationships.

INSULIN RESISTANCE, COMPENSATORY
HYPERINSULINEMIA,
AND CARDIOVASCULAR DISEASE
IN PATIENTS WITH ESSENTIAL
HYPERTENSION

The advent of more effective antihypertensive drugs has greatly
decreased morbidity and mortality in patients with high blood
pressure. However, the beneficial effects of lowering blood
pressure have been more obvious in decreasing risk of stroke as
compared with CVD.49 Because CVD is the major cause of
morbidity and mortality in patients with hypertension, this
apparent paradox has received a great deal of attention. Not
surprisingly, many different explanations have been proposed
to account for this finding, but the simplest explanation is that
approximately half of the patients with essential hypertension
are insulin resistant/hyperinsulinemic, and exhibit the cluster
of CVD risk factors common to such individuals.25 Thus the
subset of patients with essential hypertension that are also
insulin resistant are likely to have some degree of glucose
intolerance, as well as the atherogenic lipoprotein phenotype
characteristic of insulin-resistant/hyperinsulinemic individu-
als: high TG and low HDL-C concentrations, smaller and
denser low-density lipoprotein particles, and an exaggerated
degree of postprandial lipemia.50

Furthermore, there is evidence that patients in whom
essential hypertension is associated with insulin resistance are
at the greatest CVD risk.51-53 For example, Figure 13–3 com-
pares the plasma glucose and insulin concentrations in
response to a 75-g oral glucose challenge in untreated
patients with essential hypertension, without clinical evi-
dence of CVD, who have ischemic heart disease by Minnesota

Code criteria, with those of healthy volunteers, as well as a
matched group of equally hypertensive individuals with nor-
mal electrocardiograms.51 It is apparent that patients with
essential hypertension and electrocardiographic evidence of
CVD were somewhat glucose intolerant and hyperinsuline-
mic as compared with either the normotensive control group
or those with normal electrocardiograms. Not surprisingly,
measurement of insulin-mediated glucose disposal demon-
strated that patients with essential hypertension and ischemic
electrocardiographic changes were insulin resistant. In addi-
tion, the data in Table 13–2 show that patients with high
blood pressure and abnormal electrocardiograms were also
significantly more dyslipidemic (higher plasma TG and lower
HDL-C concentrations) as compared with normotensive
individuals or hypertensive patients with normal electrocar-
diograms. The existence of these CVD risk factors in the
hypertensive patients with abnormal electrocardiograms was
seen in the absence of pharmacologic treatment of their high
blood pressure. Furthermore, the magnitude of the abnor-
malities in insulin, glucose, and lipid metabolism in patients
with high blood pressure is much greater than the adverse
effects of any antihypertensive treatment.54 Finally, lowering
blood pressure with antihypertensive treatment does not
return these metabolic abnormalities to normal.5,6

The importance of the link between dyslipidemia and CVD
in insulin-resistant/hyperinsulinemic patients with essential
hypertension and CVD has received additional support from
two reports from the Copenhagen Male Study. In the first pub-
lication,52 Jeppesen et al. evaluated the hypothesis that blood
pressure is less predictive of CVD in individuals with the dys-
lipidemia characteristic of insulin-resistant/hyperinsulinemic
individuals—a high TG and a low HDL-C concentration—
than in those without these changes in lipid metabolism. Their
results were consistent with the proposed hypothesis in that
the development of CVD in individuals with a high TG and
low HDL-C concentration was independent of differences in
baseline systolic or diastolic blood pressure. In contrast, the
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higher the systolic (p <.001) or diastolic (p <.03) blood pres-
sure at the beginning of the study, the greater the incidence of
CVD in those without the dyslipidemia associated with insulin
resistance/hyperinsulinemia.

In a second study,53 the 2906 participants enrolled in the
Copenhagen Male Study were divided into three groups on the
basis of their fasting plasma TG and HDL-C concentrations.
Individuals whose plasma TG and HDL-C concentrations were
in the upper third or lower third, respectively, of the whole
population, were assigned to the high TG/low HDL-C group.
At the other extreme, a low TG/high HDL-C group was com-
posed of those individuals whose plasma TG and HDL-C con-
centrations were in the lower third and upper third,
respectively, of the study population for these two lipid meas-
urements. The intermediate group consisted of those partici-
pants whose lipid values did not qualify them for either of the
two extreme groups. The investigators then defined the inter-
action between TG/HDL-C groups and four conventional
CVD risk factors: smoking, sedentary lifestyle, hypercholes-
terolemia, and essential hypertension. Irrespective of which of
the four conventional CVD risk factors were considered, there
was a two to three times higher risk of CVD in the high
TG/low HDL-C group. The incidence of CVD in the face of
any of the four conventional CVD risk factors was less than
5% during the 8-year period of observation as long as the
individual with one of the conventional risk factors was also
in the lowest TG/highest HDL-C group.

It should be emphasized that Jeppesen et al. used a high
plasma TG and low HDL-C concentration as a surrogate
marker of insulin resistance/hyperinsulinemia, without
necessarily suggesting that these specific changes in lipopro-
tein metabolism were the total explanation of why CVD
risk was increased in this subset of the population with
essential hypertension. There is no reason to suspect that
the hyperinsulinemia, glucose intolerance, dyslipidemia, and
procoagulant state associated with the insulin-resistance syn-
drome will not contribute to the increased CVD risk in
those patients with essential hypertension that are also
insulin resistant.50 In addition, changes in endothelial func-
tion that might contribute to increased CVD risk also vary
as a function of differences in insulin-mediated glucose dis-
posal in patients with essential hypertension. For example,
the first step in the process of atherogenesis is the binding of

circulating mononuclear cells to the endothelium,55 and
the data in the right panel of Figure 13–4 indicate that the
binding of mononuclear cells isolated from patients with
hypertension to endothelial cells in vitro is directly related
to their degree of insulin resistance as quantified by the
SSPG concentration at the end of a 180-minute infusion of
octreotide, insulin, and glucose.56 However, it can also be
seen by comparing the two panels of Figure 13–4 that the
relationship between SSPG concentration and binding of
isolated mononuclear cells to endothelium was similar in
normotensive and hypertensive volunteers in that the more
insulin resistant an individual (the higher the SSPG concen-
tration), the greater the adherence of his or her isolated
mononuclear cells to endothelium.

Essentially identical findings were observed when the rela-
tionship between plasma asymmetric dimethylarginine
(ADMA) concentration and insulin-mediated glucose dis-
posal was evaluated.57 Plasma concentrations of ADMA, an
endogenous inhibitor of nitric oxide synthase, have been
shown to be predictive of CVD in several clinical syn-
dromes,58 and Figure 13–5 depicts the relationship between
SSPG concentration (the specific measurement of insulin
resistance) and plasma ADMA concentrations in normal vol-
unteers (left panel) and patients with essential hypertension
(right panel). While plasma ADMA and SSPG concentrations
vary widely in both experimental groups, the elevations in
plasma ADMA concentrations are associated with higher SSPG
concentrations (greater degrees of insulin resistance) irrespec-
tive of blood pressure. Thus plasma ADMA concentrations are
increased to a similar degree in insulin-resistant individuals,
whether normotensive or hypertensive.

SUMMARY

There is a large body of experimental evidence that insulin
resistance and compensatory hyperinsulinemia are more preva-
lent in patients with essential hypertension than in their first-
degree relatives. Insulin resistance and/or compensatory
hyperinsulinemia have also been shown in several large prospec-
tive, population-based studies to predict the development of
essential hypertension. However, not all patients with essential
hypertension are insulin resistant/hyperinsulinemic, and the
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Table 13–2 Lipid and Lipoprotein Concentrations (Mean ± SEM)

Cholesterol:HDL 
Cholesterol LDL Cholesterol HDL Cholesterol Cholesterol Triglyceride

Group (mmol/L) (mmol/L) (mmol/L) (ratio) (mmol/L)

Control 5.05 ± 0.24 3.11 ± 0.22 1.36 ± 0.08 3.95 ± 0.31 1.16 ± 0.12
(n =25)
Normal ECG 4.79 ± 0.19 3.03 ± 0.18 1.28 ± 0.07 4.00 ± 0.25 1.21 ± 0.14
(n = 24)
Abnormal ECG 5.36 ± 0.18 3.39 ± 0.17 1.10 ± 0.06* 5.04 ± 0.23** 1.81 ± 0.13**
(n = 29)

From Sheuh WH-H, Jeng C-Y, Shieh S-M, et al. Insulin resistance and abnormal electrocardiograms in patients with high blood pres-
sure. Am J Hypertens 5:444-448, 1992.
*Different from control (p <.01).
**Different from control and normal ECG (p <.02).



increase in blood pressure in these individuals is unrelated to
any change in insulin action. This heterogeneity in the multiple
factors that increase the likelihood of a person developing
hypertension almost certainly accounts for the continuing argu-
ment as to whether insulin resistance/hyperinsulinemia play a
role in the etiology of essential hypertension. The fact that
insulin resistance/compensatory hyperinsulinemia does not
provide a single unifying hypothesis to account for the etiology
of essential hypertension should not obscure the important role

played by the defect in insulin-mediated glucose disposal in
increasing the likelihood that blood pressure will increase. Of
greater clinical relevance is the compelling evidence that it is the
subset of patients with essential hypertension that are also
insulin resistant, with the well-known cluster of associated CVD
risk factors, that are at greatest CVD risk. Consequently, effective
treatment of patients with essential hypertension should not be
limited to simply lowering blood pressure, but must also address
the multiple CVD risk factors often present in these patients.
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132 Chapter 14

Essential hypertension is characterized by the presence of
increased peripheral vascular resistance to blood flow.1 This
results from increased energy dissipation which occurs main-
ly at the level of small arteries and arterioles, vessels with a
lumen diameter measuring less than 400 μm and usually more
than 50 μm, the major site of generation of vascular resist-
ance.2 These vessels include small arteries with a lumen of
400 to 100 μm and arterioles that have smaller diameters.
Resistance arteries may play an important role in the develop-
ment of hypertension and its complications.3,4 Resistance to
flow varies inversely with the fourth power of the blood vessel
radius according to Poiseuille’s Law. Thus, small decreases in
lumen size will significantly increase resistance. The vascular
changes that result in a decreased lumen size in resistance
arteries in hypertension may be structural, mechanical, or
functional. We do not know whether they are a primary
abnormalities or the consequences of hemodynamic or
endocrine, paracrine, or autocrine effects triggered by blood
pressure elevation or other unknown mechanisms, which
could be genetic, metabolic, or humoral.

STRUCTURAL CHANGES IN RESISTANCE
ARTERIES IN HYPERTENSION

Small Arteries
Structural changes of small, resistance arteries in hyperten-
sion may occur as eutrophic or hypertrophic remodeling
(Figure 14–1).5 Eutrophic remodeling is usually found in
mild to moderate (stage 1) hypertension.6,7 It is character-
ized by a reduced outer diameter and lumen, whereas the
cross-sectional area of the media is normal, resulting in a
greater media:lumen ratio. In this type of remodeling there
is no true vascular hypertrophy, but rather a rearrangement
of smooth muscle cells around a smaller lumen, associated
with an increased extracellular matrix deposition (mainly
collagen fibers and fibronectin).8 In experimental hyperten-
sive models, this type of remodeling is generally found
when the renin-angiotensin system plays an important role,
such as in spontaneously hypertensive rats (SHR)9 and 2-
kidney 1 clip Goldblatt hypertensive rats.10 In humans,
eutrophic remodeling is found in patients with essential
hypertension and modest blood pressure elevations.5-8,11

The mechanism that leads to eutrophic remodeling is
unclear. Maintenance of media volume may involve a com-
bination of growth and apoptosis, the latter localized
peripherally in the vessel. Inward cell growth decreases
lumen diameter. Enhanced apoptosis occurs indeed in vari-
ous models of hypertension, including deoxycorticosterone
(DOCA)-salt hypertensive rats12 and angiotensin-induced
hypertensive rats.13 Eutrophic remodeling may also be the
result of chronic vasoconstriction.14

In hypertrophic remodeling there is true vascular hyper-
trophy, with thickening of the media that encroaches on the
lumen, associated with increased media:lumen ratio and
media cross-sectional area (see Figure 14–1). Hypertrophic
remodeling predominates in rat models of severe hyper-
tension in which the endothelin system is activated, such as
DOCA-salt hypertensive rats,15 1-kidney 1 clip Goldblatt
hypertensive rats,16 and Dahl-salt sensitive hypertensive rats.17

In humans, hypertrophic remodeling has been reported in
renovascular hypertension and pheochromocytoma.18 Both
types of remodeling may be present to varying degrees, and
“remodeling” and “growth” indices11 are used to approximate
their relative contributions. In hypertrophic remodeling there
may be increased smooth muscle cell number and/or size19 as
well as augmented deposition of extracellular proteins such as
collagen and fibronectin. In small arteries from SHR20 and
from essential hypertensive patients,8 collagen deposition is
significantly enhanced, which may play an important role
modulating cell growth (Figure 14–2).

Diminished activity of matrix metalloproteinases (MMP),
which degrade extracellular matrix proteins,21 may play a role
in the accumulation of extracellular matrix in resistance arter-
ies. Serum concentrations of MMP-1 were diminished in
hypertensive patients in whom vascular type I collagen was
augmented.22 In the mesenteric arterial bed, MMP-1 and
MMP-3 activity were decreased in young SHR before estab-
lished hypertension developed, whereas pro-MMP2 and acti-
vated MMP-2 were diminished in mesenteric arteries from
adult SHR.23 These changes may favor accumulation of types
IV and V collagen, fibronectin, and proteoglycans.24,25

The stiffness of the wall of small arteries is altered in exper-
imental and essential hypertension.23 Distensibility and com-
pliance of the vessel wall are determined by the stiffness of
wall components, the geometry of the vessel and intraluminal
pressure. Second-order cerebral small arteries from stroke-
prone SHR (SHR-sp) are less distensible than those of their
normotensive counterparts, which may account in part for
the reduction in their external diameter.26 In contrast, third-
order small arteries of less than 200 μm in diameter have nor-
mal wall mechanics, and therefore present true remodeling
rather than changes attributable to altered wall mechanics.26

In genetic and experimental rat models of salt-sensitive
hypertension, mesenteric resistance artery stiffness not differ-
ent from that in normotensive controls.27,28 However, in SHR
the stiffness of mesenteric small arteries may be initially
reduced,29 followed later by increases in the stiffness of wall
components, with reduced compliance and distensibility, in
part a consequence of collagen deposition.20 This underlines
the heterogeneity of remodeling and mechanical changes in
resistance vessels along the vascular tree, in different vascular
beds and in different experimental models. Wall stiffness of
subcutaneous small arteries from hypertensive patients either
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was not increased compared with that of normotensive sub-
jects30 or was slightly decreased.8 Different mechanisms may
account for changes in stiffness. As a consequence of the
closer alignment of cellular and fibrillar components result-
ing from changes in cell-extracellular attachment, collagen
fibers may be recruited at higher distending pressures in
small arteries from mild hypertensive patients early in the
disease. Later, because of the smaller lumen and greater col-
lagen:elastin ratio, compliance of resistance arteries may be
progressively reduced in vessels from hypertensive subjects
as a result of tensing of the collagen jacket at earlier portions
of the pressure curve. Decreased wall stiffness in cerebral
arterioles from SHR-sp, has been attributed to increased
elastin content.31 In contrast, in peripheral resistance arter-
ies, small artery stiffness was increased in SHR in association
with increased volume density of collagen and/or increased
collagen:elastin ratio.20 Extracellular constituents other than
collagen and elastin, such as proteoglycans may also modu-
late vascular stiffness. Removal of chondroitin-dermatan
sulfate–containing glycosaminoglycans from mesenteric
resistance arteries may increase their stiffness.32

Arterioles
Large arterioles (lumen diameter <100 μm) also undergo
remodeling as described for small arteries. Rarefaction, with
reduction of arteriolar density, occurs at the level of smaller
arterioles (lumen diameter <40 μm) and may increase vascu-
lar resistance. It may initially be functional and later anatomic
and permanent. Rarefaction has been reported in different
experimental rat models of hypertension.33

FUNCTIONAL ABNORMALITIES
OF RESISTANCE ARTERIES
IN HYPERTENSION

Enhanced constriction of resistance arteries in hypertension
may increase peripheral resistance by reducing lumen diameter.

Increased responsiveness to norepinephrine and enhanced
myogenic tone have been reported in experimental hyperten-
sion.34,35 Impaired endothelium-dependent relaxation has
been repeatedly reported36 and may also contribute to
increased constriction. However, most vasoconstrictor agents,
including endothelin-1, vasopressin, and norepinephrine elic-
it normal or diminished constrictor responses,34,37 suggesting
that augmented vasoconstriction in hypertension may result
from amplification of vasoconstrictor responses by the struc-
tural or mechanical reduction of lumen diameter, according
to Laplace’s law.38 Whether this actually occurs has been chal-
lenged.39 Enhanced constriction in response to angiotensin II
may be present as a consequence of post-receptor signaling
changes, either in the coupling of the receptor to G proteins or
in other events in the cascade that lead to increased calcium
release and entry into the smooth muscle cell in hyperten-
sion.40

Extracellular matrix components may contribute to abnor-
mal function of resistance arteries in hypertension (see
Figure 14–2). Peptides with the integrin-binding sequence
arginine-glycine-aspartate (RGD) induced endothelium-
dependent relaxation of rat skeletal muscle arterioles by
binding to αvβ3 integrins.41 Because αvβ3 integrins are more
abundant in arteries from adult SHR,20 αvβ3-mediated relax-
ation could be enhanced. However, in hypertension, αvβ3
integrins may be unavailable for ligand binding or occupied,
and may therefore not induce vascular relaxation. Another
RGD-containing peptide, glycine-arginine-glycine-aspartate-
serine-proline (GRGDSP), induced endothelium-independ-
ent afferent arteriole constriction with increased intracellular
calcium concentration.42 In hypertension and with aging,
fibronectin and α5β1 integrins are increased,20 and according-
ly α5β1-integrin occupancy could contribute to increased
contractility and vascular resistance. Modulation of MMPs
may also play a role in changes in vasoactive behavior.
Inhibition of vascular MMP-2 in rat mesenteric arteries
reduced the vasoconstrictor effects of big endothelin-1. The
mechanism for this effect was cleavage of big endothelin-1
and release of the new vasoconstrictor peptide ET-1[1-32].43

FFigure 14–1 Eutrophic and hypertrophic
remodeling of resistance arteries in
hypertension and potential agents that play a
role in inducing the different types of
remodeling of small arteries. As hypertension
progresses, eutrophic remodeling may evolve
toward hypertrophic remodeling under the
influence of angiotensin II and/or endothelin-1,
other growth factors, and high blood
pressure. (Reproduced with permission from
Intengan HD, Schiffrin EL. Structure and
mechanical properties of resistance arteries
in hypertension: Review. Hypertension
36:312-318, 2000.)
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SUMMARY

Abnormalities of endothelial cells, smooth muscle cells,
adhesion molecules, and the extracellular matrix in the vas-
culature may contribute to structural, mechanical, or func-
tional changes that reduce the lumen diameter of small
arteries and arterioles and contribute to increases in vascular
resistance in hypertension. A deeper understanding of these

vascular alterations and the mechanisms that produce them
may lead to the development of new therapeutic approaches
to prevent target organ damage in cardiovascular disease.
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FFigure 14–2 Associations between extracellular matrix proteins and integrins on the smooth muscle cell surface, and
intracellular signaling pathways leading to cytoskeletal reorganization and to cell motility, migration, and growth. These
processes contribute to rearrangement of smooth muscle cells, increased deposition of extracellular matrix components and
changes in cell-cell and cell-matrix interactions, processes that are at the origin of mechanical alterations and structural
remodeling in hypertension. G-protein–coupled receptors (angiotensin, endothelin, and others), acting directly or via
transactivation of growth factor receptors, as well as biomechanical strain, activate MAP kinases via membrane-associated 
c-Src that induces association with the adaptor protein complex Shc-Grb-Sos and downstream activation of the Ras:Raf:MAP
kinase cascade. MAP kinase acts on nuclear and cytoplasmic targets to initiate cell growth. G-protein–coupled receptors
interact with integrins via p130Cas. Extracellular matrix components directly activate integrins, and via focal adhesion kinase
(FAK)-dependent pathways, phosphorylate cytoskeletal proteins (paxillin, talin, actin) that regulate cytoskeletal organization
and motility. Integrin-activated FAK also influences cell growth by activating MAP kinases. By mechanisms that remain unclear,
integrin activation triggers opening of various channels, including L-type Ca2+ channels, modifying Ca2+ transport and vascular
smooth muscle cell contraction. Functional and structural interactions between extracellular matrix proteins and smooth muscle
cells through adhesion molecules may be important in maintaining vascular wall integrity. Alterations in these interactions,
possibly by modifications in cell attachment sites, could contribute to changes in vascular media stiffness. ECM, extracellular
matrix; FAK, p125 focal adhesion kinase; ERKs; extracellular signal-regulated kinases, also known as mitogen-activated
protein (MAP) kinases; MEK, mitogen-activated ERK-activating kinase, also known as MAP kinase kinase (MAPKK).
(Reproduced with permission from Intengan HD, Schiffrin EL. Structure and mechanical properties of resistance arteries in
hypertension: Review. Hypertension 36:312-318, 2000.)
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Epidemiologic studies have shown that cardiovascular disease
related to arterial lesions is the leading cause of morbidity and
mortality in the Western countries. Arterial abnormalities
have been observed at early stages of cardiovascular diseases,
particularly in the presence of risk factors, principally hyper-
tension. The arteries are the site of hypertension-induced organ
damage that compromises the function of various organs: the
kidney (nephrosclerosis), the brain (stroke), the heart (angina-
myocardial infarction), and the aorta (aneurysm). Therapeutic
trials have shown that arterial lesions appear in some treated
hypertensive patients and that the effect of cardiovascular drugs
on the arterial wall may differ among compounds. Accordingly,
assessment of arterial wall properties has been embraced by the
world of hypertension research as an important activity.

During the last decade we have had an extraordinary
advance in the methodologic aspects of noninvasive determi-
nation of the mechanical properties of the large arteries, prin-
cipally arterial stiffness, related to the development of new
ultrasound techniques and computer processing. A conse-
quence of this remarkable development is the availability of
devices that allow not only the evaluation of arterial stiffness
but also its estimation at different sites in the arterial tree and
assessment of other hemodynamic parameters of the arterial
wall such as pulse pressure, pulse contour analysis, arterial
diameter, wall thickness, and distal compliance.

The growing interest in arterial stiffness is reflected by an
increasing number of publications, by the number of ongoing
studies, and by development of drugs that act specifically on
the arterial wall. Despite this increasing interest, there remains
a profusion of methodology and terminology in the literature
that can cause confusion and make it impossible to compare
results between studies and between research groups.1 This
review is focused on the clinical applications of arterial stiff-
ness measurements in patients at high cardiovascular risk,
principally those with hypertension.

DEFINITIONS AND REFERENCE VALUES

In clinical research, arterial stiffness is the most simple and
common term used to describe the mechanical properties of
the large arteries.2-5 The terms compliance and distensibility are
also widely used, although they imply a more quantitative
approach. Some fundamental hemodynamic principles
should be recalled to understand the different definitions used
to describe arterial stiffness in clinical practice, to note their
limitations, and to provide some normal values.

Hemodynamic Basis
The most widely accepted model of the arterial system is a
simple tube with one end representing the peripheral resist-

ance and the other receiving blood from the heart.5 A wave
generated by cardiac contraction travels along the tube toward
the periphery and is reflected back from the periphery. Thus
the pressure wave at any point along the tube is the resultant of
both the incident and the reflected waves (Figure 15–1). The
incident wave is influenced by the left ventricular ejection and
the arterial stiffness (pulse wave velocity [PWV]); the reflected
wave is related to arterial stiffness and the characteristics of the
reflected waves. Local arterial stiffness refers to measurements
performed locally on a cross-sectional area of straight artery.
Regional (segmental) stiffness refers to measurements per-
formed over a segment of the arterial tree or on a regional
arterial circulation. Systemic (global) stiffness refers to the
compliance of the whole arterial tree. In clinic, arterial stiffness
should be investigated either locally to explore vascular dam-
age or in the regional and/or systemic circulations to explore
the interactions between the heart and vessels (Table 15–1).

Indices of Local Arterial Stiffness
In most cases, measurements are done locally on superficial
and straight arteries. The vessel is considered a portion of a
cylindrical tube in which the relationship between blood pres-
sure and volume (or lumen diameter or cross-sectional area)
is established, and its slope represents an index of stiffness.
From these measurements, stiffness changes were described as
universally accepted indices called distensibility, compliance,
elastic modulus (Peterson), and incremental elastic modulus
(Young) (see Table 15–1). Because of the curvilinearity of the
pressure-diameter relationship, all of these parameters are
highly pressure dependent. Thus, to evaluate the degree of
stiffness of the arterial wall material, blood pressure should be
considered and isobaric measurements should be performed
according to the local arterial pressure.

Local determinations of arterial stiffness are performed by
using ultrasound techniques in which several aspects have to
be considered. First, the stiffness indices represent dynamic
and not static measurements.5,6 Therefore, changes in pressure
(pulse pressure) and changes in volume (or lumen diameter or
cross-sectional area) are measured locally at the same arterial
location (e.g., the carotid). Second, because the measurements
are exclusively cross-sectional, it is assumed that the length of
the artery remains constant over time. Third, because the arte-
rial tree is heterogeneous, it is important to investigate both
proximal (elastic) and distal arteries (muscular).7

Indices of Regional and Systemic Arterial
Stiffness
The most common measure of regional (segmental) arte-
rial stiffness is PWV.8 The principle of PWV is based on the
fact that left ventricular ejection volume of blood into the
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ascending aorta dilates the aortic wall and generates a pulse
wave that is propagated throughout the arterial tree at a finite
speed determined by the elastic and geometric properties
of the arterial wall and the characteristics (density) of the
contained fluid (blood). Higher velocity corresponds to high-
er arterial stiffness. PWV is related to the Young’s modulus (E)
of a thin-walled homogenous elastic tube by the formula
PWV = √E.h/2rρ, where r is the density of blood (1.05), E the

incremental elastic modulus, and h/2r the wall thickness
divided by diameter. PWV velocity is calculated by using the
formula PWV = D/T, where D represents the distance traveled
by the pulse between two recording sites and T represents
the transit time needed by the front wave (which is not influ-
enced by wave reflection) to travel from one site to the other
(Figure 15–2).

Characteristic impedance is another valuable index of arte-
rial stiffness and relates absolute arterial pressure to absolute
velocity of flow at the same site in the absence of wave reflec-
tions.5 Characteristic impedance (Zc) is related to PWV by the
formula Zc = PWV/ρ (ρ = blood density).

It is important to note that the mechanical properties of
arteries and wave reflections are constantly interacting. When
the arterial wall is stiff, wave travel is rapid, and the reflected
wave merges with the systolic part of the incident wave, caus-
ing a supplementary increase in pressure in systole (called
augmentation index) and a low pressure in diastole, resulting
in an increase in pulse pressure.5,9 This is a manifestation
rather than a measure or index of arterial stiffness.

Systemic or total (called also “capacitive”) arterial compli-
ance (C) is an estimate of the compliance of the whole arterial
tree via simple models of the arterial circulation by using
analysis of the arterial pressure wave. During diastole, the gen-
eral shape of the diastolic pressure curve commonly assumes a
simple monoexponential form, enabling an analogy with the
electrical RC model. The limitation of this classical model is
that pressure oscillations are considered to be instantaneous
and occurring simultaneously in all parts of the arterial tree.10

Moreover, methods for calculating total arterial compliance
likewise require noninvasive estimation of cardiac output and
assumption of a Windkessel model in which no wave reflection
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Figure 15–1 Decomposition of the measured ( – ) blood
pressure into a forward (— incident) wave and a backward
(.... reflected) wave.

Table 15–1 Definition and Units of the Various Indices of Arterial Stiffness

Arterial distensibility Relative diameter (or area) change for a pressure increment; the inverse of elastic modulus
ΔD/(ΔP.D) (mm Hg−1)

Arterial compliance Absolute diameter (or area) change for a given pressure step at fixed vessel length
ΔD/ΔP (cm/mm Hg) (or cm2/mm Hg)

Volume elastic modulus Pressure step required for (theoretical) 100% increase in volume
ΔP/(ΔV/V) (mm Hg) = ΔP/(ΔA/A) (mm Hg) where there is no change in length

Elastic modulus The pressure step required for (theoretical) 100% stretch from resting diameter at fixed vessel length
(ΔP.D)/ΔD (mm Hg)

Young’s modulus Elastic modulus per unit area; the pressure step per square centimeter required for (theoretical) 
100% stretch from resting length

ΔP.D/(ΔD.h) (mm Hg/cm)
Pulse wave velocity Speed of travel of the pulse along an arterial segment

Distance/Δt (cm/s)
Characteristic impedance Relationship between pressure change and flow velocity in the absence of wave reflections

ΔP/ΔV [(mm Hg/cm)/s]
Stiffness index Ratio of logarithm (systolic/diastolic pressures) to (relative change in diameter)

β Index = (Ps/Pd)/[(Ds − Dd)/Dd] (nondimensional)
“Capacitive compliance” Relationship between pressure fall and volume fall in the arterial tree during the exponential 

component of diastolic pressure decay
ΔV/ΔP (cm3/mm Hg)

“Oscillatory compliance” Relationship between oscillating pressure change and oscillating volume change around the 
exponential pressure decay during diastole

ΔV/ΔP (cm3/mm Hg)

Note that mm Hg were used (100 mm Hg = 13.33 KPa) and that the ratio between stroke volume and pulse pressure or the beta
index, a semi-logarithmic transformation of the volume elastic modulus, are not considered as true indices of arterial stiffness.
Abbreviations: P, pressure; D, diameter; V, volume; h, wall thickness; t, time; s, systolic; d, diastolic; A, cross-sectional area.
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exits. Nevertheless, methods of pulse wave analysis concentrat-
ed exclusively on diastolic decay and using a modified
Windkessel model have been proposed.11

METHODS, DEVICES, AND PROCEDURES

This chapter will not give an exhaustive analysis of all the
available methods and their reproducibility but will focus on
some of those commonly used (Table 15–2).

Assessment of Systemic and Segmental
Arterial Stiffness and Wave Reflections
Most of these devices use measurements of pulse transit time
or pulse contour analysis.

Automated Doppler Recording for Pulse Wave
Velocity Measurement

This system gives an automated measurement of PWV by
using continuous Doppler.12

Cardiovision System

The Cardiovision System (IMDP, Las Vegas, NV) uses com-
puterized oscillometry (obtained from a brachial pressure
cuff) to measure blood pressure and to derive an index of
unloaded brachial arterial stiffness.13

Complior System

The Complior System (Artech-Medical, Pantin, France) gives
an automated measurement of PWV based on dedicated pres-
sure transducers directly applied on the skin.14 Two arterial
segments, mainly the aortic trunk, the upper or the lower
limbs, can be evaluated simultaneously. The system allows an
indirect estimation of the central pulse pressure according to
the classical water-hammer formula.

HDI/Pulse Wave CR 2000

This technique (Hypertension Diagnosis Inc., Minnesota) is
based on the radial pulse recording with a piezoelectric sensor
strapped on the wrist and calibrated with a brachial oscillomet-
ric blood pressure recording.11,15 The modified Windkessel
model, on which this method is based, allows determination of
proximal “capacitive” compliance (C1, which normally approxi-
mates 1.71-2.2 cm3/mm Hg) and distal “oscillatory” compliance
(C2, which normally approximates 0.054-0.075 cm3/mm Hg).

Magnetic Resonance Imaging

Magnetic resonance imaging (MRI) has been proposed as a
non-invasive means of obtaining local distensibility or arterial
PWV.16

QKd System

The method is developed as an add-on device of the ambula-
tory blood pressure monitoring (ABPM) recording device
Diasys (Novacor, Rueil-Malmaison, France).17

Second Derivative of the Finger Plethysmogram
(SDPTG)

This method (Fukuda Electric Co., Tokyo, Japan) is based on
the analysis of the information contained in the derivatives of
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FFigure 15–2 Pulse wave velocity measurement. A = Wave
recorded by the proximal transducer; B = wave recorded by
the distal transducer; ΔT = time delay between the foot
waves; D = distance travelled by the wave.

Table 15–2 Methods and Devices to Assess Arterial Stiffness

Method/Device Global Stiffness Local Stiffness

Applanation Tonometry PCA
Automated Ultrasound recording PWV
Cine MRI PWV Aorta
Complior PWV
CR-2000 PCA
QKD System Assimilated to transit time
Second derivative of the finger plethysmograph PCA
SphygmoCor PCA/PWV
Subclavian pulse tracing-Doppler echocardiography PCA
Transesophageal echocardiography Aorta
Vascular echography-Frame Grabler processing Carotid
Wall Track System PWV Superficial arteries

Cine MRI, cine magnetic resonance imaging; PCA, pulse contour analysis; PWV, pulse wave velocity.



the peripheral blood pressure pulse waveform obtained by
finger plethysmography.18

SphygmoCor System

The SphygmoCor device (PWV Medical, Sydney, Australia) is
based on a peripheral pressure pulse recording with the
applanation tonometer (Millar).9,19 From the radial or carotid
artery recording, this system calculates an index of wave
reflection, the augmentation index, and the carotid and aortic
pulse pressure. It also allows the measurements of transit
time to calculate PWV between two arterial pressure waves
recorded successively with the R wave of the electrocardio-
gram (ECG).

Subclavian Pulse Tracing and Doppler
Echocardiography Method

Measurements of arterial pressure at the level of the subclavian
artery with a strain gauge transducer and measurement of aor-
tic flow velocity with Doppler echocardiography are computer-
ized to calculate arterial compliance with an electrical model.20

Assessment of Local Arterial Stiffness
Transesophageal Echocardiography

Transesophageal echocardiography enables measurement of
the ascending aorta wall thickness and changes in diameter.
Combination with the subclavian blood pressure enables cal-
culation of the elastic modulus.21

Vascular Echography Coupled with Frame
Grabber Processing

Simultaneous measurement of blood pressure, carotid arteri-
al diameter, and intima media thickness allows calculation of
Peterson’s elastic modulus, Young’s elastic modulus, and beta
index, which requires a semi-logarithmic transformation of
the pressure measurements.22

Wall Track System

The Wall Track System (WTS) (Pie Medical, Maastricht, The
Netherlands) includes a vascular echo tracking device for the
measurement of internal diameter at diastole, its pulsatile
changes, and the intima media wall thickness.23 The WTS also

allows measurements of transit time to calculate PWV
between two arterial sites recorded successively with the R
wave of the ECG. The combination of WTS and local blood
pressure recordings allows the calculation of local compliance
and wall distensibility coefficients. Use of an additional pres-
sure-adjusted water-filled cuff allows the calculation at the
level of the radial artery of the elastic modulus over a large
range of distension pressures.

User Procedures: Standardization
of the Examination Conditions
The patient conditions and the examination procedure are
very similar to those used for blood pressure measurements
and are summarized in Box 15–1.24-29

DIAGNOSTIC VALUE OF ARTERIAL
STIFFNESS MEASUREMENTS

Age and Gender
Numerous studies have shown that arterial stiffness is closely
related to age, the major factor influencing the mechanical
properties of arteries. Various mechanisms, including the role
of the endothelium, and media have been invoked to explain
the observed changes with age.

An age-dependent increase in arterial stiffness and pulse
pressure (both accompanied by an increase in systolic blood
pressure [SBP] and a decrease in diastolic blood pressure [DBP]
with age) in both healthy populations and populations with
cardiovascular disease has been described independently of
mean blood pressure or presence of other risk factors.5,30 Aging
has a different effect on central (elastic) arteries than on periph-
eral (muscular) arteries and arterioles. Central arteries stiffen
progressively, whereas the stiffness of muscular arteries changes
little with age.7,31 These results have been reported in both sexes,
although arterial diameter and length are smaller in women
than in men. The extent of the increase in arterial stiffness with
age may depend on several environmental or genetic factors.

Blood Pressure
Relationships between arterial stiffness and blood pressure
level vary widely among studies, depending on whether we
consider the central or peripheral arterial pulse wave and the
systolic, diastolic, mean, or pulse pressure. Population studies
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Box 15–1 Standardization of the Examination Procedure

● Rest period for at least 10 minutes at stable room temperature.
● Supine position is preferred. Patients may neither speak nor sleep during assessments.
● Patients have to refrain from smoking, eating, and drinking caffeine or alcohol for at least 3 hours before the

examination.
● Repeated measurements should be performed under the same conditions, by the same observer, and using validated

automated procedures where possible.
● The time of drug intake should be mentioned.
● A quality control of the obtained data has to be performed.
● If appropriate, correction for important confounding factors is possible. Absolute unadjusted values must always be

given.
● Investigators have to be trained to avoid observer bias errors.



performed in untreated normotensives and hypertensives
with large ranges of age and without any cardiovascular dis-
ease analyzed the determinants of PWV by using adequate sta-
tistical methods. Their results are in agreement and show that
the major determinants of PWV are, independently, age and
SBP. These findings are predictable, because the major determi-
nant of SBP is the stiffness of large arteries. The influence of
age and SBP differs in central arteries (carotid-femoral PWV),
in which age is the major determinant, and in peripheral arter-
ies (arm PWV), in which blood pressure is the major determi-
nant. Table 15–3 shows the normal values of PWV measured in
different arterial segments.

Hypertension
Increased PWVs have been reported in hypertensives as com-
pared with normotensives. However, these results have varied
according to the arterial segment, blood pressure, and age
adjustment.

It is well established that arterial abnormalities appear at an
early stage of hypertension. These cannot be attributed solely
to the stretching effect of elevated blood pressure but also
reflect intrinsic alterations of the arterial wall that could rep-
resent either adaptive changes to the increase in arterial pres-
sure or primary abnormalities of the vessel wall.

Borderline and White-Coat Hypertension

Comparison of aortic (carotid-femoral) and arm (brachial-
radial) PWVs, between young borderline hypertensives and
age-matched normotensives showed higher PWVs in the bor-
derline hypertensives at any mean blood pressure level.32

These results suggested that the increased arterial stiffness
noticed in borderline hypertensive patients is not solely due to
the elevated pressure but also reflects intrinsic arterial wall
changes (Figure 15–3). Similar results were observed in
patients with white-coat hypertension as compared with nor-
motensive controls.

Persistent Hypertension

Numerous studies have reported stiffer arteries in patients
with established hypertension as compared with normoten-

sive controls. Comparison of aortic (carotid-femoral) and
arm (brachial-radial) PWVs between patients with essential
hypertension and age-matched normotensive controls
showed higher PWVs in hypertensives at any age. A popula-
tion study of aortic pulse wave velocity (carotid-femoral) in
normotensive and hypertensive patients showed higher PWV
in hypertensives as compared with normotensives (11.8 ± 2.7
versus 8.5 ± 1.5 m/sec) (Figure 15–4).

Taken together, these findings showed (1) in borderline
hypertension, higher carotid-femoral and brachial-radial
PWV than in age-matched normotensives; (2) in white-coat
hypertension, higher carotid-femoral PWV than in age-
matched normotensives; (3) in sustained hypertension, high-
er pulse wave velocity than in normotensives at any given age.
The elevated PWV and increased arterial stiffness cannot be
attributed solely to the stretching effect of elevated blood
pressure. Early hypertension-related abnormalities in the arte-
rial wall also contribute.

In normotensives, there is a continuous decrease in compli-
ance and distensibility from central to peripheral arteries.5,33
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Table 15–3 Normal Values of Pulse Wave Velocity

Velocity Nomal Values

Thoracic aorta 400−530 cm/sec
Abdominal aorta 500−570 cm/sec
Aortic arch-femoral 5.1 age (years) + 533 cm/sec

9.2 age (years) + 615 cm/sec
Carotid-femoral (site to site) 775−980 cm/sec

0.06 systolic BP (mm Hg) + 0.09 age (years)-2.3 × 102 m/sec
Carotid-femoral (distance substraction) 620−930 cm/sec
Brachial-radial 880 cm/sec

0.61 age (years) + 817 cm/sec
4.8 age (years) + 998 cm/sec

Femoral-foot artery 830 cm/sec
4.43 age (years) + 718 cm/sec
5.6 age (years) + 791 cm/sec
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FFigure 15–3 Correlation between PWV and mean BP in
borderline hypertensives (1,●) and normotensives (2▲). At
any BP level, PWV is higher in age-matched hypertensives.
(Adapted from Girerd X, Chanudet X, Larroque P, et al.
Early arterial modifications in young patients with borderline
hypertension. J Hypertens 7(Suppl):S45-S47, 1989.)



This physiologic stiffness gradient is significantly attenuated
in hypertensives whether they are young or old. The reduced
stiffness gradient in hypertensives is mainly due to a signifi-
cant decrease in distensibility of central arteries, whereas min-
imal changes in distensibility of the peripheral muscular
arteries are usually observed.33,34

Hypertension and Other 
Cardiovascular Risk Factors
Diabetes

Most authors have reported stiffer arteries in diabetic than in
nondiabetic (both type 1 and 2) patients with or without
hypertension, even at early stages of the disease.30,35 The stiff-
ness changes occurred predominantely in the central aorta
and the lower limb. Moreover, some authors found a relation-
ship between arterial stiffness and glycemia control or dura-
tion of disease, a finding that is disputed by others. Several
mechanisms have been proposed to explain the stiffer arteries:
hemostatic abnormalities, hyperinsulinemia, nonenzymatic
glycosylation, changes in the autonomic nervous system, and
clustering of other risk factors. Specific studies of the rela-
tionship between insulin or insulin resistance and arterial
stiffness are emerging.

Dyslipidemia

Based on experimental and clinical studies, it has been report-
ed that cholesterol excess alters endothelial function, leading
to a decreased ability of arterial vessels to relax. Whether this
abnormality is associated with increased stiffness of the arte-
rial wall in humans remains controversial.30 At present, there
is limited evidence for an association between cholesterol lev-
els or dyslipidemia and large artery stiffness.36 Longitudinal
studies relating arterial stiffness to cholesterol metabolism
and to endothelial function are lacking.

Smoking

Cigarette smoking increases stiffness of both medium and
large arteries. Whether the arterial effect of smoking is related
to concomitant blood pressure changes or is pressure inde-
pendent is still debated. Longitudinal studies involving smok-
ing and arterial stiffness as a primary goal are lacking.37

Hypertension and Organ Damage
Congestive Heart Failure

Arterial compliance measured at the aortic, carotid, iliac, or
brachial artery levels is significantly impaired in patients with
congestive heart failure (CHF).5,11,30,38 Further studies are
needed to evaluate the role of arterial stiffness in the progno-
sis of CHF and its improvement with treatment.

End-Stage Renal Disease

Patients with end-stage renal disease (ESRD) have a high
prevalence of systolic hypertension caused by increased arte-
rial stiffness. In comparison with nonuremic patients, aortic
PWV is increased in ESRD, especially in younger persons. The
arterial stiffening is more pronounced in the aorta than in the
peripheral arteries, in association with arterial calcification,
low high-density lipoprotein cholesterol levels, and altered
mechanisms of endothelium-dependent flow dilation.39

ARTERIAL STIFFNESS AND PROGNOSIS

Prospective epidemiologic studies have directed attention to
SBP and pulse pressure PP as a better predictor of cardiovascu-
lar and all-cause mortality than DBP. These studies highlighted
the role of pulse pressure and arterial stiffness in the pathophys-
iology of cardiovascular disease and emphasized that these
parameters give more information than blood pressure determi-
nation alone.40-44

Aortic Pulse Wave Velocity
as an Independent Predictor 
of Cardiovascular Risk
Because left ventricular ejection remains stable or even
decreases with age, arterial stiffness is probably the principal
factor responsible for increased SBP and pulse pressure during
aging. Thus the question has arisen whether the aortic PWV
might be a risk factor for cardiovascular or overall mortality.
Blacher et al.45 showed three significant predictors of cardio-
vascular mortality in patients with ESRD: aortic PWV, age,
and duration of hemodialysis. After adjustment for all con-
founding factors, the odds ratio for PWV (>1270 cm/sec) was
4.4 (confidence interval [CI]: 2.3-8.5) for all-cause mortality
and 5.0 (CI: 2.3-10.9) for cardiovascular mortality.

In patients with essential hypertension, a study based on
calculation of cardiovascular risk with the Framingham equa-
tions46 showed an increased risk of cardiovascular complica-
tions in parallel with the increase in aortic PWV, with aortic
PWV being the strongest predictor of cardiovascular mortali-
ty. Elsewhere, Laurent et al.47 analyzed the prognostic value of
PWV in a longitudinal study in hypertensive patients and
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clearly demonstrated that aortic stiffness, as evaluated by
carotid-femoral PWV, is an independent predictor of all-cause
and cardiovascular mortality. The same authors showed that
aortic stiffness is also an independent predictor of primary
coronary events and of fatal stroke in hypertensive
patients.48,49 These findings suggest that increased arterial
stiffness, as evaluated by aortic PWV, should be considered an
independent predictor of all-cause and cardiovascular mortal-
ity, primary coronary events, and fatal stroke in patients at
high cardiovascular risk with hypertension.

ARTERIAL STIFFNESS: PHARMACOLOGY
AND THERAPEUTICS

Hypertension
There is a need for pharmacologic studies focusing on arteri-
al wall properties at both proximal and distal levels. This has
been investigated with nitrates and nitrite donors,50 which
have been shown to decrease arterial stiffness at doses not
affecting resistance vessels, and to a lesser extent, with
angiotension-converting enzyme inhibitors and calcium
antagonists.

In principle, the demonstrated ability of antihypertensive
agents to reduce arterial stiffness is not surprising, because
blood pressure reduction unloads the stiffer components of
the arterial wall. Whether classes of antihypertensive agents
vary in their ability to affect arterial structure and thus influ-
ence arterial stiffness via a pressure-independent mechanism
is more difficult to demonstrate, because the demonstration
requires large-scale trials. In long-term studies it is generally
accepted that angiotensin-converting enzyme inhibitors, cal-
cium antagonists, and some b-blocking agents share a similar
ability to decrease arterial stiffness in hypertensive patients.
Results with diuretics may differ according to the patient’s age
and the arterial site.51-53

In the short term, a pressure-independent decrease in arte-
rial stiffness is generally mediated by smooth muscle relax-
ation caused either by a direct drug effect or by a resultant
change in endothelial function. In the long term, the occur-
rence of a pressure-independent decrease in arterial stiffness
implies a pharmacologic remodeling of the arterial wall.

Various pressure-independent changes in arterial structure
have been described in response to long-term drug treatment,
including angiotensin-converting enzyme inhibitors (with or
without diuretics), aldosterone antagonists, or even amino-
guanidine derivatives.54,55 Reduction in pulsatile mechanical
stress through the decrease in arterial stiffness is a desirable
goal of drug treatment to reduce arterial wall hypertrophy and
lumen enlargement.

Guérin et al.45,59 analyzed the impact of PWV reduction
(improvement in arterial stiffness) in terms of mortality in
patients at high cardiovascular risk caused by ESRD. Their
results showed that the degree of PWV reduction is an inde-
pendent predictor of mortality (Figure 15–6). These impor-
tant findings showed that improvement of PWV has a direct
benefit in terms of mortality.

Clinical trials including the study of polymorphisms of can-
didate genes should consider not only the renin-angiotensin
system but also the various systems involved in arterial struc-
ture, vasomotor tone, and remodeling. A pressure-independent
decrease in arterial stiffness was observed in hypertensive per-
sons with a polymorphism in the angiotension II type 1 (AT1)
receptor gene.56

Other Arterial Diseases
Studies of the effects of drugs on arterial stiffness in persons
with cardiovascular risk factors are scarce. In patients with
familial hypercholesterolemia, radial artery compliance was
largely increased after a 2-year treatment with simvastatin,
whereas no significant change was observed after 6 months
of treatment.57 Systemic compliance is higher, and aortic-
femoral PWV and central pulse pressure lower in women
receiving menopausal hormonal therapy, suggesting that
such therapy may decrease stiffness of the aorta and large
arteries in postmenopausal women. Removing women from
their hormonal therapy for 4 weeks reduced arterial compli-
ance, and reinstating therapy for a further 4 weeks restored
compliance to prestudy levels, independent of blood pres-
sure changes.58
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(p < .00001). (Adapted from Guérin et al.)59



Nonpharmacologic Treatment 
Most studies of nonpharmacologic therapies have involved
relatively small numbers of persons. Aerobically trained ath-
letes have greater large arterial compliance than matched
sedentary controls. A single, 30-minute cycling exercise at
65% of maximal oxygen consumption induced a small
increase in aortic compliance and reduction in PWV and
central SBP. Furthermore, 4 weeks of moderate-intensity
exercise (65% max) performed for 30 minutes, three times
per week in previously sedentary persons increased resting
arterial compliance. A pressure-independent decrease in arte-
rial stiffness may be observed through changes in several
environmental factors such as sodium intake. Weight loss
in healthy obese men induced a significant fall in mean
blood pressure, associated with a tendency toward a blood
pressure–dependent decrease in large artery stiffness. Six-
week fish oil therapy improved systemic arterial compliance
in non–insulin-dependent diabetes mellitus, whereas no
change occurred in blood pressure, cardiac output, and sys-
temic vascular resistance. PWV increased less in healthy
adults who were taking more than 300 mg/day of standard-
ized garlic powder for more than 2 years than in age- and sex-
matched control subjects. Finally, isoflavones derived from
either soy products or red clover increased large artery com-
pliance in postmenopausal women.
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146 Chapter 16

The vascular endothelium synthesizes and releases a spectrum
of vasoactive substances and therefore plays a fundamental
role in the basal and dynamic regulation of the circulation.1

Due to its strategic anatomic position, the endothelium is con-
stantly exposed to the different risk factors for atherosclerosis.

NITRIC OXIDE

Nitric oxide (NO)—originally described as endothelium-
derived relaxing factor (EDRF)—is released from endothe-
lial cells in response to shear stress produced by blood flow,
and in response to activation of a variety of receptors
(Figure 16–1).2-4 NO is a free radical gas with an in vivo
half-life of a few seconds, which is readily able to cross bio-
logic membranes.2,5,6 After diffusion from endothelial to
vascular smooth muscle cells, NO increases intracellular
cyclic guanosine monophosphate (cGMP) concentrations
by activation of the enzyme guanylate cyclase leading to
relaxation of the smooth muscle cells.7

NO is synthesized by NO synthase (NOS) from L-arginine.7

The conversion from L-arginine to NO can be inhibited by
false substrates for the NOS, for example, by NG-
monomethyl-arginine (L-NMMA).8 Because there is a contin-
uous basal release of NO that determines the tone of periph-
eral blood vessels, systemic inhibition of NO synthesis causes
an increase in arterial blood pressure.9-13 There are two major
types of NOS in the vasculature: a constitutive and an
inducible isoform. The former, which is present in endothelial
cells, is called endothelial NOS (eNOS), the latter is an impor-
tant inflammatory mediator released by macrophages in
response to immunologic stimuli.9 NO has also antithrombo-
genic, antiproliferative, leukocyte-adhesion inhibiting effects,
and influences myocardial contractility.10,13,15,16 The hemody-
namic effects of pharmacologic NO inhibition include an
increase in systemic and pulmonary arterial blood pressure,
and a decrease in cardiac output (Table 16–1).

Nitric Oxide in Experimental
Hypertension
Endothelium-derived NO-mediated vascular relaxation is
impaired in spontaneously hypertensive animals.10-13 Thus,
the bioavailability of NO is reduced. Surprisingly, the NO
pathway is paradoxically up-regulated in the resistance circu-
lation and the heart of spontaneously hypertensive rats
(SHR).14,15 Adult SHR possess a higher activity of eNOS than
their normotensive counterparts.16 Very young prehyperten-
sive SHR have, in contrast, lower eNOS activity than young
normotensive rats without a genetic background for hyper-
tension, indicating that the increased activity of eNOS in adult
SHR is indeed related to hypertension (Figure 16–2).

Moreover, the plasma concentrations of the oxidative product
of NO metabolism, nitrate, are higher in hypertensive rats
than in normotensive controls.14 These results indicate that
the basal release of NO is increased in hypertensive rats.

Thus, it appears that in SHR, there must be a factor blunt-
ing the hemodynamic effect of NO.17 Indeed, NO production
is increased in stroke-prone SHR (SHR-sp), but bioavailabil-
ity is reduced.18 Direct in situ measurement of NO release by
a porphyrinic microsensor in SHR-sp confirmed that hyper-
tension is associated with increased NO decomposition by
superoxide anions, (i.e., free oxygen radicals) (Figure 16–3).19

In other models of hypertension (i.e., in Dahl salt-sensitive
rats; in two-kidney, one clip experimental hypertension; and
in deoxycorticosterone [DOCA]-salt hypertensive rats)
endothelium-dependent relaxation is also impaired.20-24

However, NO production by eNOS is reduced rather than up-
regulated in Dahl salt-sensitive rats (see Figure 16–3).22,25,26

L-Arginine, the substrate of NO production by eNOS, nor-
malizes blood pressure and simultaneously increases urinary
excretion of nitrate, the degradation product of nitric oxide,
in Dahl salt-sensitive rats.27-30 Further mechanisms contribute
to the pathogenesis of salt-sensitive hypertension, for exam-
ple, decreased expression of endothelial endothelin B recep-
tors, which mediate NO release,23,25,31 and altered expression
of the constitutive brain NOS as well as the inducible NOS
isoform, possibly leading to alterations in renal sympathetic
nervous activity and sodium handling.32-35

Nitric Oxide in Human Hypertension
There are several techniques for the assessment of NO
bioavailability in humans. Most often, flow-mediated vasodi-
lation of the brachial artery, a marker of endothelial function,
is assessed by high-resolution ultrasonography (Figure 16–4).
Alternatively, endothelium-dependent and endothelium-
independent vasomotion in reaction to intraarterially infused
vasoactive substances are assessed using venous occlusion
plethysmography (Figure 16–5). Among the most often used
endothelium-dependent vasodilators are acetylcholine and
serotonin. Sodium nitroprusside or nitroglycerine serve as
endothelium-independent vasodilators.

Endothelium-dependent vasodilation in response to acetyl-
choline is impaired in patients with arterial hypertension, in
forearm circulation (see Figure 16–5),36-46 as well as in the
coronary vascular bed.47,48 Endothelium-dependent vasodila-
tion in the human forearm and coronary vascular beds are
strongly correlated.49,50

Basal NO activity is decreased in hypertensive patients.51

Furthermore, urinary excretion of the metabolic oxidation
product of nitric oxide, 15N nitrate, after administration of
15N-labeled arginine (i.e., the substrate for the generation of
NO) is reduced in hypertensive patients compared with
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normotensive controls (see Figure 16-5).52 Thus whole-body
NO production in patients with essential hypertension is
diminished under basal conditions. In line with these find-
ings, the vasoconstrictor response to L-NMMA, an inhibitor
of NO synthesis, was significantly less in hypertensive patients
compared with normotensives, whereas there was no differ-
ence in the response to norepinephrine, an endothelium-
independent vasoconstrictor, between hypertensives and
normotensives.51,53

Normotensive offspring of hypertensive parents exhibit
impaired endothelium-dependent vasodilation to acetyl-
choline.54 In parallel to manifest hypertension, in normoten-
sive offspring, vasoconstriction resulting from inhibition of
NO synthesis is decreased.55 Thus derangement of endothe-
lial function in hypertension is likely to be caused in part by
genetic factors, and not just a consequence of elevated blood
pressure (although the hemodynamic factor importantly
contributes).56

NITRIC OXIDE AND OXIDATIVE STRESS
IN HYPERTENSION

Oxidative stress plays an important role in the pathogenesis of
hypertension (Figure 16–6). Superoxide anion (O2

−), an oxygen
radical, can scavenge NO to form peroxynitrite (ONOO−), effec-
tively reducing the bioavailability of endothelium-derived
NO.19,57 In addition, O2

− can act as a vasoconstrictor.58-61
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Table 16–1 Hemodynamic Effects of NOS Inhibition in
Healthy Volunteers

Baseline L-NMMA (mg/kg/min)

0.3 1.0
SBP 134 ± 7 152 ± 5 150 ± 3*

DBP 73 ± 4 87 ± 5 85 ± 5†

SVR 1114 ± 124 1413 ± 145* 1973 ± 203‡

HR 67 ± 4 70 ± 6 63 ± 6
CI 3.5 ± 0.3 3.1 ± 0.2* 2.3 ± 0.2§

SVI 53 ± 6 48 ± 6 38 ± 5†

CVP 4 ± 0.7 3.6 ± 0.4 4.3 ± 0.05
B/min 23.1 ± 3.5 14 ± 4.5 18.6 ± 5.5

Modified after Spieker LE, Corti R, Binggeli C, et al.
Baroreceptor dysfunction induced by nitric oxide synthase inhibi-
tion in humans. J Am Coll Cardiol 36:213-218, 2000.
*p<.05, †p<.01, ‡p<.001, §p<.0001, for each data point com-
pared with baseline values.
L-NMMA, NG-monomethyl-L-arginine; SBP, systolic blood pres-
sure (mm Hg); DBP, diastolic blood pressure (mm Hg); SVR, sys-
temic vascular resistance (dyne.s−1.cm−5); HR, heart rate
(beats/min); CI, cardiac index (L.min−1.m−2); SVI, stroke volume
index (ml.min−1.m−2); CVP, central venous pressure (mm Hg);
B/min, sympathetic bursts per minute.
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a mitochondrial enzyme of the respiratory chain, seems to be a
major source of O2

−.62 Expression of NAD(P)H oxidase
in human coronary artery smooth muscle cells is up-regulated
by pulsatile stretch, generating increased oxidative stress.63

Another source of O2
− is cyclooxygenase (COX).64 In contrast,

xanthine oxidase, another generator of superoxide anions, does
not appear to play a significant role in essential hypertension.63,65

Paradoxically, NOS (i.e., the NO-generating enzyme) can
also produce O2

−.66-68 Production of O2
− in SHR-sp, an experi-

mental model of genetic hypertension, can be prevented by
NOS inhibition.68 Administration of exogenous tetrahydro-
biop-terin (BH4), an essential cofactor for NOS, can reduce
excess O2

− in the aorta of SHR-sp (see Figure 16–6).68 In prehy-
pertensive SHR, the calcium ionophore A23187-stimulated -
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(i.e., a receptor-independent activator of NOS) production of
O2

− was significantly higher than in control rats. NO release
was reduced in SHR aortas, with opposite results in the pres-
ence of exogenous BH4. Thus, dysfunctional eNOS may be a
source of O2

− in prehypertensive SHR and contribute to the
development of hypertension and its vascular complica-
tions.66,69

O2
− is finally detoxified by superoxide dismutase (SOD),

forming H2O2, which is further metabolized by catalase.70

However, the reaction between the two radicals O2
− and NO is

three times faster than the detoxification of O2
− by SOD.71

Depending on the relative concentrations of NO and SOD,
there may be a propensity for O2

− to preferentially react with
NO, resulting in decreased bioavailability of NO.

The gene for cytosolic SOD (i.e., SOD1) is located on the
21q22.1 region of chromosome 21.72 Therefore, patients with
Down syndrome (trisomy 21) have an extra copy of the SOD
gene. Because of gene dosage excess, their SOD activity is 50%
greater than in the diploid population, leading to reduced O2

−

levels.73 Indeed, patients with Down syndrome have lower
blood pressure levels, indicating a major role for O2

− in the
regulation of arterial blood pressure. Furthermore, the nor-
mal age-associated increase of blood pressure is absent in
patients with Down syndrome.74

Interactions between Nitric Oxide,
Angiotensin II, and Superoxide Anions
The renin-angiotensin system plays a major role in hyperten-
sion (see Figure 16–1).75 Apart from direct vasoconstrictor

effects of angiotensin II (Ang II), there are important interac-
tions between Ang II, oxygen radicals, and NO.

Ang II stimulates generation of O2
− by increasing the

expression of the NAD(P)H oxidase gene (p22phox) and
increasing the activity of NAD(P)H oxidase.76-79 The vaso-
constrictor effect of Ang II is enhanced in the absence of
NO, and diminished during coinfusion of the antioxidant
vitamin C.80 Thus, the vasoconstrictive effect of Ang II is
modulated by reactive oxygen species, mainly O2

−, and their
interaction with endothelium-derived NO (see Figure
16–6). Furthermore, Ang II increases the production of
endothelin (ET) in the blood vessel wall, which exerts vaso-
constriction and induces proliferation of the vascular
smooth muscle cells.81

NITRIC OXIDE AND PROSTAGLANDINS

Prostacyclin (PGI2) is an endothelium-derived relaxing factor,
which is released in response to shear stress (see Figure
16–1).3,82-84 PGI2 is synthesized by COX from arachidonic
acid.85 PGI2 increases intracellular cyclic adenosine mono-
phosphate (cAMP) in smooth muscle cells and platelets. In
contrast to NO, PGI2 does not contribute to the maintenance
of basal vascular tone of large conduit arteries.86 Instead, its
platelet inhibitory effects are most important. The synergistic
effect of both PGI2 and NO enhances their antiplatelet activ-
ity.87 A novel interesting concept in atherosclerosis is selective
inhibition of COX-2, which lowers CRP levels and improves
endothelial function.88
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Depending on the animal model of hypertension and the
vascular bed, endothelium-dependent contractions to acetyl-
choline, a muscarinic receptor-dependent stimulator of NO
synthesis, have been documented (see Figure 16–3). Because
this response is inhibited by COX inhibitors and thromboxane
receptor antagonists, the most likely contractile factors are
thromboxane A2 and prostaglandin H2.

89,90

Interactions between COX products and NO have been
demonstrated.91 In hypertensive patients, indomethacin, a
COX inhibitor, significantly increased the response to
acetylcholine, an effect that could be blocked by coinfusion
of L-NMMA, an inhibitor of NO synthesis.92 Therefore, COX
inhibition restores NO-mediated vasodilation in essential
hypertension, suggesting that COX-dependent substances
can impair NO bioavailability. COX is indeed a source of the
NO-scavenger O2

−.64

NITRIC OXIDE AND ENDOTHELIUM-
DERIVED HYPERPOLARIZING FACTOR

Inhibitors of the L-arginine pathway do not prevent all
endothelium-dependent relaxations.93 Because vascular
smooth muscle cells become hyperpolarized under these
conditions, an endothelium-dependent hyperpolarizing fac-
tor (EDHF) of unknown chemical structure has been proposed
(see Figure 16–1).94,95 There is evidence that a calcium-depend-
ent potassium channel on endothelial or smooth muscle cells is
important in mediating endothelium-dependent hyperpolar-
ization, a mechanism that is impaired in arterial hyperten-
sion.96-98 Endothelium-dependent hyperpolarization may also
be involved in the compensation for the impaired NO-system
in patients with essential hypertension.99,100

INTERACTIONS BETWEEN NITRIC OXIDE
AND ENDOTHELIN

More than a decade ago, a novel vasoconstrictor peptide
synthesized by vascular endothelial cells was identified.101,102

The family of ETs consists of three closely related peptides—
ET-1, ET-2, and ET-3—which are converted by endothelin-
converting enzymes (ECE) from “big endothelins” originating
from large preproendothelin peptides cleaved by endopepti-
dases.103-107 The ET peptides are synthesized not only in vas-
cular endothelial and smooth muscle cells, but also in neural,
renal, and pulmonary cells, and some leukocytes.108,109 The
chemical structure of the endothelins is closely related to neuro-
toxins (sarafotoxins) produced by scorpions and snakes.110-112

Factors modulating the expression of ET-1 include shear-stress,
epinephrine, Ang II, thrombin, inflammatory cytokines (tumor
necrosis factor α, interleukin-1, and interleukin-2), transform-
ing growth factor β, and hypoxia.113-125 ET-1 is metabolized
by a neutral endopeptidase, which also cleaves natriuretic
peptides.126,127

Imbalance of endothelium-derived relaxing and contract-
ing substances disturbs the normal function of the vascular
endothelium.1,128 Endothelin acts as the natural counterpart
to endothelium-derived NO, which exerts vasodilating,
antithrombotic, and antiproliferative effects, and inhibits
leukocyte-adhesion to the vascular wall.113 In addition to its
pressor effect in humans,129,130 ET-1 induces vascular and

myocardial hypertrophy,131-133 independent risk factors for
cardiovascular morbidity and mortality.134-136 In patients with
essential hypertension, carotid wall thickening and left ven-
tricular mass correlate with reduced endothelium-dependent
vasodilation.137,138

ET-1 has a paracrine rather than an endocrine mode of
action, which is reflected by plasma levels of ET-1 in the pico-
molar range.139,140 Infusion of an ET receptor antagonist into the
brachial artery or systemically in healthy humans leads to
vasodilation, indicating a role of ET-1 in the maintenance of
basal vascular tone.141,142 When ET-1 is infused, vasoconstriction
follows a brief phase of vasodilation, which may be explained
by relaxation of smooth muscle cells caused by ETB receptor-
mediated release of the vasodilators NO and PGI2 (see Figure
16–1). Additionally, ET-1 may also exert effects on the central
and autonomic nervous systems and alter baroreflex func-
tion.143-154 In the kidney, sodium reabsorption is modulated.155

The ET system is activated in several but not all animal
models of arterial hypertension.132,156-165 ET plasma levels
have been reported to be elevated in certain patients with
essential hypertension,166 but this is a subject of contro-
versy.53,167 The causal role of ET-1 in the pathogenesis of
hypertension thus remains unclear.168

Because most ET-1 synthesized in endothelial cells is
secreted abluminally, it might attain a higher concentration in
the vessel wall than in plasma. Indeed, significant correlations
between the amount of immunoreactive ET-1 in the tunica
media and blood pressure, total serum cholesterol, and num-
ber of atherosclerotic sites have been found.169 In blood vessels
of healthy controls, ET-1 was detectable almost exclusively in
endothelial cells, whereas in patients with coronary artery dis-
ease and/or arterial hypertension, sizable amounts of ET-1
were detectable in the tunica media of different types of arter-
ies.169 Furthermore, there is evidence that certain gene poly-
morphisms of ET-1 and ET receptors can be associated with
blood pressure.170-173 Moreover, in hypertensive patients, TAK-
044, a mixed ETA/B receptor antagonist, caused a significantly
greater vasodilation than in normotensive subjects.53 Because
in this study, plasma levels of ET-1 were similar in normoten-
sive and hypertensive patients, increased sensitivity to endoge-
nous ET-1 in hypertension has to be postulated. Decreased
bioavailability of NO may be involved in this phenomenon,
because NO antagonizes some of the effects of ET-1.

EFFECTS OF ANTIHYPERTENSIVE
THERAPY ON NO BIOAVAILABILITY
IN HYPERTENSIVE PATIENTS

In hypertensive animals, most classes of antihypertensive
drugs (e.g., calcium-channel blockers, ACE inhibitors, AT1
receptor antagonists) improve endothelium-dependent
vasodilation.99,174-180 Surprisingly and in contrast to animal
experiments, antihypertensive therapy cannot consistently
restore impaired endothelium-dependent vasodilation in
patients with arterial hypertension.36-46,181 However, depend-
ing on the antihypertensive drug and its pharmacologic pro-
file, improvements in endothelium-dependent vasodilation
can be achieved (Table 16–2).38,40,42,182-192 The multifactorial
etiology of essential hypertension as well as the duration of
blood pressure elevation may explain certain inconsistent
results of different investigators.193,194
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In addition to certain ACE inhibitors, several calcium
channel blocking agents were successful in improving
endothelial function in human hypertension (see Table 16–2).
Antioxidant properties of an antihypertensive drug are
important, because oxidative stress plays a central role in the
pathophysiology of human hypertension. Endothelial func-
tion of patients with hypertension is improved by ascorbic
acid, an antioxidant vitamin, which restores the imbalance of
increased NO decomposition by superoxide.195 Scavenging of
reactive oxygen species by antioxidants may become an
important therapeutic strategy,19,196 because chronic treat-

ment with vitamin C is in fact able to lower blood pressure in
patients with hypertension.197

Treatment with candesartan, an AT1-receptor antagonist,
reduced the vasodilator response to the mixed ETA/B-receptor
antagonist TAK-044 that was initially more pronounced in
hypertensive patients than in normotensive controls.187 This
was paralleled by a reduction in circulating plasma ET-1 lev-
els. Furthermore, the impaired vasoconstrictor response to 
L-NMMA, an inhibitor of NO synthesis, was augmented by
antihypertensive treatment in hypertensives. Thus, the Ang II
receptor blocker candesartan improves tonic NO release and

Table 16–2 Effect of Antihypertensive Therapy on Endothelial Function in Patients with Arterial Hypertension

Improvement in 
NO-Release Endothelium-

Antihypertensive Duration of Agonist/ Dependent 
Author Therapy Treatment Antagonist Vasomotion

ACE-inhibitors
Hirooka et al.38 Captopril Acute ACh Yes
Creager et al.43 Captopril 7-8 weeks MCh No

Enalapril 7-8 weeks MCh No
Taddei et al.191 Lisinopril Acute ACh No

Bk Yes
1 and 12 months ACh No

Bk Yes
Lyons et al.184 Enalapril 6 weeks L-NMMA Yes
Millgard et al.185 Captopril Acute MCh Yes

3 months MCh Yes
Schiffrin et al. Cilazapril 1 and 2 years ACh Yes

Ang II antagonist
Ghiadoni Candesartan 2 months ACh No
et al.

12 months ACh (Yes)*

b-Blocker
Schiffrin et al. Atenolol 2 years ACh No
Dawes et al.188 Nebivolol Acute L-NMMA Yes

Ca antagonists
Hirooka et al.38 Nifedipine Acute ACh No
Millgard et al.85 Nifedipine Acute MCh No
Sudano et al.189 Nifedipine 6 months ACh Yes
Schiffrin et al. Nifedipine Chronic ACh Yes
Taddei et al.191 Lacidipine 2 and 8 months ACh and Bk Yes
Lyons et al.184 Amlodipine 6 weeks L-NMMA Yes
Perticone et al.192 Isradipine 2 and 6 months ACh Yes

Other
Panza et al. Various (diuretics, verapamil, Chronic vs. 2 weeks ACh No

β-blockers, clonidine, withdrawal ACh No
α-methyldopa)

Taddei et al.42 Potassium Acute ACh Yes

Modified from Spieker LE, Noll G, Ruschitzka FT, et al. Working under pressure: The vascular endothelium in arterial hypertension. 
J Hum Hypertens14:617-630, 2000.
*This effect was paralleled by an enhanced endothelium-independent vasodilation to dosium nitroprusside.
Ang II, angiotensin II; ACE, angiotensin-converting enzyme; ACh, acetylcholine; Bk, bradykinin; Ca, calcium; L-NMMA, NG-
monomethyl-L-arginine; MCh, methacholine; NO, nitric oxide.
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reduces vasoconstriction to endogenous ET-1 in the forearm
of hypertensive patients.

Interestingly, infusion of nebivolol, but not other b-
blockers, intraarterially in the forearm of healthy subjects is
associated with an increase in forearm blood flow.198 The
increase in forearm blood flow achieved by nebivolol can be
prevented by coinfusion of the NO synthesis inhibitor 
L-NMMA. Similar results have been obtained in the human
venous circulation.199 This strongly suggests that nebivolol
stimulates the formation of NO in the vasculature and may
therefore have an interesting hemodynamic profile, which
leads—unlike other b-blockers—to peripheral vasodilation in
addition to the classical b-blocking effects on the sympathetic
nervous system, heart rate, and cardiac contractility.200,201

Nebivolol also causes NO-dependent vasodilation in hyper-
tensive patients.188 It is currently not known if this favorable
effect persists during chronic treatment with this new type of
β1-blocker.

The effects of newer antihypertensive agents (e.g., ET
receptor antagonists, ECE inhibitors, and inhibitors of neutral
endopeptidases cleaving natriuretic peptides) on endothelial
function in hypertension remain to be elucidated.

SUMMARY

The vascular endothelium, by synthesizing and releasing
vasoactive substances, plays a crucial role in the pathogenesis
of hypertension. Because of its position between intraarterial
pressure and smooth muscle cells responsible for peripheral
resistance, the endothelium is thought to be both victim and
offender in arterial hypertension. The delicate balance of
endothelium-derived factors, which is disturbed in hyperten-
sion, can be restored by specific antihypertensive and antioxi-
dant treatment.
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159Chapter 17

The endothelin (ET) system has been the focus of much atten-
tion in recent years, and excellent reviews are available.1-4 In
this chapter we provide an overview of the ET system before
focusing on it in hypertension and its major complication,
heart failure. We also provide a special emphasis on clinical
trials.

The vascular endothelium is an important source of vasodi-
lating and vasoconstricting factors (Figure 17–1). One of these
vasoconstricting factors is ET-1, the most-potent human
vasoconstrictor identified so far,5 which opposes, for example,
the vasodilating actions of nitric oxide (NO) and the C-type
(vascular) natriuretic peptide CNP. The ET system includes
three 21-amino acid peptide hormones—ET-1, ET-2, and
ET-3—with ET-1 playing the prominent role in the cardiovas-
cular system. ET is not stored in vesicles, and its secretion is
primarily regulated at the level of synthesis. The final step in
the biosynthesis is cleavage of ET from its precursor big-ET by
an endothelin-converting enzyme (ECE). Stimuli for ET
secretion include intraarterial pressure, low shear stress,
angiotensin II (Ang II), vasopressin, catecholamines, and
transforming growth factor β. There are two ET receptor sub-
types, ET-A and ET-B, which belong to the superfamily of
transmembrane receptors linked with guanine-nucleotide
binding (G) proteins. In the vasculature, ET vasoconstricts via
ET-A and ET-B receptors on vascular smooth muscle cells
(VSMCs), while activation of ET-B receptors on endothelial
cells leads to vasodilation. Under physiologic conditions, ET-
1 appears to act as an autocrine and paracrine factor rather
than an endocrine hormone, with about 80% of ET secreted
via the basal membrane. The ET system contributes to basal
vascular tone, as pharmacologic ET receptor blockade lowers
the mean arterial pressure (MAP) by about 10 mm Hg. Apart
from its vasomotor actions, ET promotes VSMC proliferation
and has been implicated in the pathogenesis of atherosclero-
sis.6 In addition to their presence in the vasculature, ETs and
their receptors are present and function in various tissues
(Figure 17–2).

Physiologic actions of ET include participation in the redis-
tribution of tissue blood flow that occurs during physical
exercise. In a rat model, ET-A receptor blockade attenuated
the physiologic blood flow reduction to the internal organs,
thus decreasing blood flow to active muscles during exercise.7

In addition, exercise training in rats led not only to improved
cardiac function with physiologic hypertrophy but also to an
increase in ET messenger ribonucleic acid (mRNA) expres-
sion.8 However, the same authors report that pathologic
hypertrophy in spontaneously hypertensive rats is associated
with an increase in ET mRNA expression, whereas exercise-
induced physiologic hypertrophy in Wistar-Kyoto rats is not
associated with alterations in ET mRNA.9 Subsequently we
discuss in more depth the vascular, renal, myocardial, and
humoral actions of ET.

BIOLOGIC ACTIONS OF ENDOTHELIN

Vascular Actions
Vasoconstriction, with an increase in arterial pressure, is the
most central action of ET. In the key study by Yanagisawa,
bolus administration of ET in the rat produced a marked sus-
tained hypertensive response.5 In isolated porcine coronary
arteries, ET produced a dose-dependent and sustained vaso-
constriction. In other animal preparations, exogenous ET
produced marked increases in systemic and regional vascular
resistances, with decreases in cardiac output—the latter
thought to be related, in part, to myocardial ischemia sec-
ondary to intense coronary vasoconstriction.6,10 ET was even
more constricting in isolated veins as compared with arteries,
in part secondary to the reduced presence of NO in veins.11

The role of ET as a vasoconstrictor and regulator of arteri-
al pressure has been demonstrated in studies in which the ET
gene was transferred by adenoviral gene delivery into normal
rats.12 ET gene transfer resulted in an increase in arterial pres-
sure that could be reversed by ET receptor blockade. These
vasoconstrictor responses have not been limited to animal
models or tissues. Administration of ET or big ET to normal
humans has produced potent and reversible vasoconstrictor
responses.13 Infusion of exogenous ET has been reported to
produce significant coronary vasoconstriction in humans,
supporting a role for ET as an important potential mediator
of myocardial ischemia in states of ET activation. Such vaso-
constricting actions may be most important in the presence of
a deficiency of counter regulatory humoral factors such as NO
and CNP, as in some forms of hypertension. Thus the vaso-
constricting action of ET in vivo probably reflects not simply
a direct action of ET but rather an imbalance between ET, NO,
and CNP. This concept has been underscored by the report
that inhibition of NO in vivo markedly potentiates the coro-
nary, renal, pulmonary, and systemic vasoconstricting and
hypertensive responses to exogenous ET administered at
pathophysiologic concentrations.14

Growth of the vascular wall in states such as hypertension has
been thought to be due in part to ET.15 This effect on vascular
remodeling is most evident in isolated VSMCs and can be
reversed by ET receptor blockade or by counterregulatory
humoral factors such as atrial natriuretic peptide (ANP) or CNP.

Renal Actions
The kidney has emerged as central in the biology of ET.
Studies have clearly demonstrated that the renal circulation
may be more sensitive than others in vasoconstrictor respon-
siveness to ET. Administration of ET at concentrations that
mimic those observed in pathophysiologic states results in
renal vasoconstriction in association with a decrease in
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sodium excretion.16 These studies are complemented by evi-
dence that ET administration to normal humans produces
renal vasoconstriction and sodium retention.17 It is important
to note, however, that although the renal actions of exoge-
nously administered ET in dogs and humans appear to be
mediated by the ET-A receptor (see section Endothelin

Receptors), and ET-A receptor antagonism may attenuate
decreases in urinary sodium excretion and glomerular filtra-
tion rate (GFR) in the normal dog,18 administration of an ET-
A receptor antagonist in a model of canine congestive heart
failure (CHF) results in sustained sodium retention without
changing GFR (see discussion of congestive heart failure).19
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These important renal actions of ET in humans and exper-
imental animals have prompted studies to determine whether
ET has a role in renal disease. Such a role is supported by
increased renal production of ET in disease models such as
acute and chronic renal failure (CRF), as well as by reports of
increased urinary ET in models of renal transplant rejection
and contrast nephropathy.20,21 Thus ET is an important mod-
ulator of renal function and may participate in the patho-
physiology of renal diseases that are associated with elevations
in arterial pressure.

Myocardial Actions
Another important target for ET is the heart. ET has been
reported to have positive inotropic actions in isolated car-
diomyocytes and in the intact heart.22 Although this effect
may be offset by coronary vasoconstriction and myocardial
ischemia, the autocrine/paracrine action of endogenous ET
may augment myocardial contractility. In an animal model of
CHF with increased expression of ET, ET-A receptor blockade
results in improved cardiac relaxation.10,23

ET may also have growth-promoting effects on ventricular
myocytes and cardiac fibroblasts. In an animal model of ven-
tricular hypertrophy produced by pressure overload of the left
ventricle, blockade of ET attenuated ventricular hypertrophy
independent of any reduction in cardiac afterload.24 In isolat-
ed cardiac fibroblasts, ET receptors are expressed and may be
activated by other humoral factors such as Ang II. Once acti-
vated, ET may serve as a mediator for production of collagen
and thus induce cardiac fibrosis and impair myocardial relax-
ation.25

It is well established that ET is synthesized in cardiac
myocytes and fibroblasts as well as endothelial cells, and it has
been reported that ET mediates Ang II–induced myocyte
hypertrophy and fibroblast proliferation.26,27 Also, ET directly
stimulates collagen synthesis through the ET-A receptor in
adult rat cardiac fibroblasts.28 ET is reported to reduce matrix
metalloproteinase (MMP)-1 (interstitial collagenase) in skin
fibroblasts and in adult rat cardiac fibroblasts29 and to
decrease MMP-2 in rat mesangial cells and in adult canine
cardiac fibroblasts.30 Similar to data for Ang II, these data sug-
gest that ET stimulates myocardial fibrosis, not only by
enhancing collagen synthesis, but also by diminishing MMP
activity. Interestingly, Fernandez-Patron et al.31 reported that
MMP-2 cleaved big ET-1 to produce mature ET, suggesting an
interaction between the MMP system and ET in the regulation
of vascular reactivity.

We have investigated the crosstalk between cardiotrophin 1
(CT-1) and the ET system. CT-1 is a potent hypertrophic fac-
tor in cardiomyocytes and signals through the glycoprotein
130/leukemia inhibitory factor (gp130/LIF) receptor com-
plex.32,33 We have elucidated in canine cardiac fibroblasts an
interaction between the CT-1/gp130/LIF receptor complex
and the ET/ET-A receptor axis in regulatory DNA synthesis.25

ET, derived from cardiac fibroblasts, has been known to medi-
ate a hypertrophic response via the ET-A receptor in car-
diomyocytes.26 In addition, CT-1 and ET share a common sig-
nal transduction system, which includes mitogen-activated
protein kinase activation.32 Saito et al. have reported that ANP-
and β-major histocompatibility complex–luciferase activation
by ET was inhibited when cardiomyocytes were transfected
with a dominant negative mutant of gp130.34 We hypothesized
that CT-1 activation of DNA synthesis in the cardiac fibroblast

would be modulated by ET via the ET-A receptor. This was
confirmed by the findings that the specific ET-A receptor
antagonist, BQ-123, inhibited not only ET-stimulated but
also CT-1–stimulated DNA synthesis. Conversely, pretreat-
ment with antibodies for the gp130/LIF receptor abolished the
action of ET. We also demonstrated that ET stimulates the
translocation of the LIF receptor from the cytosol to the cell
surface. Our data suggest that an interaction between the 
CT-1/gp130/LIF receptor and ET/ET-A receptor occurs in car-
diac fibroblasts and that crosstalk between these two systems
may be of importance in cardiac fibroblast activation and car-
diac remodeling.

Humoral Actions
ET has key interactions with other neurohumoral systems. ET
interacts importantly with NO via activation of the ET-B recep-
tor (see later section), which is expressed primarily in vascular
endothelium. ET thus releases NO, underscoring the unique
balance between these two humoral pathways that mediate
divergent actions on underlying vascular smooth muscle. ET
also releases other vasodilating humoral factors of endothelial
cell origin, such as CNP and adrenomedullin.35,36 In addition,
the production and release of ANP are linked to ET.

An important synergism exists between Ang II and ET. Ang
II may enhance the vascular responsiveness to a given con-
centration of ET. Studies have also demonstrated that many
of the myocardial actions of Ang II may occur via ET.37

Ang II–mediated myocardial hypertrophy may involve activa-
tion of an ET receptor subtype, activation of myocardial ET
production, or both. Furthermore, Ang II is a potent stimulus
for ET gene expression in isolated cultured cardiac fibroblasts,38

and inhibition of Ang II generation may therefore inhibit
the tissue activation of ET. We have reported that activation
of circulating and tissue ET in a model of heart failure could
be markedly attenuated by chronic angiotensin-converting
enzyme (ACE) inhibition.39 The latter observation supports the
view that some of the actions of ACE inhibition occur through
inhibition of ET synthesis.

An additional key action of ET involves stimulation of the
synthesis and release of aldosterone.40 Studies in isolated zona
glomerulosa cells have reported that ET is a potent activator of
aldosterone synthesis.41 Both ET-A and ET-B receptors appear
to be involved.42 The report that the aldosterone system coex-
ists with ET in the heart, along with the known promoting
effect of aldosterone on myocardial fibrosis, underscores the
importance of exploring the emerging relationship between
the ET system and aldosterone.

ENDOTHELIN RECEPTORS

The multiple biologic actions of ET are mediated by at least two
receptor subtypes, ET-A and ET-B (Figure 17–3). The ET-A
receptor is widely expressed and is the principal receptor for
the ET system in vascular smooth muscle. The ET-A receptor
has higher affinity for ET-1 than for ET-3. ET-A receptor acti-
vation results in vasoconstriction via activation of phospholi-
pase C and an increase in intracellular calcium.43 The ET-B
receptor was initially thought to be expressed only in vascular
endothelial cells and to release vasodilating substances such as
NO and prostacyclin, as well as the newly identified vasodilat-
ing peptide adrenomedullin. More-recent studies have
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demonstrated expression of the ET-B receptor in other vascu-
lar tissues such as the aorta, pulmonary vasculature, and coro-
nary circulation and that its expression may be upregulated in
pathophysiologic states in which the endothelium is dam-
aged.44-47 ET-B expression may be regulated by other humoral
factors, such as Ang II.48

In addition to mediating vasorelaxation through the release
of endogenous vasodilators, a vasoconstricting role for ET-B
receptor activation has been reported in vitro, and studies
suggest that ET-B receptor blockade may be necessary to
reverse all of the vasoconstricting actions of ET. ET-A recep-
tor antagonism with the selective ET-A receptor antagonist
BQ-123 has been shown in vitro to incompletely inhibit the
actions of ET. Furthermore, Fukuroda et al. demonstrated
that the combination of a selective ET-B antagonist, BQ-788,
with BQ-123 produced a synergistic inhibition of ET-
mediated vasoconstriction in vitro.49 Leadly et al. demonstrat-
ed in normal dogs a vasoconstrictor response to low doses of
the selective ET-B receptor agonist sarafotoxin S6c in vivo,
with increases in peripheral but not renal vascular resistance.50

In addition, Haynes et al. reported that selective ET-B recep-
tor activation with sarafotoxin S6c resulted in significant
vasoconstriction in the human forearm.51

ET-B receptor activation has both direct and indirect vaso-
constricting actions, the latter by increasing endogenous ET
secretion, resulting in ET-A receptor activation. In vitro stud-
ies demonstrate that activation of the ET-B receptor upregu-
lates the preproET-1 gene, with increased ET secretion from
cultured endothelial and mesangial cells and cardiac
myocytes.52 This mechanism could account for ET-B receptor-
mediated vasoconstriction via local activation of the ET-A
receptor. Rasmussen et al. demonstrated that ET-B receptor
activation with sarafotoxin S6c mediates systemic and pul-
monary vasoconstriction, with decreases in cardiac output
and SvO2.

53 Selective ET-A receptor blockade attenuated the
systemic vasoconstrictor action of high-dose sarafotoxin S6c.
In addition, dual ET-A and ET-B receptor antagonism attenu-
ated the increases in systemic and pulmonary vascular resist-

ance and the decreases in cardiac output seen with S6c. These
studies suggest a role for the ET-B receptor in promoting
vasoconstriction, at least to some extent via the ET-A receptor,
probably through increased endogenous ET production.
However, although the potential cardiopulmonary protective
properties of dual ET-A/ET-B receptor blockade may repre-
sent an important therapeutic strategy in states of ET activa-
tion, there remains concern that blockade of ET-B, which can
also serve as a clearance receptor, could enhance circulating
concentrations of ET during dual receptor inhibition.54

ACTIVATION AND BLOCKADE OF THE
ENDOTHELIN SYSTEM IN HYPERTENSION

Given the success of antagonizing vasoconstricting neurohor-
monal systems that are activated in cardiovascular disease, it
seems reasonable to try to antagonize the ET system in hyper-
tension and heart failure. Consequently, a multitude of ET
blockers have been developed and tested (Table 17–1). From a
theoretical perspective, three ways to antagonize ET actions
appear promising: (1) combined/dual ET-A/ET-B receptor
blockade, (2) selective ET-A receptor blockade, or (3) inhibi-
tion of the ECE.

The potent vasoconstricting and growth-promoting prop-
erties of ET have suggested a potential role for ET in the
pathogenesis of systemic hypertension. Circulating ET is not
usually increased in hypertension, and any observed eleva-
tions are small and usually related to renal dysfunction.55 In
contrast, circulating ET is markedly increased in humans with
hemangioendothelioma or severe forms of transplant-related
hypertension.56,57 Plasma ET is also increased in several mod-
els of experimental hypertension, including mineralocorticoid
hypertension, the spontaneously hypertensive rat, and reno-
vascular hypertension.58,59 The lack of increase of plasma ET
in human essential hypertension could be explained by the
paracrine/autocrine function of ET; that is, ET secretion from
the endothelial cell is albuminally directed, thus increasing tis-
sue and not circulating concentrations of ET.60

Overexpression of ET-1 by gene transfer techniques has
resulted in transient increases in plasma ET with associated
hypertension.12 Furthermore, ET synthesis has been shown to
be increased in the vascular wall of the mineralocorticoid
hypertensive rat.61 A correlation has been reported between
the magnitude of vascular wall hypertrophy and ET gene
expression in this model of hypertension. However, this posi-
tive correlation is offset by an attenuated vascular responsive-
ness to exogenous ET, suggesting receptor down-regulation.

In human hypertension, however, the vasoconstricting
responsiveness to ET has been reported to be enhanced.62 ET
infusion has been shown to result in an enhanced vasoconstric-
tor response in the hand veins of human hypertensives.63 In
contrast, no difference in the response to α receptor stimulation
or in basal plasma ET concentration was observed between
hypertensive and normotensive individuals in this study.
Although some studies support a predominant role for the ET-
A receptor in mediating the vasoconstrictor effects of ET-1 in
hypertension, others report vasoconstriction mediated through
the ET-B receptor in hypertension as well.64 This may be due to
a modification in the relative distribution of ET-B receptors on
the endothelium and vascular smooth muscle in hypertension.
Although the effect of ET-A activation appears straightforward,
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the effect of ET-B receptor activation is more complex and
quite controversial. As mentioned previously, some studies have
shown that ET-B blockade in addition to ET-A blockade
enhances vasodilation, whereas other studies have shown the
opposite. Just et al. used different experimental strategies to elu-
cidate the role of the ET-B receptor in the rat renal microcircu-
lation and concluded that ET-B receptors when stimulated
alone exert a net vasoconstrictor response but cause a net dila-
tor influence when costimulated with ET-A receptors.65 These
findings suggest a complex interaction between the two recep-
tor subtypes. The effect of ET-B activation/ET-B antagonism
appears to be complex and to depend on factors such as species,
vascular bed, pathophysiologic status, and experimental strate-
gy. For that reason, absent large clinical trials comparing non-
selective ET antagonists with selective ET-A antagonists, the
controversy regarding which strategy would be more beneficial
in hypertension will likely continue.

Hypertension in association with chronic kidney disease is
common and may contribute to further renal damage, as well
as to acceleration of atherosclerosis and ventricular dysfunc-
tion. ET concentration in blood vessels and glomeruli have
been reported to be increased in experimental models of
CRF.66 Furthermore, ET receptor antagonists lower arterial
pressure and reduce renal glomerular sclerosis and protein-
uria in these models.67

Goddard and colleagues have addressed the pathophysio-
logic significance of ET in the pathophysiology of CRF.68

These investigators studied the systemic and renal hemody-
namic effects of ET receptor antagonists in CRF, examining
differences between ET-A versus selective ET-B and com-
bined ET-A and ET-B receptor blockade. In this key ran-
domized placebo-controlled crossover study, ET-A blockade
alone and in combination with ET-B blockade reduced
blood pressure in patients with CRF. This effect was greater
with ET-A blockade alone (Figure 17–4). ET-A blockade sig-
nificantly increased renal blood flow and reduced renal vas-
cular resistance when administered alone but not when com-
bined with ET-B blockade. These changes in renal
hemodynamics were associated with a reduction in effective
filtration fraction. In healthy controls, ET-A blockade alone
or in combination with ET-B blockade had minimal effects

on renal hemodynamics. Furthermore, ET-B blockade alone
produced systemic and renal vasoconstriction both in
patients with CRF and in healthy controls. Thus, this study
demonstrated that ET-A receptor antagonism was highly
effective in decreasing blood pressure in CRF—findings also
consistent with renal protection. Importantly, because ET-B
appears to play a key role in the maintenance of renal blood
flow, combined ET-A and ET-B receptor antagonism,
although it results in a lowering of blood pressure, does not
confer these renal protective actions.

Nonselective and selective ET receptor blockade have been
evaluated in clinical trials in patients with systemic hyperten-
sion. The nonselective ET-A/ET-B antagonist bosentan (500
and 2000 mg daily) reduced diastolic and systolic blood pres-
sure significantly as compared with placebo and to a similar
degree as enalapril (20 mg once daily).69 Bosentan, which has
been approved for the treatment of pulmonary hypertension,
is associated with considerable risk of liver toxicity, making it
an unlikely first-line drug in systemic hypertension, for which
many alternatives are available. The selective ET-A antagonist
darusentan significantly reduced diastolic and systolic pres-
sure as compared with placebo.70 No increase in hepatic
transaminases was observed. Importantly, both clinical trials
had, as their primary endpoint, change in blood pressure, and
the treatment periods were 4 and 6 weeks, respectively. Given
the known effects of ET-1 on VSMC hypertrophy and prolif-
eration, it would be important to see how long-term selective
or nonselective ET antagonism compares with established
antihypertensive drug treatment in preventing hypertension-
related target organ damage. Important endpoints in addition
to mortality include cardiac hypertrophy and heart failure, as
well as stroke and myocardial infarction.

ENDOTHELIN IN CONGESTIVE HEART
FAILURE

The ET system is clearly activated in both experimental and
human CHF.71 Plasma ET correlates with the severity of
CHF,72 and ET is known to promote vasoconstriction, as well
as myocardial remodeling and fibrosis in CHF. These findings
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Table 17–1 Endothelin Inhibitors

Drug Type Peptide Nonpeptide

ET-A receptor antagonist BQ123 FR139317 ABT627, BMS182874 BMS193884, 
LU135252, PD156707, PD176856,
TTA78Ro611790, S0139, SB234551,
T0201, TBC11251, ZD1611

ET-A/ET-B receptor antagonist PD142893 TAK044 A182086, CGS27830, L754142, 
LU224332, PD160672, PD160874,
Ro462005, Ro470203, SB209670,
SB217242, J104121

ET-B receptor antagonist BQ788 IRL2500 RES7011 A192621, K8794, RES11491, 
Ro468443, TBC10894

ECE inhibitor FR901533 WS75624A, B CGS26303, PD069185, SA7060
ECE/NEP inhibitor CGS26303, SLV-306

Peptide and nonpeptide inhibitors of the endothelin system. ET, endothelin; ECE, endothelin-converting enzyme; NEP, neutral
endopeptidase.



have led to studies in experimental models of CHF that
established hemodynamic improvements with ET receptor
antagonism.73,74 Initial clinical studies also showed improved
hemodynamic function with administration of ET receptor
antagonists.75,76 The issue of whether nonselective or selective
ET-A receptor antagonism is the best strategy to pursue is
controversial. Although the ET-B receptor serves a clearance
function and promotes vasorelaxation under physiologic con-
ditions, under pathophysiologic conditions such as CHF, it
promotes vasoconstriction and may activate other growth-
promoting and vasoconstrictive factors. Nevertheless, studies
with both selective and nonselective ET receptor antagonism
showed hemodynamic improvement.

Disappointingly, clinical trials with both selective and non-
selective ET receptor antagonism failed to show improve-
ments in myocardial remodeling and, indeed, in one case
showed an increase in congestive symptoms (see later). The
reasons for this are not entirely clear, but a previous animal
study showed that ET-A receptor antagonism in normal dogs
results in increased sodium retention.18 We have carried out a
series of studies that suggest mechanisms for these clinical
findings.19 We first established that the ET system is activated
early in the course of CHF. Specifically, at the transition to
overt CHF as defined by the onset of sodium retention, the ET
system is activated in both tissue and plasma in the absence of
activation of Ang II or aldosterone (the renin-angiotensin-
aldosterone system, RAAS). In a model of severe pacing-
induced canine CHF, we defined the effects of chronic ET-A
receptor antagonism initiated early in the progression of CHF
on cardiac hemodynamics, neurohumoral function, and sodi-
um homeostasis. We found that in addition to improving car-
diac function and decreasing MAP, ET-A receptor blockade

resulted in sustained sodium retention and further activation
of the RAAS (Figure 17–5). These findings suggest a mecha-
nism for the increase in congestive symptoms noted in clinical
trials with ET receptor antagonism. Carefully designed clinical
trials that use dosing regimens different from those in the
original studies may be warranted given the clear pathophysi-
ologic role of ET in CHF.

Following are short summaries of studies with ET antago-
nists in experimental or human CHF. Several of these studies
are available only as summaries from scientific meetings or as
abstracts, because it is not uncommon that the results of neg-
ative trials are not published in full form.

Bosentan (RO 470203) is the best-developed ET-A/ET-B
blocker and the only one to have been tested in a large clinical
trial. Bosentan improved survival in a rat model of CHF when
started 7 days after coronary artery ligation.77 However, in a
randomized placebo-controlled trial in 1613 patients with
CHF (Endothelin Antagonist Bosentan for Lowering Cardiac
Events in Heart Failure), bosentan did not improve mortality.78

Bosentan was not different from placebo in the primary end-
points but was associated with worsening CHF caused by fluid
retention, perhaps related to the renal mechanisms discussed
in the preceding paragraph.

Tezosentan (RO 610612) was developed as an intravenous
dual ET receptor antagonist for use in acute heart failure.
Compared with placebo, tezosentan dose dependently
increases cardiac index (CI) and decreases pulmonary capil-
lary wedge pressure (PCWP) and pulmonary and systemic
vascular resistance (PVR and SVR).79 In the Randomized
Intravenous TeZosentan (RITZ)-2 trial with 184 patients,
tezosentan increased CI, decreased PCWP, and improved dys-
pnea score as compared with placebo.80 In the symptom-
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FFigure 17–4 Mean systemic arterial pressure after endothelin receptor antagonism in healthy humans and patients with chronic
renal failure. Values are given as mean placebo-corrected % change from baseline ± standard error of measurement. Infusion of
low-dose antagonist/placebo was done from 0-15 minutes; infusion of high-dose antagonist (10x low-dose)/placebo was done
from 90-105 minutes. BQ-123, selective endothelin-A receptor antagonist, diamonds; BQ-788, selective endothelin-B receptor
antagonist, triangle; BQ-123/BQ-788, circles. (From Goddard J, Johnston NR, Hand MF, et al. Endothelin-A receptor antagonism
reduces blood pressure and increases renal blood flow in hypertensive patients with chronic renal failure. Circulation 109:1186-
1193, 2004.)



based RITZ-1 trial with 675 patients, tezosentan did not
improve the primary endpoint (the patient’s assessment of
dyspnea after 24 hours). Furthermore, tezosentan did not
change the combined secondary endpoint, time to death, or
worsening symptoms of CHF. Likewise, mortality at 6 months
was unchanged.

In the Enrasentan Cooperative Randomized Evaluation
(ENCORE) trial, patients taking standard medication were
randomized to enrasentan or placebo.80 Enrasentan (SB
217242) treatment was associated with trends to worsening
CHF, increased rate of withdrawal for adverse events, and
excess mortality. Patients taking enrasentan were almost three
times as likely to be hospitalized. In another randomized con-
trolled trial, 72 patients with asymptomatic left ventricular
dysfunction were randomized to enrasentan or the ACE
inhibitor enalapril. Compared with enalapril, enrasentan
increased CI signficantly after 6 months of treatment; howev-
er, the primary endpoint, left ventricular end-diastolic volume
index, was significantly increased, suggesting an adverse
remodeling effect of enrasentan.81

Sakai et al. demonstrated that ET-A blockade with the pep-
tide BQ-123 could improve long-term survival in a rat model of
CHF.24 In contrast, orally available darusentan (LU 135252) in
a similar rat model did not improve survival. When given in
combination with the ACE inhibitor trandolapril, there was no
additional survival benefit as compared with trandolapril
alone.82 There have been several human trials with selective
ET-A blockers. Darusentan in addition to standard therapy was
evaluated in 157 patients in the Heart Failure ET(A) Receptor
Blockade Trial (HEAT).83 ET-A blockade with darusentan for 3
weeks increased CI and decreased SVR without changes in
MAP or PCWP. However, there was a worrisome trend for
higher mortality and a higher percentage of patients with wors-
ening CHF in the treatment group. This might be attributed in
part to the fact that patients were immediately assigned to
either 30, 100, or 300 mg of darusentan without careful up-
titration. The Endothelin-A Receptor Antagonist Trial in Heart
Failure (EARTH) evaluated the effect of darusentan in addition
to standard medication over a 6-month period. Although
darusentan administration was safe, no benefit was apparent

for the treatment group (European Society of Cardiology
Meeting, 2002, Berlin, Anand IS and Luescher TF).

Givertz et al. studied the effect of acute intravenous admin-
istration of the selective ET-A receptor antagonist sitaxsentan
(TBC 11251) in a randomized placebo-controlled trial in 48
patients with New York Heart Association classes III and IV
CHF.84 Sitaxsentan decreased PVR, mean and systolic pul-
monary artery pressure, and right atrial pressure.
Interestingly, heart rate, MAP, PCWP, CI, and SVR remained
unchanged. As expected, sitaxsentan administration was asso-
ciated with a decrease in circulating ET.

In summary, ET receptor antagonism in CHF has not been
demonstrated to be widely safe or efficacious to date. A novel
molecule has recently been introduced that inhibits both ECE
and neutral endopeptidase 24.11 (NEP). NEP is an enzyme
that degrades the natriuretic peptides as well as other vasoac-
tive compounds such as ET. Selective NEP inhibitors were
tested in the past to enhance the beneficial vasodilating and
natriuretic actions of the natriuretic peptides, but in CHF tri-
als NEP inhibitors were not superior to standard therapy, per-
haps because of the simultaneous inhibition of ET degrada-
tion. As mentioned previously, ET antagonism in clinical
trials appears to be associated with fluid retention. Therefore,
combined NEP/ECE inhibition could combine the beneficial
actions of both strategies while attenuating the negative
effects. Mulder et al. reported that ECE-NEP inhibition in a
rat model of CHF was associated with beneficial effects as
compared with placebo and NEP inhibition alone,85 whereas
Dickstein et al. reported the beneficial hemodynamic effects
of combined ECE-NEP inhibition with SLV306 in patients
with CHF.86 Further studies appear warranted to pursue
the strategy of dual ECE-NEP inhibition in cardiovascular
diseases.

SUMMARY

The lack of adequate antihypertensive treatment strategies
underscores our lack of understanding of the mechanisms
responsible for blood pressure elevation and its complications,
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FFigure 17–5 Urinary sodium excretion (UNaV) (left) and plasma renin activity (PRA) in control (open bar), untreated congestive
heart failure (black bar), and congestive heart failure treated with LU 135252 (hatched bar). *p <.05 vs. control; ‡p <.05 vs.
untreated. (From Schirger JA, Chen HH, Jougasaki M, et al. Endothelin A receptor antagonism in experimental congestive
heart failure results in augmentation of the renin-angiotensin system and sustained sodium retention. Circulation 109:249-254,
2004.)



including stroke, myocardial infarction, and heart failure.
A neurohumoral basis for hypertension is supported by stud-
ies of humans with hypertension, of their offspring, and of
experimental models.

ET, a peptide primarily of endothelial origin, may play a
role in the pathogenesis of hypertension. ET possesses many
of the properties that result in increased arterial pressure as
well as its multiorgan complications. The elevation of blood
pressure with genetic overexpression of ET by gene transfer
and the lowering of blood pressure with ET receptor antago-
nism in humans with essential hypertension and hypertension
associated with CRF provide the rationale for examining the
contribution of this peptide to these disease processes.
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Since the discovery by DeBold et al.1 in 1981 that atrial
extracts have potent natriuretic and vasodepressor activity,
the natriuretic system has become known as a functionally
important endocrine system of cardiovascular and renal
origin that participates in the integrative control of their
function. This led to the discovery of the atrial natriuretic
peptide (ANP) and to the recognition of its importance in
the regulation of sodium balance and blood pressure.
Subsequently, four other natriuretic peptides, brain natri-
uretic peptide (BNP), C-type natriuretic peptide (CNP),
dendroaspis natriuretic peptide (DNP), and urodilatin were
discovered. Elevated plasma ANP levels have been reported
in a variety of disease states associated with pathologic vol-
ume expansion such as congestive heart failure (CHF),
chronic renal failure, and cirrhosis. It has been proposed
that elevated ANP levels may represent a compensatory
homeostatic response to chronic volume overload. The term
natriuretic peptides has remained even though these pep-
tides perform a multitude of functions besides natriuresis,
including vasodilation, antiproliferative effects, vascular
remodeling, and modulation of noradrenergic and the
renin-angiotensin-aldosterone systems.

CHEMISTRY OF NATRIURETIC PEPTIDES

Five distinct natriuretic peptides have been recognized, and
at least three are the products of separate genes and subject
to independent regulation. The first to be identified was
ANP, a 28-amino acid (AA) peptide synthesized and secreted
by the atria.1 ANP contains a 17-AA ring closed by a disul-
fide bond between two cysteine residues. The ANP gene in
humans is located on the short arm of chromosome 1 and is
composed of three exons separated by two introns with reg-
ulatory elements upstream of the coding sequence.2 ANP is
synthesized as a 151-AA preprohormone (preproANP) and
is stored in atrial myocytes as a 126-AA prohormone
(proANP). When secreted, proANP is cleaved between AA 98
and 99 yielding an N-terminal moiety of 98-AA (N-ANP)
and the biologically active C-terminal hormone (ANP) in
equimolar amounts.3 ANP has a very short half-life (2.5
minutes), whereas N-ANP has a much longer half-life
(approximately 21 minutes) in plasma. Thus the plasma con-
centration of N-ANP is approximately 50 times greater than
that of ANP. The AA sequence of ANP is identical in most
mammals studied, with the exception of rodents and rabbits,
in which isoleucine replaces methionine at position 110.

BNP is a 32-AA peptide, structurally similar to ANP that
retains the 17-AA ring structure. A single copy gene consist-
ing of three exons and two introns, which is also located on
chromosome 1, encodes human BNP. The gene regulation
of BNP is completely different from that of ANP: ANP is

stored largely as proANP, whereas BNP is stored as the
mature hormone in human and rat heart, and as proBNP in
pig and sheep heart.4 In contrast to ANP, the structure of
BNP shows marked interspecies variability. In humans, the
mature circulating form consists of a 32-AA residue peptide
and a higher-molecular-weight component, probably
proBNP. Two precursor forms of relatively high molecular
mass, preproBNP (134-AAs) and proBNP (108-AAs) have
been identified in human cardiac tissue5 and plasma.6 In
rats, the circulating mature form is a 45-AA residue peptide,
whereas in pigs, two circulating forms have been identified.
Because of interspecies variability in structure, it is not sur-
prising that species-specific antisera are required for meas-
urements of BNP in plasma, and actions of BNP differ
among species.

The third peptide to be discovered was CNP.7 Human
CNP consists of a precursor preproCNP of 126-AAs and a
proCNP of 103-AAs, which is then processed to form two
peptides, CNP-53 and CNP-22. CNP-22 is the only form that
possesses substantial biologic activity.8 Among the natri-
uretic peptides, CNP has the highest AA identity between
species. Human CNP-53 has two AA substitutions as com-
pared with the porcine and rat CNP-53, whereas human
CNP-22 is identical to the porcine and rat CNP-22.8

Structures of CNP-22 and proCNP appear to be identical in
all mammalian species studied. CNP shares the 17-AA ring
configuration, which is essential for biologic activity, with
ANP and BNP, but lacks the carboxy terminal extension. The
CNP gene is located on human chromosome 2.9 It also has
three exons, although the coding region of preproCNP is
encoded within the first two. The regulatory mechanisms for
the transcription of the CNP gene appear to differ from
those that regulate ANP and BNP.10

Recently a new member of the natriuretic peptide family,
DNP, a 38-AA natriuretic peptide, was isolated from the
venom of the green mamba snake, Dendroaspis angusti-
ceps.11 DNP contains a 17-AA disulfide ring structure simi-
lar to ANP, BNP, and CNP with a 15-residue carboxy
terminal extension. In addition, it has 12-and 14-AA
residues in common with ANP and BNP-respectively. The
gene encoding the peptide has yet to be cloned.

A nonglycosylated 32-AA natriuretic peptide was isolated
from human urine and termed urodilatin.12 Initially, this
compound was thought to be ANP excreted in the urine.
Subsequent studies demonstrated that urodilatin and ANP
are different. The AA sequence of urodilatin is identical to
that of ANP except for the presence of four additional AAs
(Thr-Ala-Pro-Arg) in the amino terminal.13 Urodilatin and
ANP are derived from the same gene and a common pre-
cursor peptide, proANP.13 In contrast to ANP, urodilatin is
not detected in plasma and appears to be restricted to
kidney.

Natriuretic Peptides
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TISSUE DISTRIBUTION OF NATRIURETIC
PEPTIDES

ANP gene expression is highest in normal adult atria and
much lower in ventricles. However, in pathologic states, such
as heart failure and ventricular hypertrophy, ANP gene
expression in the ventricles may increase markedly. ANP
mRNA is present in several areas of the brain, particularly in
areas involved with blood pressure regulation, such as hypo-
thalamus and brain stem. ANP mRNA has also been found in
the anterior pituitary; kidney; vascular tissue; and particu-
larly, the great cardiac veins, inferior vena cava, adrenal
medulla, eye, lung, and gastrointestinal tract.14

BNP was initially isolated from the brain of pigs15 and
dogs.16 Shortly thereafter, its name became a misnomer when
it was discovered that the highest expression level of BNP was
in the ventricular myocardium. Whereas ANP mRNA is
largely present in atria, BNP mRNA is expressed in ventricles.
BNP mRNA has also been found in extracardiac tissues,
including porcine and human brain, bovine adrenal medulla,
and human amnion tissue. In rats, extracardiac expression of
this peptide is scant. Two types of secretory granules have
been identified in human and porcine myocytes: One contains
only ANP and the other contains both ANP and BNP.17

Cosecretion of ANP and BNP has been demonstrated in
porcine cardiocytes.18

CNP was also initially isolated from porcine brain,7 and sub-
sequently from rat and human brain extracts,19 in which it
occurs in greater concentration than either ANP or BNP. CNP
is the only hormone in the heart and brain of the primitive car-
tilaginous fish and is believed to be an ancestral peptide of the
natriuretic peptide family.20 Immunoreactive CNP and CNP
gene transcripts are found in abundance in the cerebral cortex,
brain stem, cerebellum, basal ganglia, hypothalamus, and
spinal cord of most species. In cerebrospinal fluid, CNP is
about 10-fold higher in concentration than ANP or BNP. The
concentration of CNP in plasma, however, is at the lower limit
of detection and it has been proposed to act in a paracrine or
autocrine manner to regulate local vascular tone.21 CNP is
detectable in a variety of peripheral tissues including endothe-
lium, kidney, adrenal glands, heart, small and large bowel, thy-
mus, uterus, and testis.22-28 CNP in the atrial and ventricular
myocardium may have important local actions. Some have
suggested that CNP in the myocardium derives from the
endothelium of coronary arteries.29 CNP has been localized in
the endothelium in humans, primarily as the CNP-53 AA pre-
cursor, which may be a storage form to be transformed into the
active CNP-22 when needed. CNP-53 has also been detected in
human plasma, suggesting a possible physiologic role.30 It is
not clear, however, whether plasma concentrations of CNP
provide a sensitive index of local production in the vasculature
or in other tissues. Using in situ hybridization, Cataliotti et al.
have demonstrated CNP mRNA expression in tubular epithe-
lium and in the visceral and parietal layer of glomeruli in
human kidneys.31 CNP immunoreactivity was positive in the
proximal, distal, and medullary collecting ducts.

DNP-like immunoreactivity has been detected in canine
and human plasma and atrial myocardium.32, 33 Urodilatin is
synthesized exclusively in kidney tubules and secreted into the
tubular lumen.34 Immunohistochemical studies have shown
urodilatin-like immunoreactivity in the distal and collecting
tubules, especially in the cortical collecting duct. Urodilatin is

not detectable in plasma and is presumed to be processed in
the distal tubule from the same precursor as ANP.35 However,
urodilatin gene expression has not been detected in kidney.

NATRIURETIC PEPTIDE RECEPTORS

All natriuretic peptides exert their biologic effects by interact-
ing with specific receptors. Molecular cloning techniques have
identified three different subtypes of natriuretic peptide recep-
tors (NPRs), NPR-A, NPR-B and NPR-C, which have been
localized to three human chromosomes; however, the designa-
tions do not correspond to the relative affinities for ANP, BNP,
and CNP.36 NPR-A and NPR-B mediate the biologic actions of
the hormones, whereas NPR-C mainly acts as a clearance
receptor.37 The NPRs are transmembrane proteins that are
members of the receptor guanylyl cyclase family found in tar-
get tissues of the natriuretic peptides. Each receptor contains
an extracellular binding domain to which a natriuretic pep-
tide can bind. NPR-A and NPR-B have an extracellular ligand-
binding domain, an intracellular guanylate cyclase domain,
and a protein kinase-like domain that catalyzes the formation
of cyclic guanosine monophosphate (cGMP) from guanosine
triphosphate (GTP).38 Intracellular cGMP targets include
cGMP-dependent protein kinases, cGMP-gated ion channels,
and cGMP-regulated cyclic nucleotide phosphodiesterases.39

ANP, BNP, and urodilatin selectively activate NPR-A. In
canines, synthetic DNP increases urinary cGMP excretion,
suggesting that DNP may function through the NPR-A recep-
tor, which is linked to particulate guanylyl cyclase and cGMP
generation.33 However, the existence of a new, yet to be dis-
covered natriuretic peptide receptor cannot be excluded. ANP
has greater affinity for the NPR-A than does BNP,40 whereas
CNP has very low affinity for this receptor. By contrast, CNP
binds more selectively with NPR-B, with an affinity three
orders of magnitude greater than that of either ANP or BNP.41

This raises the possibility of developing specific antagonists
for these receptors.

ANP, BNP, and CNP all bind to the NPR-C receptor, which
functions mainly as a clearance receptor.42,43 NPR-C contains
an extracellular ligand binding domain and a short (37-AA)
intracellular domain, but unlike NPR-A and NPR-B, lacks the
intracellular protein kinase-like and guanylyl cyclase regions.
NPR-C is thought to act through internalization and lysoso-
mal hydrolysis of the natriuretic peptide-receptor complex,
followed by return to the cell surface. Some studies suggest
that NPR-C acts by activating the phosphoinositol pathway44

or by inhibiting cyclic adenosine monophosphate (cAMP)
production;45 others have suggested that this receptor may
mediate antiproliferative effects of ANP, as well as the
inhibitory effects of ANP on adrenergic neurotransmission in
peripheral tissues and cells.46 The neuromodulatory effects of
ANP via NPR-C involves suppression of adenylyl cyclase
activity via a pertussis-toxin–sensitive G protein.47

The number and distribution of NPRs vary widely among
tissues. NPR-A is expressed in heart, lungs, kidney, adrenal
glands, adipose tissue, eye, pregnant uterus, and placenta.48, 49

In the kidney, NPR-A is expressed in renal vessels, glomeruli,
inner medullary collecting duct, and papillae, consistent with
the predominant role of ANP at these sites.50 The distribution
of NPR-B overlaps somewhat with that of NPR-A, but this
receptor is present in lower density than NPR-A in large ves-



sels and kidney and in higher density in brain. The distribu-
tion of NPR-B in kidneys of Sprague-Dawley rats was studied
by reverse transcriptase polymerase chain reaction (RT-PCR)
techniques: NPR-B receptors were present in glomeruli, dis-
tal convoluted tubules, and cortical and outer medullary and
inner medullary tubules, but not in proximal convoluted
tubules or in thin or thick ascending limbs.51 Using RT-PCR,
expression of NPR-A has been shown to be four times more
abundant in human arteries than in veins, whereas expres-
sion of NPR-B was approximately the same.52 NPR-C is the
most abundant NPR in most tissues, and is expressed in the
heart, kidney, brain, endothelium, smooth muscle cells, and
adrenal glands.4,37 More than 90% of all ANP receptors in
kidney are NPR-C. These receptors are mainly localized in
the vascular and glomerular structures of the cortex, particu-
larly in the podocytes of glomerular cells.50,53 Genes for all
three NPR subtypes are expressed in the rat heart.54 cGMP
generation in purified myocytes was stimulated only by ANP
and BNP, which bind specifically to NPR-A, whereas CNP,
which binds to NPR-B, was ineffective. Therefore, rat ventric-
ular myocytes appear to express predominantly NPR-A. The
mRNAs for all three NPRs were also found in cultures of
fibroblasts from the rat heart.54 In contrast to myocytes, large
increases in cGMP were observed in response to both ANP
and CNP in cardiac fibroblasts.

The number and distribution of NPRs may vary in
response to a variety of hormones, intracellular mediators,
and metabolic and pathologic conditions. In sheep kidney,
sodium depletion enhances expression of NPR-B mRNA
twofold.55 In cultured bovine carotid artery endothelial cells,
high-salt medium induced a marked reduction in the number
of NPR-C, whereas NPR-A density was not affected.56 Chronic
oral salt supplementation in mice resulted in selective down-
regulation of NPR-C gene expression in the kidney indepen-
dent of changes of ANP levels and expression of NPR-A.57

NPR-C gene expression is also reduced in the kidney of Dahl
salt-sensitive and salt-resistant rats after chronic salt loading,
whereas expression of NPR-A and NPR-B is not altered.53

These studies support the notion that NPR-C plays an impor-
tant role in the regulation of salt balance and in the patho-
physiology of salt-sensitive hypertension. After induction of
myocardial infarction (MI) in rats, NPR-C expression
increased in the infarcted and noninfarcted regions of the left
ventricular wall, while it decreased in the kidneys and lungs.
BNP and ANP mRNA levels, as well as circulating ANP and
BNP also increased, suggesting that the increase in circulating
ANP and BNP levels in this condition may be due, at least in
part, to reduced peripheral clearance by NPR-C.58

Recently, the mechanisms involved in the regulation of
NPR-C have received considerable attention. Down-
regulation of NPR-C in tissues has typically been attributed to
increased ANP levels in the circulation, which result in
increased cGMP production through the activation of NPR-A
and guanylate cyclase.59,60 However, in vitro, NPR-C gene
expression in pulmonary arterial smooth muscle cells was not
reduced by high concentrations of ANP or cGMP.61 In addi-
tion, studies in ANP knockout mice (-/-) subjected to hypoxia
or dietary salt supplementation indicate selective reduction in
NPR-C in the absence of circulating ANP.57,62,63 This down-
regulation may contribute to the increase in circulating ANP
levels seen under hypoxic conditions and may enhance the
vasodilator effects of ANP in lung, thus regulating hypoxic

pulmonary vasoconstriction and hypertension. A variety of
growth factors, including fibroblast growth factor (FGF), pro-
tein kinase A and C, platelet-derived growth factor (PDGF),
and β-adrenergic agonists have recently been shown to regu-
late ANP receptors in tissues.62,64,65 In pulmonary arterial
smooth muscle cells, rapid reduction in NPR-C mRNA levels
have been demonstrated in response to very low concentra-
tions of FGF and PDGF.61 This observation was found to be
mediated by overexpression of tyrosine kinase-activating
growth factors. This study suggests that, in vivo, these growth
factors could also potentially be physiologic regulators of
NPR-C gene expression.

REGULATION OF NATRIURETIC PEPTIDE
SECRETION

ANP and BNP are continuously released from the heart, but
certain mechanical and neuroendocrine stimuli also increase
their rate of synthesis and/or secretion. Atrial stretch is the
principal stimulus for ANP release. In response to acute
stretching of the atria, ANP secretion from atrial cardiocytes is
increased, leading to an immediate rise in plasma levels of the
hormone. Release of ANP is not Ca2+ dependent and derives
from an acutely releasable pool that is exhausted within min-
utes after the initial stretch stimulus. Stretch over a 4-hour
period does not alter ANP gene expression in atria but does
stimulate it after 24 hours. Studies in isolated atrial tissues and
myocytes have revealed an increase in ANP release after rest-
ing tension is increased, suggesting that atrial stretch-induced
ANP release acts independently of central nervous system
(CNS) effects and heart beat.14 The transplanted heart resem-
bles the normal heart in its response to exercise by increasing
secretion of ANP.66

Stretch of myocardial cells affects the secretion of natri-
uretic peptides only transiently, suggesting that chronic stim-
ulation of ANP secretion may be under the influence of other
factors, such as endothelin-1 (ET-1),67,68 catecholamines,69

acetylcholine, glucocorticoids, angiotensin II (Ang II),70 thy-
roid hormones, prostaglandins,71 Na, K-ATPase inhibitors,72

vasopressin, and adrenomedullin.73 Of these factors, ET-1
appears to be the most powerful stimulator of ANP, although
this action is transient, probably as a result of desensitization
of ET-1 receptor binding, and down-regulation of phospholi-
pase C activity.74 Administration of BQ123, an ET-1 subtype
A (ETA) receptor antagonist, reduces stretch-induced ANP
release, suggesting that ET-1 acts as a modulator of ANP
secretion in a paracrine fashion. In a study by Leskinen et al.,
the release of ANP in response to atrial stretch in rats was
shown to be mediated by endothelin (ET) as opposed to a
direct mechanical effect.68 However, ET receptor blockers had
no significant effect on baseline plasma concentrations of
ANP in the absence of stretch. ET-1 also stimulates BNP gene
expression in cultured neonatal atrial cardiocytes as well as in
adult atrial tissue.75 Using isolated rabbit hearts, Focaccio et al.
showed that Ang II causes release of ANP in the absence of
hemodynamic changes.70 How much of this effect is due to
atrial stretch as a result of change in hemodynamics versus
direct action of the vasoconstrictor remains to be determined.

The neuroendocrine component of ANP release from the
atria is mediated by oxytocin.76 Baroreceptors in the brain
respond to blood volume expansion by releasing oxytocin.77
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Specific oxytocin receptors in the heart mediate the action of
oxytocin to release ANP, which then exerts negative inotropic
and chronotropic effects via activation of guanylyl cyclase and
elevation of cGMP. BNP release is not affected by oxytocin.

Transcriptional control of natriuretic peptide production
is not the same in atria as in ventricles.78-81 Whereas natri-
uretic peptide expression in the atria appears to be governed
by mechanical stimuli, in the ventricles, the expression of
ANP and BNP appear to be mainly dependent on the
endocrine environment. Following aortic banding in rats,
Ogawa et al. reported down-regulation of ventricular expres-
sion of natriuretic peptides following treatment with a low
dose of the angiotensin-converting enzyme (ACE) inhibitor
ramipril, whereas ANP production did not change with
either a low or high dose of the ACE inhibitor.80 In rats with
deoxycorticosterone acetate (DOCA)-salt hypertension and
renovascular hypertension, ventricular ANP and BNP gene
expression, blood pressure and the development of left ven-
tricular hypertrophy (LVH) were reduced after chronic
blockade of ETA.78,79 However, natriuretic peptide stores and
mRNA levels in the atria were not modified by ETA blockade,
suggesting that, in vivo, modulation of ANP production is
independent of endocrine factors and is mainly determined
by atrial wall stretch. In contrast, in DOCA-salt hypertension,
blockade of ET receptor type B (ETB) worsened hypertension
and increased LVH without an increase in ventricular natri-
uretic peptide (VNP) transcript levels in comparison with
animals treated with DOCA-salt alone.81 This study supports
the hypothesis that mechanical stimuli per se are not the only
determinant of ventricular natriuretic peptide gene expres-
sion and that the increase in blood pressure does not corre-
late with the enhancement of natriuretic peptide expression
in the ventricles.

BNP secretion and gene expression are affected by acute
stretch in some, but not all experimental models.82 Because
BNP is predominantly secreted from the ventricles, the main
stimulus for BNP release appears to be ventricular stretch.
With chronic stimulation, as seen in DOCA-salt treated rats,
both ANP and BNP mRNAs increase in atria and ventricles.83

ANP and BNP mRNA levels are also increased in the hearts of
spontaneously hypertensive rats (SHR),84 of dogs subjected to
rapid ventricular pacing,85 and of humans with CHF.86

ANP and BNP are cosecreted, but seem to respond differ-
ently to the same stimuli. For example, unlike ANP, the plasma
concentration of BNP does not change when normal subjects
assume the supine position. BNP release is stimulated by
increases in left ventricular end-diastolic pressure, pulmonary
artery pressure, and pulmonary artery wedge pressure.87,88 In
patients with chronic renal failure, removal of fluids reduced
blood levels of BNP.89 In isolated perfused heart, BNP and
ANP release is stimulated by ventricular stretch.90

The transcription of the CNP gene is regulated by many
factors, such as tumor necrosis factor (TNF), interleukin-1,
and transforming growth factor (TGF). These cytokines influ-
ence vascular cell proliferation, migration, and contraction,
effects that can be modulated by CNP. In conditions charac-
terized by widespread damage to endothelium, such as sepsis,
hypoxia, and chronic renal failure, blood levels of CNP are ele-
vated.91 The markedly elevated plasma levels of CNP in
chronic renal failure could be related in part to endothelial
damage and in part to reduced clearance of the peptide.
Plasma concentrations of CNP are not increased in chronic

CHF, a condition associated with very high levels of ANP and
BNP. Whether this reflects no increase in myocardial produc-
tion or whether plasma concentrations are not necessarily a
marker of tissue activation of CNP remains to be established.

METABOLISM OF NATRIURETIC PEPTIDES

The metabolism of natriuretic peptides involves two main
pathways: enzymatic degradation by neutral endopeptidase
24.11 (NEP) and receptor-mediated clearance via the NPR-
C clearance receptor.49 NEP 24.11 is a membrane-bound
metalloprotease that cleaves ANP between AA 105 and 106,
thus, opening the ring structure and inactivating the pep-
tide.92 It is widely distributed throughout the body and is
expressed in high concentrations in the brush border mem-
branes of the renal proximal tubules.93 NEP degrades the
peptides in the following order of CNP < ANP < BNP.94 The
second mechanism involved in elimination of natriuretic
peptides is via clearance receptors. NPR-C serves a clearance
function for natriuretic peptides in tissues. NPR-C binds to
natriuretic peptides in the order of ANP < CNP < BNP.40

Urodilatin is also inactivated by NPR-C and by enzymatic
degradation through NEP, but is more resistant to enzy-
matic degradation than ANP, which may explain the greater
natriuretic effects of urodilatin than ANP.95 Recently, natri-
uretic and renal hemodynamic actions of synthetic DNP
were shown to be attenuated by HS-142, a natriuretic pep-
tide receptor antagonist, while NEP inhibition had no
effect.96 These findings suggest that the actions of DNP are
mediated partly via the natriuretic peptide guanylyl cyclase
receptors and that DNP either is resistant to degradation by
NEP due to its long C-terminus or is not a substrate at all.

Inhibition of NEP and occupation of NPR-C produce
increases in plasma ANP concentration, urine sodium and
volume excretion, and a decrease in blood pressure.97,98

Coadministration of these agents produces greater effects
than those achieved when either of these agents is adminis-
tered alone.97 At physiologic plasma concentrations of ANP,
NPR-C may play a dominant role over NEP. In rats with heart
failure, inhibition of NEP and NPR-C induces a significant
rise in plasma ANP with vasodilation, natriuresis, and diure-
sis.84 Under these circumstances, the clearance receptor
appears to play a lesser role than that of NEP in the metabo-
lism of the peptide because of receptor occupancy, receptor
down-regulation, or decreased internalization of the receptor-
ligand complex.99

OTHER NATRIURETIC PEPTIDES

The cardiac ventricle of rainbow trout contains a VNP struc-
turally more similar to ANP than to BNP.100 Only VNP has been
isolated from rainbow trout or from a related species, the chum
salmon, Oncorhynchus keta. In these species, attempts to isolate
ANP from atria using immunoreactivity to mammalian ANP as
an assay system have been unsuccessful. A new natriuretic pep-
tide isolated from trout atria exhibits low relaxant activity in the
chick rectum and extremely low vasorelaxant activity in the rat
aortic strip (only 1/400 that of human ANP). This peptide was
equipotent with trout VNP and human ANP in relaxing trout
epibranchial arteries.101
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Two related peptides are guanylin and uroguanylin, 15-AA
and 16-AA peptides produced primarily in the gastrointesti-
nal mucosa. These peptides act through the cGMP pathway to
regulate sodium and water transport across the intestinal
mucosa and may also coordinate intestinal absorption with
subsequent renal excretion of sodium.102

PHYSIOLOGIC ACTIONS
OF NATRIURETIC PEPTIDES

Renal Effects
In low doses, sufficient to achieve a doubling of basal plasma
levels, ANP causes natriuresis but no change in blood pressure,
unless the infusion is prolonged.103,104 ANP causes intravascu-
lar volume contraction, as documented by increases in serum
albumin and hematocrit, due in part to diuresis and in part to
a shift of fluids from the capillary beds into the interstitium,105

resulting in decreased preload and blood pressure.106

Qualitatively, the effects of BNP are similar to those of ANP.
BNP is natriuretic in both animals and human subjects, even
at doses that produce plasma levels comparable with those in
heart failure. Equimolar infusions of ANP and BNP achieve
similar increments in plasma concentrations, but the increase
in cGMP during ANP infusion is fourfold that observed dur-
ing BNP infusion. The natriuresis and contraction in plasma
volume caused by the two peptides are comparable.

The mechanisms of the natriuretic action of BNP and ANP
are complex. ANP raises glomerular filtration rate (GFR) in
the isolated perfused rat kidney in spite of decreased systemic
arterial pressure and renal blood flow,107 and increased single
nephron GFR, measured by the micropuncture technique.108

ANP also increases GFR in normal subjects109 and in patients
with essential hypertension.110 These findings suggest that the
renal hemodynamic effects of ANP account, at least in part,
for its natriuretic action. The increase in GFR has been
ascribed to constriction of the efferent glomerular arterioles,
accompanied by dilation of the afferent glomerular arteri-
oles.107 Unlike ANP, despite similar natriuretic effects, BNP
does not alter GFR in humans,111 suggesting that at least some
of the natriuretic effects of natriuretic peptides must be due to
mechanisms other than changes in GFR. ANP inhibits sodium
transport in the proximal tubule112 and in the inner medullary
collecting duct.113 ANP causes diuresis and natriuresis, at least
in part by inhibiting the V2 receptor-mediated action of vaso-
pressin in the collecting duct. The site of interaction of ANP
and vasopressin is post cAMP synthesis.114

Shin et al. demonstrated increases in ANP mRNA expres-
sion in the kidneys of streptozotocin-induced diabetic rats;
urinary ANP excretion correlated with urinary sodium excre-
tion in these animals.115 In a subsequent study, the authors
were able to demonstrate an increase in renal cortical and
medullary CNP mRNA levels in the diabetic rats with an
accompanying elevation of urinary CNP excretion rate that
improved with salt restriction and insulin treatment, implying
that CNP synthesized in kidney is responsive to the alteration
of water and electrolyte homeostasis in diabetic rats.116

DNP is similar to ANP and BNP in that it has potent natri-
uretic and diuretic properties.33 In dogs, infusion of DNP was
associated with increases in plasma cGMP and urinary cGMP
excretion independent of increases in plasma ANP, BNP, or

CNP suggesting that the renal actions of DNP are direct and
not mediated by the other natriuretic peptides.33 In addition,
administration of exogenous DNP led to decreases in distal
tubular reabsorption of sodium and arterial pressure in the
absence of any change in GFR or renal blood flow.

The discovery of selective antagonists of natriuretic pep-
tides has allowed further clarification of their physiologic
roles. A selective NPR antagonist, HS-142-1, was isolated
from a fungal culture broth of Aureobasidium species.117

HS-142-1 selectively and reversibly blocks guanylyl cyclase-
linked NPR-A and NPR-B receptors and interferes with
cGMP production.118 Studies with HS-142-1 have con-
firmed a role for the endogenous natriuretic peptides in the
control of renal sodium excretion and in the natriuretic
response to volume expansion. This drug blocks the natri-
uretic and diuretic actions of the ANPs in control animals as
well as in animals with experimentally induced heart fail-
ure. HS-142-1 increases renal vascular resistance, renin,
aldosterone, and catecholamines secretion, but does not
affect basal renal blood flow.118,119

Using NPR-A knockout mice, the contribution of NPR-A
signaling to acute renal salt handling has been studied.120

Following intravenous administration of ANP, wild-type mice
responded with elevated urine and sodium excretion, whereas
NPR-A–null mice were unresponsive to ANP. This suggests
that ANP regulation of diuresis and natriuresis is solely
through NPR-A and that no other receptor can compensate.
In order to determine whether natriuretic factors other than
ANP are released by the heart in response to elevated blood
pressure, NPR-A knockout and wild-type mice were volume
expanded.120 Plasma ANP concentrations were elevated in
animals of both genotypes, but urine flow, sodium excretion
and urinary cGMP were increased only in the wild type. These
results imply that for acute sodium and volume handling,
NPR-A is most likely the sole mediator of renal response to
cardiac peptides. Because basal urine and sodium excretory
rates did not differ between wild-type and null mice, it seems
likely that a mechanism other than natriuretic peptide signal-
ing through NPR-A regulates chronic salt and water handling
by the kidney.

Transgenic mice overexpressing an ANP fusion gene have
low blood pressure regardless of their dietary salt composition
but are not different from wild-type mice in their urinary salt
output.121 These mice adequately compensate for the renal
effects but not the hemodynamic effects of ANP.122 This sug-
gests the presence of a compensatory mechanism, which pre-
vents renal salt and water loss in the face of high natriuretic
peptide levels. This compensatory mechanism can be overrid-
den by acute volume expansion, and thus ANP-induced natri-
uresis is observed.121

Urodilatin, by means of its renal paracrine interaction,
exerts essential physiologic regulation of sodium and water
excretion. Urodilatin excretion correlates directly with uri-
nary sodium excretion.13 High dietary sodium intake or
saline infusion results in increased urodilatin excretion,
whereas no such correlation is evident between urine sodium
excretion and ANP excretion.13 In addition, circadian rhythm
of urinary sodium excretion is correlated with urinary urodi-
latin excretion. Intravenous administration of urodilatin in
normal volunteers results in greater natriuresis than admin-
istration of ANP with fewer hypotensive effects.123 When
injected into healthy men in doses >20 ng/kg/min, urodilatin
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induces diuresis and natriuresis and inhibits renin secretion;
higher doses lower blood pressure.123 The natriuretic action
of urodilatin is due in part to an increase in GFR and in part
to direct effects on distal tubules. Urinary excretion of urodi-
latin increases in concert with renal sodium excretion, being
higher during salt ingestion or after an acute saline infu-
sion.124 The natriuretic effect of urodilatin is stronger than
that of ANP in healthy men and in experimental models of
CHF.95,125 This has led to the suggestion that urodilatin may
be more important than ANP in the regulation of sodium
excretion. The mechanisms underlying the greater potency of
urodilatin over ANP are not clear, but its relative resistance to
NEP degradation may be a contributory factor.

Hemodynamic Effects
Homozygous ANP-null mice develop hypertension and car-
diac hypertrophy. Following a high-salt diet, ANP-deficient
mice had significantly higher blood pressures than those
maintained on a standard diet, suggesting a salt-sensitive form
of hypertension.126 Sustained low-dose infusions of ANP
reduce peripheral vascular resistance and blood pressure in
animals and in humans, whereas infusions of higher doses
cause a decrease in blood pressure accompanied by a rise in
peripheral vascular resistance, probably as a result of activa-
tion of counterregulatory hormones. In this instance, the
hypotensive action of ANP is largely related to a shift of
intravascular fluid into the interstitium, thus decreasing pre-
load. Infusion of BNP in high doses into hypertensive rats also
causes a profound and sustained fall in blood pressure.127

However, when administered to hypertensive or normotensive
human subjects in doses sufficient to raise plasma concentra-
tions to levels comparable with those seen in heart failure,
BNP causes no significant change in blood pressure or heart
rate.128 When administered in higher doses to normal sub-
jects, BNP causes decreases in systemic vascular resistance and
in blood pressure, a rise in cardiac index, and significant
reductions in pulmonary capillary wedge pressure, pul-
monary vascular resistance, and right atrial pressure.129 When
administered in high doses to patients with CHF, BNP causes
similar hemodynamic changes, but systemic blood pressure
and pulmonary vascular resistance do not change. The vasore-
laxation caused by BNP is associated with and, probably
dependent on, the release of cGMP.

ANP and BNP may attenuate the vasoconstriction caused
by infusion of norepinephrine and angiotensin II. Thus ANP
and BNP may modulate changes in blood pressure caused by
other neuroendocrine homeostatic mechanisms and local
endothelial factors. Studies of the role of natriuretic peptides
in the control of basal cardiovascular tone have been made
possible by the discovery of selective antagonists. HS-142-1
causes constriction of the coronary circulation in anesthetized
mongrel dogs without any significant change in systemic
hemodynamics, including arterial pressure, heart rate, or car-
diac filling pressure.130 These actions were associated with a
decrease in plasma cGMP; circulating ANP levels did not
change. This observation suggests that ANP is an important
regulator of basal coronary vascular tone.

CNP is produced in blood vessels and in cultured vascular
endothelial cells and acts as an endothelium-derived relaxing
peptide.131 CNP can induce relaxation and inhibit growth of
vascular smooth muscle cells and has powerful venodilator

effects.132-134 Using a NPR-B specific monoclonal antibody
that inhibited CNP-stimulated cGMP accumulation, Drewett
et al. demonstrated that CNP relaxes vascular smooth muscle
by virtue of its binding to NPR-B.132 In vitro studies have
shown that CNP dilates saphenous, femoral, and renal veins,
both in the presence and in the absence of the endothelium,
but the venous relaxation is more potent in the absence of the
endothelium.135 In addition, CNP may be an important regu-
lator of basal coronary vascular tone. This effect may be due to
receptor-mediated clearance of CNP by endothelial NPR-C,
CNP-mediated release of endothelium-dependent vasocon-
strictors, or metabolism by endothelial NEP. In isolated human
blood vessels in vitro, CNP causes venous relaxation and, to a
lesser degree, arterial relaxation. Arterial relaxation is less pro-
nounced with CNP than with ANP.136 In human gastroepi-
ploic artery, Ikeda et al.52 found that ANP raised cGMP
production by one order of magnitude more than in veins.
CNP stimulated cGMP production weakly and equally in
these vessels. Analyzed by RT-PCR, expression of NPR-A
receptor was four times more abundant in arteries than in
veins. Expression of NPR-B was approximately the same in
arteries and veins. In cardiac myocytes, CNP reduces contrac-
tility and induces accumulation of cGMP, effects opposite of
those induced by ET-1.137

Intravenous administration of CNP to normal rats (5-50
μg/kg) induces hypotension, a fall in right atrial pressure, and
a small diuresis and natriuresis.30 These responses are attenu-
ated in SHR.138 In dogs, intravenous infusions of CNP cause
hemodynamic effects similar to those in rats, but the natri-
uretic effect is less evident.139 Intravenous injection of CNP in
normal humans elicits limited biologic actions. When infused
intravenously in doses sufficient to achieve plasma concentra-
tions of approximately 60 fmol/ml (circulating levels of CNP
in humans are <10 fmol/ml), CNP has no significant biologic
actions.140 When infused in doses sufficient to achieve plasma
concentrations of 770 fmol/ml, CNP exerts significant natri-
uretic, kaliuretic, and hypotensive actions.141 However, the
natriuretic action of CNP appears to be less than that of ANP
or BNP. The hemodynamic actions of CNP are more pro-
nounced than those of ANP despite lesser increase in plasma
cGMP, raising the possibility that some of the actions of CNP
are not mediated by cGMP. Wei et al. showed that the vasore-
laxant effects of CNP are inhibited by potassium chloride, but
not by blockade of adrenoreceptors, nitric oxide synthase,
prostaglandin synthesis, or by methylene blue, an inhibitor of
guanylate cyclase.142 CNP causes potassium channel activation
and membrane hyperpolarization in porcine coronary artery
smooth muscle cells.142

DNP has been shown to relax isolated rodent aorta and
canine coronary arteries11,143 with a potency comparable with
ANP. In addition, DNP augments the formation of cGMP in
aortic endothelial and smooth muscle cells and displaces ANP
binding from the NPRs.11 Relaxation of an isolated canine
coronary artery by DNP was reduced by HS-142, an inhibitor
of guanylate cyclase.143 In vitro, DNP has been shown to cause
a dose-dependent relaxation of human blood vessels with a
greater effect on the arteries than the veins.144 DNP resulted in
less arterial relaxation than ANP or CNP and similar relax-
ation to BNP, while in veins, DNP caused the greatest
relaxation of the natriuretic peptides.

Mice with genetically altered natriuretic peptide expression
have been used to investigate the contribution of natriuretic
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peptides to blood pressure regulation. Overexpression of the
ANP gene lowers systemic blood pressure.145 On the other
hand, ANP knockout mice have higher blood pressures than
wild-type controls, independent of salt intake.146 ANP-
deficient mice on a high-salt diet have significantly higher
blood pressures than those maintained on a standard diet,
suggesting a salt-sensitive form of hypertension. In response
to acute intravascular volume expansion, wild-type mice show
a greater natriuresis than ANP-null mice while on a low-salt
diet. However, animals fed a high-salt diet exhibit enhanced
natriuresis irrespective of genotype. These studies demon-
strated that ANP lowers blood pressure independently of renal
salt excretion.126 Given that both ANP knockout and trans-
genic mice can maintain salt balance regardless of dietary salt
intake, ANP may be more important for blood pressure regu-
lation than for renal salt handling.

NPR-A knockout mice have been used to investigate the
contribution of natriuretic peptides to blood pressure regula-
tion via NPR-A.147,148 Disruption of the NPR-A gene has been
shown to result in chronic elevations of blood pressure in mice
on normal and high-salt diets.147 Aldosterone and ANP con-
centrations are not affected by genotype, suggesting that muta-
tions in the NPR-A gene could explain some salt-resistant
forms of essential hypertension and that the NPR-A signaling
pathway could potentially operate independently of ANP. In a
study by Lopez et al., both ANP and BNP caused dose-
dependent relaxation of precontracted aortic rings from wild-
type but not NPR-A–null mice. In wild-type animals, ANP was
much more potent than CNP in lowering blood pressure;
however, in NPR-A–null animals, ANP had no effect on blood
pressure even at very high levels, whereas CNP was as effective
as in wild-type animals.147 This study demonstrates that ANP
and BNP act through NPR-A, whereas CNP acts through
another receptor to regulate blood pressure.

Antiproliferative Effect
Vascular remodeling is central to the pathophysiology of
hypertension and atherosclerosis. The pivotal role of vasoac-
tive substances present in the blood vessel in the control of
vascular growth is well known. Whereas vasoconstricting pep-
tides such as Ang II promote vascular growth, vasodilating
substances such as natriuretic peptides inhibit vascular
growth. ANP has been shown to be antimitogenic in endothe-
lial and vascular smooth muscle cells133,149,150 and to attenuate
the growth response to adrenergic stimuli151 and induce apop-
tosis in neonatal rat cardiomyocytes.152 Moreover, ANP-
induced apoptosis occurs through the induction of p53 and
inhibition of Bc12 proteins.153 The apoptotic effect of ANP
can be inhibited by specific blockade of NPR-A or modulated
by ET (an antiapoptotic factor). Similar effects have been
noted in neonatal rat cardiac myocytes.152

In cultured vascular smooth muscle cells, CNP exerts a
growth-inhibitory action and antagonizes the growth-
promoting action of Ang II, which is mediated through the
Ang II subtype 1 receptor.154 CNP, like the other natriuretic
factors, blunts stimulated ET-1 production in vitro,155 appar-
ently via cGMP. As ET-1 causes vascular smooth muscle cell
proliferation, CNP could locally inhibit vascular smooth mus-
cle cell proliferation via this mechanism. CNP exerts growth
inhibitory effects in human vascular smooth muscle cells and
can reduce the response of these cells to growth factors.133,156,157

Endothelial secretion of CNP is stimulated by various
cytokines and growth factors, such as TGF-β and TNF-α, that
are produced and activated in proliferative vascular
lesions.131,158 In vivo, CNP infusion reduces the extent of the
vascular injury response in rats with carotid artery injury.159

Overexpression of CNP via local adenovirus-mediated gene
transfer has been shown to suppress vascular remodeling and
thus prevent restenosis in porcine coronary arteries in vivo
following balloon injury.160 This strategy may prevent
restenosis after angioplasty in humans. In the rat mesangio-
proliferative anti-Thy 1.1 model, CNP was involved in the reg-
ulation of mesangial cell proliferation and matrix production,
suggesting that it may regulate tissue homeostasis and con-
tribute to resolution of mesangioproliferative diseases.161

Modulation of Sympathetic Nervous
System Activity
The effects of ANP on blood pressure and fluid and electrolyte
balance are largely mediated via the kidney and the vascula-
ture. However, evidence indicates that the effects of ANP on
the CNS also contribute to fluid and electrolyte balance and
hemodynamic regulation. Although natriuretic peptides are
unable to cross the blood-brain barrier, they are capable of
reaching sites in the CNS outside this barrier such as the sub-
fornical organ, hypothalamic median eminence, and area
postrema. ANP decreases sympathetic tone via an action on
the brain stem.162 Dampening of baroreceptors, suppression
of the release of catecholamines from autonomic nerve end-
ings and suppression of sympathetic outflow from the CNS
are some of the mechanisms that are responsible for this
reduction in sympathetic tone.162,163 Injection of BNP into the
ventrolateral medulla, an area of the brain important in the
noradrenergic control of blood pressure, causes a decrease in
blood pressure and heart rate in rats.164 Microinjection of a
monoclonal anti-ANP antibody into the anterior hypothala-
mus decreases blood pressure in SHR, but not in normoten-
sive control Wistar-Kyoto (WKY) rats.165,166 This suggests that
the activity of ANP is enhanced in the hypothalamus of SHR
as a result of either increased production of ANP in the brain
or increased receptor sensitivity.167 On the other hand, inhibi-
tion of the action of endogenous ANP in the nucleus tractus
solitarius raises blood pressure, suggesting a role in the tonic
regulation of cardiovascular baroreceptor signal to this area of
the brain.163 ANP synthesis in key brain nuclei that regulate
the cardiovascular system is affected by changes in blood vol-
ume.168 ANP inhibits salt appetite, water drinking, and vaso-
pressin secretion from the pituitary, and this central action of
the peptide contributes to controlling fluid and electrolyte
homeostasis.169,170 Patients with advanced CHF manifest acti-
vation of the sympathetic nervous system (SNS), decreased
heart rate variability, and loss of modulation of muscle SNS
activity in the low-frequency range. Infusion of ANP aug-
ments the variability of SNS activity, suggesting a beneficial
effect on neurogenic circulatory control.171

ANP and BNP are present in Purkinje fibers of several
mammals, including humans.172-174 ANP has also been shown
in the nodose ganglia of the heart, pathways that carry affer-
ent stimuli from the cardiopulmonary area.175 Furthermore,
ANP interferes with α1-adrenergic receptor activation in the
rat heart176 and the human kidney.177 The physiologic rele-
vance of these observations is not fully understood.
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CNP was initially considered to act principally as a neu-
ropeptide. However, the functional significance of CNP
within the CNS remains largely unknown. In neuronal cell
lines, CNP increases cGMP production.178 Studies in rats and
sheep indicate that CNP may stimulate water drinking and
reduce blood pressure and adrenocortical activity.179 CNP
may exert prejunctional inhibition of norepinephrine
release.180 The highest concentration of CNP in the body is
present in the pituitary, where it may inhibit the release of
luteinizing hormone (LH) via NPR-A activation.181 CNP
increases catecholamine synthesis in the adrenal medulla via
cGMP-mediated activation of tyrosine hydroxylase, a rate-
limiting enzyme in the synthesis of these amines.182 By con-
trast, in incubated rat hypothalamic slices, CNP inhibits
spontaneous release of norepinephrine and increases its neu-
ronal uptake and storage.183 These studies suggest that CNP
may be involved in the regulation of noradrenergic neuro-
transmission at the presynaptic level.

Antiinflammatory Effects
A link between natriuretic peptides, specifically ANP, and the
immune system has recently been demonstrated.184-188 ANP
mediates macrophage function by influencing the production
of proinflammatory factors. ANP has recently been reported
to inhibit the production of TNF-α in macrophages,185,186

reperfused liver,187 and whole human blood185 and to attenu-
ate changes in endothelial morphology and permeability
induced by TNF-α,189 thus influencing important pathophys-
iologic features of inflammation. More recently, several stud-
ies have demonstrated that ANP184,187,188 and CNP188

specifically suppress TNF-α–induced expression of adhesion
molecules via cGMP-mediated inhibition of nuclear factor
(NF)-κB expression.187,188,190

Effects on the Renin-Angiotensin-
Aldosterone System (RAAS)
Secretion of renin and aldosterone are markedly inhibited fol-
lowing ANP infusion.191 ANP decreased renin secretion from
isolated renin-secreting cells, but failed to inhibit renin secre-
tion in nonfiltering kidneys, or to alter furosemide-induced
renin release from isolated afferent arterioles.191 However, NEP
inhibition blunted the rise in renin secretion in bumetanide-
treated rats, suggesting that ANP may influence, directly or
indirectly, intracellular signaling in the macula densa.192 In
human subjects, BNP causes a fall or no change in plasma
renin activity.129,193 ANP, but not BNP, inhibits the plasma
aldosterone response to Ang II.194 The decrease in plasma
aldosterone is due to the decrease in plasma renin activity and
to a direct effect of ANP on the adrenal zonal glomerulosa to
inhibit aldosterone synthesis. The increase in sodium load
delivered to the macula densa following ANP infusion may be
responsible for the decrease in renin secretion.

Infusion of small doses of ANP and BNP inhibits the RAAS,
but CNP does not appear to affect this system when infused in
doses that do not alter blood pressure. Only when infused in
very high doses does CNP decrease plasma aldosterone and
increase plasma and urinary concentrations of cGMP. CNP
modulates adrenocorticotropic hormone–induced aldos-
terone secretion195 and inhibits vascular ACE activity and thus
may serve as an endogenous regulator of the RAAS.196

Following Ang II inhibition via an ACE inhibitor or Ang II
receptor blocker, renal CNP mRNA expression increased in
streptozocin-diabetic (STZ) rats and controls; this effect was
more pronounced in the controls. These results demonstrate a
direct stimulatory effect of the RAAS on renal CNP mRNA lev-
els.197 In patients with essential hypertension, plasma ANP
levels increased by 15.7% despite the drop in blood pressure
and the slight decrease of atrial and ventricular diameters fol-
lowing treatment with irbesartan, an Ang II receptor blocker.198

Infusion of Ang II in isolated rat kidney leads to decreased
renal excretion of urodilatin. The alterations in urodilatin
excretion cannot be explained by vasoconstriction per se,
because ET-1 infusion does not alter urodilatin excretion.199

In addition to renin and aldosterone suppression, ANP also
antagonizes all of the known effects of Ang II, including
peripheral vasoconstriction, stimulation of proximal sodium
fluid reabsorption, central dipsogenic actions, and growth-
promoting activities in vascular smooth muscle cells. These
effects have been attributed to ANP-induced decreases in
cytosolic calcium due to cGMP-dependent stimulation of sar-
colemmal Ca2+ ATPase activity.200

Other Actions of Natriuretic Peptides
CNP has been isolated from the small and large intestine of
rats,183 and administration of CNP to dogs reduced jejunal
electrolyte and fluid secretion.201 This suggests that CNP may
contribute to fluid homeostasis by modulating intestinal
excretion of electrolytes. CNP relaxes pulmonary arteries and
bronchial smooth muscle cells of guinea pigs.202 In vitro, CNP
causes dose-dependent relaxation of bronchial smooth mus-
cle and stimulates cGMP release from human respiratory
epithelial cells.203 The significance of these observations in
pulmonary diseases remains to be ascertained.

Negative,204,205 positive,206-208 biphasic (initially inotropic
then negative inotropic),209 and no inotropic210 effect have
been reported for CNP in different species. These discrepan-
cies could be due to differential effects of CNP on various cell
types (i.e., endothelial cells or fibroblasts versus cardiac
myocytes) or to species differences.

Transgenic mice overexpressing BNP exhibit skeletal abnor-
malities due to endochondral ossification, such as elongated
limbs and crooked tails, the severity of which correlated with
the elevation in plasma BNP concentration.211 In vitro, CNP
was more potent than BNP in promoting growth of embry-
onic mouse tibias, whereas ANP overexpressing mice had no
skeletal defects.211 Mice deficient in cGMP-dependent protein
kinase II, an intracellular mediator of guanylyl cyclase signal-
ing, have defects in endochondral ossification that lead to
dwarfism.212 These studies support a role for natriuretic pep-
tide modulation of bone and cartilage growth via guanylyl
cyclase-coupled receptors.

INTERACTIONS AMONG NATRIURETIC
PEPTIDES

Potentially important interactions among natriuretic peptides
occur in vivo. Very high infusion rates (0.1 μg/kg/min) of BNP
increase plasma levels of ANP in humans; much lower
infusion rates of CNP (5 pmol/kg/min) increase plasma con-
centrations of ANP but not BNP.213 CNP production and

176 Pathophysiology



release by bovine aortic endothelial cells is enhanced by ANP
or BNP.214 In the presence of background low-dose ANP infu-
sions, coinfusion of BNP abruptly and reversibly increases
plasma ANP levels by 50% and has additive physiologic
effects. Similarly, in the presence of background BNP infu-
sion, coinfusion of ANP causes a reversible increase in plasma
BNP concentration and results in additive physiologic effects.
These studies support the notion that natriuretic peptides
compete for clearance in shared degradative pathways, rather
than affecting each other’s production rates.213

PATHOPHYSIOLOGY OF NATRIURETIC
PEPTIDES

Hypertension
ANP is involved in the pathogenesis of salt-sensitive hyper-
tension. Molecular genetic studies show that disruption of the
proANP gene in mice causes a form of salt-sensitive hyper-
tension and cardiac hypertrophy.146 By contrast, transgenic
mice overexpressing the genes for ANP or BNP have lower
blood pressure than normal littermates and do not develop
pulmonary hypertension when exposed to chronic
hypoxia.145,215 Chronic blockade of endogenous ANP with a
monoclonal antibody has been shown to accelerate the devel-
opment and exacerbate the severity of hypertension in stroke-
prone SHR (SHR-sp) and DOCA-salt hypertensive rats.216 In
contrast, administration of an NEP inhibitor, SCH 34826,
which protects endogenous ANP from hydrolysis, prevents
salt-sensitive hypertension in SHR.217

ANP levels are increased in response to salt loading in
WKY rats but not in salt-sensitive SHR.218 ANP infusion in
doses that achieved plasma ANP levels well within the physi-
ologic range abolished the salt-induced exacerbation of
hypertension in salt-sensitive SHR.219 ANP secretion in
response to increased atrial pressure was impaired in prehy-
pertensive Dahl salt-sensitive rats but exaggerated in more
advanced phases when hypertension was complicated by
LVH.220 In normotensive salt-resistant rats, dietary salt sup-
plementation is associated with increased plasma ANP lev-
els.221 In contrast, salt-sensitive SHR fail to increase plasma
ANP levels appropriately in response to dietary salt supple-
mentation, resulting in an inability to mount a natriuretic
response and normalize blood pressure in the presence of
dietary salt.221, 222 In hypertension caused by excess mineralo-
corticoid, the concentration of ANP increases in concert with
the phenomenon of “escape.” Administration of HS-142-1
exacerbates hypertension in this model.223

Measurements of plasma ANP levels in patients with essen-
tial hypertension have provided conflicting results. Some stud-
ies have shown low to normal plasma ANP levels,224-226 whereas
others have shown increased levels.227-229 Sagnella et al. showed
an increase in plasma ANP levels during high salt intake in
patients with essential hypertension.230 Kohno et al.231 showed
that sodium loading increased plasma ANP more in salt-
sensitive than in salt-resistant patients. Nimura, on the other
hand, showed a blunted increase in plasma ANP in response to
high dietary salt intake in salt-sensitive compared with salt-
resistant patients.232 We have demonstrated that salt-sensitive
hypertensive African Americans manifest abnormal ANP
secretion in response to increased dietary sodium intake.233

Salt-resistant patients fail to manifest the expected rise in ANP,
whereas salt-sensitive patients show a paradoxical decrease in
ANP. In these patients, reduced atrial secretion of ANP could
be, at least in part, responsible for the reduced ability to excrete
sodium and for the sodium-induced rise in blood pressure. In
whites, we noticed a similar tendency for ANP to decrease dur-
ing high salt intake, but the decrease did not reach statistical
significance. The discrepancies in the literature could be due
partly to methodologic differences in ANP measurement and
to differences in age, dietary salt intake, left ventricular func-
tion, and genetics among populations studied.

Ferrari et al.234 and Weidmann et al.235 observed markedly
reduced plasma ANP during high sodium intake in offspring
of hypertensive parents compared with offspring of nor-
motensive parents. They suggested that a relative ANP defi-
ciency might predispose individuals to develop essential
hypertension. Male and female offspring of hypertensive indi-
viduals manifest lower BNP levels than offspring of nor-
motensive individuals.236

Using the candidate gene approach, Rutledge et al.237 have
shown that an Hpa II variant within a polymorphic region in
intron 2 of the ANP gene is more common among hyperten-
sive African Americans (25%) than among normotensive
controls (3.4%). Although subjects were not characterized
according to their salt-sensitivity status, this study supports
the hypothesis that a deficit of ANP secretion or augmented
metabolism may be genetically determined and contribute to
salt-sensitivity and hypertension in African Americans.
Frequency of the Hpa II allelic variant was also higher among
a cohort of white hypertensive Germans compared with nor-
motensive individuals.238 In a case control study of a Japanese
population, an association was found between a polymorphic
marker located within the 5′ region of the ANP gene and
hypertension.239 By contrast, no difference in the prevalence
of the ANP-Hpa II wild-type allele was found between salt-
sensitive and salt-resistant normotensive Caucasians.240

Other investigators have also failed to find an association
between the ANP gene and high blood pressure.241 One pos-
sible explanation for these differences is that the pathogenetic
role of ANP may vary among populations of different ethnic
backgrounds, or that appropriate size populations were not
used in some of these studies. In aldosterone-producing ade-
noma, a secondary form of hypertension, a significant associ-
ation between allelic variants of the ANP gene and
aldosterone responsiveness to Ang II has been demon-
strated.242 A second polymorphic marker (Sca I) for ANP has
been identified at position 2238 (T and C), but the prevalence
of this marker did not differ between hypertensive and nor-
motensive Blacks. In a Japanese study of 233 individuals with
essential hypertension and 213 age-matched normotensive
controls, neither the G1837A nor the T2238C polymorphism
of the ANP gene was associated with hypertension.243

A pathophysiologic role of natriuretic peptides and their
receptors in the development of obesity-related hypertension
has been suggested by several investigators.244-247 High levels
of NPR-A and NPR-C have been detected in animal and
human adipose tissue.247-249 Suppression of NPR-C gene
expression in adipose tissue, accompanied by increased ANP
activity, resulting in natriuresis and diuresis was demon-
strated in rats following fasting.247 In obese hypertensive
subjects, NPR-A:NPR-C ratio and ANP levels were signifi-
cantly lower than in nonobese hypertensive subjects,
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suggesting that overexpression of NPR-C may lead to
increased peripheral clearance of natriuretic peptides such as
ANP and thus lower its biologic activity. Lower biologic
activity of ANP is further suggested by the presence of higher
plasma renin and aldosterone levels, which are physiologi-
cally inhibited by ANP, in obese hypertensives in comparison
to obese normotensives.247

Elevated plasma ANP levels have been demonstrated in
pregnant women compared with nonpregnant controls.250-252

ANP levels were even higher in pregnant women suffering
from both gestational hypertension and preeclampsia.250-254

The increase in plasma ANP levels seen in preeclampsia does
not appear to reflect underlying volume status, because
preeclampsia is usually associated with normal or reduced
blood volume255 and low right atrial pressures.256 The increase
in ANP levels may be due to ET, because ET has been shown
to stimulate ANP release in vivo and in vitro257 and maternal
plasma levels of ET-1 are elevated in preeclampsia.258

Taken together, experimental and clinical studies suggest a
role for ANP in the regulation of blood pressure and in the
pathogenesis of some forms of hypertension.

Congestive Heart Failure
In acute congestive heart failure (CHF), secretion of ANP
increases in response to an acute rise in atrial filling pressure
and atrial stretch. By contrast, controversy remains with
regard to the acute response of BNP. In vitro studies have indi-
cated that when isolated myocytes are subjected to acute
stretch, BNP gene expression may be more immediately
responsive than ANP gene expression.259 In vivo studies, how-
ever, have indicated that acute changes in cardiac filling pres-
sures caused by volume expansion,260 mitral stenosis repair in
humans,261 or rapid left ventricular pacing in anesthetized
dogs do not increase circulating BNP levels.262 This is consis-
tent with the observation that BNP concentrations in the
normal heart are markedly lower than those of ANP. In anes-
thetized dogs with acute CHF, an infusion of exogenous BNP
sufficient to achieve circulating concentrations similar to
those observed in chronic CHF resulted in markedly
increased plasma and urine cGMP, reduced cardiac filling
pressure, diuresis, natriuresis, attenuated release of renin, and
inhibition of distal tubular sodium reabsorption.262 This pro-
vides a rationale for the use of BNP in the management of
acute CHF. In anesthetized dogs with acute CHF induced by
rapid ventricular pacing, administration of HS-142-1 caused
a decrease in GFR and an increase in distal fractional sodium
reabsorption, supporting a functional role for the endogenous
natriuretic peptide system in preserving sodium homeostasis
and GFR in acute CHF.263

Increased levels of DNP have been detected in the atrial and
ventricular myocardium of dogs with CHF264 and in the blood
of patients with New York Heart Association (NYHA) class III
or IV heart failure,32 suggesting that DNP increase may be part
of a compensatory neurohumoral response of the failing heart
to maintain cardiovascular homeostasis.

In CHF, ANP secretion increases in proportion to the sever-
ity of heart failure. Ventricular production of ANP increases,
but remains lower than atrial production.265 Plasma levels of
BNP also increase and may exceed levels of ANP. Plasma BNP
correlates more closely than ANP with severity of heart failure
and outcome.266 Plasma BNP levels correlate with left ventric-

ular wall thickness and left ventricular mass.267 BNP is consid-
ered to be a backup hormone that, in chronic CHF, is synthe-
sized and released into the plasma to complement the actions
of ANP. In contrast, plasma CNP does not change, even
though cardiac tissue content may be increased.136

Natriuretic peptides secreted in CHF inhibit the production
of Ang II, aldosterone, catecholamines, and ETs, defending the
patient against sodium and water retention. The vasodilator
and volume contracting properties of the natriuretic peptides
reduce systemic vascular resistance, decrease ventricular fill-
ing pressure, and improve myocardial performance. Blocking
the actions of these peptides with specific receptor antagonists
results in accelerated progression of heart failure and stimula-
tion of renin, aldosterone, catecholamines, and ET-1.119,268

Furthermore, these peptides inhibit the growth of cardiac
fibroblasts, thus reducing cardiac remodeling and collagen
accumulation. Calderone et al. reported the ability of ANP to
attenuate the growth-promoting effects of noradrenaline on
myocardial cells, thus, protecting the heart from the adverse
effects of enhanced sympathetic activity such as interstitial
fibrosis and myocardial hypertrophy.269 Similar effects have
been shown for BNP and CNP.

The cGMP response to ANP in heart failure is diminished
compared with that in normal subjects, probably due to
down-regulation of specific receptors caused by chronic expo-
sure to high levels of the peptide. This results in further dete-
rioration of heart failure. In contrast, the cGMP response to
CNP is enhanced in patients with CHF compared with nor-
mal subjects, suggesting receptor up-regulation.270 The signif-
icance of these changes remains obscure.

Ischemic Heart Disease
After acute myocardial infarction (AMI), levels of BNP rise
during the first 24 hours.271-275 AMI is associated with stimu-
lation of the RAAS and SNS. Elevation of natriuretic peptides
may be a counterregulatory attempt to control the extent of
vasoconstriction. BNP levels are higher in patients with
unstable angina than in those with stable angina or healthy
controls.276 BNP gene expression and tissue BNP stores
increased in an experimental model of transmural infarc-
tion.277 These studies suggest that myocardial ischemia aug-
ments the synthesis and release of BNP. Marumoto et al.
measured levels of ANP and BNP during exercise in patients
with stable angina and normal resting left ventricular func-
tion and in normal control subjects.278 Despite similar rate-
pressure products, the levels of both ANP and BNP during
exercise were significantly elevated in patients with angina
compared with normal controls.

Some evidence suggests that natriuretic peptides may
themselves contribute to myocardial injury. Infarct size after
ischemia-reperfusion is smaller in genetically engineered mice
lacking NPR-A and mice pretreated with HS-142-1, an NPR-
A antagonist, than in wild-type or untreated controls. This
reduction in infarct size was accompanied by decreases in
neutrophil infiltration, P-selectin expression, and activation of
NF-κB. ANP directly induced P-selectin expression and H2O2-
induced activation of NF-κB.279 These results suggest that
blockade of NPR-A may alleviate ischemia-reperfusion injury
and provide the basis for future clinical interventions. By con-
trast, other evidence suggests that administration of natri-
uretic peptide may alleviate ischemia-induced myocardial
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damage. Administration of low-dose urodilatin at the time of
reperfusion results in a dose-dependent increase in myocar-
dial cGMP and limits necrosis.280 The reason for these appar-
ently conflicting data is not clear and more studies are
necessary.

Arrhythmia
ANP and BNP levels are reportedly increased in patients with
supraventricular and ventricular tachyarrhythmias.281-288

Successful treatment with chemical or electrical cardioversion
was followed by a decrease in plasma ANP levels in these
patients. In patients with atrial fibrillation, elevated ANP
levels were unrelated to echocardiographic dimensions, ven-
tricular rate, and blood pressure.281 Increased plasma ANP
concentration in atrial arrhythmias has been attributed to ele-
vation of atrial pressure,287 and the reduction in ANP levels
following cardioversion has been explained by the decrease in
atrial pressure resulting from restoration of sinus rhythm.283

BNP levels have been shown to be beneficial in detecting
patients with nonvalvular atrial fibrillation who are at high
risk for thromboembolic complications.289

Atherosclerosis
CNP, which is expressed in the vascular endothelium, has
antiatherosclerotic effects. The migration of medial smooth
muscle cells (SMCs) into the intima is proposed to be an
important contributor to intimal thickening in atherosclerotic
lesions. Natriuretic peptides, particularly CNP, inhibit oxidized-
low-density lipoprotein–mediated SMC migration through a
cGMP-dependent process, suggesting that they may act as
antimigration factors during the process of intimal thickening
in hypercholesterolemia-induced coronary atherosclerosis.290-

292 In cultured vascular SMC, CNP has been shown to antago-
nize the mitogenic activity of Ang II.154 Furthermore, NPR-B is
up-regulated in vivo in SMCs in the intimal layer of atheroscle-
rotic arteries. This finding could support a regulatory role of
natriuretic peptides in atherogenesis.293 In addition, the
vasodilator effects of ANP and cGMP are reduced in athero-
sclerotic rabbit aortas.294

Increased NEP activity has been demonstrated in athero-
sclerotic arteries and plasma of cholesterol-fed rabbits.295

Treatment with an NEP inhibitor (UK73967) decreased
plasma cholesterol, preserved the arterial concentration of
CNP by suppressing local degradation, and inhibited
atheroma formation in these animals. The precise mechanism
for inhibition of atheroma formation by the NEP inhibitor
and whether these findings are reproducible in humans with
hypercholesterolemia remain to be determined.

Nephrotic Syndrome
Most,296 although not all,297,298 studies have demonstrated
slightly elevated ANP levels in nephrotic patients, particularly
in those with low plasma renin activity, suggesting that the
increase in ANP may be the result of volume expansion.
Increased plasma CNP concentrations and urinary CNP
excretion have also been reported in patients with nephrotic
syndrome.31 Some have attempted to treat edema in nephrotic
patients with ANP infusion, but the natriuretic response was
less than that seen in control subjects.299

Chronic Kidney Disease
Patients with end-stage renal disease have been shown to have
markedly elevated ANP and BNP levels that decline somewhat
after dialysis.300-303 The main factors responsible for the high
plasma concentrations of ANP and BNP are extracellular vol-
ume expansion, decreased metabolism and clearance of the
peptides and concomitant heart disease. In studies on dialysis
patients without heart failure, both BNP and ANP were strong
independent predictors of left ventricular mass, ejection frac-
tion, and risk of death.304-306 A positive correlation between
ANP and left ventricular mass and severity of hypertension
was observed in 21 pediatric patients on chronic peritoneal
dialysis.307

CNP gene expression has been detected in human kidneys,
and increased plasma concentrations of CNP have been
reported in patients with chronic kidney disease.141 The renal
actions of CNP remain unclear, however.

Respiratory Diseases
Animal studies have shown that ANP and BNP reduce elevated
pulmonary vascular tone and attenuate hypoxia-induced pul-
monary hypertension.308-311 Plasma ANP levels are elevated in
chronic respiratory failure and do not change with short-term
oxygen therapy.312 BNP levels are also elevated in patients with
chronic obstructive pulmonary disease (COPD) and acute
hypoxia and are positively correlated with the degree of
hypoxia.313 In one study, plasma levels of ANP and BNP were
elevated in patients with COPD and PaO2 <60 mm Hg and
correlated significantly with the degree of hypoxemia. Plasma
CNP was not detectable in these patients. Plasma levels of ANP
and BNP were significantly decreased by long-term oxygen
therapy. Moreover, plasma ANP and BNP levels were elevated
in COPD patients with right ventricular hypertrophy com-
pared with patients without right ventricular hypertrophy.314

These data suggest that in COPD patients, the major stimulus
for ANP and BNP secretion may be hypoxemia, but a rise in
right ventricular pressure may also play a role.

Plasma ANP concentrations have been reported to be
markedly elevated in patients with acute lung injury and to
correlate well with the severity of the injury.315,316 In patients
with chronic thromboembolic pulmonary hypertension, BNP
levels were strongly associated with the severity of pulmonary
hypertension and decreased significantly following pul-
monary thromboendarterectomy.317 Sustained elevation of
postoperative BNP indicated the presence of residual pul-
monary hypertension, suggesting a role for BNP measure-
ment in the evaluation of the efficacy of pulmonary
thromboendarterectomy in this condition. In patients with
acute pulmonary embolism, BNP levels were also significantly
higher in those who had concomitant right ventricular dys-
function.318 Thus plasma BNP levels may be of clinical impor-
tance as a tool for assessment of right ventricular function in
patients with acute pulmonary embolism.

Stroke
Stroke susceptibility loci in SHR-sp have been mapped close
to a marker derived from the ANP gene, and structural and
functional differences in the ANP gene have been reported in
SHR-sp versus stroke-resistant SHR.319 Molecular variants,
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including a polymorphism within exon 1 (G664A) that
encodes a valine-to-methionine substitution in the biologi-
cally active proANP, have been identified in humans.320

Studies looking at whether G664A is a risk factor in stroke
patients and whether there is an association with any particu-
lar ischemic stroke subtype have provided conflicting
results.320,321 Hassan et al. studied 436 patients who presented
with ischemic stroke or transient ischemic attack and com-
pared them with 295 community control subjects.321 Their
results indicated that the ANP gene G664A polymorphism
was unlikely to be a major risk factor for ischemic stroke. In
contrast, in a study by Rubattu et al., this marker was associ-
ated with a twofold increase in the incidence of stroke in
human subjects.320 In the latter study, patients with hemor-
rhagic stroke were included and an ethnically mixed popula-
tion was tested, possibly accounting for the differences
between the two studies. The prevalence of this polymorphic
marker in African Americans remains to be established.

Increased levels of ANP have been found in patients with
stroke.322 ANP has been shown to act directly on the nervous
system to inhibit water and sodium accumulation in ischemic
brain edema, and thus may be protective through both its vas-
cular and antiedema effects.

Alzheimer’s Disease
Accumulation of the neurotoxic peptide amyloid beta-protein
Abeta in the cerebrum is thought to play a central role in the
pathogenesis of Alzheimer’s disease.323 Interestingly, Abeta is
degraded by a protease which is indistinguishable from
insulin-degrading enzyme, a thiol metalloendopeptidase
related to NEP that also metabolizes insulin, glucagon, and
ANP.324 Insulin and ANP inhibit the metabolism of Abeta by
competing for the insulin-degrading enzyme.324 The role of
ANP in the prevention or treatment of Alzheimer’s disease
remains to be determined.

Cirrhosis
The mechanisms of sodium retention in cirrhosis are complex
and include activation of vasoconstrictors, such as Ang II and
norepinephrine.325 Increased secretion of prostaglandins and
ANP compensates, at least in part, for the sodium-retaining
actions of these vasoconstrictors. Plasma levels of ANP and
BNP are usually elevated in patients with cirrhosis,326, 327 with
the exception of patients with hyponatremia, in whom the
levels may actually be decreased.328 By contrast, urinary excre-
tion of urodilatin is unchanged in patients with cirrhosis even
in the presence of increased plasma levels of ANP,329 suggest-
ing that ANP and urodilatin in cirrhosis are regulated inde-
pendently. Patients with well-compensated cirrhosis remain
in sodium balance, presumably as a result of the natriuretic
effects of these elevated levels of ANP. When cirrhosis decom-
pensates, ANP becomes unable to offset the sodium-retaining
actions of Ang II and aldosterone and of increased activation
of the SNS.330 With the development of refractory ascites, cir-
rhotic patients become unresponsive to the natriuretic effects
of ANP. This may be in part mediated by further increased
activity of the SNS.331 In a rat model of cirrhosis, the ANP
response could be entirely restored by renal denervation, sug-
gesting a key role for the SNS in the mediation of unrespon-
siveness to ANP.332 Increased circulating DNP levels have been

demonstrated in patients with cirrhosis and ascites when
compared with both cirrhotic patients without ascites and
healthy subjects. In addition, circulating levels of DNP
increased in relation to the severity of cirrhosis.333 Unlike
ANP, BNP, and DNP, CNP levels are decreased in patients
with cirrhosis.334

Administration of HS-142-1 reduces renal plasma flow and
GFR in cirrhotic rats with ascites, suggesting that natriuretic
peptides may play a role in preservation of renal function and
urine sodium excretion in this condition.335

CLINICAL USES OF NATRIURETIC
PEPTIDES

Diagnostic Use
During the past several years there as been interest in the use
of natriuretic peptides as tools for emergent diagnosis and
screening of the population for left ventricular systolic and
diastolic dysfunction, particularly targeting high-risk
groups.336-341 Plasma BNP levels have a higher sensitivity and
specificity for identification of left ventricular systolic dys-
function than ANP, are capable of differentiating between
chronic heart failure patients with moderately and severely
impaired exercise capacity and provide a useful indication of
which patients are more likely to have heart failure and
require further clinical assessment.342-344

Plasma BNP concentration has been suggested as a surro-
gate therapeutic end-point for patients with heart failure.345-347

In a double blind study in patients with NYHA class III or IV
heart failure, Troughton et al.345 demonstrated that pharma-
cotherapy guided by BNP levels reduces cardiovascular events
and delays time to first cardiovascular event compared with
intensive clinically guided therapy.

In patients with type 1 diabetes without evidence of
microalbuminuria, ANP infusion has been shown to increase
albumin excretion.348-350 Thus, ANP infusion may unmask
underlying alterations in glomerular permselectivity and pre-
dict diabetic nephropathy. Longitudinal studies are needed to
determine whether measurement of ANP-induced microalbu-
minuria might allow the early detection of at risk patients
with diabetes.

Prognostic Use
Plasma concentrations of BNP and ANP are increased in
patients with chronic heart failure and accurately predict left
ventricular ejection fraction, morbidity and mortality in these
patients.273,274,346,351-353 In patients admitted with decompen-
sated CHF, changes in BNP levels during treatment were
strong predictors for mortality and early readmission.346,354

Plasma N-ANP and BNP levels also predict severity of AMI,
including infarct size, likelihood of ventricular remodeling
and lower ejection fraction and associated mortality inde-
pendent of ventricular function.271,355-361 In the Cooperative
New Scandinavian Enalapril Survival Study (CONSENSUS) II
trial362 and the Survival and Ventricular Enlargement (SAVE)
trial,363 levels of ANP, measured post-MI, were related to sur-
vival. However, when left ventricular ejection fraction was
added to the analysis, the independent prognostic value of
ANP was diminished. N-ANP was an independent predictor
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of death, cardiovascular mortality, and heart failure in a sub-
group of patients with AMI from the CONSENSUS II trial,364

Thrombolysis in Myocardial Infarction (TIMI) II trial,358 and
SAVE trial.365

Therapeutic Use
Natriuretic peptides, particularly BNP, have been shown to
have therapeutic potential for various pathologic conditions.
Nesiritide, a recombinant human BNP, recently gained FDA
approval as the first new parenteral agent approved for heart
failure therapy. In patients with decompensated CHF, nesiri-
tide, in addition to standard therapy resulted in improvement
in hemodynamics, including a prompt fall in systemic vascu-
lar resistance and pulmonary capillary wedge pressure, associ-
ated with rapid clinical improvement and a reduction in
self-reported symptoms.366-369 Nesiritide also caused fewer
arrhythmias in patients with decompensated CHF compared
with dobutamine.370 This therapy represents a novel approach
to the management of CHF, enhancing naturally occurring
protective mechanisms.

Infusion of ANP into patients with AMI improved left ven-
tricular ejection fraction and appeared to be more beneficial
in its effects on autonomic nervous activity, plasma renin
activity, and myocardial oxygen consumption than nitroglyc-
erin.371,372 Infusion of ANP during exercise thallium stress
testing in patients with stable angina and normal left ventric-
ular function decreased the extent and severity of the myocar-
dial perfusion defect and prevented ischemia ST-segment
depression.373 In patients with angina pectoris induced by
hyperventilation, both ANP374 and BNP375 have been shown
to suppress chest pain and electrocardiographic changes by
preventing vasospasm via cGMP amplification. In patients
with compensated cirrhosis, infusion of ANP in doses that
increase plasma concentrations to levels comparable with
those observed in patients with ascites, decreases left ventric-
ular end-diastolic volume, stroke volume, cardiac output, and
blood pressure, and increases GFR and urinary sodium excre-
tion.376 However, the use of ANP in cirrhosis is generally lim-
ited by intolerable drug-induced hypotension, in part because
the hypotensive action of ANP in these patients is not associ-
ated with an appropriate increase in plasma norepineph-
rine.377 When combined with terlipressin (a vasopressor
analog), increased systemic vascular resistance prevented
ANP-induced vasodilation and enhanced the natriuretic effect
of ANP in patients with cirrhosis and refractory ascites.378

Use of ANP in patients with renal failure has not been
promising. In patients with renal insufficiency receiving ANP
or mannitol infusion prior to cardiac catheterization, acute
renal failure occurred to a similar extent in both groups.379 In
a multicenter, randomized, double-blind, placebo-controlled
study, administration of anaritide, a synthetic form of ANP, in
critically ill patients with acute tubular necrosis did not
improve the overall rate of dialysis-free survival.380 Anaritide
improved dialysis-free survival in patients with oliguria, but
worsened it in those with nonoliguric acute renal failure. A
more recent study showed no significant beneficial effect of
ANP in dialysis-free survival or reduction in dialysis in sub-
jects with oliguric acute renal failure.381

In a study by Mitaka et al.,382 infusion of ANP-induced
diuresis and improved pulmonary gas exchange in patients
with acute lung injury during mechanical ventilation. Bindels

et al.383 studied the effects of infusion of ANP versus inhala-
tion of nitric oxide in patients with an early acute respiratory
distress syndrome. ANP did not alter mean pulmonary artery
pressure, pulmonary artery resistance index, extravascular
lung water index, or pulmonary gas exchange. In contrast,
nitric oxide inhalation improved all these indices.

Although the role of ANP as a pharmacotherapeutic agent
is limited due to its low oral bioavailability, its narrow thera-
peutic range, and short half-life, ANP gene therapy may
potentially be useful for some conditions. ANP gene delivery
has been shown to reduce mortality due to cerebrovascular
disorders and stroke in Dahl salt-sensitive rats.384 A single
injection of an adenovirus harboring the human ANP gene
(Ad.RSV-cANP) caused a significant reduction of blood pres-
sure that lasted for more than 3 weeks. The stroke mortality
rate of Dahl salt-sensitive rats decreased significantly from
54% to 17% at 3 weeks after ANP gene delivery compared
with rats injected with control virus. A significant reduction
in salt-induced aortic hypertrophy as evidenced by decreased
thickness of the aortic wall was evident following ANP gene
delivery. This technology may have potential value in treating
individuals at high risk of stroke.

Administration of synthetic DNP to dogs with severe CHF
has beneficial cardiovascular, renal, and humoral effects.264

DNP decreased right atrial and pulmonary capillary wedge
pressure, increased GFR in association with natriuresis and
diuresis despite a reduction in mean arterial pressure,
increased plasma and urinary cGMP, and suppressed plasma
renin activity. Thus DNP may have potential as a new intra-
venous agent for the treatment of decompensated CHF.

Agents that interfere with the receptor binding or metabo-
lism of natriuretic peptides are potential therapeutic targets.
Selective antagonists of NPRs have helped define the func-
tions of these natriuretic peptides, but have not yet proved
useful in the clinical arena. More promising are the NEP
inhibitors. Potent inhibitors of NEP provided useful tools to
test the role of NEP in the inactivation of natriuretic peptides,
as well as in probing the functions of these peptides. These
drugs potentiate the natriuretic and hypotensive responses to
intravenous infusions of ANP, as well as the natriuretic
response to volume expansion.385 NEP inhibition results in
diuresis and natriuresis in rats with CHF386,387 and chronic
kidney disease.388 In rats with chronic heart failure, ONO-
9902, a NEP inhibitor, reduced left ventricular end-diastolic
pressure and increased cardiac output. These changes were
associated with decreased plasma levels of ANP, BNP, and ET-
1.389 In salt-sensitive models of hypertension, such as the
DOCA-salt rat model, NEP inhibitors reduce blood pres-
sure.390 These actions occur despite minimal increases in
plasma ANP levels and are associated with increased urinary
excretion of cGMP, suggesting that the antihypertensive
response to NEP inhibition cannot be attributed exclusively to
changes in plasma concentration of ANP and that NEP
inhibitors may raise local tissue levels of ANP without increas-
ing plasma levels. The actions of NEP inhibitors have also
been attributed to reduced inactivation of other vasoactive
peptides, such as bradykinin.391 This hypothesis is unlikely
because SCH 34826, an oral NEP inhibitor, failed to affect the
depressor response to bradykinin.390 Moreover, administra-
tion of a bradykinin antagonist failed to alter the hypotensive
response to the oral administration of SCH 34826 in the
DOCA-salt rat. NEP inhibitors can also potentiate the renal
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effects of ANP, and this response is partially inhibited by
bradykinin antagonists.392

Studies with NEP inhibitors in humans have been prom-
ising. In patients with heart failure caused by left ventricular
systolic dysfunction, administration of candoxatril, a specific
NEP inhibitor, increased sodium excretion, reduced right
and left atrial pressures without any increase in renin activ-
ity and improved exercise capacity.393-396 NEP inhibitors such
as phosphoramidion and UK 73967 have been shown to
potentiate the myocardial protective action of ANP and BNP
against neutrophil-induced endothelial cytotoxicity, which is
known to play a role in ischemia-reperfusion myocardial
injury.397

Vasopeptidase inhibitors are a new class of drugs that
inhibit both NEP and ACE, augmenting any beneficial effect
of the elevation of natriuretic peptides.398,399 Simultaneous
inhibition of NEP and ACE results in increases in natriuretic
peptides (ANP, BNP, and CNP) and vasodilatory peptides
(bradykinin and adrenomedullin), thereby enhancing vasodi-
lation, decreasing vascular tone, and lowering blood pressure.
None of these drugs has been approved for human use due to
a high frequency of angioedema.

Since the discovery of the natriuretic peptides in 1981,
extensive research has revealed many potential therapeutic
uses of these peptides. Future efforts in this in this area may
allow fulfillment of their therapeutic potential.
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193Chapter 19

There is mounting evidence that the potent vasodilator peptides
calcitonin gene-related peptide (CGRP), substance P (SP),
and adrenomedullin (ADM) regulate cardiovascular function
both in the normal state and in hypertension. Evidence from
human studies and experiments in rat and mouse models of
hypertension has shed more light on the possible roles of these
neuropeptides in human hypertension.

CALCITONIN GENE-RELATED PEPTIDE

CGRP is a 37-amino acid neuropeptide derived from the tissue-
specific splicing of the primary RNA transcript of the calcitonin/
CGRP gene,1,2 which will be referred to as the α-CGRP gene.
Calcitonin is produced mainly in the parafollicular cells of the
thyroid, but CGRP synthesis occurs almost exclusively in
regions of the central and peripheral nervous systems.3 β-
CGRP is a second CGRP gene that does not produce calci-
tonin, but also produces CGRP, primarily in central neuronal
tissues.3,4 The two CGRP genes, α-CGRP and β-CGRP in the
rat and I and II in humans, differ in their protein sequences by
one and three amino acids respectively, and the biologic activ-
ities of the two peptides are quite similar in most vascular
beds.5

Distribution and Localization of CGRP
Immunoreactive CGRP and its receptors are widely distrib-
uted in the nervous and cardiovascular systems.5,6 In the
peripheral nervous system, common sites of CGRP synthesis
are in the spinal nerve dorsal root ganglia (DRG). These struc-
tures contain the cell bodies of sensory nerves that terminate
centrally in laminae I/II of the dorsal horn of the spinal cord
and peripherally in blood vessels and all other tissues inner-
vated by the sensory nervous system.7 Blood vessels in all vas-
cular beds are surrounded by a dense perivascular CGRP neu-
ral network.3 Circulating CGRP is thought to be a spillover
phenomenon from the perivascular nerve terminals caused by
release of CGRP to promote vasodilation and other func-
tions.3 Receptors for CGRP have been identified in the media
and intima of resistance vessels.

Cardiovascular Actions of CGRP
CGRP is the most potent vasodilator discovered to date, and it
has positive chronotropic and inotropic effects.8,9 CGRP selec-
tively dilates many vascular beds, especially the coronary vas-
culature.3,8,10 Systemic administration of CGRP decreases
blood pressure (BP) in a dose-dependent manner in nor-

motensive animals and humans.3,6 The primary mechanism is
peripheral arterial dilation.3,6,9 The CGRP receptors are cou-
pled to G proteins. G proteins are located in the intracellular
portion of the plasma membrane, and they bind activated
receptor complexes. Through conformational changes
and cyclic binding and hydrolysis of guanosine triphosphate,
G proteins, directly or indirectly, affect alterations in channel
gating, thus coupling cell surface receptors to intracellular
responses. In a number of tissues, including vascular smooth
muscle, CGRP increases intracellular cyclic adenosine
monophosphate (cAMP). CGRP may also activate adenosine
triphosphate–activated potassium channels of vascular
smooth muscle.3 The vasodilator response evoked by CGRP
may, in part, be mediated by nitric oxide (NO) release.3

Various vascular beds may differ in their dependence on the
endothelium for the dilator response to CGRP.3 The NO-
mediated vasodilator response is endothelium dependent,
whereas the other mechanisms directly affect the vascular
smooth muscle. Thus CGRP can dilate blood vessels through
endothelium-dependent and endothelium-independent
mechanisms.

Role of CGRP in Human Hypertension
CGRP administration can significantly decrease BP in
humans,3,6 but it is not clear what role CGRP plays in human
hypertension. The levels of circulating immunoreactive CGRP
in hypertensive humans reported in different studies have
been inconsistent.3,6 Several factors are probably responsible,
including the assay itself, heterogeneity of essential hyperten-
sion, severity and duration of the BP elevation, the degree of
target organ damage, and the variety of treatment regimens
used in the patients.3

Role of CGRP in Rat Models
of Experimental Hypertension
In contrast to human hypertension, a direct role for CGRP in
experimental hypertension has now been established. We have
previously reported that CGRP plays a compensatory
vasodilator role to attenuate the BP increase in three rat mod-
els of acquired hypertension: (1) deoxycorticosterone-salt
(DOC-salt),11,12 (2) subtotal nephrectomy-salt (SN-salt),13

and (3) N-nitro-L-arginine methyl ester (L-NAME)-induced
hypertension during pregnancy.14 Considerable progress has
been made in elucidating the mechanism of the antihyperten-
sive effects of CGRP in these settings. In the DOC-salt model,
the depressor activity of CGRP appears to be mediated by a
significant increase in the neuronal synthesis and release of
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the peptide, whereas in the SN-salt and L-NAME models, the
BP lowering effect of CGRP is mediated by a marked increase
in vascular reactivity to the dilator actions of the neuropep-
tide. In contrast, the spontaneously hypertensive rat (SHR),
a genetic model of hypertension,15 displays a significant age-
related decrease in CGRP production, which may contribute
to the increased BP through the loss of a potent vasodilator
system.16 These and related studies have been the subject of
several reviews.7,17 Therefore, we will focus on recent reports
that use α-CGRP null mice.

Characterization of the a-CGRP Knockout
Mouse
To assess the long-term role of CGRP in the regulation of car-
diovascular function, permanent deletion of this gene was
achieved by targeted disruption of the calcitonin/α-CGRP
gene locus.18 The β-CGRP gene is intact in these knockout
(KO) mice; however, α-CGRP is by far the predominant CGRP
species produced in DRG neurons.3 The mice used in these
studies were genotyped using standard polymerase chain reac-
tion techniques. In our initial studies, systolic blood pressure,
determined by tail-cuff BP, was significantly (p <.01) higher
in the KO mice (160 ± 6.1 mm Hg) compared with controls
(125 ± 5 mm Hg).19 To confirm this finding, previously instru-
mented KO and wild-type (WT) mice (25- to 30-g males) were
studied fully awake and unrestrained. As shown in Figure 19–1,
the mean arterial pressure (MAP) was significantly elevated in
the KO mice compared with the controls. The mice were sacri-
ficed and the DRG were removed and frozen for later quantifi-
cation of α-CGRP, β-CGRP, and SP mRNA and peptide levels.
Figure 19–2 shows the absence of the α-CGRP mRNA in the
KO mice following Northern blot analysis. Experiments were
also performed to determine whether β-CGRP and SP mRNA
levels were altered in KO mice. As expected, the mRNA species
for β-CGRP and SP were present in both groups, and normal-
ization of the hybridization signals (β-CGRP and SP) to 18S
rRNA levels indicated that there was no significant difference
in the synthesis of these mRNAs between genotypes.

Immunostaining for immunoreactive CGRP (iCGRP) was
performed in the spinal cords of both KO and control mice.
We observed intense staining of CGRP in laminae I/II of the
dorsal horn of the spinal cord in the WT mice. Even though the
antibody used in these studies recognizes both α- and β-CGRP,
no staining of iCGRP was observed in the KO mice.
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Figure 19–1 Systolic BP measurements in α-CGRP KO and WT
mice of either sex, with the tail-cuff method. BP values were
obtained for each animal by taking four to six readings daily
for 5 days. Mean ± SEM for each group (n = 7) are presented
for both male and female mice. Asterisk indicates significant
differences from WT (p <.05). (From Gangula PR, Zhao H,
Supowit SC, et al. Increased blood pressure in alpha-calcitonin
gene-related peptide/calcitonin gene knockout mice.
Hypertension 35:470-475, 2000.) BP, blood pressure; KO,
knockout; WT, wild-type; SEM, standard error of measure.

FFigure 19–2 Northern blot analysis of mRNA from DRG from WT and α-CGRP KO male (A) and female (B) mice. Total
cellular RNA samples isolated from DRG taken from WT and α-CGRP KO mice were fractionated on a denaturing
formaldehyde-agarose gel and transferred to a nylon membrane. The membrane was hybridized with the 32P-labeled α-CGRP
genomic DNA insert. The α-CGRP was removed from the membrane, which was subsequently hybridized with 32P-labeled 18S
rDNA probe (bottom). After hybridization with each probe, the membrane was washed and placed on a phosphor screen,
and the image was generated from PhosphorImager analyses of the exposed screen. Note the lack of α-CGRP mRNA in the 
α-CGRP KO group. (From Gangula PR, Zhao H, Supowit SC, et al. Increased blood pressure in alpha-calcitonin gene-related
peptide/calcitonin gene knockout mice. Hypertension 35:470-475, 2000.) mRNA, messenger ribonucleic acid; DRG, dorsal
root ganglion; WT, wild-type; KO, knockout; rDNA, ribosomal deoxyribonucleic acid.



In later studies the BP phenotype of the mutant mice was
confirmed by radiotelemetric recording. Both α-CGRP KO
and WT controls underwent probe implantation and record-
ing was begun 1 week after the surgery to allow for recovery.
The telemetric analyses were based on data for 7 consecutive
days. Comparisons were made of harmonic patterns,
rhythm-adjusted mean (MESOR = average 24-hour arterial
pressure), amplitude, and acrophase (clock time of peak
amplitude).20 As anticipated, both the α-CGRP KO and WT
mice displayed a 24-hour rhythm characterized by several
nighttime peaks. As shown in Figure 19–3, the average 24-
hour MAP was approximately 12 to 20 mm Hg higher in the
KO mice compared with the controls, consistent with our
previous data. These mice were then placed on a high-salt
(3.2% Na) diet for 2 weeks and BP and heart rate were
recorded by telemetry. No increase in MAP or heart rate was
observed in either strain. These findings are in agreement
with our previous studies showing that a chronic high-salt
diet does not increase the MAP (measured acutely) in either
the α-CGRP KO or WT mice.

It should be noted that, to delete the α-CGRP gene, it was
also necessary to inactivate the calcitonin gene, as well as kat-
acalcin, that is derived from the processing of the calcitonin
peptide precursor.3 It is important to note that it has been
clearly demonstrated that neither endogenous calcitonin nor
katacalcin plays a role in cardiovascular regulation.3,21 A sec-
ond KO mouse, specific for α-CGRP, has been generated, but
on a different genetic background, by Lu et al.22 Interestingly
these KO mice do not appear to display an increased baseline

MAP. Another α-CGRP–specific KO strain that has the same
genetic background as the mice used in our study has been
generated and shown to display a significantly elevated BP
and heart rate compared with controls.23 Although differ-
ences in genetic background or experimental approach may
account for the discrepancy between the findings of Lu et al.22

and the results reported by us and Oh-hashi et al.,23 these
data indicate that α-CGRP plays a significant role in the reg-
ulation of basal BP.

DOC-Salt–Induced Hypertension 
in the a-CGRP KO Mouse
Hypertension was induced in 8- to 10-week-old male 
α-CGRP KO mice and their WT counterparts by
uninephrectomy, DOC administration, and 0.9% saline
drinking water. Control KO and WT mice were sham oper-
ated and given tap water to drink. Three weeks after initia-
tion of the protocol, all mice had arterial catheters surgical-
ly placed for continuous MAP recording and were studied
in a conscious and unrestrained state. The DOC-salt proto-
col produced a significant increase in MAP in the α-CGRP
KO and WT animals. When normalized to baseline BP, the
MAP was 15% and 30% higher in the WT and CGRP KO
mice, respectively. This MAP increase in the DOC-salt KO
mice compared with untreated KO mice was significantly
greater than that observed in the WT groups. Cardiac
hypertrophy (heart/body weight) was present in the control
CGRP KO (0.51 ± 0.02) compared with control WT (0.45 ±
0.01) mice. As expected, there was a significant increase in
heart to body weight ratios in the two DOC groups (DOC-
salt KO, 0.68 ± 0.02 vs. DOC-salt WT, 0.68 ± 0.02) when
compared with their matching control group. These data
indicate that deletion of the α-CGRP gene not only increas-
es baseline BP and cardiac weight, but also enhances the BP
response to DOC-salt treatment.24

Blood Pressure Response to Capsaicin
Administration in a-CGRP KO and WT
Mice
Several lines of evidence indicate that the efferent vasodilator
activity of the sensory nervous system is mediated primarily
by capsaicin (the active ingredient in pepper)-sensitive 
C-fiber and Aδ-fiber classes of sensory nerves. To study the
hypotensive role of CGRP following stimulation of capsaicin-
sensitive sensory nerves, we used α-CGRP KO mice and
WT controls in conjunction with the CGRP antagonist
(CGRP8-37).25 In the anesthetized state the MAP of the KO mice
was still approximately 15 mm Hg higher than that of the WT
controls. Intravenous administration of capsaicin to WT mice
produced a rapid but transient (~30 seconds) bradycardia
accompanied by a 40% decrease in MAP. This response was
followed by a sustained (4-6 minutes) hypotensive effect that
reduced the MAP by 20%. Pretreatment of the WT mice with
atropine abolished the transient bradycardia and hypotension,
but was without effect on the prolonged hypotensive response.
In contrast, the prolonged hypotensive response was blocked by
administration of CGRP8-37. In the CGRP KO mice, capsaicin
again produced a transient, atropine-sensitive bradycardia and
reduction in MAP (40%), but the sustained hypotensive
response was absent. Pretreatment of both mouse strains with
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FFigure 19–3 MAP determinations made with an indwelling
carotid arterial catheter in α-CGRP KO and WT mice of
either sex in a fully awake and unrestrained state. Mean ±
SEM for each group (n = 7) are presented for both male
and female mice. Asterisk indicates significant differences
from WT (p <.05). (From Gangula PR, Zhao H, Supowit SC,
et al. Increased blood pressure in alpha-calcitonin gene-
related peptide/calcitonin gene knockout mice. Hypertension
35:470-475, 2000.) MAP, mean arterial pressure; KO,
knockout; WT, wild-type; SEM, standard error of measure.



the capsaicin antagonist, capsazepine, blocked all of the actions
of capsaicin. These data indicate that although the initial
hemodynamic effects of capsaicin treatment result from tran-
sient vagal stimulation, the sensory nerve component of the
sustained capsaicin-mediated hypotensive response is primari-
ly dependent on α-CGRP.

Coronary Flows in the a-CGRP KO Mouse
Studies performed in the rat suggest that capsaicin-sensitive
sensory nerves participate in the regulation of basal coronary
blood flow. To test the hypothesis that α-CGRP plays a critical
role in the regulation of coronary blood flow, Langendorff-
perfused heart preparations were used to compare coronary
flow rates between α-CGRP KO and WT control mice under
various pressure-loading conditions.26 Deletion of the 
α-CGRP gene in both sexes resulted in a significant 20% to
30% reduction in coronary flow at all pressures tested. In
addition, coronary flow for both strains of mice was consis-
tently lower in females than in males. These data suggest that
CGRP is responsible for up to 30% of basal coronary blood
flow. Histopathologic analysis showed no obvious structural
or pathologic alterations in the myocardium or coronary vas-
culature between genotypes. Because blood vessel diameter is
directly related to coronary flow, studies were performed to
determine the range of blood vessel diameters (optical
micrometer) in heart sections from the KO and WT mice. No
detectable differences were observed between strains. Thus,
the mechanism of this reduction in coronary flow is likely to
be decreased coronary vasodilation resulting from ablation of
α-CGRP from perivascular sensory nerve terminals.

Summary
CGRP and its receptors are widely distributed in the nervous
and cardiovascular systems. CGRP is the most potent
vasodilator discovered to date and has positive chronotropic
and inotropic effects. CGRP selectively dilates many vascular
beds, especially the coronary vasculature. Systemic adminis-
tration of CGRP decreases BP in a dose-dependent manner
in normotensive animals and humans, primarily by periph-
eral arterial dilation. It can dilate blood vessels through
endothelium-dependent and endothelium-independent
mechanisms. Although CGRP administration can significant-
ly decrease high BP in humans, it is not clear what role CGRP
plays in human hypertension. However, a direct role for
CGRP in experimental hypertension has now been established
in several models of hypertension. In acquired rat models,
CGRP plays a compensatory vasodilator role to attenuate the
BP increase. In the DOC-salt model, the depressor activity of
CGRP appears to be mediated by a significant increase in the
neuronal synthesis and release of the peptide. In the SN-salt
and L-NAME models, the BP lowering effect of CGRP is medi-
ated by a marked increase in vascular reactivity to CGRP. By
contrast, the SHR, a genetic model of hypertension, displays a
significant age-related decrease in CGRP production, which
may contribute to the increased BP through the loss of a
potent vasodilator system.

MAPs in mice with a permanent deletion of the α-CGRP
gene are significantly elevated compared with controls. This
deletion also increases cardiac weight and enhances the BP
response to DOC-salt hypertension. In addition, whereas the

initial hemodynamic effects of capsaicin treatment in mice
result from transient vagal stimulation, the sensory nerve
component of the sustained capsaicin-mediated hypotensive
response is primarily dependent on α-CGRP. Studies of
CGRP KO mice suggest that CGRP is responsible for up to
30% of basal coronary blood flow.

SUBSTANCE P

SP is an 11-amino acid peptide sensory neurotransmitter that
mediates pain, touch, and temperature. It is involved in many
physiologic activities including smooth muscle contraction
and vasodilation.5,6,17,27-29 SP was first described in 1931 as “an
atropine-resistant factor, which stimulates smooth muscle and
lowers blood pressure.”30 Its structure was first identified in
1971.31 SP is a member of the tachykinin family. The five
major mammalian tachykinins are SP, neurokinin A (NKA),
neurokinin B (NKB), neuropeptide K, and neuropeptide-γ
(NP-γ).32-34 SP is derived from tissue-specific alternative splic-
ing of the preprotachykinin I gene and is produced almost
exclusively in neuronal tissues.32 An important site of SP syn-
thesis is the DRG, which contain the cell bodies of sensory
neurons that extend centrally to the spinal cord and peripher-
ally to blood vessels.7 SP and its receptor (NK-1 receptor) are
present throughout the central and peripheral nervous sys-
tems.35-37 SP receptors are also found in endothelial cells.35 SP
is often located in and released from the same sensory nerve
endings as CGRP.36 SP has been shown to regulate blood flow
of various organs.

Cardiovascular Actions of Substance P
SP is a potent vasodilator, but has little effect on heart rate and
cardiac contractility.35 Of the three tachykinin receptor
subtypes NK-1, NK-2, and NK-3, SP is the preferred ligand
(binding-molecule) for NK-1 receptors, NKA for NK-2, and
NKB for NK-3, but all three tachykinins have some affinity for
all three NK receptors if a high enough dose is given.35 The
three receptors all belong to the superfamily of G-protein–
coupled receptors. SP induces vasodilation by an endothelium-
dependent mechanism involving the release of both NO and a
hyperpolarizing/vasodilator factor different from NO.6,35,38

Release of Substance P from Sensory
Nerve Terminals
Sensory nerve fibers are classified as capsaicin-sensitive and
capsaicin-insensitive. The capsaicin-sensitive nerves have the
receptor for capsaicin. When capsaicin-sensitive sensory nerve
fibers are exposed to capsaicin, they release SP. SP-rich
nerve fibers are part of the sensory nervous system, compris-
ing mostly capsaicin-sensitive C-fiber and Aδ-fiber nerves
that respond to chemical, thermal, and mechanical stim-
uli.27,28,39 These stimuli cause SP release. If the stimulus is
powerful enough, it also causes propagation of sensory infor-
mation back to the central nervous system. Although these
nerves have traditionally been thought to “sense” stimuli in
the periphery and transmit the information centrally, there is
evidence that they also have an efferent function. It is clear
that DRG-neuron–derived peptides are released at peripheral
sensory nerve terminals in the absence of afferent nerve stim-
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ulation.40 The continuous release of peptides from DRG neu-
rons may reflect a paracrine function, with the released pep-
tides binding to nearby receptors. This implies that these
neurons participate in the continuous regulation of blood
flow and other tissue activities. It has been postulated that
some DRG neurons are specialized in controlling peripheral
effector mechanisms, but have no role in sensation.40

Role of Substance P in Hypertension
Decreased levels of SP have been found in stroke-prone spon-
taneously hypertensive rats (SHR-sp) and in human essential
hypertension.41 Therefore, SP could contribute to elevated BP
by the decreased activity of a counterregulatory mechanism.
A nonpeptide SP receptor (NK-1) antagonist has been used to
study the hemodynamic role of the peptide in five experi-
mental models of hypertension, including the DOC-salt; SN-
salt; SHR; two-kidney, one-clip rats; and one-kidney, one-clip
rats.15,41-43 In conscious unrestrained rats, the SP antagonist
induced significant increases in MAP in the three salt-
dependent models, DOC-salt, SN-salt, and one-kidney, one-
clip rats. However, the antagonist caused no significant effect
on the MAP in the salt-independent models, SHR and two-
kidney, one-clip. This suggests that SP may act as a partial
compensatory mechanism to counteract the BP increase in
salt-dependent hypertension.

Studies performed in our laboratory, confirmed the depres-
sor effects of SP using a peripherally acting NK-1 receptor
antagonist (spantide-II) and determined the neuronal expres-
sion and release of SP in both the SN-salt and DOC-salt mod-
els.42,43 In addition, we studied the Dahl salt-sensitive and
Dahl salt-resistant rats, a model of hypertension that has both
genetic and salt-dependent components.44

To determine the role and mechanism of action of SP
in SN-salt hypertension, we induced hypertension in 4- to 6-
week-old male Sprague-Dawley rats by subtotal nephrectomy
and 1% saline drinking water. Sham-operated rats were given
either tap water or 1% saline to drink.42 Eleven to 13 days later,
all rats had intravenous (for drug administration) and arterial
(for continuous monitoring of MAP) catheters surgically
implanted and were studied in the conscious and unrestrained
state. Baseline MAP was significantly elevated in the SN-salt
rats (157 ± 6 mm Hg) compared with tap water–fed (128 ±
3 mm Hg) and 1% saline–fed controls (132 ± 5 mm Hg). As
shown in Figure 19–4, intravenous vehicle administration did
not significantly alter the MAP in any of the groups. In con-
trast, intravenous administration of spantide-II resulted in a
rapid increase of the already elevated MAP in the SN-salt rats
compared with both control groups.42 To determine whether
neuronal expression of SP is altered in this model, we quanti-
fied SP mRNA and peptide levels in DRG from all the study
groups. As shown in Figure 19–5, the SP mRNA and peptide
levels were not elevated in the SN-salt rats compared with
controls.42 To determine whether the mechanism of the anti-
hypertensive effect of SP in the SN-salt model is due to
increased vascular reactivity to the dilator activity of this neu-
ropeptide, similar to our findings with CGRP, we adminis-
tered exogenous SP to these three groups.42 As shown in
Figure 19–6, this resulted in a significantly greater decrease in
MAP in the SN-salt rats compared with both control groups.
This suggests that, in SN-salt hypertension, SP plays a coun-
terregulatory role in the absence of an increase in production
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FFigure 19–4 Span-II increases the MAP in SN-salt rats but
not in control rats. Rats were instrumented for continuous
MAP recording and span-II administration as described in
the text. With the rats fully awake and unrestrained, bolus
doses of the vehicle (0.1 ml of saline) and span-II (0.2
μmol/L in 0.1 ml) were administered intravenously. Values
reported are change in MAP ± SEM (mm Hg) from baseline
MAP. ***p <.001 SN-salt versus control-NS (tap water) and
control-HS (1% saline). (From Katki KA, Supowit SC, DiPette
DJ. Substance P in subtotal nephrectomy-salt hypertension.
Hypertension 39[part 2]:389-393, 2002.) Span-II, spantide-
II; MAP, mean arterial pressure; SN, subtotal nephrectomy;
SEM, standard error of measure.

FFigure 19–5 SP mRNA and iSP content from DRG of SN-salt
and control-NS (tap water) and control-HS (1% saline). The
SP mRNA:18S rRNA ratios were determined by scanning
densitometry. Values reported are mean ± SEM arbitrary
units. Immunoreactive SP was quantified using a
commercially available rabbit antirat SP RIA kit. Values are
reported in pg iSP/μg total protein. (From Katki KA, Supowit
SC, DiPette DJ. Substance P in subtotal nephrectomy-salt
hypertension. Hypertension 2002; 39[part 2]:389-393.) SP,
substance P; mRNA, messenger ribonucleic acid; iSP,
immunoreactive substance P; DRG, dorsal root ganglion; SN,
subtotal nephrectomy; rRNA, ribosomal ribonucleic acid;
SEM, standard error of measure; RIA, radioimmunoassay.



of SP. One possible mechanism of this compensatory
vasodilator response is enhanced vascular reactivity to SP.42

Summary
Taken together, various lines of research suggest a potential
dual role of SP in essential hypertension and regulation of
regional organ blood flow:

1. A deficiency of SP could result in hypertension and
decreased organ blood flow.

2. Enhanced vascular reactivity to SP could be a compensa-
tory vasodilator response to hypertension or decreased
organ blood flow.

All of these experiments were performed acutely, so the long-
term participation of SP in hypertension is unknown. Studies
in humans are also needed. Nevertheless, these studies point
to the SP-containing sensory afferent neurons having an
important efferent cardiovascular function.

ADRENOMEDULLIN

Adrenomedullin (ADM) was discovered in 1993, when pep-
tide extracts from human pheochromocytoma were studied.45

The name comes from its abundance in normal adrenal
medulla, as well as in pheochromocytoma tissue arising from
adrenal medulla.45 It is a 52-amino acid peptide with a unique
6-amino acid ring structure formed by an intramolecular
disulfide bond between residues 16 and 21. It also has a C-
terminal amide structure. Both of these features are similar to
structures found in CGRP and amylin (a 37-amino acid pep-
tide packaged with insulin in pancreatic β-cell secretory gran-
ules that inhibits glycogen synthesis and glucose utilization).46

Thus ADM is considered a member of the CGRP/amylin/
calcitonin superfamily of peptides. ADM has a potent and
long-lasting hypotensive effect.45 The ADM gene is situated in
a single locus of chromosome 11.47 ADM antagonists such as
ADM-(22-52) and ADM-(40-52) do not contain the ring and
lack agonist activity.46

Distribution of Adrenomedullin
ADM immunoreactivity in the rat and pig is found in the
adrenal gland, heart, lung, and kidney.48,49 Since the discovery
that the ADM gene is more highly expressed in endothelial
cells than even the adrenal medulla,50 ADM is now regarded as
a secretory product of the vascular endothelium, like NO and
endothelin, and ADM expression has been found in all tissues
of the body.51

Adrenomedullin in Human Hypertension
Plasma ADM levels are increased in hypertensive patients
compared with normotensive controls, especially if there is an
increase in serum creatinine or renin levels.52-57 There is a pro-
gressive rise in ADM proportionate to the severity of the
hypertension and the target organ damage.55-57 This suggests
that ADM is released to compensate for the elevated BP.51 After
control of BP with antihypertensive medication, plasma ADM
levels do not come down.52 Plasma ADM levels are directly
proportional to serum creatinine levels and inversely related to

glomerular filtration rates (GFRs) in hypertensive patients.52

Neither acute nor chronic salt-loading changes plasma ADM
levels in normotensives or essential hypertensives.58

Adrenomedullin in Experimental Models
of Hypertension
In Dahl salt-sensitive rats, plasma ADM and cardiac ventricle
ADM concentration and mRNA levels were higher in rats
with high-salt than low-salt intake.59 Plasma ADM correlated
well with the weight of the left ventricle, suggesting that ADM
participates in the pathophysiology of salt-dependent hyper-
tension and cardiac hypertrophy.59 In DOCA-treated SHR
that developed malignant hypertension, plasma and renal tis-
sue ADM were significantly higher than in control rats.60

Chronic ADM infusion in Dahl salt-sensitive rats significantly
improved renal function (serum creatinine, creatinine clear-
ance, and urinary protein excretion) and histologic findings
(glomerular injury score) without changing MAP compared
with untreated controls, suggesting that ADM has renoprotec-
tive effects in this experimental model of hypertension.61

Chronic infusion of ADM significantly prolonged life in this
model.62 Human ADM gene delivery delays BP rise and
protects against cardiovascular remodeling and renal injury in
several rat models of hypertension.63-65

Circulating Adrenomedullin in Other
Disease States
ADM levels are also increased in patients with congestive
heart failure (CHF),66 renal disease,53 and acute myocardial
infarction (MI).67 In CHF, there is a progressive increase in
plasma ADM level from New York Heart Association classifi-
cation I to IV.66 Among acute MI patients, plasma ADM levels
were higher in those who developed CHF than those without
CHF. ADM may be increased to compensate for the increase
in vasoconstrictors seen in acute MI.67

In hepatic cirrhosis, a progressive increase in ADM levels
has been observed with increasing disease severity.68 There is
an inverse relationship between ADM levels and GFR,69 crea-
tinine clearance, and sodium excretion,70 suggesting that
ADM might play a role in the hemodynamic changes that lead
to ascites and edema in cirrhosis.51,70

Of all the conditions studied, the greatest increase in ADM
is seen in septic shock.71,72 ADM likely plays a key role in its
pathophysiology. Because a correlation between ADM levels
and the relaxation of vascular tone has been demonstrated,73

it is likely that ADM is directly responsible for the hypoten-
sion characteristic of septic shock.51

Biologic Actions of Adrenomedullin
Intravenous infusion of ADM into many animals and
humans causes a potent and sustained hypotension, mainly
through NO production in blood vessels.51 The effects are
comparable with CGRP.51 Interestingly, injection of ADM
directly into the corpus cavernosum of the cat penis causes a
significant, dose-dependent increase in penile length and
increased intracavernous pressure.74 The mechanism is
unclear but is not NO dependent, because the NO inhibitor
(Nω-nitro-L-arginine methyl ester) does not block the
effect. ADM has antiproliferative effects and inhibits coro-
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nary artery smooth muscle migration, and so may inhibit
vascular remodeling.75 It also may have a role in uterine
growth and revascularization.76 There is still considerable
debate about the exact role of ADM in cell and tumor
growth.51

ADM inhibits adrenocorticotropic hormone (ACTH)
release from the pituitary and aldosterone production, but
may increase renal blood flow, urine output, and urinary sodi-
um excretion.51 It may also play a paracrine regulatory role in
skeletal growth. It causes pulmonary vasodilation and inhibits
bronchoconstriction. ADM is expressed in most key mucosal
surfaces and has antimicrobial properties against both gram-
positive and gram-negative bacteria.

Adrenomedullin Receptors
Are there separate ADM receptors or do CGRP receptors
mediate the effects of ADM? ADM receptors have always been
linked to the CGRP receptors.3,51 There are two subtypes of
CGRP receptors, based on the potency of the CGRP receptor
antagonist fragment CGRP8-37.

77 CGRP1 receptors require
much lower concentrations of CGRP8-37 than CGRP2 recep-
tors for antagonism. The vasodilating effects of ADM on the
rat mesenteric vessels (a prototypic CGRP1 receptor) are
blocked by CGRP8-37.

78 Many subsequent studies have docu-
mented the blocking of some ADM effects by CGRP8-37. In
addition, ADM binds with high affinity to and activates CGRP
receptors in neuroblastoma cells, a model of CGRP1 recep-
tors.79 Several later studies supported the high-affinity bind-
ing of ADM to almost all CGRP receptors, with an affinity of
one tenth to one hundredth that of CGRP itself.51

ADM has a low affinity for the CGRP receptors in guinea
pig vas deferens, a model of CGRP2 receptors, suggesting that
ADM has lower affinity for CGRP2 than CGRP1 receptors.80

However studies of the inhibitory effects of CGRP8-37 on
ADM actions must be interpreted with caution.51 In some
studies, very high concentrations of CGRP8-37 were used,
which may bind to specific ADM receptors and make inter-
pretation difficult.51,81 In vivo studies demonstrating that
CGRP8-37 blocks CGRP effects but not ADM effects at the
same concentrations provide strong evidence for specific
ADM effects.51,82-84

Are there specific ADM receptors? It is clear that CGRP
receptors mediate at least some of the effects of ADM, but
receptors in cultured rat vascular smooth muscle cells were
found to have 23 times greater affinity for ADM than for
CGRP, which is unlike any known CGRP receptor.85 This sug-
gests that a specific ADM receptor exists. Surprisingly, the
effects of ADM on these cells were inhibited by high doses of
CGRP8-37.

85 In another study, CGRP8-37 blocked the effects of
ADM in cultured rat vascular smooth muscle cells, but the
binding of ADM in these cells was not inhibited by CGRP or
high doses of CGRP8-37.

86 These two studies clearly indicate
the existence of receptors with higher affinity for ADM than
for CGRP, which make these very different from any known
CGRP receptors.51,85,86 Specific ADM binding sites have been
found in rat heart, lung, spleen, liver, skeletal muscle, and
spinal cord.87

The human ADM fragment ADM22-52 is a specific ADM
receptor antagonist.88 In rabbit endothelial cells and rat cere-
bral blood vessels, it is an effective antagonist,89,90 but in rat
mesangial (glomerular support) cells and human neuroblas-

toma cells, it was no more potent an antagonist of ADM than
CGRP8-37.

88 In rat vascular smooth muscle cells, ADM22-52 is a
very weak antagonist.91 In rat cardiac cells and cat hindlimb
vascular bed, ADM22-52 not only is inactive against ADM, but
inhibits CGRP effects.92,93 Therefore, a much better antagonist
needs to be developed.

The identification and characterization of the functional
CGRP and ADM receptor(s) has been very controversial,
especially since the publication of the “RAMP” (receptor
activity modifying protein) hypothesis.94 This hypothesis
states that both ADM and CGRP signal through a common
receptor, calcitonin receptor-like receptor (CRLR). Ligand
specificity is determined by coexpression of either of two
chaperone proteins RAMP1 (CGRP) or RAMP2 (ADM).
Another RAMP (RAMP3) has also been postulated to confer
ADM specificity to CRLR. So far, three biologic functions for
RAMPs have been defined: They transport CRLR to the cell
surface, define its pharmacology, and determine its glycosyla-
tion state. It now appears that a functional CGRP (or ADM)
receptor must include three proteins in a complex: the ligand-
binding, membrane-spanning protein (CRLR); a chaperone
(RAMP1 or 2); and a third peptide, the receptor component
protein, that couples the receptor to the cellular signal trans-
duction pathway.95

Summary
ADM may play a significant role in human hypertension as a
compensatory vasodilator. Studies in several rat models of
hypertension suggest that ADM delays BP rise and protects
against cardiovascular remodeling and renal injury. ADM lev-
els are increased in several other disease states, usually as a
compensatory response to vascular changes. But the greatest
increase in plasma ADM levels is seen in septic shock, where
ADM is probably directly responsible for the characteristic
hypotension.

The effects of ADM are probably the result of binding to
both CGRP and specific ADM binding sites. These effects
can be blocked by both a CGRP1 receptor antagonist
(CGRP8-37) and an ADM receptor antagonist (ADM22-52).
However, neither of these antagonists is very potent, and
their specificities are doubtful. We need small, nonpeptide,
potent, specific antagonists to definitively study the physiol-
ogy of ADM receptors.

In addition to vasodilation, ADM has many other actions,
including the following:

1. Antiproliferative inhibition of smooth muscle cell migra-
tion, and thus inhibition of vascular remodeling

2. A role in uterine growth and revascularization
3. Possibly a role in cell and tumor growth
4. Inhibition of ACTH release from the pituitary and of

aldosterone production
5. Increases in renal blood flow, GFR, and urinary sodium

excretion and decreases in distal tubular sodium
reabsorption

6. Regulation of skeletal growth
7. Pulmonary vasodilation and inhibition of bronchocon-

striction
8. Antimicrobial properties against both gram-positive and

gram-negative bacteria
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The mechanisms of action of ADM are still not clear. cAMP is
often a second messenger for ADM, but other processes are
probably involved. The role of NO is also unclear.

SUMMARY

Several lines of evidence suggest that the vasodilator peptides
CGRP, SP, and ADM may play important roles in human
hypertension. These exact roles still need to be elucidated.
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203Chapter 20

Both genetic and environmental factors acting via intermedi-
ate phenotypes participate in the regulation of blood pres-
sure, the etiology of hypertension, and the development of
target organ damage. Vasoactive systems are important com-
ponents of these intermediate phenotypes. They can act as
local hormones (intracrine, autocrine, and paracrine) or as
endocrine and neuroendocrine systems. We use the term
intracrine to indicate hormones that act within the cells that
synthesize them, such as reactive oxygen species (O2

−) and
products of protooncogenes. The term autocrine is used to
indicate hormones that act on the cell membrane receptors
where they are produced, such as growth factors. The term
paracrine denotes hormones that act near the site where they
are produced, such as kinins, eicosanoids, nitric oxide (NO),
and endothelium-derived hyperpolarizing factor (EDHF).
Endocrine refers to hormones such as aldosterone that are
released into the extracellular fluid and act on distant target
tissues, although they can also act in an autocrine and
paracrine faction. Finally, neuroendocrine hormones such as
catecholamines are released by neurons and act near or dis-
tant from the site of release.

Blood pressure is the result of a balance between vasopres-
sor and vasodepressor systems. Alteration of this equilibrium
may result in (1) hypertension, (2) target organ damage, (3)
effective antihypertensive treatment, or (4) hypotension and
shock. Changes in this balance could be caused by (1) genetic
factors such as mutations in one of the genes of the vasoactive
system and/or (2) environmental factors that alter the activity
of vasoactive systems. Endocrine and neuroendocrine vaso-
pressor systems, such as the renin-angiotensin-aldosterone
system and catecholamines, play a well-established and
important role in the regulation of blood pressure, the patho-
genesis of some forms of hypertension, and target organ dam-
age. The role of vasodepressor systems is less well established;
however, evidence suggests that they play an important role in
the regulation of blood flow, renal function, the pathogenesis
of salt-induced hypertension and target organ damage, and
the cardioprotective effects of angiotensin-converting enzyme
(ACE) inhibitors and angiotensin receptor blockers (ARBs).1-5

Vasodepressor hormones such as kinins, eicosanoids, NO, and
EDHF act as local hormonal systems, opposing the effects of
vasopressor systems. Some vasodepressor systems such as atri-
al (ANP), brain (BNP), and C-type (CNP) natriuretic pep-
tides may act as both endocrine and local hormones. Here we
will review the kinin-generating system and the role of kinins
in (1) the regulation of local blood flow, (2) water and sodium
excretion, (3) the regulation of blood pressure and the patho-
genesis of hypertension, and (4) the therapeutic effects of ACE
inhibitors and ARBs.

THE KININ-GENERATING SYSTEM

Kininogenases such as glandular and plasma kallikreins are
enzymes that generate kinins by hydrolyzing substrates
known as kininogens, which circulate at high concentrations in
plasma. Kinins are rapidly destroyed by a group of peptidases
known as kininases (Figure 20–1). Plasma and glandular
(tissue) kallikrein are potent kininogenases and both are ser-
ine proteases. A single gene encodes for plasma kallikrein, and
there is a large family of glandular kallikrein genes; however,
KLK1 is the only glandular kallikrein that generates kinins
(hereafter referred to as glandular kallikrein, or simply
kallikrein). Plasma kallikrein, also known as Fletcher factor, is
expressed mainly in the liver; in plasma it is found in the
zymogen form (prekallikrein) and differs from glandular
kallikrein in its biochemical, immunologic, and functional
characteristics. It preferentially releases bradykinin from high-
molecular-weight kininogen (HMWK), also known as
Fitzgerald factor. Together with HMWK and Hageman factor,
it is involved in coagulation, fibrinolysis, and possibly, activa-
tion of the complement system. The plasma kallikrein-
HMWK system, acting through the release of bradykinin,
could be involved in the local regulation of blood flow and in
some of the effects of ACE inhibitors. On the other hand,
patients with congenital deficiency of plasma HMWK
(Fitzgerald trait) have normal amounts of kinins in their
blood.6 (For a review of the plasma kallikrein-HMWK sys-
tem, see references 7-9.)

Glandular kallikrein belongs to a family of serine proteases
with very high homology; the genes encoding for these
enzymes are tightly clustered and arranged in tandem on the
same chromosome. The number of family members varies
widely among mammals; it is estimated that the kallikrein
family contains at least three genes in humans, 20 in the rat,
and 23 to 30 in the mouse, many of them pseudogenes.10

Despite the highly homologous amino acid composition of
the serine proteases encoded by the glandular kallikrein gene
family, most are not kininogenases and act on entirely dif-
ferent substrates. For example, tonin, a rat enzyme of the
kallikrein family, hydrolyzes angiotensinogen and generates
angiotensin II; prostate-specific antigen, a human enzyme
of the kallikrein family, hydrolyzes semenogelin, a high-
molecular-weight seminal vesicle protein.11,12 We have isolated
a new member of the kallikrein family from the submandi-
bular gland.13,14 This protease produces contraction of isolat-
ed aortic rings and (like tonin) also generates angiotensin II,
suggesting that localized regions of variability are important
in determining substrate specificity and possibly function of
all enzymes of the kallikrein family. (For a review of the
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molecular biology of the glandular kallikrein-kininogen
system see references 15-17.)

True glandular kallikrein or KLK1 is encoded by a single
gene having five exons and four introns. Other members of the
kallikrein gene family have a similar exonic and intronic struc-
ture, with the splice junctions completely conserved. The 5′
and 3′ flanking regions have a high homology among the var-
ious genes; however, gene regulation and site of expression are
different, suggesting that small variations in the nucleotide
sequence of the 5′ region are important in the regulation of
expression. The glandular kallikrein gene is expressed mainly
in the submandibular gland, pancreas, and kidney; however,
using the polymerase chain reaction, we have demonstrated its
mRNA in vascular tissue, heart, and adrenal glands, although
in smaller amounts.18,19 Glandular kallikrein and kallikrein-
like enzymes have also been found in the arteries and veins,20

heart,21 brain,22 pituitary gland,23,24 pancreas,25 intestine,26,27

salivary and sweat glands,28 spleen,29 adrenal glands,30 blood
cells,19 and the exocrine secretions of these structures. Some of
these are probably true glandular kallikrein, whereas others
may be separate members of the kallikrein family.

There is immunoreactive glandular kallikrein in plasma, pri-
marily the inactive form; however, a small portion is in the active
form.31-35 In humans36 and rabbits,37 50% or more of urinary
kallikrein is the inactive or zymogen form, whereas in rats most
is in the active form.38 Glandular kallikrein can release kinins
from low-molecular-weight kininogen (LMWK) and HMWK.
In humans, glandular kallikrein releases lys-bradykinin
(kallidin), whereas in rodents it releases bradykinin.39,40

Kininogens (kallikrein substrates) are the precursors of
kinins. In plasma there are two main forms, characterized as
LMWK and HMWK.41,42 Both are potent inhibitors of cysteine
proteinases such as calpain and cathepsins H, L, and B.43-45 In
the rat there is a third kininogen known as t-kininogen, because
it releases kinins when incubated with trypsin but not with tis-
sue or plasma kallikrein. It is one of the main acute phase reac-
tants of inflammation in the rat. All kininogens inhibit thiol

proteases such as cathepsin M, H, and calpains.46-49 HMWK is
involved in the early stages of surface-activated coagulation
(intrinsic coagulation pathway).7,9,50

Kininases are peptidases found in blood and other tissues
that hydrolyze kinins and other peptidic hormones.51 The best
known is ACE or kininase II, which converts angiotensin I to II
and inactivates kinin substance P and other peptides.51,52

Another important kininase is neutral endopeptidase 24.11
(NEP-24.11), also known as enkephalinase, which not only
hydrolyzes kinins and enkephalins but also destroys ANP, BNP,
and endothelin.53,54 Research performed in our laboratory sug-
gests that it may be an important renal kininase, at least in the
rat.55 Other kininases include MEP-24.15, aminopeptidases,
and carboxypeptidases; however, it is not known whether they
play an important role in the degradation of kinins in vivo.
After inhibition of most of these enzymes in vivo, plasma con-
centrations of endogenous kinins do not increase significantly,
and their half-life remains less than 20 seconds, suggesting that
other peptidases are also important in kinin metabolism.56

Kinins are oligopeptides containing the sequence of
bradykinin in their structure. They act mainly as local hor-
mones, because they circulate at very low concentrations (1- 50
fmol/ml) and are rapidly hydrolyzed by kininases. In tissues
such as the kidney, heart, and aorta, kinin concentrations are
higher (100-350 fmol/g).57 Eicosanoids, NO, EDHF, tissue
plasminogen activator (tPA), and cytokines mediate at least
some of the effects of exogenously administered kinins58-62

(Figure 20–2). At least two subtypes of kinin receptors have
been well characterized by using analogs of bradykinin, B1 and
B2.

63,64 These receptors have been cloned and belong to the
family of seven transmembrane receptors linked to G pro-
teins.65 B1 receptors are not present or are present only at very
low density in normal tissues but are expressed and synthe-
sized de novo during tissue injury, inflammation, and admin-
istration of lipopolysaccharides such as endotoxin. In some
species, including rabbits, they mediate contraction of the
isolated aorta and relaxation of mesenteric arteries. The
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main agonists for this receptor are des-Arg9-bradykinin and
des-Arg9-kallidin. B2 receptors mediate most of the effects
of bradykinin and are the main receptors for the agonists
bradykinin and kallidin (lys-bradykinin). Studies using kinin
analogs with agonistic and antagonistic properties in various
tissues suggest the existence of other subtypes of receptors.66-69

Stewart and Vavrek70 discovered that substitution of D-
phenylalanine for proline at position 7 of bradykinin converts
it into a specific antagonist for B2 receptors, while the substi-
tution of Phe8 in des-Arg9-BK by a residue with aliphatic (Ala,
Ile, Leu, D-Leu, norleucine) or saturated cyclic hydrocarbon
chains (cyclohexyalanine) produced antagonists for B1 recep-
tors.71,72 Further modifications have resulted in a very potent
B2 receptor antagonist with long-lasting effects in vivo, DArg0-
Hyp3-Thi5-DThi7-Oic8-bradykinin or icatibant (Hoe-140),73

which has become an important tool for studying the role of
kinins. Orally active kinin antagonists have been developed
for the possible treatment of inflammation, hyperalgesia, and
perhaps cancer.74-78

In humans, it has been reported that the B2 receptor is acti-
vated by kallikreins and other serine proteases and that this
effect is blocked by the kinin antagonist icatibant.79 Some ACE
inhibitors potentiate the effect of bradykinin not only by
inhibiting its hydrolysis but also by cross-talk between ACE
and the B2 receptor.80 The B2 receptor forms heterodimers
with the angiotensin type 1 receptor (AT1), causing increased
activation of the angiotensin receptor. The stability of this
heterodimer is not affected by bradykinin, angiotensin, or
their antagonists.81 The B2 receptor also forms a complex with
endothelial NO synthase (eNOS), inhibiting the generation of
NO, and this effect is reversed by bradykinin.82 The patho-
physiologic role of these interactions of the B2 receptor is not
known; however, it has been reported that in preeclampsia
there is an increase in AT1 and B2 heterodimers that could
mediate an enhanced response to angiotensin II. Thus, in

some situations these interactions of the B2 receptor could
play a physiopathologic role.

THE KALLIKREIN-KININ SYSTEM 
IN THE VASCULATURE AND 
IN THE REGULATION OF LOCAL BLOOD
FLOW

Arteries and veins contain a kallikrein-like enzyme, and both
vascular tissue and smooth muscle cells in culture contain
mRNA for glandular kallikrein.18,20 Vascular smooth muscle
cells in culture release both glandular kallikrein and kinino-
gen83. Thus the components of the kallikrein-kinin system are
present in vascular tissue, where they could play an important
role in the regulation of vascular resistance. Blood flow-
induced dilation of isolated arteries from mice with deletion
of the gene expressing glandular kallikrein was found to be
significantly reduced as compared with controls, suggesting
that the kallikrein-kinin system in the arterial wall participates
in this process.84,85 The action of ACE inhibitors on local
potentiation of the vasodilator effect of kinins appears to be
partly attributable to their prevention of bradykinin degrada-
tion and subsequent increases in the production of endothelium-
derived relaxing factors (EDRFs) such as NO. In spontaneously
hypertensive rats (SHR) and in the canine coronary artery,
ACE inhibitors potentiate the endothelium-dependent relax-
ation evoked by bradykinin.86,87 This vasorelaxation appears
to be associated primarily with increased release of NO.

When the arterial endothelium is removed, the smooth mus-
cle cells begin to proliferate in the medium; they then migrate
across the internal elastic lamina into the intima, where they
cause neointimal hyperplasia, mimicking some of the vascular
changes that occur in atherosclerosis. ACE inhibitors have been
shown to inhibit neointima formation.88,89 Blocking kinins or
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inhibiting NO synthesis lessens the protective effect of the ACE
inhibitor, suggesting that it may be mediated by a local increase
in kinins, which stimulates the release of NO.90,91

Kinins play an important role in the local regulation of blood
flow in organs rich in glandular kallikrein such as the sub-
mandibular gland, uteroplacental complex, and kidney.92-95 In
rats nephrectomized 48 hours earlier to exclude the renal
renin-angiotensin system, use of an ACE (kininase II) inhibitor
significantly increased blood flow in the submandibular gland
but did not affect blood pressure. In contrast, 10 minutes after
sympathetic stimulation of the gland to increase kallikrein
secretion in the vascular compartment, the ACE inhibitor
markedly decreased blood pressure and increased kinin con-
centrations in arterial blood.35,96 Changes in both blood flow
and blood pressure were blocked by antibodies to kinins
and glandular kallikrein. The effect of the ACE inhibitor on
basal glandular blood flow was also blocked by a kinin antago-
nist.92 At low doses, the antagonist caused no significant
change in blood flow when the ACE inhibitor was not admin-
istered, whereas at high doses, basal blood flow decreased sig-
nificantly. These data suggest that in organs rich in glandular
kallikrein, kinins play a role in the regulation of basal blood
flow. Studies using kinin antibodies and antagonists clearly
indicate that kinins act as paracrine hormones, regulating
blood flow within the gland. These studies also indicate that
the effect of ACE inhibitors on blood flow is mediated by
kinins.92 In nephrectomized pregnant rabbits infused with an
angiotensin antagonist to block the uterine renin-angiotensin
system, ACE inhibitors increased both uterine and placental
blood flow and immunoreactive prostaglandin E2 (PGE2),
whereas these effects were blocked by a kinin antibody.93 This
suggests that endogenously generated kinins play a role in the
regulation of uterine blood flow, either directly or through the
release of prostaglandins.

In organs rich in glandular kallikrein, such as the sub-
mandibular gland and uteroplacental complex, kinins appear
to play an important role in the regulation of blood flow, espe-
cially when ACE is inhibited. In addition, the local arterial
kallikrein-kinin system also participates in the regulation of
blood flow and in the vascular protective effect of ACE
inhibitors.

KININS IN THE REGULATION OF RENAL
BLOOD FLOW

Kinins may play an important role in the regulation of renal
blood flow. Blocking renal kinins by infusing low doses of a
kinin antagonist into the renal artery of sodium-depleted dogs
decreased renal blood flow and autoregulation of the
glomerular filtration rate (GFR) without changing blood
pressure.97 The changes in renal blood flow were blocked by
prior inhibition of ACE, suggesting that either they were medi-
ated by renin release caused by an agonistic effect of the antag-
onist or else renal kinins may have increased when ACE was
inhibited, thereby competing more effectively with the antago-
nist. The changes in GFR autoregulation were not altered by
the ACE inhibitor and may have been due to a change in either
the relationship between afferent and efferent glomerular arte-
riolar resistance or the coefficient of filtration.97 We have
shown that the vasodilator effect of bradykinin in the renal
efferent arteriole is mediated by cytochrome P450 metabolites

of arachidonic acid called epoxyeicosatrienoic acids (EETs) and
that bradykinin stimulates the glomeruli to release another
cytochrome P450 metabolite, the vasoconstrictor eicosanoid
20-hydroxyeicosatetraenoic acid (20-HETE), and also an
unidentified vasodilator prostaglandin, which together partic-
ipate in regulation of the downstream glomerular circulation
and perhaps in the regulation of GFR.98,99

We examined the role of kinins in the regulation of renal
blood flow distribution by using a laser-Doppler flowmeter.94

The kinin antagonist lowered papillary blood flow without
altering outer cortical blood flow, suggesting that intrarenally
formed kinins are important in regulating blood flow in the
inner medulla. This study also showed that renin plays an
important role in the regulation of papillary blood flow,
because after kinins were blocked, enalaprilat increased flow
significantly. When we inhibited both ACE and neutral
endopeptidase-24.11 (NEP-24.11), papillary blood flow
increased by 50%, as compared with 25% when they were
inhibited separately. These increases were blocked by the kinin
antagonist, indicating that the augmented papillary blood
flow induced by both ACE and NEP-24.11 inhibitors is medi-
ated by increased kinin concentrations in the interstitial space.
We observed no consistent effect on water or sodium excre-
tion; however, water excretion tends to decrease in animals
treated with a kinin antagonist.

In anesthetized rats, blocking kinins decreased renal blood
flow.95 In dogs, when kallikrein excretion was stimulated by
sodium deprivation, a kinin antagonist (given intrarenally)
partially blocked the effect of enalaprilat on renal blood
flow.100 This suggests that although blockade of the renin-
angiotensin system accounted for a significant portion of the
increase in renal blood flow caused by the ACE inhibitor, a
substantial component was contributed by endogenous
kinins. Similar results were reported in rats in which the
kallikrein-kinin system was stimulated by deoxycorticos-
terone.101

In the kidney, kinins normally play a minor role in the reg-
ulation of blood flow. However, when the kallikrein-kinin sys-
tem is stimulated by low-sodium intake or mineralocorti-
coids, or when endogenous kinin degradation is inhibited,
kinins appear to participate in the regulation of renal blood
flow. In addition, the data suggest that kinins play an impor-
tant role in the regulation of papillary blood flow and that
during reduction of renal perfusion pressure, kinins may aid
in regulation of the GFR.

KININS IN THE REGULATION OF WATER
AND ELECTROLYTE EXCRETION

Renal kallikrein is located in the connecting cells of the con-
necting tubule; it is released in significant amounts in this
segment of the nephron and excreted in the urine
(Figure 20–3).37,102,103 Kallikrein releases kinins into the
lumen of the distal nephron, either from filtered kininogen or
kininogen produced in the principal cells of the distal
nephron.104,105 Kinin receptors are also present in the collect-
ing duct.106 In addition, kallikrein is released on the basolat-
eral side of the nephron, where it may liberate kinins from
plasma kininogens.107 The renal interstitial fluid contains a
high concentration of kinins.108 The role of kinins in the reg-
ulation of water and sodium excretion has been studied by
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either increasing intrarenal kinins or blocking kinins.
Infusion of kinins into the late proximal nephron doubled
excretion of simultaneously administered22 Na,109 and that
part of this effect was mediated by prostaglandins,110 where-
as infusion of a kinin antagonist into the late proximal
nephron reduced22 Na recovery significantly.111 After systemic
administration of phosphoramidon, an inhibitor of NEP-
24.11 (a major kininase in the nephron), urinary excretion of
kinins doubled; diuresis increased by 15%, and natriuresis
increased by 37%.55 These data support the hypothesis that
increased kinins in the nephron participate in intrarenal con-
trol of water and electrolyte excretion, but it is also possible
that the effect of this peptidase inhibitor is mediated by
blocking hydrolysis of other peptides such as atrial natriuret-
ic factor (ANF).112

The infusion of aprotinin inhibited the enzymatic activity of
urinary kallikrein but did not affect acute water or electrolyte
excretion in euvolemic and sodium- or water-expanded rats.113

A transient decrease in sodium excretion has been observed
during aprotinin administration in mineralocorticoid-treated
rats.114 Infusion of kinin antibodies into saline-expanded rats
decreased sodium excretion.115 Caution should be used in
interpreting this finding, because antibodies may stimulate
release of histamine, cause an anaphylactoid reaction, or form
a high-molecular-weight complex with kininogen that is then
deposited in the nephron, any of which might alter water and
sodium excretion. To avoid these problems, we use Fab frag-
ments of kinin antibodies, which are rapidly distributed in the
extracellular fluid and excreted by the kidney; moreover, they
do not form high-molecular-weight complexes or activate
complement and other proteolytic systems in plasma, thus
reducing the risk of anaphylactoid reactions. In unanes-
thetized rats, the Fab fragments blocked 70% of the effect of
an injection of 100 ng bradykinin on blood pressure and
appeared rapidly in the urine, suggesting that they block the

effect of kinins not only in the vascular and interstitial spaces
but also in the lumen of the distal nephron. Using these Fab
fragments and a kinin antagonist, we studied a model in
which the renal kallikrein-kinin system is stimulated—
namely, DOCA-salt-treated rats.116 Both the Fab fragments
and kinin antagonist significantly decreased urine volume and
increased urinary osmolarity; however, only the Fab frag-
ments significantly lessened urinary sodium excretion.
Neither altered blood pressure, renal blood flow, or GFR. The
antidiuretic effect of the Fab fragments and kinin antagonist
may be due to blockade of kinins in the vascular interstitial
space of the kidney, since the antagonist is likely hydrolyzed in
the proximal tubule and does not reach the lumen of the dis-
tal nephron. On the other hand, the antinatriuretic effect of
Fab fragments of kinin antibodies on sodium excretion may
be due to blockade of kinins in both the vascular/interstitial
and urinary compartments or only in the latter compartment,
because the antibody appeared in the urine and the antidi-
uretic effect was not observed with the antagonist. Thus kinins
may aid in the regulation of water and sodium excretion when
the kallikrein-kinin system is stimulated. In normal nonanes-
thetized rats, inhibition of kinin release in the lumen of the
nephron by Fab fragments of monoclonal antibodies to
kallikrein causes urinary PGE2, UV, and UNaV to decrease. The
changes in UV and UNaV mimic those of PGE2, suggesting that
the natriuretic and diuretic effects of kinins are mediated in
part by PGE2.

117

In vitro, stimulation of the release of EDRF from endothe-
lial cells by bradykinin or acetylcholine increases cGMP con-
tent and inhibits Na+ transport by cortical collecting duct
cells.118 In vivo, stimulation of EDRF release by bradykinin
results in natriuresis and diuresis without affecting the
GFR.119 In conclusion, kinins acting as local hormones play a
role in the regulation of renal hemodynamic and excretory
function, either directly or via the release of PGE2 and EDRF.

KININS AS REGULATORS OF BLOOD
PRESSURE AND THE PATHOGENESIS
OF HYPERTENSION

The development of antibodies to kinins and kallikrein, kinin
antagonists, and kininase inhibitors—as well as gene knock-
out (KO) models of the kallikrein-kinin system and the dis-
covery of kininogen-deficient rats and humans with various
spontaneous mutations of the system—has allowed us to
study the role of kinins in various physiologic and pathologic
conditions. The role of the kallikrein-kinin system in the
pathogenesis of hypertension has been studied by (1) meas-
urements of the various components of the system, (2) the
use of bradykinin B2 receptor antagonists, (3) the use of mice
in which the B2 receptor has been deleted by homologous
recombination, (4) deletion of the kallikrein gene, and (5)
use of rats deficient in kininogen. Decreased activity of the
kallikrein-kinin system may play a role in hypertension. Low
urinary kallikrein excretion in children is one of the major
genetic markers associated with a family history of essential
hypertension, and children with high urinary kallikrein
excretion have less probability of a genetic background of
hypertension.120-123 A restriction fragment length polymor-
phism for the kallikrein gene family in spontaneously hyper-
tensive rats has been linked to high blood pressure,124 and
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urinary kallikrein excretion is decreased in several models
of genetic hypertension. Urinary and/or arterial tissue
kallikrein are also decreased in renovascular hypertension
and genetically hypertensive rats.125-128 Although these reduc-
tions may be secondary to increases in blood pressure, uri-
nary kallikrein is decreased in normotensive children of
patients with essential hypertension and in genetically hyper-
tensive and Dahl salt-sensitive rats before the development of
hypertension,129-133 suggesting that these decreases may be
primary abnormalities.

Kinins circulate in concentrations of approximately 5 to 50
pg/ml of blood.6 These concentrations need to be increased to
at least 100 pg in humans134 and 1000 pg in rats135 to cause
acute decreases in blood pressure. Although blood kinin con-
centrations may increase in some physiologic and pathologic
situations, they seldom reach levels that could explain changes
in blood pressure, save for exceptional experimental condi-
tions such as stimulation of the sympathetic nerve of the sub-
mandibular gland in animals treated with ACE inhibitors (see
section on blood flow regulation). Thus kinins must act as
paracrine hormones, regulating local vascular resistance and
organ function.

In early studies, acute administration of a kinin antagonist
at high doses increased blood pressure in most rats tested,
while a vasodepressor effect was observed in some.136 Using a
more potent antagonist,137 also at high doses, we found that it
produced a transient biphasic response: first a small pressor
effect, followed by a depressor effect.138 At lower doses,
although still sufficient to block exogenous bradykinin, the
same antagonists did not alter normal blood pressure. These
studies are compatible with the hypothesis that kinins play a
role in the regulation of blood pressure. However, to demon-
strate the pressor effect, the kinin antagonist has to be used at
much higher doses than those needed to block the vasode-
pressor effect of exogenous bradykinin. High doses may be
needed to displace kinins bound to tissue receptors. We must
be cautious in interpreting these data, because we cannot rule
out the possibility that these kinin antagonists have a vaso-
pressor effect that is unrelated to kinin-blocking activity.
Studies by our group using kinin antibodies or their Fab frag-

ments showed that although they partially block the vasode-
pressor effect of kinins, they do not cause acute changes in
blood pressure.

Chronic blockade of B2 kinin receptors with a potent and
selective B2 antagonist, icatibant, did not increase blood pres-
sure under normal conditions or under conditions that favor
the development of hypertension in rats such as (1) chronic
infusion of a subpressor or pressor dose of angiotension II,
(2) a high-salt diet, or (3) mineralocorticoids and salt.139,140

However, these results are not universal.141-144

Mice with the bradykinin B2 receptor deleted by homolo-
gous recombination (gene knockout) have normal blood
pressure (Figure 20–4). However, they develop hypertension
when fed a high-sodium diet (8%) for at least 2 months.145,146

Thus, low kinin activity may be involved in the development
and maintenance of salt-sensitive high blood pressure.
However, in these mice, mineralocorticoid hypertension was
not exacerbated.147 It has been reported that as these mice
grow older, they also develop hypertension and left ventricu-
lar hypertrophy (LVH) even on a normal sodium diet.148

However, we were unable to demonstrate that ablation of B2
kinin receptors renders mice spontaneously hypertensive.149

Others were also unable to confirm the hypothesis that B2
kinin receptors are major components in the maintenance of
normal blood pressure and cardiac structure.146,147,150,151 Mice
deficient in kinin B2 receptors or tissue kallikrein had blood
pressure similar to wild-type controls, confirming that kinins
are not an important determinant of blood pressure.151

In kininogen-deficient Brown Norway Katholiek rats
(BNK), administration of mineralocorticoids and salt or
angiotensin II reportedly causes blood pressure to increase
similarly to rats with a normal kallikrein-kinin system.139 This
contradicts other reports.141-143

These studies suggest that kinins do not play an important
role in the regulation of normal blood pressure or in the
pathogenesis of hypertension, although they may be involved
in the pathogenesis of salt-induced hypertension. Overall,
chronic blockade of the kallikrein-kinin system does not
appear to cause hypertension or potentiate hypertensinogenic
stimuli, although the data are inconsistent.
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ROLE OF KININS IN THE
ANTIHYPERTENSIVE EFFECT OF ACE
INHIBITORS

Inhibition of kinin and degradation of other oligopeptides
may contribute to the antihypertensive effect of ACE
inhibitors. Although blockade of angiotensin II formation
appears to be important in this regard, the role of kinins is less
well established. Orally active ACE inhibitors are effective
antihypertensive agents, not only in high-renin hypertension
but also in clinical and experimental models in which the
renin-angiotensin system has not been pathogenetically
implicated.152,153 Thus, some effects of ACE inhibitors may be
mediated by a local renin-angiotensin system, kinins, or some
other undetermined mechanism, because ACE can hydrolyze
other peptides (Figure 20–5). ACE inhibitors may also poten-
tiate the effect of kinins by a direct interaction with the kinin
B2 receptor.80

Blood kinins are unchanged or moderately increased after
administration of ACE inhibitors.1,154,155 (For review, see refer-
ences 156-157.) Kinins in the urine reportedly increase more
consistently after administration of ACE inhibitors, indicating
that their concentration in renal tissue likewise increases.55,158-161

This may contribute to the antihypertensive effect of ACE
inhibitors by altering renovascular resistance and increasing
sodium and water excretion.

Many studies have assessed the role of kinins in the acute
antihypertensive effect of ACE inhibitors. In various experi-
mental models of hypertension, the acute antihypertensive
effect of ACE inhibitors is attenuated by blocking kinins with
either high titers of kinin antibodies162-165 or with a B2 kinin
receptor antagonist.154,155,166 Kinin antagonists also partially
reverse the antihypertensive effect of ACE inhibition in rats
with renovascular hypertension.165 We assessed the influence
of kinins on the acute antihypertensive effect of enalaprilat in
rats with severe hypertension induced by aortic ligation
between the renal arteries.155 In this model, renin plays an
important role in the pathogenesis of hypertension.152 Acute
and severe hypertension can produce endothelial damage that
may lead to activation of plasma kallikrein and increased
kinin formation. We found that enalaprilat lowered mean
blood pressure by 48 ± 6 mm Hg in the controls and 21 ± 4

mm Hg in the kinin antagonist group (p <.01). However,
kinin concentrations in arterial plasma were not significantly
altered by the ACE inhibitor (41 ± 10 vs. 68 ± 20 pg/ml)
(Figure 20–6). As indicated earlier, if mean arterial pressure in
the unanesthetized rat is to be decreased, kinins in arterial
blood must reach at least 1000 pg/ml.135 Thus the effect of the
ACE inhibitor may be due to an increase in tissue kinins,
which could act as a paracrine hormonal system regulating
vascular resistance. Cachofeiro et al.154 demonstrated that pre-
treatment with either a bradykinin antagonist or an NO syn-
thesis inhibitor attenuated the acute antihypertensive effects
of both captopril and ramipril in SHR, but pretreatment with
a prostaglandin synthesis inhibitor failed to alter the effects of
ACE inhibitors, suggesting that this acute antihypertensive
effect is due to bradykinin acting via the release of NO.
However, in the dog, kinins may play a role in the acute
hypotensive effect of ACE inhibitors through the release of
prostaglandins.167

In humans, an ACE insertion (I)/deletion (D) polymorphism
in intron 16 of the ACE gene could be an important determinant
of bradykinin metabolism168; ACE activity is higher in subjects
with ACE D and is associated with a high rate of bradykinin
degradation. In normotensive persons and hypertensive persons
with low and normal renin, aprotinin (an inhibitor of kallikrein
and other proteases) blocked part of the acute blood
pressure–lowering effect of captopril.169 The influence of apro-
tinin could be due to inhibition of kinin formation or other
effects. However, when using a specific B2 kinin receptor antag-
onist (icatibant), the short-term blood pressure effects of ACE
inhibitors were attenuated in both normotensive and hyper-
tensive persons.170 These studies suggest that part of the acute
effect of ACE inhibitors on blood pressure is mediated by
kinins, which affect local and peripheral vascular resistance
either directly or through release of prostaglandins and NO.

The contribution of kinins to the chronic antihypertensive
effects of ACE inhibitors is more controversial. In renovascu-
lar hypertension (2K1C), chronic blockade of kinin receptors
interferes with the blood pressure–lowering activity of
ramipril.171 In mineralocorticoid hypertension, in which
kallikrein-kinin and ACE activity are reportedly increased,172

chronic ACE inhibition has a small but significant antihyper-
tensive effect; blocking the B2 receptor with icatibant blunted
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Figure 20–5 ACE has multiple
substrates, and inhibition of their
hydrolysis may explain the
cardioprotective effect of ACE
inhibitors.
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this chronic antihypertensive action,139,173 suggesting that
in this model, kinins may play a role in the antihypertensive
effect of ACE inhibitors. However, they do not appear to con-
tribute to the chronic antihypertensive effect of ACE
inhibitors in SHR171 or in hypertension induced by aortic
coarctation.154,174,175 Therefore the role of kinins in the long-
term antihypertensive effect of ACE inhibitors depends on the
model. To our knowledge, no studies of chronic blockade of
the kallikrein-kinin system have been conducted in humans.

ROLE OF KININS IN THE CARDIAC
ANTIHYPERTROPHIC EFFECT OF ACE
INHIBITORS

ACE inhibitors have been shown to reverse LVH in essential
hypertension and in various experimental models. This
decrease is partly due to reduced afterload, but it has been
postulated that it may be partially independent of the decrease
in blood pressure. A decrease in angiotensin II, which stimu-

lates various protooncogenes and growth factors, may partic-
ipate in the antihypertrophic effect of ACE inhibitors acting
independently of their effect on blood pressure. The cardiac
kallikrein-kinin system may also participate in the effect of
ACE inhibitors on the heart. Doses of ACE inhibitors that do
not decrease blood pressure reverse LVH in rats with hyper-
tension caused by aortic coarctation.176 To be certain that
blood pressure does not decrease, direct 24-hour measure-
ments are needed. The antihypertrophic effects of ACE
inhibitors have been reported to be reversed by a kinin antag-
onist.177 However, using a very similar protocol, we have not
been able to confirm this.175 Further studies are needed to
determine whether doses of ACE inhibitors that do not
decrease blood pressure (24-hour blood pressure monitoring)
reverse cardiac hypertrophy and whether kinins participate in
this process.

Capillary length and density increase in hearts of SHR
treated with an ACE inhibitor at both “antihypertensive” and
“nonantihypertensive” doses. There is strong evidence that
angiotensin II also has significant angiogenic effects.178

However, the effect of an ACE inhibitor on capillary growth
cannot be attributed to inhibition of angiotensin production
alone, because it is blocked by concomitant treatment with the
selective B2 receptor antagonist, icatibant, suggesting that it
may be due to kinins.179

ROLE OF KININS IN MYOCARDIAL
ISCHEMIA AND IN THE PROTECTIVE
EFFECT OF ISCHEMIC
PRECONDITIONING AND ACE
INHIBITORS

Both human and animal studies have demonstrated that
kinins are released from the heart and that their release is
increased during ischemia. This release of kinins could have a
cardioprotective effect.180-182 Indeed, experimental studies
have shown that intracoronary infusion of bradykinin signifi-
cantly limited infarct size, reduced the incidence of ventricu-
lar arrhythmias, improved cardiac performance and normal-
ized myocardial metabolism.183-185 It has also been suggested
that kinins are important mediators of ischemic precondi-
tioning, in which repeated brief coronary occlusions render
the myocardium more resistant to injury from subsequent
prolonged ischemia. In patients undergoing angioplasty, bal-
loon inflation for 1 minute (which mimics ischemic precon-
ditioning) increased kinin concentrations in the coronary
sinus 50-fold as compared with preinflation values.2

Preconditioning almost doubled cardiac interstitial kinin con-
centrations as compared with nonpreconditioned hearts sub-
jected to ischemia.182 The role of kinins in ischemic precondi-
tioning was further demonstrated in our laboratory with
animals genetically lacking B2 kinin receptors or deficient in
kinins. We found that in B2 kinin receptor KO mice, as well as
in rats deficient in HMWK, the cardioprotective effect of pre-
conditioning was abolished or significantly blunted.3

During myocardial ischemia followed by sympathetic nerve
stimulation, kinins in coronary sinus blood increase signifi-
cantly.186 An ACE inhibitor was shown to reduce myocardial
infarct size after ischemia/reperfusion, whereas an angiotensin
II antagonist (losartan) did not.187 In nephrectomized dogs in
which infarction was induced by occlusion of the coronary
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FFigure 20–6 Role of kinins in the acute antihypertensive
effects of an ACE inhibitor (enalaprilat) in rats with severe
hypertension. Top, Blood kinin concentrations before (C) and
after administration of the ACE inhibitor. Bottom, Mean
blood pressure before and after ACE inhibition; open and
closed circles represent rats pretreated with a kinin
antagonist or vehicle, respectively. Values are mean ±
standard error of measure (bottom). (Reprinted from
Carbonell LF, Carretero OA, Stewart JM, Scicli AG. Effect of
a kinin antagonist on the acute antihypertensive activity of
enalaprilat in severe hypertension. Hypertension 11:239-
243, 1988.)



artery for 90 minutes, blockade of local angiotensin II forma-
tion with protease inhibitors had no significant effect on
myocardial infarct size despite decreased angiotensin II
release. Captopril did not alter local angiotensin II formation
but did increase bradykinin and reduce infarct size, suggesting
that kinins were responsible for the effect of the ACE inhibitor
on infarct size.181 Similarly, when low doses of the ACE
inhibitor ramiprilat (which had no systemic effect) were
infused into the left coronary artery in dogs, they reduced the
size of the infarction caused by ligation of the descending
branch of the left coronary artery.183 This cardioprotective
effect of ramiprilat was mimicked by bradykinin and abol-
ished by coadministration of a kinin antagonist.

ACE inhibitors have been shown to reduce ischemia/
reperfusion injury, including infarct size and reperfusion
arrhythmias. The cardioprotective effect of ACE inhibitors is
due to inhibition of both angiotensin II formation and kinin
degradation.4,5,187-190 In animal models of ischemia/reperfusion
injury, we and others have shown that ACE inhibitors reduced
infarct size and ventricular arrhythmias and that these effects
of ACE inhibitors were abolished or attenuated by coadminis-
tration of a B2 kinin antagonist.183,187,191 We further showed
that the infarct-limiting and antiarrhythmic effects of ACE
inhibitors were blocked by inhibition of NO or prostaglandin
synthesis191 and diminished in eNOS gene KO mice.192

The cardioprotective effect of kinins may be mediated
in several ways. Release of NO from the endothelium may
be stimulated either directly or via prostaglandins. It has been
shown that myocardial ischemia increases kinin release,
accompanied by increased release of cGMP (an indicator of
NO production) and 6-keto-PGF1 (a metabolite of prostacy-
clin),193,194 whereas inhibiting NO or prostaglandin synthesis
diminishes or blocks the cardioprotective effect of kinins.195,196

Kinins improve cardiac metabolism by increasing high-energy
phosphate production and glucogen content in the heart,
which could be mediated by facilitating translocation of intra-
cellular glucose transporters (GLUT1 and GLUT4), thereby
increasing glucose uptake.197,198 This is important because
during ischemia, the source of energy production is shifted
from oxidation of fatty acids to glycolysis. Also, activation of
protein kinase C (PKC) has been shown to be involved in the
protective mechanism of preconditioning.199-201 Activation of
kinins causes further phosphorylation of a secondary effector,
presumably the adenosine triphosphate (ATP)-sensitive
potassium channels (KATP). Kinins have been shown to acti-
vate PKC, thereby stimulating the opening of KATP and leading
to cardioprotection.202,203 Such responses may favorably influ-
ence functional and metabolic events during ischemic
episodes and protect against ischemia/reperfusion injury.

ROLE OF KININS IN THE
CARDIOPROTECTIVE EFFECT OF ACE
INHIBITORS IN HEART FAILURE AFTER
MYOCARDIAL INFARCTION

ACE inhibitors reduce morbidity and mortality, improve car-
diac function, regress left ventricular remodeling, and prolong
life in patients with heart failure. We showed that in a rat
model of heart failure caused by surgically induced myocar-
dial infarction (MI), ACE inhibitors improved cardiac func-
tion and attenuated remodeling, as evidenced by increased

ejection fraction and decreased left ventricular dilation,
myocyte hypertrophy, and interstitial fibrosis. These beneficial
cardiac effects of ACE inhibitors were diminished by blockade
of kinins.190 The role of kinins in the cardioprotective effect of
ACE inhibitors was confirmed by the fact that in B2 kinin
receptor KO mice and kininogen-deficient rats after MI, the
effect of ACE inhibitors was significantly diminished or
absent.5,189 Although the precise mechanism by which kinins
protect the heart is not yet well defined, accumulated evi-
dence suggests that kinin-stimulated release of NO and/or
prostaglandins may be largely responsible. Bradykinin stim-
ulates release of NO from the mouse myocardium and
decreases myocardial oxygen consumption; these effects are
blocked by a B2 kinin antagonist and absent in B2 receptor
KO mice.204 We have shown that in eNOS KO mice with
heart failure after MI, the effect of the ACE inhibitor was
almost abolished.205 Considered together, these findings may
suggest that kinins acting on the B2 receptor play an impor-
tant role in the cardioprotective action of ACE inhibitors via
the release of NO.

In patients with heart failure, ACE inhibitors have been
shown not only to improve cardiac function and increase sur-
vival but also to decrease the rate of myocardial reinfarction.206

The mechanism of this decrease is not known, but because
ACE inhibitors may block kinin degradation in the coronary
circulation, one hypothesis is that kinins stimulate the release
of EDRF and PGI2, important inhibitors of platelet aggrega-
tion. Because kinins are potent stimulators of the release of
tPA,62,207 it is also possible that this potentiation of tPA release
may activate plasmin and fibrinolysis. Although the exact
mechanism of action of ACE inhibitors in reinfarction is not
known, these hypotheses open up an exciting new area of car-
diovascular research.

ROLE OF KININS IN THE
CARDIOPROTECTIVE EFFECT OF
ANGIOTENSIN RECEPTOR BLOCKERS

Two subtypes of angiotensin II receptors, AT1 and AT2, have
been identified. Most biologic actions of angiotensin II are
mediated by the AT1 receptor, whereas little is known about
the function of AT2 receptors. In cultured endothelial cells,
angiotensin II stimulates the release of NO. This effect is
blocked by either an AT2 or B2 receptor antagonist, indicating
that angiotensin II–stimulated NO release is mediated via
activation of the AT2 receptor and a kinin-dependent mecha-
nism.208 Mice overexpressing the AT2 receptor were reported
to have increased kininogenase activity in the vasculature.209

Because blockade of the AT1 receptor increases angiotensin II
levels, which in turn may activate the AT2 receptor, it is ration-
al to hypothesize that the cardioprotective effect of ARBs is
mediated in part by kinins via activation of the AT2 receptor.
In fact, we found that ARBs improved cardiac function and
ameliorated remodeling in rats with congestive heart failure
after MI and that these effects were significantly attenuated by
an AT2 or B2 receptor antagonist190 or in mice lacking the AT2
receptor.210 Using B2 kinin receptor KO mice and kininogen-
deficient rats, as well as eNOS KO mice, we confirmed that a
lack of kinins or endothelium-derived NO diminished the
cardioprotective effect of ARBs,4,5,205 indicating that increased
release of kinins and NO cause by activation of the AT2
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receptor is an important mediator of the cardioprotective
effect of ARBs.

Because angiotensin II also plays a critical role in the regu-
lation of blood pressure and in the pathogenesis of many
models of hypertension, the interaction of the renin-
angiotensin-aldosterone system and the kallikrein-kinin sys-
tem and their contribution of these two systems to the effects
of ACE inhibitors and ARBs should not be underestimated.
Figure 20–7 illustrates some of these interactions. The AT1
receptor and the bradykinin B2 receptor form stable het-
erodimers, causing increased activation of G[alpha]q and
G[alpha]i (the two major signaling proteins triggered by AT1).
Also, the endocytotic pathways of both receptors change with
heterodimerization. This appears to be the first reported
example of signal enhancement triggered by heterodimeriza-
tion of two different vasoactive hormone receptors.81

Interaction of the AT1 and B2 receptors potentiates the pressor
effect of angiotensin II. On the other hand, angiotensin-(1-7)
interacting with bradykinin has emerged as an endogenous
antihypertensive/antitrophic mechanism, opposing many
of the actions of angiotensin II that are mediated by the
AT1 receptor.211-213 It has been demonstrated that angiotensin-
(1-7), acting via receptors other than AT1 or AT2, induced
bradykinin-mediated hypotension in SHR and normotensive
rats214 and dilation of porcine coronary arteries.215,216

Angiotensin I and II are cleaved to angiotensin-(1-7) by vari-
ous endopeptidases.217,218 This constitutes another mecha-

nism by which kinins could contribute to the beneficial effects
of ACE inhibitors or ARBs. Bradykinin also appears to play an
important role in mediating the counterregulatory protective
effect of AT2 receptors, which oppose the effect of the AT1
receptor.190,210,219 Thus there is a close interaction between
kinins and angiotensins in the regulation of cardiovascular
and renal function.

Kinins appear not to play a fundamental role in the patho-
genesis of hypertension, because humans, rats, and mice with
a deficiency of one component of the kallikrein-kinin system
or with chronic blockade of the kallikrein-kinin system do not
have hypertension. In the kidney, kinins participate in the reg-
ulation of papillary blood flow and water and sodium excre-
tion. B2-KO mice appear to be hypersensitive to the hyper-
tensinogenic effect of salt. Kinins participate in the acute
antihypertensive effect of ACE inhibitors but in general are
not involved in their chronic antihypertensive effects, save for
mineralocorticoid-salt–induced hypertension. Kinins acting
via NO participate in the vascular protective effect of ACE
inhibitors during neointima formation. In MI produced by
ischemia/reperfusion, kinins play an important role in the
reduction of infarct size induced by preconditioning or ACE
inhibitors. In heart failure secondary to infarction, the thera-
peutic effects of ACE inhibitors are partially mediated by
kinins via the release of NO. The therapeutic effect of ARB in
heart failure is partly due to activation of AT2 receptors that
act via kinins and NO. Thus kinins play an important role in
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FFigure 20–7 The renin-angiotensin and kallikrein-kinin systems. In both systems, a substrate is cleaved by an enzyme of
restricted specificity, releasing a peptide that is either already active (lys-bradykinin, bradykinin) or inactive (angiotensin I). On
further processing by a specific peptidase, angiotensin I is converted to a vasoactive peptide (angiotensin II). In turn,
vasoactive peptides are inactivated by peptidases. Angiotensin-converting enzyme is common to both systems but has different
roles: it processes angiotensin I to angiotensin II and is the main kinin-inactivating peptidase. From Liu Y, Yang X, Sharov VG,
et al. Effects of Angiotensin-converting enzyme inhibitors and Angiotensin II Type I receptor antagonists in rats with heart
failure. J Clin Invest 99:1926-1935, 1997.



the regulation of cardiovascular and renal function as well as
in many of the beneficial effects of ACE inhibitors and ARBs.

SUMMARY

Autocrine, endocrine, and neuroendocrine hormonal systems
are important factors that regulate cardiovascular and renal
function. Alteration of the balance among these systems may
result in hypertension and target-organ damage. Changes in
this balance could be due to (1) genetic factors and/or (2) envi-
ronmental factors. Endocrine and neuroendocrine vasopressor
hormonal systems—such as the renin-angiotensin system,
aldosterone, and catecholamines—play a well-established and
important role in the regulation of blood pressure and the
pathogenesis of some forms of hypertension and target-organ
damage. The role of vasodepressor autacoids such as kinins is
less well established. However, there is increasing evidence that
vasodepressor hormones not only play an important role in
the regulation of blood pressure and renal function but may
also oppose remodeling of the cardiovascular system. This
chapter reviews the role of kinins, oligopeptides containing the
sequence of bradykinin. They are generated from precursors
known as kininogens by enzymes such as glandular (tissue)
enzymes and plasma kallikrein. Some of the effects of kinins
are mediated via autacoids such as eicosanoids, NO, EDHF,
and/or tPA. Acting via these mediators, kinins play an impor-
tant role in the regulation of cardiovascular and renal function
as well as some of the cardiovascular and renal effects of ACE
and ARBs. A study of Utah families revealed that a dominant
kallikrein gene expressed as high urinary kallikrein excretion
was associated with a decreased risk of essential hypertension.
Also, a restriction fragment length polymorphism (RFLP) that
distinguishes the kallikrein gene family in one strain of SHR
from normotensive Brown Norway rats has been identified; in
recombinant inbred substrains derived from these SHR and
Brown Norway strains, the RFLP marking the kallikrein gene
family of the SHR cosegregated with an increase in blood
pressure. However, humans, rats, and mice with a deficiency
of one component of the kallikrein-kinin system or chronic
blockade of the kallikrein-kinin system do not have hyperten-
sion. In the kidney, kinins participate in the regulation of pap-
illary blood flow and water and sodium excretion. Mice with
homologous deletion of the gene for the B2 receptor for
bradykinin appear to be more sensitive to the hypertensino-
genic effect of salt.

Kinins participate in the acute antihypertensive effect of
ACE inhibitors; however, in general they are not involved in
the chronic antihypertensive effects of ACE inhibitors save for
mineralocorticoid-salt–induced hypertension. Kinins acting
via nitric oxide NO participate in the vascular protective effect
of ACE inhibitors during neointima formation. In MI pro-
duced by ischemia/reperfusion, kinins play an important role
in the reduction of infarct size induced by preconditioning or
ACE inhibitors. In heart failure secondary to infarction, the
therapeutic effects of ACE inhibitors are partially mediated by
kinins via the release of NO. The therapeutic effect of ARB in
heart failure is partly due to activation of angiotensin type 2
receptors via kinins and NO. Thus kinins could play an
important role in the regulation of cardiovascular and renal
function as well as in many of the beneficial effects of ACE
inhibitors and ARB.
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RISK—DEFINITIONS AND TYPES

Webster’s New Pocket Dictionary defines risk as “the chance of
harm, injury, etc.” Risk, however, has many different mean-
ings, depending on the context and the background and
training of the user or audience. In the discipline of surgery,
a person who is a “poor surgical risk” is an individual whose
likelihood of death or other adverse outcome during the peri-
operative period is high, compared with the chance of a
desirable outcome. In commerce, risk comes in at least three
varieties: “Business risk” can be loosely defined as the chance
that something will go wrong with an individual company,
resulting in a loss. “Systemic risk” includes potential threats
to an area’s financial structure, which could make the entire
region suffer economically. “Market risk” quantitates the
probability that when one wishes to sell an asset, the proceeds
will be less than expected. When the term risk factor was first
added to the medical vocabulary by the Framingham Heart
Study, its heritage, in fact, came from the financial world.

In medicine (and epidemiology, the basic science that forms
the foundation for evidence-based medicine), risk is most eas-
ily defined as the proportion of previously unaffected individ-
uals who, on average, will acquire the disease of interest during
a defined period of time. Because risk is given as a proportion,
it typically has no specific units, although the time period of
interest is usually given in academic discussions. For short-
term changes in health status (e.g., intensive-care unit medi-
cine), the time period of interest is usually minutes, hours, or
days. For longer-term evaluations of disease emergence, the
time period of interest is often measured in years or decades.

Risk comes in two basic types: absolute risk—the definition of
which is essentially the same as risk, as given previously, except
that the time frame is always included; and relative risk, which is
essentially a ratio of the risks for a group of interest, compared
with another “control” group. A variant of relative risk is attrib-
utable risk, which is the amount or proportion of disease that
can be said to be associated with exposure to a particular factor;
its use is more common if there are “competing risks” (more
than one factor being evaluated, to be discussed shortly).

Perhaps the easiest way to illustrate the difference between
absolute and relative risk is in the context of a clinical trial. In

the 1980s, there was still debate as to whether older people with
“isolated systolic hypertension” (defined, at that time as sys-
tolic blood pressure [SBP] ≥160 mm Hg, but a normal diastolic
blood pressure [DBP], <90 mm Hg) should be given antihy-
pertensive medications. There was concern not only that there
would be few, if any, benefits, but also that the side effects of
the drugs would be more troublesome to older people, in
whom the typical elevation in SBP may be only a result of
“stiffer” arteries. The Systolic Hypertension in the Elderly
Program (SHEP) therefore enrolled 4736 people aged 60 years
or older, in normal sinus rhythm, with blood pressures (BPs) in
the range of 160 to 209/<90 mm Hg, and randomly allocated
2365 of them to treatment, beginning with 12.5 mg/day of
chlorthalidone.1 The other 2371 people received placebo
tablets, but were allowed to begin open-label treatment during
follow-up if one of several prespecified criteria was met. The
primary outcome measure was fatal or nonfatal stroke, but
other cardiovascular endpoints, including coronary heart dis-
ease (CHD) and heart failure, were also collected. The study, on
average, lasted 4.5 years. At the completion of the study, there
were 106 fatal or nonfatal strokes in the treatment group, as
compared with 159 in the group originally assigned placebo.1

The absolute risk of fatal or nonfatal stroke, therefore, in the
placebo-treated group was 159 strokes/2371 people allocated to
placebo treatment/4.5 years of follow-up, or approximately
1.5% per year. The absolute risk of fatal or nonfatal stroke in
the actively treated group was, analogously 106 strokes/2365
people allocated to active treatment/4.5 years of follow-up, or
approximately 1.0% per year. The relative risk of fatal or non-
fatal stroke for the actively treated group, compared with
those who were initially given placebo, can be estimated as
the ratio of these two absolute risks: 106/2365:159/2371, or
0.668. The relative risk reduction in fatal or nonfatal stroke,
calculated by this method, would therefore be 0.332, or
33.2%. This simple estimate compares rather favorably with
the 36% calculated by the more complex proportional haz-
ards model (which takes into account the incidence of stroke
over the entire time of follow-up that is ignored in the sim-
ple risk ratio calculated previously).1

It is interesting and important to contrast estimates of
absolute and relative risk reduction. In the previous example,
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the relative risk reduction in stroke, for actively treated versus
placebo-treated people in SHEP, was about 33% to 36%
(depending on the method used for its calculation). The
absolute risk reduction, however, was the difference between
the two groups’ absolute risk estimates: 1.490% to 0.996% per
year, or about 0.494% per year. Headline writers and many

physicians are much more easily impressed with relative risk
reduction estimates, because these are somewhat better
understood by most lay people, and are often easier to remem-
ber.2 However, there are good reasons to consider, and perhaps
even to prefer, absolute risk reduction estimates. Because rela-
tive risk estimates always require reference to a specific “con-
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trol group,” such estimates tend to be somewhat less useful
across time, particularly as the science of medicine evolves.
For example, the relative risk estimate for drug treatment of
“isolated systolic hypertension” is not of great interest
today, because most physicians, an important meta-analysis,3

and all guidelines since 1993 agree that such treatment is
desirable and should be routine. Additionally, neither group
in SHEP received intensive drug treatment for dyslipidemia,
despite the fact that most eligible people with isolated systolic
hypertension today would be recommended to receive it. Such
treatment would likely decrease the relative risk reduction
for stroke that could be attributed to antihypertensive drug
treatment, because a meta-analysis of 3-hydroxy-3-methyl-
glutaryl-coenzyme A reductase treatment suggests a relative
risk reduction of about 24% in primary stroke prevention.4

A further positive attribute of absolute risk is that it can be
easily compared across studies; this is particularly easy and
appropriate when all studies are placebo-controlled. Figure
21–1, A, shows a plot of the relative risk reduction for stroke
(on the y-axis) across many clinical trials in hypertension,
indexed to the absolute risk of stroke (on the x-axis) for the
population studied.

These data show that the relative risk reduction for stroke for
nearly all trials was typically about 36% ± 6% (mean ± standard
deviation). Although this is perhaps useful and interesting, a
meta-analysis would probably provide a more precise assess-
ment of the pooled point estimate. Alternatively, focusing on the
absolute risk difference, Figure 21–1, B, shows the number of
strokes prevented (on the y-axis), indexed as before to the
absolute risk of stroke (on the x-axis). This graph illustrates the
very powerful effect of “risk stratification” for individual
patients,5 and also shows why estimates of risk are very impor-
tant to decisions regarding therapy.6 For example, giving antihy-
pertensive drug therapy to the much older patients in the
Swedish Trial of Old Patients with Hypertension (STOP-
Hypertension)7 prevents approximately 14 strokes per 1000
patient-years of treatment. This would be a much more cost-
effective use of medications than giving similar antihypertensive
drug therapy to the much younger patients (age 35-64 years old)
in the first Medical Research Council (MRC-I)8 trial, which
observed approximately one stroke saved for every 1000 patient-
years of therapy. This observation is also consistent with the
adage, “One cannot prevent a stroke that isn’t likely to occur.”

Another major advantage of the absolute risk estimate (over
relative risk) is that it can easily be tied to the “NNT” (number
needed to treat), which provides an overall estimate of the
effectiveness of an intervention.5 Simply put, the NNT is an
estimate of the number of people who would need to be treat-
ed with the studied regimen to prevent a single outcome of
interest. The NNT is simply the reciprocal of the absolute risk
difference: For SHEP, the 1-year NNT is 1/0.494 or about 202.
This suggests that one fatal or nonfatal stroke would be pre-
vented by the antihypertensive drug treatment regimen used in
SHEP for each 202 individuals treated for 1 year. Because most
antihypertensive drug studies (and indeed SHEP) gathered
data for nearly 5 years, it is more traditional to present the 5-
year NNT data; for SHEP, the 5-year NNT shrinks to 40.

Another variant of risk that is most useful in large popula-
tions where there are competing risk factors is attributable risk.
For example, many conditions influence the future risk of
stroke, including the presence or absence of atrial fibrillation,
hypertension, smoking habit, dyslipidemia, and possibly over-

weight/obesity. The relative importance of each of these factors
can be most easily apportioned using a completely untreated
population (e.g., the Framingham Heart Study). Discerning a
significant risk reduction can be difficult in treated popula-
tions, because the overall risk for the event of interest can be
reduced by therapy, leading to an incorrect estimate of the risk
attributable to one or more other risk factors. Perhaps the best
recent example of this was the Anglo-Scandinavian Cardiac
Outcomes Trial (ASCOT), in which (in a 2 × 2 factorial design)
two active antihypertensive treatment regimens were com-
pared, while simultaneously atorvastatin was compared with
placebo, in the prevention of fatal or nonfatal myocardial
infarction (MI).9 Fortunately, the degree of BP lowering was
not significantly different across the two randomized groups
(atorvastatin vs. placebo). This allowed the investigators to
estimate the relative risk reduction for fatal or nonfatal MI
attributable to atorvastatin at 36% (95% confidence interval:
17%-50%, p = .0005), without interference from the effect of
BP lowering.10 Most studies are not as fortunate, and therefore
most estimates of attributable risk must be understood in the
context of the degree of treatment of other risk factors, and the
potential interaction of the two or more risk factors and their
treatment. Within a given large population, the population-
attributable risk (PAR) takes into account not only the relative
risk for an endpoint, but also the prevalence of the potential
risk factor within the population (or proportion of cases with
the endpoint exposed to the factor). For example, a recent pub-
lication from the Framingham Heart Study suggested that the
PAR for overweight, as a possible risk factor for stroke, in men
was significant, at about 15%.11

TOTAL RISK

Statistical evaluations of risk factors must necessarily consider
only clearly defined endpoints, for example, stroke, CHD, end-
stage renal disease (ESRD), or “cardiovascular events” (which
has been variably defined). As a result, what constitutes “total
risk” depends somewhat on one’s perspective. Because medi-
cine tends to be fragmented, with specialists usually focusing
on one specific organ or disease, little attention is routinely
given to statistical evaluations that encompass all diseases
commonly associated with common interdisciplinary condi-
tions, such as hypertension. Thus, hypertension is a well-
known risk factor for stroke, CHD, heart failure, and ESRD.
Because stroke tends to be the province of neurologists, CHD
is studied most intensively by cardiologists, and ESRD is of
greatest interest to nephrologists, these hypertension-associat-
ed endpoints tend to be segmented when statistical evaluations
of risk factors and risk assessments are performed.

As with attributable risk, population-based data often help
define total risk. Projections were that, in the United States in
2003, a first diagnosis of CHD would be made in more than
650,000, stroke in more than 500,000, and ESRD in nearly
100,000 people.12 Preliminary national vital statistics data
(derived from death certificates) from 2001 show that heart
disease accounted for 28.9%, stroke for 6.7%, and nephritis (a
category that includes many types of renal disease) for about
1.6% of the 2,4017,798 deaths,13 but these data probably
underestimate mortality resulting from renal disease, because
dialysis patients most often die from heart disease.12 In the
Framingham Heart Study, in participants younger than 75
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years, CHD consistently accounted for more than half of the
cardiovascular events from 1948 to 1998, whereas stroke
incidence markedly decreased during this time period.
Framingham cannot provide meaningful information about
ESRD, because their original population included only 5209
people. Even using the 1999 nationwide incidence of ESRD,
fewer than two of their original participants should have
required dialysis or renal transplantation.

There is increasing interest in the use of risk equations to
guide public policy, which depends not only on the rates of
disease emergence, but the cost of each episode. U.S. national
data estimate the per-patient cost of therapy for ESRD
($54,917/year for dialysis, $51,096/year for renal transplanta-
tion)14 much higher than for heart disease ($11,273 per hospi-
talization for MI, and $5501 per hospitalization for heart fail-
ure) or stroke ($5955 per hospitalization for stroke).12 Because
the incidence of ESRD has grown steadily while the rates for
heart disease and stroke have declined since 1980, there is
much interest from federal and other authorities to find quan-
titative methods for estimating the risk for combined cardio-
vascular and renal disease. Some authors have concluded that,
on an economic basis, risk assessment is too labor- and labora-
tory-intensive for application to the entire population, and
should be limited to demographic groups with an inherently
higher risk (e.g., older people).15 The National Institutes of
Health is currently exploring ways to combine other longitudi-
nal data (from sources such as the Cardiovascular Health
Study16 and the Atherosclerosis Risk in Communities study17)
with those from the Framingham Heart Study (which included
no minority participants) to provide a more universally accept-
ed risk equation for the U.S. population.

Rather than generating a single risk equation that encom-
passes both cardiovascular and renal endpoints, most recent
efforts have focused on risk prediction scores for cardiovascular
events (which include MI, heart failure, stroke, and other car-
diovascular disease–related deaths).18 There are many reasons
for this, including the fact that many risk factors other than
hypertension impact the risk of both cardiovascular and renal
endpoints, but with different weights. Probably the two best
examples are the degree of microalbuminuria and/or protein-
uria,19,20 and serum creatinine concentration, which is probably
the best single predictor of ESRD, but a relatively insensitive
and nonspecific predictor of cardiovascular events.21 Estimated
glomerular filtration rate (which incorporates serum creatinine
concentration22), however, has been shown to be a powerful
predictor of both renal and cardiovascular endpoints.23

COMPETING RISKS

One of the basic tenets of modern statistical methods is the
strict minimization of bias. In general, individuals who have
already suffered an endpoint (e.g., a first MI) are at signifi-
cantly higher risk for a second endpoint of a similar nature
(e.g., a second MI, which is about 2 to 4 times more likely than
in individuals without such a prior history). The best and most
widely accepted way to avoid this sort of bias in risk assessment
is to simply use the time-to-first event methodology (e.g.,
Kaplan-Meier life-table analyses) and “censor” (or ignore) all
events that occur subsequent to the first one. Although this has
a major advantage in statistical modeling, it leads to underesti-
mates of the incidence of major adverse events, especially

cardiovascular events. Whereas ESRD is typically encountered
only once in any given person’s lifetime, MIs, strokes, and hos-
pitalizations for heart failure can (and do) recur.

The issue of “competing risks” is particularly important
when attempting to integrate cardiovascular and renal event
data into a single risk equation. As noted previously, there are
multiple risk factors that are shared by the two types of events,
including age, gender, and BP. Serum creatinine concentra-
tion, probably the best predictor of the need for renal replace-
ment therapy, has been associated with a significantly higher
risk of cardiovascular events in several datasets.21,24-27 Some of
this association can be attributed to the elevated creatinine
being a result of poorly controlled hypertension, which itself
increases cardiovascular risk.28 In addition, ESRD itself is an
independent risk factor for cardiovascular events and cardio-
vascular death: ESRD patients have an 80% 1-year mortality
after MI, compared with about 10% in the non-ESRD popula-
tion.29 People on dialysis or who have had a kidney transplant
have an increased propensity to infection, a predisposition to
cancer inherent to immunosuppressants, and a continued risk
of the disease that brought them to renal replacement therapy
(most commonly diabetes in the United States). Despite these
risks, nearly half of the Americans with ESRD disease die of
cardiovascular disease (CVD). In the 2001 death registry
maintained by the U.S. Renal Data Systems (which includes all
individuals in the United States whose ESRD treatment is
funded through Medicare or Medicaid), 43.7% died from a
cardiac cause, and another 5.2% succumbed to a stroke.14

A further confounder of any attempt to integrate both car-
diovascular and renal risk into a single equation is potential
differential effects of treatment. Theoretically, any treatment
that delays a fatal MI or stroke is likely to increase the chance
that the patient will live long enough to develop ESRD.
Similarly, a therapy that delays the time to ESRD may lengthen
life sufficiently so that an MI or stroke may occur. Another
potential concern is the possibility of a treatment that may sig-
nificantly decrease the risk of ESRD, but increase the risk of
cardiovascular events. This phenomenon may have been
observed in the Irbesartan Diabetic Nephropathy Trial
(IDNT), in which the angiotensin II receptor antagonist irbe-
sartan significantly reduced the primary renal endpoint (dou-
bling of serum creatinine, ESRD, or death) compared with
amlodipine, by 23% (p = .006).30 There were no significant dif-
ferences between these two randomized treatment groups in
the composite secondary outcome that included cardiovascu-
lar events, but the nonsignificant trends favored amlodipine
over irbesartan for cardiovascular death (relative risk reduc-
tion of 26%), MI (35%), and stroke (35%).31

INTERRELATION OF TYPES 
OF CARDIOVASCULAR RISK

Probably the simplest type of quantitative risk assessment
should be based on cardiovascular death as the endpoint,
because this would preclude some of the issues related to
competing risks discussed previously. A method for calculat-
ing the 5-year risk of cardiovascular death has been derived
from eight clinical trials involving 47,088 patients followed
for a mean of 5.2 years, and resulting in 1639 deaths.32 The
small proportion of people who die (which limits statistical
power) can be overcome by longer follow-up.33 Although
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cardiovascular death is gaining favor as the preferred endpoint
among European epidemiologists, health economists and pol-
icymakers (especially in the United States) object, because it
would ignore any and all expensive and debilitating events
that precede death.

A second logical endpoint is all cardiovascular events, which
include CHD events and stroke. Some authors prefer to include
heart failure among the CHD events, but others restrict it to
fatal and nonfatal MI. This endpoint is particularly favored
(over CHD alone) by many groups interested in hypertension
treatment, because BP lowering reduces stroke more (in terms
of relative risk, about 36%) than CHD (about 18%-21%) in
nearly all clinical trials. In most Western hypertension clinical
trials, CHD events account for about 75% of the cardiovascular
events; in most studies performed in China and older studies in
Japan, stroke comprises a higher proportion of the total events.
Several recent comparisons of various risk estimators suggest
that a cutoff of CVD risk ≥20% over 10 years is roughly equiv-
alent to a CHD risk ≥15% over 10 years.34,35

The most common endpoint for Western risk assessment
has become CHD events. Although this endpoint ignores
stroke, it lends itself readily to a discussion not only of the

potential benefits of antihypertensive drug therapy, but also
aspirin and lipid-lowering agents. An obvious disadvantage of
using this method is the fact that CHD displays wide (but pre-
dictable) variability across regions and countries that is not
easily explained by differences in the prevalence of the usual
CHD risk factors.36 Thus a person with the same set of risk
factors will typically have markedly different risk for CHD in
Italy compared with Finland37; this has proven to be a major
challenge for groups trying to develop a single overall risk esti-
mator for all of Europe.6,38-40

CURRENT CARDIOVASCULAR RISK
ASSESSMENT TOOLS

Perhaps because of the difficulty in integrating both cardio-
vascular and renal risk in a single risk equation, most recent
authors have focused on developing, testing, and comparing
risk assessment algorithms for cardiovascular (most especial-
ly cardiac) events. The algorithms that have been used vary in
complexity from simply counting the existing risk factors41 to
complex equations (derived from a Weibull accelerated failure
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Table 21–1 Some Methods of Estimating Risk

Model Population Studied Risk Factors Included Validated?

Framingham Heart Study* About 11,332 residents of Age, gender, SBP and DBP; total, Widely
Framingham, MA LDL and HDL cholesterol; diabetes;

smoking

Cardiovascular Disease Life 3700 men and women from USA Age, gender, mean BP, total and Yes
Expectancy Model and Canada, aged 35-74 (from HDL cholesterol, diabetes, smoking, 

Lipid Research Clinics follow-up cardiovascular disease
cohort)

Munster Heart Study 4400 German men and women, Age, SBP, total and HDL cholesterol, Not in
aged 40-65 (workplace-based) diabetes, smoking, family history, women

angina symptoms

British Regional Heart Study 7735 men aged 40-59 (general Mean BP, total cholesterol, diabetes, No
Risk Function practitioner-based) smoking, family history, angina 

symptoms

Dundee Coronary Risk Disk 5203 men aged 40-59 (UK Heart Total cholesterol, SBP, smoking Not in
Disease Prevention Project) women

New Zealand Guidelines* Based on Framingham equation Age, gender, diabetes, smoking, No
SBP, DBP, total:HDL cholesterol ratio

Joint British Societies Risk Tables* Based on Framingham equation, Age, gender, diabetes, smoking, Yes
modified with epidemiologic data SBP, total:HDL cholesterol ratio,
from Britain family history

European Society of Cardiology Based on Framingham equation, Age, gender
Tables* modified with epidemiologic data Yes

from Europe

Sheffield Tables* Based on Framingham equation, Age, gender, total:HDL cholesterol Yes
modified with epidemiologic data ratio, hypertension, smoking,
from Scotland diabetes, LVH on ECG, family 

history of CHD

*Denotes models that are discussed more fully in text. SBP, systolic blood pressure; DBP, diastolic blood pressure; BP, blood pressure;
LDL, low-density lipoprotein; HDL, high-density lipoprotein; LVH, left ventricular hypertrophy; ECG, electrocardiogram; CHD, coronary
heart disease.



regression model).42 Some of these, and the populations from
which they have been derived, are summarized in Table 21–1.

Counting Risk Factors
The simplest type of risk assessment is probably the one rec-
ommended by the sixth Report of the Joint National
Committee on Prevention, Detection, Evaluation, and
Treatment of High Blood Pressure (JNC VI).41 In this scheme,
people were divided into three broad categories of risk (A, B,
or C). Risk Group A, which is defined without mention of any
threshold of absolute risk, are those without any of the tradi-
tional cardiovascular risk factors, target organ damage related
to hypertension, or concomitant CVD. These very-low-risk
individuals include only premenopausal women and com-
prised only 9% of the hypertensive population in the National
Health and Nutrition Examination Survey (NHANES) I
Epidemiological Follow-up Study.43 The majority (nearly
72%) of the hypertensive population had one or more risk
factors for CVD, but no diabetes, target organ damage, or con-
comitant CVD, and were placed in Risk Group B. The highest-
risk group (Risk Group C) with either diabetes, evidence of
target organ damage, or concomitant CVD, accounted for
19.2% of the NHANES sample. After correcting for regres-
sion-dilution bias, Ogden et al. calculated that the number of
people needed to be treated for 10 years to prevent a CVD
death ranged from 34 to 486 (Risk Group A) to 11 to 21 (Risk
Group C), with the higher numbers associated with the lower
levels of BP.

JNC VI recommended using this simple system to decide
on the intensity and type of initial treatment for high-normal
and high BP. Unless the initial BP exceeded 180/110 mm Hg,
only lifestyle modifications were recommended for people in
Risk Groups A and B; the latter were to receive them for a
shorter time before drugs should be started. Both antihyper-
tensive drug therapy and lifestyle modifications were initially
recommended for people in Risk Group C.

The obvious advantage of this simple system was that it is
easy to use. It did not require a computer or access to complex
figures or tables. The authors of JNC VI were not concerned
with making precise estimates of cardiovascular risk, but
instead focusing attention on hypertensive individuals whose
overall risk was very low or very high, independent of the BP
level. However, the specificity of the JNC VI risk stratification
system, when compared with the most recent Framingham
risk equation, in a group of 202 people representative of a
Scottish population, was only 9%.35 This would presumably
lead to drug treatment for a high number of people, many of
whom are unlikely to benefit from it (in terms of cardiovas-
cular event protection). Another potential disadvantage of the
JNC VI risk stratification system was the inclusion of age (the
most important risk factor for cardiovascular events) only as
a dichotomous variable (older or younger than 60 years); this
probably accounted for much of the low specificity. The JNC
VI scheme is still the only risk stratification system that
includes postmenopausal status as a cardiovascular risk factor
for women. As with the World Health Organization/
International Society of Hypertension (WHO/ISH) guidelines
discussed next, JNC VI counted a family history of premature
CVD (first-degree female relatives younger than age 65, or
men younger than age 55); this is mentioned only as a foot-
note in other risk estimators.

The risk stratification scheme published in 1999 as part of
the WHO/ISH guidelines included more detail than, but was
similar to, the JNC VI risk stratification method.44 One major
difference was that there were four categories of risk: low,
medium, high, or very high. These corresponded rather gener-
ally to categories of absolute risk of CVD over 10 years: <15%,
15% to 20%, 20% to 30%, and >30%, respectively. Low-risk
people included men younger than 55 years of age and women
younger than 65 years of age with grade 1 hypertension (140-
159/90-99 mm Hg) and no other cardiovascular risk factors,
target organ damage, diabetes, or associated clinical conditions
(existing CVD). Medium-risk individuals included grade 1
hypertensives with one or two other risk factors, or grade 2
hypertensives (160-179/100-109 mm Hg) with zero to two
other risk factors, but again no target organ damage, diabetes,
or associated clinical conditions. High-risk people had either
grade 3 hypertension (≥180/≥110 mm Hg) and no other risk
factors, or grade 1 or 2 hypertension and three or more risk
factors, or target organ damage or diabetes. People with asso-
ciated clinical conditions were all very high risk, as were grade
3 hypertensives with one or more risk factors, target organ
damage, or diabetes. The WHO/ISH risk stratification system
therefore went somewhat beyond a simple counting of risk fac-
tors, but relied heavily on the counted number to categorize
hypertensive people according to their need for therapy. Not
surprisingly, this slightly more complex method was superior
to the simple JNC VI stratification scheme, especially in cor-
rectly estimating risk for low-risk hypertensives.35 Two poten-
tial disadvantages of the WHO/ISH risk stratification system
were its complexity and unclear relationship to treatment; even
today, most practicing doctors do not take the time to count
the risk factors and classify individual patients, before starting
antihypertensive drug therapy.

The seventh report of the Joint National Committee on
Prevention, Detection, Evaluation, and Treatment of High
Blood Pressure (JNC 7) does not provide much information
about formal risk assessment of hypertensive patients.45,46 It
does recommend a thiazide-type diuretic for most patients
with stage 1 hypertension, and a two-drug combination for
most patients with stage 2 hypertension, but it omits a dis-
cussion of examining a patient’s BP in the context of other
risk factors and the global cardiovascular risk. Perhaps the
most important reason for this was previous recommenda-
tion of the National Cholesterol Education Panel’s III Adult
Treatment Panel for physicians to use, in everyday clinical
practice, a modified Framingham equation to estimate
absolute risk of CHD.47 The Executive Committee also
wished to focus attention on hypertension per se and to avoid
potential differences of opinion with other guidelines com-
mittees for the United States, including a proposal to consol-
idate recommendations across many healthcare advocacy
groups (including the National Heart, Lung, and Blood
Institute; National High Blood Pressure Education Program;
National Cholesterol Education Program; American Diabetes
Association; and National Kidney Foundation). A second
important reason for omitting a discussion of risk stratifica-
tion was that only when stratification leads to differential
treatment strategies does it really impact on clinical practice.
Because JNC 7 recommends antihypertensive drug treatment
for all hypertensives (≥140/≥90 mm Hg) and all those with
“compelling indications” for a specific drug or drug class,
there was little to be gained by refocusing attention on global
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cardiovascular risk assessment that would not change the
existing treatment plan.

The 1999 risk stratification system of the WHO/ISH has
been updated by the European Society of Hypertension (ESH)
and European Society of Cardiology (ESC).48 This extensive
document now provides five levels of risk, based on an inter-
action of the untreated BP level and the presence or absence
of risk factors, target organ damage, or associated clinical con-
ditions. The “average risk” individual has either “normal”
(120-129/80-84 mm Hg) or “high-normal” (130-139/85-89
mm Hg) BPs and no other risk factors (which now include
both abdominal waist circumference and C-reactive pro-
tein49). “Low added risk” includes individuals with no other
risk factors and grade 1 hypertension (140-159/90-99 mm
Hg) or one to two risk factors and either normal or high-
normal BPs. “Moderate added risk” includes people with
grade 2 hypertension (160-179/100-109 mm Hg) and no
other risk factors; grade 1 or 2 hypertension with one to two
risk factors; or normal BPs and three or more risk factors, tar-

get organ damage, or diabetes. Individuals with “high added
risk” include grade 3 hypertension (≥180/≥110 mm Hg) and
no other risk factors; three or more risk factors, target organ
damage, or diabetes and either high-normal BP or grade 1 or
2 hypertension; and normal BP and established CVD.
Everyone with established CVD with a BP >130/85 mm Hg is
at “very high added risk,” according to the new ESH/ESC
guidelines. The need for immediate drug treatment of
hypertension is tied loosely to the risk category. Individuals at
high or very high added risk begin drug treatment promptly;
those at moderate added risk are to be monitored closely for at
least 3 months and treated if the individual so desires or remains
persistently hypertensive. Interestingly, and perhaps uniquely,
the new ESH/ESC guidelines recommend withholding antihy-
pertensive drug therapy for at least 3 months from a 64-year-old
female smoker with dyslipidemia (or any other individual with
two risk factors) and a BP of up to 179/109 mm Hg. Because the
ESH/ESC risk stratification system is so new, formal evaluations
of its predictive value have not yet been undertaken.
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Counting Risk Factors and Stratification
by Age
In 1993, a group of physicians in New Zealand broke new
ground in considering risk for hypertensive patients and rec-
ommended that treatment generally be initiated only for hyper-
tensive individuals (defined then as BP ≥150/90 mm Hg) whose
absolute cardiovascular risk exceeded 20% in 10 years
(Figure 21–2).50 They suggested that the threshold for hyper-
tension treatment should not be based only on the level of
BP, but instead on absolute risk of CVD. These novel pro-
posals, as intended, have been debated widely, but have
resulted in several refinements (discussed in the following
paragraphs) that have been generally widely accepted in
Europe, and to a lesser extent in the United States; they have
been updated in 2000.51

The original New Zealand treatment guidelines departed
somewhat from their intended goal, in that they recom-
mended antihypertensive drug therapy for all with initial
BPs higher than 170/100 mm Hg. According to their calcula-
tions, 40- to 59-year-old men with zero to one risk factor(s)
and 40- to 60-year-old women with zero to two risk factor(s)
have an absolute risk lower than the recommended threshold
(>20% risk of CVD in 10 years), yet these individuals should
still receive drug therapy (see asterisks in Figure 21–2). The
New Zealand authors chose cutpoints for BP that were dif-
ferent from other guidelines: 150/90, 160/95, and 170/100
mm Hg. Epidemiologic data indicate that cardiovascular risk
increases continuously, from a BP <115/75 mm Hg,52 but
the New Zealand guidelines ignore these lower levels of BP.
Like the Framingham group, the New Zealand authors pre-
pared separate risk tables for each gender, a practice that
has become common. Unlike American guidelines, the New
Zealand group included obesity (body mass index >30
kg/m2) and the ratio of total:high-density lipoprotein (HDL)
cholesterol (>6:1) as risk factors. Their definition of a posi-
tive family history is somewhat more conservative than that
used in JNC VI, because both male and female relatives must
have had a CVD event before age 55.

Despite these differences from simpler risk estimators, the
New Zealand guidelines still merely count cardiovascular risk
factors, without giving each one a specific weight. For exam-
ple, diabetes and a family history of premature cardiovascular
events are equivalent in this strategy, which may account for
its poorer performance compared with other, more complex
risk estimators.35,53 The major contribution of the New
Zealand group was to stratify the risk calculation by age and
gender and to recommend treatment only for those whose
absolute CVD risk exceeded a given threshold. Their approach
of displaying the various levels of risk using different colors or
patterns has been followed by many other groups, to simplify
the results of sometimes complex calculations.

There is some reluctance, particularly in the United States,
to rely on these (more complex) estimates of cardiovascular
risk as a guide to treatment. First, it takes time and effort to
compile the required data for each patient and to perform the
calculation, even with web-based resources or personal digital
assistants. Unless it was linked to reimbursement, busy practi-
tioners would likely find this exercise to be an inconvenience
and a waste of time for patients’ return office visits. A second
challenge derives from biologic variability and medicolegal
risk. Although today’s risk estimators can provide a reason-

able “guess” of an individual’s absolute risk of a CVD or CHD
event, there is sufficient variability in the estimate that even
complex equations may result in an inexact and incorrect pre-
diction.54 There is a finite possibility that an individual with a
calculated “low-risk” of a cardiovascular event, who avoids
treatment, will suffer such an event. If the decision not to treat
is based solely or primarily on the risk score, it will be difficult
to mount a successful defense about the withholding of anti-
hypertensive treatment, if the prevailing local standard is to
treat every hypertensive person with drug therapy.

Tables Using Weighted Coefficients 
for Risk Factors
Several different groups have issued tables that are similar to
those of the New Zealand guidelines. The most important and
most heavily studied of these are from the ESC, the Joint
British Societies (JBS), and Sheffield, England.

The ESC has published a set of guidelines for prevention of
CHD.55 These guidelines include a risk estimator that is based
on prior work of the Framingham Heart Study, but which uses
weightings for each of the risk factors that are derived from epi-
demiologic data from Europe (especially Northern Europe).
The ESC risk estimator uses total serum cholesterol and
assumes a constant HDL cholesterol of 1.0 mm/L (39 mg/dl).
As might be expected, this model gives overall results that are
similar to those provided by the Framingham risk equation,
with perhaps slightly less specificity for American patients.56

In 1998, the JBS (Cardiac, Hyperlipidaemia, Hypertension,
and Diabetes) met and agreed on a set of recommendations
for prevention of CHD.57 Their risk estimator, a modified
Framingham risk equation that weighs each risk factor
according to British national data, has several forms, which
originated at the University of Manchester. For the practicing
physician, the equations are “simplified” into a set of colored
tables. Unlike other similar tables, in which every box in the
table (corresponding to a set of risk factors) has a single risk
level (and color), the JBS tables often have boxes that contain
two colors. This is presumably useful in identifying individu-
als with risk that is intermediate between the cutoff levels
(<15%, 15%-30%, or >30% risk of CHD over 10 years). There
are two separate tables, one for diabetics and another for non-
diabetics. The age groups are categorized as 35 to 44, 45 to 54,
55 to 64, and 65 to 74 years. The other major risk factors
included are smoking habit (“which should reflect lifetime
exposure to tobacco and not simply tobacco at the time of
risk assessment”57), SBP, and total:HDL cholesterol ratio.
A somewhat more complex “Cardiac Risk Assessor” (which
includes DBP and left ventricular hypertrophy [LVH] by elec-
trocardiogram [ECG]) has also been developed at the
University of Manchester and is available on the Internet.58

The JBS tables35 and computer program59 have been tested
against other risk estimators, with reasonably good results.

Investigators from Sheffield, England have published and
been very active in testing a series of tables, the most recent
of which is based on the Framingham equations, supple-
mented by data from the 1995 Scottish health survey.60 Their
new tables (one for men, another for women) use age and
total:HDL cholesterol ratio (with 22 choices for men, 18 for
women), and dichotomize hypertension (defined as ≥140/90
mm Hg, or taking treatment), smoking, and diabetes. With a
few modifications (e.g., doubling of risk with LVH on ECG,
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increasing age by 6 years if family history of premature CHD),
these tables have been reasonably well validated.34,35 Some
physicians and nurses have found the Sheffield tables difficult
to use,61 and they do not address levels of risk different from
the 15% and 30% risk of CHD over 10 years.59 Surprisingly,
the Sheffield investigators indicated that the actual level of BP
(treated or untreated) affected overall risk of CHD only slight-
ly; this is why their tables dichotomize hypertension as being
present or not. This approach differs, in this respect, from
many others, and from the data on more than 1 million peo-
ple in 61 observational studies indicating that the risk for
coronary and cerebrovascular mortality doubles for each
20/10–mm Hg increase in BP over 115/75 mm Hg.52

Framingham Risk Equations
The Framingham Heart Study has published several equa-
tions that are useful in risk estimation, but are, of their very
nature, quite complex.42,62 Although derived from 5541 men
and 5791 women, mostly white, who lived in Framingham,
Massachusetts (the original Framingham cohort who sur-
vived until 1971, and their spouses or offspring, aged 35 to
74 years), the Framingham equations have been found to be
useful in other populations, including minorities and people
from other countries.17,56,63-65 The Framingham risk score
has also been used to standardize cardiovascular risk (as a
single baseline covariate) across randomized treatment
groups in the LIFE (Losartan Intervention for Endpoint
reduction) study.66

The Framingham risk equations have been greatly simpli-
fied by means of a scoring system that allows each risk factor
to be rated and a composite score to be calculated, which is
proportional to the 10-year risk of CHD.42 This was the
approach chosen by the National Cholesterol Education
Program’s Adult Treatment Panel III, which included an even
more simplified version of this scoring system as the final page
of its Executive Summary.47

FUTURE METHODS FOR RISK
ESTIMATION

As epidemiologists continue to identify new risk factors for
CVD, these may be incorporated into newer equations that
improve the accuracy of (and maybe even simplify) such calcu-
lations.67 Box 21–1 is a partial list of these, some of which (e.g.,
high-sensitivity C-reactive protein48,49) have already been incor-
porated into risk stratification systems. It is likely, however, that
new equations will not ignore the “classical” risk factors, includ-
ing hypertension.68 Two papers have reexamined the decades-
old allegation that less than half the people hospitalized with an
acute coronary syndrome have even one established risk factor;
both studies have shown that the true prevalence of “risk
factor–free” individuals who develop coronary events (includ-
ing coronary death) is probably 5% to 15%.69,70

SUMMARY

Although the concept of “total risk” is attractive, there are few
well-validated methods of estimating a composite of both car-
diovascular and renal risk in hypertensive patients. Many
methods exist for computing short-term (e.g., 10-year) risk
for CHD (typically defined as fatal or nonfatal MI and new-
onset angina pectoris). The most well-known of these is the
Framingham risk score. Whether any of these risk estimators
(with all their complexity), novel genetic markers, and/or risk
equations based on genomic techniques will lead to more
cost-effective risk stratification and better use of limited
healthcare resources remains to be seen.
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The traditional epidemiologic definition of hypertension as a
cardiovascular risk factor is based on two components of the
arterial pulse wave—the peak systolic blood pressure (SBP) and
end-diastolic blood pressure (DBP)—as measured from the
brachial artery by means of the sphygmomanometer. More
recently, attention has been directed toward the pulse pressure
(PP) as a pulsatile component of cardiovascular risk. PP, the
difference between SBP and DBP, is due to the force imparted
to the arterial blood column by left ventricular contraction,
which produces a pressure increment over and above the
existing DBP. There is abundant evidence that the increase in
PP after the sixth decade of life is a surrogate risk marker for
central artery stiffness.1-3 There is also evidence that central
artery stiffness is an independent risk factor for cardiovascu-
lar disease.1-3 Still unsettled, however, is whether PP is supe-
rior to SBP or to mean arterial pressure (MAP = 1⁄3 SBP + 2⁄3
DBP) as a predictor of cardiovascular risk. The objective of
this chapter is to review the clinical usefulness of PP as a pre-
dictor of cardiovascular risk.

HISTORICAL PERSPECTIVE

Our understanding of the relationship between the various
blood pressure (BP) indices and cardiovascular risk has
undergone considerable change since the introduction of the
sphygmomanometer at the beginning of the twentieth cen-
tury. Initially, elevated DBP was thought the best measure of
cardiovascular risk because it was equated to the resistance
that the heart had to overcome, whereas elevation in SBP was
largely ignored because it was equated with the maximum force
of the heart.4 Indeed, interventional studies between the 1960s
and 1980s invariably defined the severity of hypertension
solely on the basis of DBP. However, since publication of data
from the Framingham Heart Study in 1971, more weight has
been given to SBP in defining hypertensive cardiovascular
risk.5-7 Nevertheless, it was only after the benefits of antihy-
pertensive therapy in isolated systolic hypertension (ISH)
were clearly demonstrated in the 1990s that national and
international guidelines first recommended therapy for ele-
vated SBP in the absence of associated diastolic hypertension.
Although the current guidelines acknowledge that both SBP
and DBP define hypertensive cardiovascular risk,8,9 they con-
tain a number of limitations. SBP and DBP represent only the
two extremes of the propagated arterial pulse wave that is
measured by sphygmomanometry at the brachial artery. Since
the late 1980s, new evidence suggests that the relationship of
BP components to cardiovascular risk is surprisingly more
complex than initially thought. Part of this complexity
involves the effect of ageing on BP indices and the possible
role of PP in predicting cardiovascular risk.

AGE-RELATED CHANGES IN BLOOD
PRESSURE

Population studies,10,11 including those from Framingham,12

demonstrate that SBP rises from adolescence, whereas DBP,
although initially increasing with age, levels off at ages 50 to 55
and decreases after ages 60 to 65 years. Thus PP increases after
ages 50 to 55: a change that is accelerated from the ages of 60
to 65 and beyond. The rise in SBP and DBP up to ages 50 to 55
can best be explained by the dominance of peripheral vascular
resistance (Table 22–1). In contrast, after the fifth decade of life
(1) increasing PP and decreasing DBP are surrogate measure-
ments for central elastic artery stiffening. Indeed, the fall in
DBP with increasing aortic stiffness is explained by a dimin-
ished hydraulic buffering system, leading to greater peripheral
run-off of stroke volume during systole. Thus, with less blood
remaining in the aorta at the beginning of diastole, and with
diminished elastic recoil, DBP decreases with increased steep-
ness of diastolic decay. (2) After age 60, central arterial stiffness
overrides increased systemic vascular resistance and becomes
the dominant hemodynamic factor in both normotensive and
hypertensive individuals, as manifested by an increase in SBP, a
decrease in DBP and hence a rise in PP. (3) Hypertension, left
untreated, may accelerate stiffening of elastic arteries, which, in
turn, may set up a vicious cycle of worsening hypertension and
further increases in elastic artery stiffness.12

The Third National Health and Nutrition Examination
Survey13 (NHANES III) showed that three of four adult per-
sons with hypertension are 50 years of age or older. Moreover,
80% of untreated or inadequately treated persons with hyper-
tension in this age group have ISH, which by definition con-
sists of elevated PP. In addition to ISH being the predominant
form of geriatric hypertension, there is evidence that widened
PP may complement SBP as a predictor of cardiovascular risk.

USEFULNESS OF PULSE PRESSURE
IN PREDICTING CORONARY HEART
DISEASE RISK

Using almost the same Framingham cohort as in the previous
study, 1924 men and women between 50 and 79 years of age
at baseline with no clinical evidence of coronary heart disease
(CHD) and free from antihypertensive drug therapy, were fol-
lowed for up to 20 years (Figure 22–1).14 In this population,
CHD risk was inversely correlated with DBP at any level of
SBP greater than 120 mm Hg, suggesting that PP was an
important component of risk. There was a far greater increase
in CHD risk with increments in PP for a given SBP than with
increments in SBP with a constant PP. The Framingham study
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supports the findings of earlier workers15-17 that PP may be
useful as an adjunct to SBP in predicting risk and that CHD
events are more related to the pulsatile stress of elastic artery
stiffness during systole (as reflected in a rise in PP) than the
steady-state stress of resistance during diastole (as reflected in
a parallel rise in SBP and DBP). Seven additional publications,
including a total of 12 different databases from around the
world, have clearly shown an inverse relation of risk with DBP,
so that PP becomes superior to the reference SBP in predict-
ing total and cardiovascular mortality18-24; three additional
studies have shown the same relation for predicting CHD
risk.25-27 Furthermore, the value of PP in predicting risk in the
elderly has been confirmed by 24-hour conventional28 and
intraarterial24 ambulatory BP monitoring.

PP may predict cardiovascular risk when SBP is normal or
low as a result of ventricular dysfunction. This has been
described in postmyocardial infarction,29 end-stage renal disease

(ESRD) on hemodialysis,30 and frank heart failure31 and is con-
sistent with “reverse causation,” expressed as an increased car-
diac mortality in association with a falling SBP. In the presence
of compromised myocardial function, DBP decreases at a
more rapid rate than SBP, so that the rise in PP rather than the
fall in SBP becomes the stronger predictor of future cardiac
events, including cardiac death.

USEFULNESS OF PULSE PRESSURE IN
PREDICTING BENEFIT OF THERAPY

The benefit of effective antihypertensive therapy may be related
to the extent of increased PP. There is evidence from a meta-
analysis of eight intervention trials involving elderly individuals
with ISH (defined by a SBP ≥160 and DBP <95 mm Hg) that
fewer patients had to be treated to prevent one cardiovascular
death if the PP at baseline was 90 mm Hg or greater.23 The
importance of a wide PP in ensuring a robust therapeutic out-
come was confirmed in the Losartan Intervention for Endpoint
Reduction (LIFE) trial of patients with hypertension and left
ventricular hypertrophy (LVH). The therapeutic benefit of
losartan was compared with that of atenolol in persons with
ISH (SBP ≥160 and DBP <90 mm Hg) enrolled in LIFE, and
that benefit was compared with the benefit achieved in LIFE
participants with combined systolic-diastolic hypertension
(SDH, defined as a SBP ≥160 and DBP ≥90 mm Hg). There was
a 46% decrease in cardiovascular mortality from losartan over
atenolol therapy in the ISH group as compared with no differ-
ence between treatments in the SDH group, although SBP was
reduced almost equally in both arms of the study.32 The most
logical interpretation of this analysis is that effective therapy
with an angiotensin II antagonist resulted in a significant bene-
fit over atenolol in reducing cardiovascular mortality in the
group with the highest PP and hence the greatest risk.

PULSE PRESSURE AS A MARKER FOR
CENTRAL ARTERY STIFFNESS:
PATHOLOGIC CONSEQUENCES

Increased PP may be a surrogate marker for several possible
pathologic mechanisms, all originating from the underlying
increased central arterial stiffness and contributing to disor-
ders of the myocardium.33 Increased aortic pulsatile load ele-
vates left ventricular wall stress, decreases coronary flow
reserve, impairs left ventricular relaxation, and may lead to

Table 22–1 Hemodynamic Patterns of Age-Related Changes in Blood Pressure

Age DBP SBP MAP PP 
(years) (mm Hg) (mm Hg) (mm Hg) (mm Hg) Hemodynamics

30-39 ↑ ↑ ↑ →↑ R > S

↑ → ↑ → ↑↑ R = S

≥60 ↓ ↑ →↑ ↑↑↑↑ S > R

Adapted from Franklin SS, Gustin W, Wong ND, et al. Hemodynamic patterns of age-related changes in blood pressure. The
Framingham Heart Study. Circulation 96:308-315, 1997; with permission.
DBP, diastolic blood pressure; SBP, systolic blood pressure; MAP, mean arterial pressure; PP, pulse pressure; ↑, increase; ↓, decrease;
→, no change; R, small-vessel resistance; S, large-vessel stiffness.

3

2.5

2

1.5

1

0.5
60 70 80 90 100 110

DBP (mm Hg)

C
H

D
 h

az
ar

d 
ra

tio

SBP 110 mm Hg (p = .03)

SBP 130 mm Hg (p = .06)

SBP 150 mm Hg (p = .02)

SBP 170 mm Hg (p = .01)

FFigure 22–1 Joint influences of systolic blood pressure (SBP)
and diastolic blood pressure (DBP) risk. Coronary heart
disease (CHD) hazard ratios were determined from the level
of DBP within SBP groups. Hazard ratios were set to a
reference value of 1.0 for SBP of 130 mm Hg and DBP of
80 mm Hg and plotted for SBP values of 110, 130, 150,
170 mm Hg, respectively. The p-values were for the β
coefficients for model. All estimates were adjusted for age,
sex, body mass index, cigarettes smoked per day, glucose
intolerance, and total cholesterol:high-density lipoprotein.
(Adapted with permission from Franklin SS, Khan SA, Wong
ND, et al. Is pulse pressure useful in predicting risk for
coronary heart disease? The Framingham Heart Study.
Circulation 100:354-360, 1999.)



diastolic dysfunction. Increased aortic pulsatile load is the
major factor in the development of LVH with increased coro-
nary blood flow requirements. Simultaneously, the decrease in
DBP that characterizes ISH further compromises the oxygen
supply:demand ratio by reducing coronary blood flow. In
addition, increased pulsatile stress leads to endothelial dys-
function with a greater propensity for coronary atherosclero-
sis and for rupture of unstable atherosclerotic plaques.

HOW DOES AGE INFLUENCE THE CUFF
PRESSURE ASSESSMENT OF CHD RISK?

The Framingham Heart Study examined the relationship
between BP and CHD risk as a function of age (Figure 22–2).34

From the ages of 20 to 79 years there was a continuous, graded
shift from DBP to SBP and eventually to PP as predictors of
CHD risk. From age 60 onward, when considered with SBP,
DBP was negatively related to CHD risk, so that PP emerged as
the best predictor.34 All three BP indices in the Framingham
study34 were equally predictive of CHD risk in the transitional
ages of 50 to 59 years, whereas in the younger group (<50 years
of age), DBP was a more powerful predictor of CHD risk than
SBP; PP itself was not predictive. Evidence favoring DBP over
SBP in predicting CHD risk in young adults was also noted in
a number of earlier large observational studies35-37 and in a
later study utilizing intraarterial BP measurements.24 These
findings are consistent with the NHANES III study, which
showed that there were twice as many hypertensive persons
younger than age 50 up-staged by DBP as compared with SBP.13

The bias toward DBP over SBP by earlier generations of physi-
cians may be, in part, due to the emphasis on hypertension as
a young person’s condition. However, with the ageing of the
population over the past half-century, hypertension has
become largely a condition affecting older persons with ISH.

Curiously, the underlying hemodynamics that favor DBP as
the predominant predictor of CHD risk in young hypertensive
subjects are poorly understood.

THE IMPORTANCE OF PULSE WAVE
REFLECTION

Conventional hemodynamic mechanisms do not explain why
cuff DBP is superior to cuff SBP and PP in predicting CHD
risk in young adults. The studies of Elzinga and Westerhof 38

showed that increased peripheral resistance was associated
with a nearly parallel rise in aortic SBP and aortic DBP (or a
greater rise in SBP than DBP in conjunction with some
increase in arterial stiffness), whereas increased arterial stiff-
ness alone was associated with a rise in aortic SBP and a fall in
aortic DBP.39 Thus the concept that increased peripheral vas-
cular resistance alone is responsible for a greater rise in cuff
DBP than SBP is a myth; an additional hemodynamic factor—
wave reflection—must be present to explain these findings
(Figure 22–3).

In young subjects the reflected pressure waves return to the
ascending aorta in diastole and serve to elevate mean DBP,
thus boosting coronary artery perfusion.40 In addition, the
summation of the incident pressure wave with the reflected
wave in young adults produces a normal phenomenon of
pressure amplification of PP and SBP from the aorta to the
brachial artery.40 In contrast, as arteries stiffen with advanc-
ing age, a larger reflected pressure wave returns to the ascend-
ing aorta earlier during late systole and increases or “aug-
ments” the central SBP and PP, thus decreasing pressure
amplification and simultaneously contributing to increase
cardiac afterload.41

Studies by Wilkinson et al.,42 using radial artery waveforms
recorded noninvasively by applanation tonometry, have shown
that peripheral amplification of PP and SBP decreases signifi-
cantly as peripheral DBP increases in persons younger than
50 years of age; however, only a small, nonsignificant further
decrease in amplification occurs in older subjects, largely
because there is already increased early wave reflection within
a stiffened arterial tree. In contrast, peripheral and central DBP
and MAP track in a near parallel manner at all ages. Thus as
peripheral vascular resistance rises in younger subjects, there is
less change in peripheral SBP because of reduced pressure
amplification. This explains why DBP is a better predictor of
CHD risk in younger subjects. Further support for this concept
comes for the studies of Millasseau et al.,43 who showed that
pulse wave velocity, as a surrogate measurement for aortic stiff-
ness, was more closely correlated with peripheral DBP than SBP
in subjects older than age 50 but not in those age 50 or younger.

SPURIOUS SYSTOLIC HYPERTENSION

Peripheral amplification, when exaggerated in tall, fit young
men with highly elastic central arteries, may produce spurious
upper limb systolic hypertension.44,45 This normal variant rep-
resents extreme pressure amplification of the brachial and
radial systolic cuff pressures. Characteristically, these young
men have normal central SBP and DBP and normal periph-
eral DBP and heart rates. The frequency of this form of pseu-
dosystolic hypertension is unknown. This exaggerated
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FFigure 22–2 Difference in coronary heart disease prediction
between systolic blood pressure (SBP) and diastolic blood
pressure (DBP) as function of age. Difference in β
coefficients (from Cox proportional-hazards regression)
between SBP and DBP is plotted as function of age,
obtaining this regression line: β(SBP)−β(DBP) = −1.49848 +
0.0290 ¥ age (p = .008). (From Franklin SS, Larson MG,
Khan SA, et al. Does the relation of blood pressure to
coronary heart disease risk change with aging? The
Framingham Heart Study. Circulation 103:1245-1249,
2001; with permission.)
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peripheral amplification in some young, tall individuals with
highly elastic central arteries represents a second example of
why DBP is superior to SBP in predicting cardiovascular risk.

PARADIGM SHIFT IN THE
INTERPRETATION OF BLOOD PRESSURE
MEASUREMENTS

Paradoxically, the heart only “sees” SBP in the ascending aorta,
and pressure wave amplification distorts the relationship
between central and peripheral systolic pressure, as measured
at the brachial artery by the sphygmomanometer. Therefore,
central and not peripheral SBP, regardless of age, determines
cardiac afterload and hence CHD risk. The changing pattern
of age-related brachial artery BP components that predict
CHD risk results from altered peripheral resistance, aortic
stiffness, and early wave reflection, all acting in concert to raise
SBP, decrease DBP, and abolish pressure amplification; this
leads to an age-related shift from sphygmomanometric-
determined DBP to SBP and ultimately to PP in the prediction
of CHD risk. Overall, these findings validate the hemody-
namic factors associated with aging and hypertension that were
described more than 20 years ago by O’Rourke and Nichols.46,47

In addition, these findings represent a significant paradigm
shift in our understanding of how we use brachial artery cuff
BP components to predict CHD risk.

CLINICAL IMPLICATIONS

The reliance on DBP in the young and on SBP in the middle-
aged to predict CHD risk appears straightforward, but there
are questions regarding the best clinical approach for using PP
as a predictor of CHD risk in the older patient. Cuff PP cannot
replace SBP as a single measure of CHD risk, because it sig-
nificantly underestimates peripheral vascular resistance.48

Furthermore, MAP or DBP consistently underestimates
peripheral resistance, central artery stiffness, and early wave
reflection in this older age group.48 In contrast, elevation in
cuff SBP fully represents increased peripheral vascular resist-
ance and partially represents increased central elastic artery
stiffness and early wave reflection. Of the four BP indices, SBP
is usually the single best predictor for middle-aged and older
persons with systolic-diastolic hypertension (SBP ≥140 and
DBP ≥90 mm Hg). However, evaluation of SBP and DBP
jointly allows the assessment of the total cardiac load (i.e., the
full influence of resistance, stiffness, and reflection) and there-
fore provides the best estimation of cardiovascular risk. Thus,
the best strategy for assessing risk in this age group is to deter-
mine the level of SBP elevation, and then adjust risk upward in
the presence of discordantly low DBP and hence high PP ISH.48

The greatest prognostic value of a wide PP in this older age
group may be in the categories of high-normal (higher half of
the prehypertensive classification) SBP and stage 1 systolic
hypertension (i.e., from SBP of 130 to 159 mm Hg), a BP span
that encompasses almost two thirds of all adult CHD events.49

The concurrent presence of wide PP in either of these two BP
groups could shift an individual into a higher risk category
and therefore possibly dictate a change in therapy. In addition,
a wide PP could be helpful in identifying high-risk persons
who may profit from more aggressive therapy for control of
their BP.

CAVEATS IN EQUATING PULSE PRESSURE
WITH CARDIOVASCULAR RISK

If PP is a surrogate for central artery stiffness, it is the stiffness
that is the cardiovascular risk factor; strictly speaking, PP is a
risk marker of stiffness. There are certain caveats to consider
when using PP as a predictor of cardiovascular risk.

First, in middle-aged, healthy populations or older individ-
uals with both systolic and diastolic hypertension, SBP and

Figure 22–3 Pressure wave recorded along
the arterial tree from the proximal ascending
aorta to the femoral artery in three subjects
aged 24, 54, and 68 years. (From Nichols
WW, et al. In O’Rourke MF, Safar ME,
Dzau V (eds). Arterial Vasodilation:
Mechanisms and Therapy. London, Edward
Arnold, 1993; with permission.)



MAP may be equal or superior to PP as predictors of cardio-
vascular risk50-52; in this population, there is such high colin-
earity between SBP and PP that it often becomes impossible
to show an advantage of one index over another in predicting
risk. Only when SBP increases and DBP decreases, as
described in most observational studies, does the superiority
of PP over SBP as a predictor of cardiovascular risk become
apparent in uncomplicated hypertension.

Second, with advanced age and after adjustment for cardinal
risk factors, PP becomes an independent predictor of CHD risk.
Therefore, despite the high colinearity between SBP with PP, the
latter predominates as the single best predictor of CHD risk
because of the contribution of pulsatile stress in a minority of
subjects with discordantly low DBP values. It should be noted
that the MAP equation (1⁄3 SBP + 2⁄3 DBP) grossly underestimates
vascular resistance after ages 50 to 60 as DBP levels off and even
falls.12 Hence, beyond middle-age, PP becomes a better predictor
and the MAP a poorer predictor of cardiovascular risk.
Paradoxically, the value or MAP has been highlighted with
the recent publication of meta-analyses by the Prospective
Studies Collaboration (PSC)53 and the Asian Pacific Cohort Stud-
ies Collaboration (APCSC),54 using 61 and 37 cohort studies,
respectively. These investigators concluded that MAP, in both the
young and old, was a far superior predictor of CHD risk than was
PP. Their conclusions are in total disregard of the proven impor-
tance of arterial stiffness and early wave reflection as important
risk factors in middle-aged and elderly individuals with ISH.
A meta-analysis of a smaller number of well-performed, obser-
vational studies, rather than the multiple diverse studies included
in the PSC and APCSC, might have provided a different picture
of the importance of PP in predicting cardiovascular risk.

PP becomes an even stronger predictor of cardiovascular
risk (1) when combined with a cluster of risk factors55; (2) in
the presence of target organ damage, such as LVH56 or albu-
minuria57; (3) in association with diabetes58; and (4) in the
presence of prior cardiovascular complications that lead to
ventricular dysfunction.29-31

The totality of evidence supports PP as a surrogate risk
marker for arterial stiffness, although at times an imperfect
one. Despite high colinearity of PP with SBP, PP can be a more
useful predictor of cardiovascular risk above and beyond the
predictive power of MAP, SBP, or DBP. Clearly, these findings
call into question the prevailing belief that elevation of SBP
and DBP contribute equally to cardiovascular risk. However,
there is as yet scanty evidence supporting the reduction of PP
instead of SBP as a therapeutic goal. In addition, we have little
information on the utility of using PP and SBP together, rather
than SBP alone, to classify hypertensive risk. Furthermore, a
public health recommendation that focuses on PP may detract
from the importance of SBP in the diagnosis and treatment of
hypertension. At present, it would be premature to modify cur-
rent guidelines on the basis of prevailing data.

FUTURE FRONTIERS OF NONINVASIVE
ASSESSMENT OF CENTRAL BLOOD
PRESSURE

Although the use of cuff PP as a prognostic guide to cardio-
vascular risk may have some utility in older persons, this may
not hold true under all circumstances. Aortic PP is the result
of integration of three principal factors (i.e., stroke volume,

arterial stiffness, and the intensity and timing of wave reflec-
tions). Each of these factors can influence PP independently,
but usually they act in concert. However, individual changes in
pressure amplification, heart rate, stroke-volume and cardiac
contractility may distort the relation between PP and arterial
stiffness. Because central artery stiffness is established early,
noninvasive assessment of arterial stiffness may allow better
assessment of cardiovascular risk before hypertension devel-
ops, and long before the onset of cardiovascular complica-
tions.59-64 In addition, assessment of aortic stiffness may allow
targeted primary prevention of cardiovascular disease and
may be a useful tool for monitoring the success or failure of
antihypertensive therapy. Thus noninvasive assessment of
arterial stiffness and central BP appears to be a promising area
for further investigation. There is hope that physicians of the
twenty-first century will have a simple office method of meas-
uring central pulse waveforms that will supplement or possi-
bly replace the sphygmomanometer.
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Hypertension is a highly prevalent predisposing condition for
the development of cardiovascular disease (CVD) in the
United States, and one of the major contributors to coronary
heart disease (CHD) the leading cause of cardiovascular death
from this cause. Hypertension affects about 50 million per-
sons in the United States and is destined to increase further as
the population ages.1 Framingham Study data indicate that
90% of 50-year-old normotensive persons can expect to
develop hypertension in their lifetime.2 Persistent elevation of
blood pressure (BP) is a critical element in the evolution of
atherosclerotic cardiovascular morbidity and mortality.
Animal experiments indicate that hypertension accelerates
lipid-induced atherosclerosis and that lowering the BP retards
the pathology.3 Also, low-pressure segments of the human cir-
culation such as the pulmonary arteries or veins are virtually
immune to atherosclerosis, despite exposure to the same lipid-
laden blood as the systemic arteries supplying the heart, brain,
and limbs. Atherosclerotic vascular pathology has now
replaced the fibrinoid necrosis of malignant hypertension as
the chief outcome of poorly controlled hypertension.
However, the relation of hypertension to atherosclerosis is
complex, interacting with other major risk factors that greatly
influence its potential to enhance atherogenesis in the coro-
nary arteries and elsewhere. The continuing high prevalence
of hypertension in the general population, its great impact on
cardiovascular morbidity and mortality rates and our ability
to treat and control it, give it a high priority among measures
to prevent CVD in general and CHD in particular. Treatment
of hypertension and the CVD it promotes, account for a large
portion of our health care expenditures.

PREVALENCE AND INCIDENCE

Hypertension (BP >140/90 mm Hg) is a dangerously preva-
lent condition afflicting one in four American adults. About
4% of persons younger than age 30 years have this condition and
it increases in prevalence with age, reaching 65% in persons
age 80 years and older.4 Each year about 2 million individuals
are added to the pool of hypertensive persons requiring eval-
uation and treatment. The seventh Report of the Joint
National Committee on Detection, Evaluation, and Treatment
of High Blood Pressure (JNC 7) has designated systolic blood
pressures (SBPs) of 120 to 139 mm Hg or diastolic blood pres-
sures (DBPs) of 80 to 89 mm Hg as prehypertension.1 These
patients are at twice the risk for developing hypertension as
those with lower values.5

Over 26 years of follow-up, 25% to 50% of the normoten-
sive segment of the Framingham Study cohort developed

hypertension.6 Those with high-normal pressures developed
“hypertension” at a twofold to threefold higher rate than those
with strictly normal pressures.5-7 The incidence of new onset
of hypertension increased threefold and eightfold from the
third to the fifth decade of age in men and women, respectively.6

OPTIMAL BLOOD PRESSURE

It is difficult to specify at what BP a significant excess risk of
hypertensive atherosclerotic cardiovascular sequelae begins to
occur. Epidemiologic investigations report an excess risk of
such events at BPs well below those often designated to define
hypertension.1,8,9 To assess accurately the incremental risk of
CVD at BPs in the nonhypertensive range, it is necessary to
have huge population samples. A reasonably precise assess-
ment of the risk of mortality at relatively low BPs can be
obtained from the more than 350,000 men screened for eligi-
bility in the Multiple Risk Factor Intervention Trial (MRFIT).9

Ten-year mortality rates in relation to baseline BP in that
study increased stepwise from the lowest SBP (<110 mm Hg)
on up. Compared with this lowest pressure, those with SBPs of
only 120 to 129 mm Hg had an 18% higher overall and 35%
higher cardiovascular mortality.9 Thus the optimal SBP appears
to be less than 110 mm Hg because 40% of all deaths and
35% of cardiovascular deaths occurred in the “normotensive”
range of 110 to 139 mm Hg. Based on these data, it appears that
the majority of the population have higher than optimal SBPs,
because only 6% of MRFIT screenees had pressures less than
110 mm Hg. A report based on another large population sam-
ple also shows a continuous relationship between CVD and BP
in 40- to 70-year-old persons. Each 20-mm Hg increment in
SBP or 10–mm Hg increase in DBP confers a doubling of the
risk of CVD across the range of BPs from 115/75 to 185/115
mm Hg.10 Framingham Study data also suggest a continuous
graded influence of BP on myocardial infarction (MI) occur-
rence in particular, beginning below 120 mm Hg systolic and
75 mm Hg diastolic, in men younger than age 65 years. For
men older than age 65 years, an even steeper gradient of risk is
noted throughout the SBP range. For DBP, incremental risk
is noted as pressures increase above 75 mm Hg (Figure 23–1).

The population-attributable risk statistic provides the best
indication of the population impact of hypertension because
it takes into account both the prevalence of designated stages
of hypertension and their risk ratios. Based on Framingham
Study data, this indicates that, together, all grades of hyper-
tension account for 28.5% of atherosclerotic cardiovascular
events in men ages 35 to 64 years; 18.1% is attributed to JNC
VI stages I and II hypertension. In women, the corresponding
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attributable risk figures are 29.6% and 14.2%. Similar propor-
tions of cardiovascular events are attributable to hypertension
in the elderly. The relative and absolute risk of CHD to the
individual increases sharply with the degree of BP elevation, but
the population impact, signified by the population-attributable
risk, is greatest for JNC VI stages I and II hypertension.

Control of existing hypertension remains far from com-
plete and the incidence of newly acquired hypertension has
not declined, indicating a need for primary prevention by
weight control, salt restriction, and exercise, targeted at per-
sons with a strong family history of hypertension, Blacks, and
the obese.11 Because there is a high prevalence in the popula-
tion of persons with high-normal prehypertensive pressures
who are at increased risk of developing more severe grades of
hypertension, these nonpharmacologic approaches to control
the discretionary environmental determinants of elevated BP
need greater attention. The goal for hypertension control in
the general population is to shift the BP distribution down to
a more acceptable average value by hygienic measures, as well
as treating those with already elevated pressures.

For physicians using medication to control BP, somewhat
higher pressures are recommended as thresholds for treat-
ment. However, it is important to recognize that the average
pressure at which atherosclerotic cardiovascular events occur
is not extremely elevated. The average BP at which men aged
30 to 62 years in the Framingham Study developed CHD was
only 146/91 mm Hg; and for women, 161/94 mm Hg (Table
23–1). The median BP at which cardiovascular events
occurred tended to increase with age, and has declined over
succeeding calendar decades, both in those untreated and
those under treatment. By the 1980s, half the cardiovascular
events in Framingham Study men not on treatment occurred
at pressures below 135/81 mm Hg, and in women, at pressures
below 136/80 mm Hg.

ATHEROSCLEROTIC SEQUELAE

Hypertension is clearly a major contributor to the occurrence
of atherosclerotic CVD in the general population, imposing
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a twofold to fourfold increased risk of a major atherosclerotic
cardiovascular event in persons ages 35 to 64 years and about a
twofold risk in the elderly (Table 23–2). Thus it contributes to
the risk of such events at all ages in either sex. The risk ratios
are largest for heart failure and stroke, but CHD is the most
common and lethal sequela for individuals younger than age
65 years, equaling in incidence all the other adverse outcomes
combined. Although the absolute and excess risk of athero-
sclerotic CVD imposed by hypertension in women is less than
in men, the relative risk is just as high for women as for men
older than and younger than age 65 years (see Table 23–2).

Coronary Hazards
The less-than-expected efficacy of antihypertensive therapy to
reduce the risk of coronary morbidity and mortality in early
trials led to some unjustified questioning of the importance of
BP in the development of CHD. Prospective epidemiologic
investigation has in fact shown that hypertension is a powerful
independent risk factor for the occurrence of coronary
events.12 In the Framingham Study, risk of every clinical man-
ifestation of CHD was increased in persons with antecedent
hypertension (Table 23–3). Although the CHD incidence rates
of hypertensive women are substantially lower than those
of men, the risk ratios comparing rates in hypertensives

with nonhypertensives are higher in women than men.
Hypertension increases the risk of an MI almost twofold in
men younger than age 65 years and threefold in such women
(see Table 23–3).

For reasons that are unclear, hypertension predisposes dis-
proportionately to MIs that go unrecognized, and the more
severe the hypertension, the greater the proportion unrecog-
nized (Table 23–4). This association persists even after exclud-
ing persons on therapy that might mask symptoms, persons
with electrocardiogram (ECG) evidence of left ventricular
hypertrophy (LVH) that might be confused with anterior MIs,
and persons with coexistent diabetes who are known to be
more prone to silent MIs. Unrecognized MIs are surprisingly
common in general and particularly so in hypertensive per-
sons. In hypertensive men, 35% of MIs go unrecognized, and
in hypertensive women, 48%. This propensity to silent or
unrecognized MIs makes periodic ECG surveillance of hyper-
tensive patients for evidence of an MI mandatory.

As for CVD in general, risk of coronary events increases
with the BP in a continuous graded fashion with no indication
of a critical value where normal pressure leaves off and abnor-
mal ensues (see Figure 23–1). It has been suggested that there
is an excess risk of CHD at very low DBPs. However, in the
Framingham Study of healthy persons taken as a whole, there
was no indication of a J-curve relation of DBP to the occurrence
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Table 23–1 Mean Initial Blood Pressure of Those Developing Coronary Heart Disease (CHD) Versus Those Remaining Disease
Free for 14 Years in the Framingham Study

Systolic Blood Pressure (mm Hg) Diastolic Blood Pressure (mm Hg)

Men Women Men Women

Ages CHD (323) Controls (1959) CHD (169) Controls (2676) CHD Controls CHD Controls

30-39 138* 132* 126† 124 90* 83 83† 79
40-49 143* 135* 149* 136 92* 86 91* 85
50-62 150* 141* 168* 150 91* 87 97* 90
Total 146‡ 135* 161‡ 135 91‡ 85 94‡ 84

*p <.05.
†Not significant.
‡p <.01.
CHD, coronary heart disease.

Table 23–2 Relation of Hypertension to Atherosclerotic Cardiovascular Outcomes: 36-Year Follow-up in the Framingham Study

Ages 35-64 Years Ages 65-94 Years

Cardiovascular Biennial Age-Adjusted Age-Adjusted Biennial Age-Adjuusted Age-Adjusted 
Sequelae Rate/1000 Risk Ratio Rate/1000 Risk Ratio

Men Women Men Women Men Women Men Women

Coronary Disease 45 21 2.0* 2.2* 73 44 1.6* 1.9*

Stroke 12 6 3.8* 2.6* 36 39 1.9† 2.3*

Peripheral Artery Disease 10 7 2.0* 3.7* 17 10 1.6‡ 2.0*

Heart Failure 14 6 4.0* 3.0* 33 24 1.9* 1.9*

From Kannel WB. Hypertension in the elderly. Cardiol Elderly 1:359-363, 1993.
*p <.001.
†p <.01.
‡p <.05.



of coronary mortality.13 Only in persons with elevated SBP
and those who already had an MI was an upturn in coronary
mortality seen at DBPs below 75 mm Hg. The reason for this
excess of mortality at low DBPs is at present unclear, but it is
likely that it is confined to those with an increased pulse
pressure.

It has been suggested that increased coronary mortality at
low DBPs is a reflection of ill health, poor left ventricular
function, or overtreatment.14-16 Overtreatment does not
appear to be a likely explanation, because the J-curve BP rela-
tionship has been observed in both treated and untreated per-
sons who have sustained an MI in the Framingham Study and
elsewhere.13,17 Because low DBP appears to be associated with
a poor outcome in patients with overt CHD and not in those
free of such disease, it is possible that the presence of a low
pressure, whether induced by treatment or not, is potentially
lethal in the presence of a severely compromised coronary cir-
culation. Although the Framingham Study took into account
the fall in pressure that may result from an extensive MI and
excluded persons with heart failure, it remains possible that
the low DBP following MI is a manifestation of the extent of
myocardial damage sustained.

Reinfarction and Death
A wide range of clinical, demographic, and biochemical risk
factors have been investigated for prognostic value following
an MI, but only a few studies have assessed the outlook
beyond 5 years, as the Framingham Study has done.
Assessment of the influence of BP on the outlook following
MI is complicated because the BP can fall as a result of the
infarction, so its association with the prognosis may depend
on when the BP was measured with respect to the time of

occurrence of the infarction.13,14 Hypertension appears to
confer a poor prognosis after an MI only when the BP is
assessed after it has stabilized from the drop in pressure that
often occurs postinfarction.15,16 Patients whose BPs fall as a
result of an MI have a worse outlook than those whose pres-
sures remain stable.13,14,17 Framingham Study data indicate
that after excluding those who had a significant (i.e., 10 mm
Hg) fall in BP immediately post-MI, there is a distinct rela-
tionship of the post-MI BP to mortality (Figure 23–2).

In the Framingham Study, where BPs were measured about
1 year after surviving the MI, and patients were followed for
reinfarction or coronary death up to 30 years, both SBP and
DBP were found to be important risk factors.18 Mean SBP
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Table 23–3 Clinical Manifestations of Coronary Heart Disease by Hypertensive Status: 40-Year Follow-up in the
Framingham Study*

Ages 35-64 Years Ages 65-94 Years 
Annual Age-Adjusted Rate/1000 Annual Age-Adjusted Rate/1000

HBP Absent HBP Present HBP Absent HBP Present

Clinical Manifestation Men Women Men Women Men Women Men Women

Myocardial infarction 4.8 0.9 9.3 2.9 11.7 3.8 20.8 8.8
Angina pectoris 4.6 2.2 9.4 5.9 6.7 4.1 9.4 7.8
Sudden death 0.74 0.20 1.95 0.55 2.6 1.1 4.8 1.8

*HBP = 140/90 mm Hg or taking medication.
HBP, high blood pressure.

Table 23–4 Percent of Myocardial Infarctions Unrecognized by Hypertensive Status

Excluding Diabetics* Excluding Anti-HBP Rx* Excluding LVH*

Hypertensive Status Men Women Men Women Men Women

Normal 18.5 30.7 17.8 26.6 19.6 29.0
Mild 28.3 36.1 30.2 35.5 30.1 35.3
Definite 33.2 48.1 34.8 48.5 32.7 50.5

*Also excludes persons with coronary heart disease at examination immediately preceding MI.
HBP, high blood pressure; Rx, medication; LVH, left ventricular hypertrophy.
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and DBP were higher in persons who experienced a reinfarc-
tion or coronary fatality. Each 25–mm Hg increase in SBP con-
ferred a 53% increase in propensity to reinfarction and a 42%
increased likelihood of coronary mortality adjusted for age
and other risk factors for CHD.18 This strong association of
postinfarction SBP with reinfarction and coronary mortality
is in agreement with the findings of others.19,20

COMPONENTS OF BLOOD PRESSURE

For most of the past century arterial hypertension was regard-
ed as an arteriolar disease leading to increased resistance and
hence increased mean arterial pressure (MAP). Because MAP
is closer to the DBP than SBP, elevation of the diastolic com-
ponent of the BP was considered the hallmark of arterial
hypertension.21 DBP was considered a clinical measure of
arteriolar tone and SBP, a measure of cardiac strength.

The increase in BP with age was regarded as a natural phe-
nomenon. Although challenged by Framingham Study inves-
tigators in relation to risk of both stroke and heart attack
many decades before,22 the idea that the increase in SBP with
age is innocuous persisted until the Systolic Hypertension in
the Elderly Program (SHEP) trial.23

Clinical decisions and trials concerned with the efficacy of
treating hypertension emphasized the diastolic component of
the BP for too long because high DBPs were believed to be
more pathologic than SBP elevations. However, epidemiolog-
ic data from the Framingham Study22,24 and elsewhere9 do not
suggest that the DBP has a greater impact than the SBP on the
occurrence of CVD in general or CHD in particular. SBP has
a significantly greater impact than DBP on the rate of devel-
opment of cardiovascular sequelae of hypertension, including
CHD.9,22

Current staging of hypertension is based on the levels of
both SBP and DBP. Franklin et al. have examined whether the

pulse pressure adds useful information for estimating the risk
of initial coronary events in the population-based
Framingham Study25 (see Chapter 22). They found that when
SBPs and DBPs were jointly entered into multivariable analysis,
CHD risk was positively associated with SBP and inversely for
DBP. Cross-classification examination of CHD risk by SBP
and DBP confirmed this result (Table 23–5). These findings
suggested that the pulse pressure is an important determinant
of the BP-related risk of CHD. For any level of SBP, persons
with higher pulse pressure (i.e., lower DBP) had a substantial
increase in risk (Figure 23–3). Risk of CHD increased in a
continuous graded fashion with the pulse pressure at all levels
of SBP.

These results support the prior Framingham Study data
indicating that in persons whose DBPs had not exceeded 90
mm Hg, the risk of cardiovascular events increased steeply
with the SBP (and hence pulse pressure) at all ages in both
sexes.24 In the Framingham Study, the age-adjusted incidence
of CHD was substantially greater for isolated systolic than
isolated diastolic hypertension in both sexes. Age-specific
analysis of Framingham Study data indicates that this conclu-
sion may need to be modified because of an observed variable
impact of the BP components according to age. An examina-
tion of the relative importance of systolic, diastolic, and pulse
pressure as CHD predictors in different age groups suggests
that there is a gradual shift with advancing age from diastolic
to systolic and finally to pulse pressure as dominant predictors
of CHD. In younger (<50 years) persons, DBP and to a lesser
extent SBP, predict CHD, whereas in older individuals SBP and
pulse pressure are superior predictors of the risk.26

RISK FACTOR CLUSTERING

A tendency for hypertension to cluster with other major coro-
nary risk factors has long been noted in the Framingham
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Table 23–5 Risk of Coronary Heart Disease According to
Systolic and Diastolic Blood Pressure: 20-Year Follow-up in
the Framingham Study of Persons Ages 50-79 Years

Relative Risks

Diastolic Blood
Systolic Blood Pressure

Pressure <120 120-139 140-159 ≥160

≥90 — 1.7 2.3† 2.8‡

80-89 1.4 1.9* 1.9* 4.0‡

70-79 1.1 2.1† 3.4‡ 6.8‡

<70 1.0 2.4* 4.2† —

From Franklin SS, Khan BS, Wong ND, et al. Is pulse pressure
useful in predicting coronary heart disease? Circulation
100:354-360, 1999.
*p <.05.
†p <.0.
‡p <.001.
Adjusted for age, sex, body mass index, cigarette smoking,
glucose tolerance, and total:high-density lipoprotein cholesterol
ratio.

Figure 23–3 Joint influences of systolic and pulse pressure
on risk of coronary heart disease. (From Franklin SS, Khan
SA, Wong ND, et al. Is pulse pressure useful in predicting
coronary heart disease? The Framingham heart study.
Circulation 100:354-360, 1999.)



Study and elsewhere, and many of the risk factors with which
it tends to cluster also predict the occurrence of the hyperten-
sion.1,27 It has become increasingly apparent that the magni-
tude of the risk of CHD associated with any degree of BP ele-
vation is markedly influenced by the associated burden of
other risk factors (Figure 23–4).27 Only 20% to 24% of the ele-
vated (upper quintile) BP (>138 mm Hg in men and >130
mm Hg in women) that occurred in the Framingham Study
was accompanied by other risk factors (upper quintiles of
total cholesterol, body mass index [BMI], triglycerides, glucose,

or lower-quintile high-density lipoprotein [HDL] cholesterol).
Clusters of two or more of these additional risk factors
occurred in 49% of men and 54% of women, a rate greatly
exceeding that expected by chance. The bulk of CHD events—
63% in men and 78% in women—occurred in those hyper-
tensives with two or more additional risk factors (Table 23–6).

The tendency for elevated BP to cluster with other risk fac-
tors suggests that hypertension may be a reflection of some
more fundamental process that accelerates atherogenesis28

(see Chapter 13). Abdominal obesity promotes insulin resist-
ance and abnormal sympathoadrenal activity and has been
postulated as an underlying mechanism.29 Abnormalities of
lipoprotein metabolism, insulin resistance, and glucose toler-
ance are commonly encountered in persons with essential
hypertension and their close relatives.30 These abnormalities
do not cluster with secondary hypertension. Hyperinsulinemia,
signifying insulin resistance, is found in both obese and
nonobese persons with hypertension and may persist despite
antihypertensive therapy.28 However, insulin resistance and
hyperinsulinemia are more severe and more closely associated
with hypertension in obese than nonobese persons. Also,
weight gain worsens all the elements of the insulin resistance
syndrome and weight loss improves them. In the Framingham
Study the extent of risk factor clustering increased stepwise
with the degree of obesity: A 5-pound increase in weight
imposed a 30% increase in the extent of risk factor clustering
with hypertension. Persons with elevated BP characteristically
have elevated triglycerides and reduced HDL cholesterol. Such
persons also tend to have atherogenic small-dense low-density
lipoprotein particles.31 It is uncertain what percentage of
hypertensive persons have the insulin resistance syndrome; it
has been estimated that about half may have it.

In the Framingham Study, BP-related risk of developing
CHD increased stepwise with the extent of risk factor cluster-
ing (see Table 23–6). Among persons with elevated BP it is
estimated that about 40% of coronary events in men and 68%
in women are attributable to clusters of two or more addi-
tional risk factors.

242 Target Organ Damage/Cardiovascular Events

42

36

30

24

18

12

6

0
+

–

–

–

–

–

10
-Y

ea
r 

%
 p

ro
b.

 o
f e

ve
nt

Syst. BP 150–160

Chol. 240–262

HDL Chol.  33–35

Diabetes

Cigarettes

ECG LVH

+

+

–

–

–

–

+

+

+

–

–

–

+

+

+

+

–

–

+

+

+

+

+

–

+

+

+

+

+

+

Av. risk

4
6

10

14

21

40

TTable 23–6 16-Year CHD Incidence by Number of Other Risk Factors: Framingham Heart
Study Offspring with Elevated Blood Pressure (Persons Ages 30-65 Years at Baseline)

Number of Population-
Other Risk Relative Risk Number of CHD Attributable Risk 
Factors (95% CI) Prevalence Events (%) (Multivariate)

Men
0 1.0 (referent) 22% 10 (14%) —
1 1.33 (0.57, 3.06) 29% 17 (24%) 0.09
≥2 2.28 (1.09, 4.78) 49% 45 (63%) 0.39
Total 72 (100%)
Women
0 1.0 (referent) 18% 2 (5%) —
1 2.05 (0.41, 10.18) 28% 7 (18%) 0.23
≥2 4.93 (1.14, 21.27) 54% 31 (78%) 0.68
Total 40 (100%)

High blood pressure defined as SPB ≥138 mm Hg (men) and ≥130 mm Hg (women). Other risk
factors included the top quintiles of other factors (total cholesterol, BMI, triglycerides, glucose)
and bottom quintile for HDL cholesterol.
CI, confidence interval; CHD, coronary heart disease; BMI, body mass index; SBP, systolic
blood pressure; HDL, high-density lipoprotein.

Figure 23–4 Probability of a coronary event in mild
hypertension by intensity of associated risk factors. Men aged
45 years. (From Kannel WB, Wilson PWF. Hypertension as
a cardiovascular risk factor. In CJ Bulpitt, (ed). Handbook of
Hypertension, Vol. 20: Epidemiology of Hypertension.
Amsterdam, Elsevier Science BV, 2000; pp 19-42.



Whatever the cause of the risk factor clustering in persons
with elevated BP, it is clear that it should be anticipated and
routinely screened for. Also, when three or more of the speci-
fied risk factors—increased waist girth, elevated triglycerides,
reduced HDL cholesterol, elevated blood sugar, and BP—are
found, it seems reasonable to suspect the presence of the
insulin resistance or metabolic syndrome.1

GLOBAL RISK ASSESSMENT

Because of the tendency of risk factors to cluster with hyper-
tension and the variable risk depending on the amount of
clustering that accompanies the hypertension, it is advisable to
undertake a global coronary risk assessment in all hyperten-
sive patients. To facilitate this, CHD risk factor prediction
charts were developed based on Framingham Study multi-
variate risk formulations (Table 23–7). Using this scoring sys-
tem it is possible to conveniently estimate the global CHD risk
of hypertensive patients, taking the associated burden of other
risk factors into account. To an extent, designation by the JNC
7 guidelines of the metabolic syndrome as one of the “special
situations” to consider in evaluation and treatment of hyper-
tension invokes multivariable risk assessment. However, most
of the ingredients of the syndrome are components of the
Framingham Study risk profile; the value of detecting persons
with the syndrome has greater implications for the choices of
therapy than risk assessment.

Renin
Hypertension is heterogeneous in its pathophysiology and clin-
ical sequelae. Much research has been directed at determining
and understanding the pathophysiology of the factors that
increase the risk of CHD in hypertension. In this connection,
the role of the renin-angiotensin system (RAS) has been the
focus of attention for some time.32 An activated RAS has been
postulated to be another risk factor for CHD in hypertension.33

In addition to causing vasoconstriction and sodium retention,
angiotensin II increases vascular smooth muscle cell growth
and promotes neointima formation after vascular injury.32

Experimentally, angiotensin-converting enzyme (ACE) inhi-
bitors reduce myocardial ischemia, decrease atherosclerosis,
prevent restenosis after arterial injury, and prevent ventricular
dilation.32 However, it is not yet clear whether high renin plays
a causal role in the risk of an MI in hypertension or is only a
marker for an activated sympathetic or neurohormonal state.32

High renin with respect to the level of sodium excretion has
been reported in a case-control comparison and a prospective
epidemiologic investigation to be another predictor of MI in
patients with hypertension.33,34 A retrospective study similar to
the earlier retrospective study that claimed to show a relation-
ship of renin to heart attacks and strokes failed to confirm this
claim.34,35 It is possible that hypertensive patients with high
renin profiles could benefit more than those with low renin
from treatment with β-blockers or ACE inhibitors to prevent
CHD, but this remains to be demonstrated.

Left Ventricular Hypertrophy
LVH, whether manifested by ECG, chest radiograph, or echo-
cardiogram, is an ominous feature of hypertension. ECG

LVH, particularly when accompanied by repolarization
abnormality, is a harbinger of impending clinical CHD in
the hypertensive patient. It further escalates the risk of all
the major sequelae of elevated BP; most commonly CHD
(Table 23–8). Framingham Study participants with higher
baseline voltages and more severe repolarization abnormali-
ties had higher BPs, and serial changes in these ECG parame-
ters were accompanied by corresponding changes in BP.
The risk of CVD increases over a threefold range in relation to
the size of the R-wave on the ECG and, compared with nor-
mal, severe repolarization abnormality increases the risk
almost sixfold for men and 2.5-fold for women.36 Framingham
Study participants observed to have a decrease in voltage over
time had only one half the risk of cardiovascular events of
those with no change.36 Because ECG LVH carries as serious
a prognosis as an MI detected by routine ECG examination,
it is appropriate to regard hypertensive persons with this
condition as seriously as if they have diagnosed CHD.8

LVH on radiograph is not as ominous as the ECG version,
but adds to risk when it accompanies ECG hypertrophy.8

Echocardiography is a more sensitive and more easily quan-
tifiable detector of hypertensive LVH, and hypertrophy detect-
ed by echocardiogram has also been shown to be associated
with an increased risk of developing CHD.37 Risk of coronary
events is related to the left ventricular mass observed in
hypertensive persons in a continuous graded fashion, with
no critical value that separates compensatory from pathologic
hypertrophy (Figure 23–5).37

Heart Rate
Hypertensive persons tend to have higher heart rates than
normotensive people, and persons with more rapid heart rates
tend to develop hypertension at a greater rate.38,39 Hypertension
with a rapid heart rate is also more dangerous. The Framingham
Study observed an independent effect of the heart rate that
accompanies hypertension on the rate of subsequent mortali-
ty from CHD (Table 23–9). The observed effect was stronger
for the occurrence of fatal than nonfatal coronary events, and
particularly for acutely fatal attacks, consistent with a direct
effect of heart rate, mediated through the autonomic nervous
system. Apparently as hypertension exacts its toll on the
myocardium, the heart rate must increase to compensate for a
decreased stroke output.39

The Elderly
The impact of hypertension on the development of CHD is
perceived to weaken in advanced age.11,40 In the very old, it
has been claimed that hypertension may actually protect
against mortality.40 This has resulted in a reluctance to treat
hypertension aggressively in the aged.11 The risk ratio for
clinical CHD in hypertensive participants in the Fram-
ingham Study decreases slightly with advance in age, but this
is offset by a distinctly higher absolute, excess, and attribut-
able risk, owing to the high incidence of CHD in the elderly,
the high prevalence of hypertension in this age group, and
the significant risk ratio in older persons (Table 23–10).
Because there is a disproportionate rise in SBP compared
with DBP with advancing age, isolated systolic hypertension
(ISH) is the predominant type of hypertension in the elderly.
ISH is clearly a risk factor for the development of CHD in
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the elderly, possibly more so than in the middle aged (Figure
23–6). The high SBP and pulse pressure in the hypertensive
elderly appears to be a direct cause of the excess CHD rather
than only a sign of a diseased rigid artery, because the sys-
tolic hypertension persists as a risk factor when the associat-
ed arterial rigidity is taken into account.41 The chief deter-
minant of ISH in the elderly appears to be an elevated BP in
middle age.42

Whether predominantly systolic, diastolic, or combined,
hypertension is a hazard for CHD in the elderly. However, SBP
elevation is a more reliable predictor of CHD in the elderly
than the DBP, and reliance on the DBP to assess risk can be
misleading in the aged with systolic hypertension.6 Although
their absolute risk of developing clinical CHD is lower than in
men, the relative risks are higher in women than men for all
clinical events other than sudden death.
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Table 23–8 Risk of Coronary Heart Disease by Hypertensive and ECG LVH Status: 32-Year
Follow-up in the Framingham Study

Biennial Age-Adjusted Rate/1000

Ages 35-64 Years* Ages 65-94 Years*

ECG LVH ECG LVH

Voltage + Voltage +
Hypertension* None Voltage Repolarization None Voltage Repolarization

Men

Absent 22 35 54 43 75 117

Present 44 35 110 69 111 168

Women

Absent 9 19 — 23 83 90

Present 19 17 85 41 53 136

*Hypertension includes all receiving treatment.
ECG, electrocardiogram; LVH, left ventricular hypertrophy.
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FFigure 23–5 Four-year incidence of cardiovascular events
according to left ventricular mass. Men ages 65-90 years.
(Framingham Study.)

Table 23–9 Risk of Fatal and Nonfatal Coronary Events per
40 BPM. Increase in Heart Rate: Hypertensive Individuals.
30-Year Follow-up in the Framingham Study.

Odds Ratio for 40 BPM 
Increment (BP Age-Adjusted)

Coronary Event Men Women

All fatal CHD events 1.80* 1.59†

Fatal within 30 days 2.37‡ 2.46§

Nonfatal within 30 days 1.14† 0.82†

All fatal and nonfatal 1.33§ 0.98†

*p <.01.
†NS.
‡p <.05.
§p <.001.
BPM, beats per minute; BP, blood pressure; CHD, coronary
heart disease.

Table 23–10 Risk of Coronary Heart Disease Associated with Hypertension by Age in Each Sex: 40-
Year Follow-up in the Framingham Study

Age-Adjusted Rate/1000 Age-Adjusted Risk Ratio Excess Rate/1000

Age (years) Men Women Men Women Men Women

35-64 1.95 0.55 2.6 2.8 1.20 0.35
65-94 4.75 0.80 1.9 1.7 2.20 0.75



Hypertension in the elderly is likely to be accompanied by
overt CHD. In the Framingham Study, 24% of hypertensive
elderly men also had angina or an MI. In elderly hypertensive
women, 21% had these manifestations of CHD (Table 23–11).
Stroke, heart failure, and peripheral artery disease are also
commonly present. Some 31% of men and 27% of women in
this age group will have one or more of these cardiovascular
conditions. These greatly increase the hazard of the hyperten-
sion and must be taken into account in treatment decisions.

PREVENTIVE IMPLICATIONS

In the 1950s there was limited knowledge about the long-term
outlook of what was called “essential hypertension,” and the
condition was considered benign. Physicians were unim-
pressed with the hazards of such hypertension and, even if
they were concerned, could do little about it. Over the past
four decades we have come to recognize that idiopathic hyper-
tension is an insidious and long-term promoter of accelerated
atherogenesis and lethal cardiovascular events. Also, during
this period effective, tolerable, and safe antihypertensive med-
ications were produced that made it possible to control ele-
vated BP and determine the effects of BP control on CVD out-
comes.

BPs obtained routinely in the office predict the rate of
development of CVD in general and CHD in particular.

Although there is some evidence that home BPs and 24-hour
monitoring of BP may be useful refinements (see Chapters 27
and 28), risk assessment and treatment can be based on the
average of several office BPs. Treatment should not be initiat-
ed on the basis a single casual office BP elevation, nor should
the efficacy of treatment be judged from less than the average
of multiple BP measurements. The lowest of a series of BPs
should not be used to determine either the need for, or effica-
cy of, antihypertensive therapy.

In evaluating the hazard of hypertension and the need to
treat it, more attention needs to be given to the SBP. For too
long there has been an overemphasis on the diastolic compo-
nent of the BP. Risk of CHD has been consistently shown to be
more strongly related to the SBP than the DBP. ISH is not an
innocuous accompaniment of advanced age. Treatment based
on the SBP in patients with ISH has been shown to be at least
as effective as that based on the DBP in preventing cardiovas-
cular morbidity and mortality.23,43

Coexistent risk factors that cluster with hypertension exert
a greater influence on the cardiovascular and coronary haz-
ards of hypertension than the character of the BP elevation.
Hypertension seldom occurs in isolation of other major risk
factors to which it is metabolically linked. This makes it
mandatory to test for the other risk factors and to conceptu-
alize hypertension as a component of a cardiovascular risk
profile. This avoids the possibility of either overreacting to
an isolated moderate BP elevation or being falsely reassured
by a return of BP to high-normal levels. Accompanied by
multiple abnormalities of other risk factors, a seemingly
innocuous degree of hypertension can be dangerous. When
hypertension is accompanied by elevated triglycerides,
reduced HDL cholesterol, and abdominal obesity, insulin
resistance is likely and treatment should be modified accord-
ingly. Prevention of CHD is more likely to be effective if in
addition to lowering the BP, a more favorable coronary risk
profile is achieved. Not uncommonly, elderly hypertensive
patients when first encountered may already have overt angi-
na, an MI, peripheral artery disease, or cardiac failure. These
associated conditions must be taken into account in judging
the urgency for treatment and in choosing the optimal ther-
apeutic agents.
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Table 23–11 Percent Prevalence of Associated Cardiovascular
Conditions in Hypertensive Elderly: Framingham Study
(1970-1982), Persons Aged 65-94 Years

Associated Cardiovascular 
Conditions Men Women

Angina 12 16
Myocardial infarction 12 5
Cardiac failure 3 5
Stroke 10 5
Peripheral artery disease 9 6
Any cardiovascular disease 31 27



Antihypertensive therapy has been shown to regress LVH in
hypertensive patients.44 Although it is not yet established by
controlled trials whether this regression consistently reduces
the formidable increase in CVD risk imposed by LVH,
Framingham Study data indicate that when improvement in
the ECG evidence of hypertrophy is observed, there is a sub-
stantially lower risk of cardiovascular sequelae compared with
those in whom there is no change or progression (Table
23–12).36 Thus, therapy that eliminates or slows progression
of LVH may improve the outlook of the hypertensive patient
with this dangerous condition. When LVH accompanies
hypertension, there should be a greater urgency for aggressive
antihypertensive therapy.

Because heart rate appears to directly influence the coro-
nary mortality rate associated with hypertension, antihy-
pertensive medications that lower the heart rate may have
an advantage over those that accelerate it. In an analysis of
β-blocker trials, a strong relationship between the reduction
in heart rate achieved and the reduction in mortality was
found.45 Analysis of the Norwegian Multicenter Timolol Trial
found that the postinfarction resting heart rate predicts later
cardiac mortality and that the benefit of treatment was a
result of the achieved reduction in heart rate.46 Treatment
with β-blockers has been reported to reduce silent ischemic
events in relation to the reduction in heart rate achieved.46

Because hypertension predisposes to the occurrence of
silent or unrecognized MI, hypertensive persons should be
periodically monitored by ECG for such an occurrence. These
unrecognized MIs must be detected and dealt with aggressive-
ly because they impose a long-term outlook that is little dif-
ferent from that of overtly manifest MIs.47

The greatest burden of hypertension-related CHD occurs
in the elderly, in whom ISH predominates. In contrast to ear-
lier reports, meta-analysis of the efficacy of antihypertensive
therapy in the elderly indicates a significant 25% decrease in
coronary mortality.48,49 Practitioners caring for elderly ambu-
latory hypertensive patients should attempt to control elevat-
ed BP of any variety. Reduction of SBP in the elderly with ISH
resulted in substantial decreases in coronary events.39,46 In the

very oldest and most ill and frail, further trials are needed
before well-founded recommendations can be made (see
Chapter 55).

The elderly with a favorable risk profile and only mild hyper-
tension can be managed with weight control, a moderate exer-
cise program, salt and alcohol restriction, and advice against
smoking. These measures help reduce the dosage of antihyper-
tensive medication required to control hypertension and also
help to control other often-associated risk factors. Poly-
pharmacy may be a significant problem in managing hyperten-
sion in the elderly, who often take nonsteroidal antiinflamma-
tory drugs for arthritis. There is much to be gained in treating
hypertension in the elderly because their risk of disabling car-
diovascular events is so high. However, despite convincing evi-
dence of the benefit of treating ISH, the third National Health
and Nutrition Examination Survey found that only about half
of hypertensive patients receive therapy and only 27% of those
under treatment are adequately controlled.1

ISH is the least likely form of hypertension to be treated,
and even when treated, it is seldom controlled. Examination of
the rates of control to goal SBPs and DBPs in the Framingham
Study indicates that among those receiving antihypertensive
therapy, only 49.0% are controlled to the systolic goal of <140
mm Hg compared with 89.7% to the diastolic goal of <90 mm
Hg, and only 47.8% to both goals.49 Older age, LVH, and high-
er BMI are associated with poor SBP control. Because ACE
inhibitors both lower BP and improve arterial distensibility,
they seem a logical choice for treating ISH. However, diuretics
and calcium antagonists have been shown to reduce coronary
events in ISH.39,46

Prevention of CHD requires more than reduction of the BP.
Excess risk is concentrated in those who have other risk factors
or evidence of target organ involvement, such as proteinuria,
cardiomegaly, vascular bruits, or ECG abnormalities. Optimal
preventive management should include reduced saturated fat,
cholesterol, and salt intake; increased physical activity; smok-
ing cessation; and avoidance of excessive alcohol intake.
Inducing the hypertensive cigarette smoker to quit can
promptly reduce the risk of CHD to half that of those who
continue to smoke, a risk reduction greater than that expect-
ed from reduction in the BP per se.

The benefits of treating hypertension, particularly for ISH
in the elderly, are now better appreciated.23,43 Low-dose com-
bination therapy using antihypertensive agents with different
modes of action can substantially reduce the BP, virtually
eliminate unpleasant side effects, and maintain a good quality
of life in those under treatment.

SUMMARY

Over the past two decades the percentage of hypertensive per-
sons who have become aware of their problem and have come
under treatment has improved substantially. Concomitant
with these improvements, major declines in coronary and
stroke mortality have occurred. Because of the large population-
attributable risk for hypertension as a risk factor for CHD and
stroke, it is inferred that the improved detection and control
of hypertension in the general population contributed sub-
stantially to these declines.

Epidemiologic investigation has shown the importance of
elevated BP as a contributor to cardiovascular morbidity and
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Table 23–12 Risk of Cardiovascular Events as a Function of
Serial ECG Changes in Persons with Left Ventricular
Hypertrophy: Framingham Study

Odds Ratio

Men Women

Voltage Change
Decrease 0.46 0.56*

No change 1.00 1.00
Increase 1.86 1.61
Repolarization Change
Improved 0.45 1.19*

No change 1.00 1.00
Worsened 1.89 2.02

From Levy D, Salomon M, D’Agostino RB, et al. Prognostic impli-
cations of baseline electrocardiographic features and their serial
changes in subjects with left ventricular hypertrophy. Circulation
90(4):1786-1793, 1994.
*Not significant.



mortality in general and CHD in particular. It has demon-
strated that BP exerts a continuous graded influence, so the
concept of an acceptable BP has changed from that which is
usual in an apparently healthy population to that which con-
fers the greatest freedom from its cardiovascular sequelae.
Risk of developing the cardiovascular consequences of hyper-
tension increases linearly over a sixfold range with each incre-
ment of BP, even within the range of pressures usually consid-
ered high-normal. The bulk of cardiovascular events, including
coronary events, occur in persons with stage 1 and stage 2
hypertension. Three times as many cardiovascular events are
attributable to this less severe hypertension than stage 3
hypertension. The odds of developing CVD in stages 1 and 2
hypertension is double that of persons with normal BPs.

Epidemiologic investigation has also shown that the adverse
consequences of hypertension are more closely related to ele-
vation of SBP than DBP. It is now evident that hypertension
seldom occurs in isolation and that high-risk hypertension is
concentrated in those with a cluster of other metabolically
linked risk factors. Hypertension is often one component of
an insulin resistance syndrome.

Epidemiologic investigation has established the importance
of hypertension as a risk factor for CHD in the elderly and
clinical trials have shown the efficacy of treating both systolic
and diastolic hypertension at all ages. The ominous signifi-
cance of LVH is now well documented and the potential ben-
efit of causing it to regress shown.

Physicians now have a good deal more information to guide
them in their efforts to delay or prevent the sequelae of hyper-
tension than was available only a decade ago. However, this
increase in information has made clinical decisions and ther-
apeutic choices in managing hypertension more complex.
Evaluation and management of hypertension is no longer
based solely on determining the height of the BP, and lower-
ing it to a more acceptable level. New classification schemes
place more emphasis on SBP, lesser BP elevations, and the
presence of other associated risk factors.1 The number of
available antihypertensive agents, with different modes of
action, suitable for monotherapy and combined therapy, has
grown. There is controversy about first-choice agents and
whether therapy should necessarily be tailored to take into
account the associated dyslipidemia, glucose intolerance,
LVH, and insulin resistance commonly present.

The goal of antihypertensive therapy is to prevent cardio-
vascular morbidity and mortality rather than simply to bring
the BP under control. BP control must be achieved in the
least intrusive way, and use of low dose combinations of
agents is preferred over resorting to high doses of single
drugs to achieve goal BPs. Trials have clearly shown that
treatment reduces stroke and heart failure events, but some
question the efficacy of antihypertensive treatment, without
concomitantly improving the multivariate risk profile in
reducing CHD. There is some interest in cautious step-down
therapy for patients whose BPs have been well controlled
over time.

Maintaining long-term compliance with treatment remains
a problem. There is continuing concern about the safety of
drastic lowering of the BP in hypertensive persons with con-
comitant CHD. For those with stage 1 hypertension, optimal
treatment requires improvement in the patient’s global risk by
serious attention to the often-associated cluster of atherogenic
risk factors. Only in this way can we target mildly hypertensive

persons for cost-effective treatment without needlessly alarm-
ing or falsely reassuring them.

Despite potent antihypertensive therapies and clinical trial
evidence that treatment reduces cardiovascular and renal
sequelae, more than one fourth of the 50 million hypertensive
persons in the United States remain unaware that they have
the condition, and three fourths of those known to have it are
poorly controlled.1 Most cases of uncontrolled hypertension
are in persons with elevated SBP.50,51 This is regrettable
because it is in these persons that antihypertensive therapy has
been shown to be most effective in reducing the incidence of
MI, overall mortality, stroke, and heart failure.23,43 Poor con-
trol of hypertension is attributable to adverse effects of drugs,
medication costs, patients’ knowledge and beliefs, and physi-
cians’ knowledge and attitudes.52 Approximately one half of
patients prescribed medication discontinue it by the end of 1
year (see Chapter 37). Physicians are often reluctant to treat
systolic hypertension for fear of doing harm by lowering the
DBP too much. The validity of the J-curve phenomenon and
fear of impairing cognitive function by excessive reduction in
BP are not supported by clinical trial data.53 Dementia inci-
dence in the Syst-Eur trial was actually 50% lower in the treat-
ed than in the control group.53 Intensified efforts to modify
BP and its often-associated risk factors must become a nation-
al priority if we are to continue to decrease death and disabil-
ity from CHD.
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Hypertensive heart disease is a result of a complex interaction
of genetic and hemodynamic factors inducing structural and
functional adaptations that lead to increased left ventricular
(LV) mass, diastolic dysfunction, congestive heart failure
(CHF), arrhythmias, and abnormalities of blood flow due to
microvascular disease. These changes increase the risk of
coronary heart disease, CHF, stroke, and sudden death.
Echocardiographically determined left ventricular hypertro-
phy (LVH) is defined as LV mass in the upper 2.5% to 5% of
the adult population. It occurs in 15% to 20% of hypertensive
patients.1 Considered as a discrete, categorical variable, LVH
significantly increases the risk of coronary artery disease,
CHF, cerebrovascular accidents, ventricular arrhythmia, and
sudden death.2-4 LVH increases the relative risk of mortality
by twofold in persons with coronary artery disease and by
fourfold in those with normal epicardial coronary arteries.5,6

In addition, when LV mass is considered as a continuous vari-
able, a direct and progressive relationship exists between car-
diovascular risk and absolute LV mass3 (Figure 24–1). This
chapter covers the following areas:

● Causes of LVH and CHF
● Myocardial and structural alterations in LVH
● Identification and treatment of LVH in clinical practice
● LV mass regression—does the choice of antihypertensive

matter?
● Diastolic dysfunction and CHF: mechanisms and treat-

ments
● Coronary microcirculation in patients with hypertension

CAUSES OF LEFT VENTRICULAR
HYPERTROPHY AND CONGESTIVE
HEART FAILURE IN PATIENTS WITH
HYPERTENSION

Genetic Factors in the Development 
of Left Ventricular Hypertrophy 
and Congestive Heart Failure
It is estimated that up to 60% of the variance of LV mass may
be due to genetic factors independent of blood pressure (BP).7

Epidemiologic evidence for genetic influence on LV mass
includes offspring studies that generally, but not uniformly,
demonstrate that LV mass in children of hypertensive parents
is elevated independently of BP and other known determi-
nants of LVH.8,9 In the Framingham Heart Study, there are
significant parent-child and sibling correlations of LV mass
after adjustments for age, height, weight, and systolic blood

pressure (SBP). However, the overall contribution of heredity
to LV mass is small.9,10 Furthermore, one twin study, in which
monozygotic twins had only minimally less intertwine varia-
tion in wall thickness than dizygotic twins or sibling pairs,
indicates that genetic influences on LV mass can be modified
by environmental factors.11

Additional evidence for a genetic influence on LV mass is
that race appears to be a determinant of ventricular structure.
Studies over the past three decades suggest that for equal lev-
els of BP, Blacks have increased relative wall thickness and LV
mass compared with whites. In the Evans County, Georgia
Study, conducted between 1960 and 1962, electrocardiograph-
ic evidence of LVH was twofold to threefold higher in Blacks
at any given level of BP.12 In the early 1980s, Dunn et al., using 
M-mode echocardiography, showed that for the same level of
BP, Blacks had greater LV mass.13 Hammond et al. showed that
for the same BP and LV mass, relative wall thickness (concen-
tric remodeling) was greater in Blacks.14 Similarly, in the
Treatment of Mild Hypertension Study (TOMHS), even
though BP and LV mass were the same, Blacks had greater
wall thickness than whites.15 Similarly, a study from London
showed that for equal levels of previously untreated BP, Blacks
had greater LV mass and relative wall thickness than whites.16

Hinderliter et al. showed that even in the absence of hyper-
tension, young adult Blacks tend to have greater relative wall
thickness than whites, suggesting that differences in ventricu-
lar structure may be independent of hemodynamic factors.17

The increase in LV mass and relative wall thickness observed
in Blacks may in part be due to a greater total hemodyna-
mic burden as compared with whites, due to a more blun-
ted fall in nocturnal BP.18 This altered BP pattern begins in
adolescence.

One of the first and most studied genetic factors in the
development of LVH in hypertensive humans is an insertion/
deletion polymorphism of a 287 base-pair marker in intron 16
(noncoding region) of the gene for the angiotensin-converting
enzyme (ACE). It is estimated from population studies that the
ACE gene contributes 3% to 4% to the variation of BP in the
general population. The homozygous genotype for the dele-
tion (DD) is associated with electrocardiographic evidence of
LVH.19 The association was strongest in men who were nor-
motensive, supporting the concept that this association is
independent of hemodynamic factors. However, the
Framingham study did not find a relation between echocar-
diographically measured LV mass and ACE genotype.19,20 An
Italian study showed that the DD genotype was a risk factor
for increased echocardiographically determined LV mass.21

Furthermore, a study in an ethnically diverse New York City
population found that the DD genotype was associated with
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concentric remodeling of the LV, a geometric pattern associat-
ed with increased cardiovascular risk.22

In addition to the ACE gene, there is strong evidence that
other genes affecting the renin-angiotensin system are
influential in the development of LVH. A polymorphism
(344C/T) in the promoter region of the aldosterone synthase
gene on chromosome 8, resulting in increased intracardiac
aldosterone production (independent of adrenal synthesis)
has been associated with increased LV mass in individuals
with mild to moderate hypertension.23,24 The angiotensinogen
gene (on chromosome 1) also contributes to the development
of LVH in hypertensive individuals. In the Hypertension
Genetic Epidemiology Network (HyperGEN) study, two poly-
morphisms of the angiotensinogen gene have been associated
with LVH. The M235T polymorphism on exon 2 of the
angiotensinogen gene appears to be a marker for a functional
variant, the G-6A polymorphism, which is tightly linked to
the marker (6 base pairs away) and affects the transcriptional
rate of the gene.25 Additional studies applying the principles
of physiologic genomics are assessing the effect of the ACE
and angiotensinogen genes on hypertensive heart disease. This
is accomplished by altering expression levels via transgen-
ics, knockouts, and gene targeting in animal models.26

In spontaneously hypertensive rats (SHR), antisense targeted
to angiotensinogen mRNA delivered by an adeno-associated
virus produced sustained reduction in BP and reduction in
LVH.27 This suggests a potential future gene therapy approach
for the treatment of hypertension and regression of LVH.

In addition to the renin-angiotensin system, other studies are
focusing on genes with different physiologic mechanisms that

could contribute to hypertensive heart disease. For example,
Nakayama et al. identified an insertion/deletion mutation in the
human type A natriuretic peptide receptor gene (hNPRA) on
chromosome 1 that appears to result in LVH in a population of
Japanese hypertensive subjects.28 Another gene under study is
the G-protein β3-subunit gene (CNB3) on chromosome 12 that
encodes the β3 subunit of G proteins. A single base substitution
(C → T) at position 825 of the gene results in a change in the
splicing of exon 9, resulting in the loss of 41 amino acids in the
resulting altered, but functioning, protein. Enhanced G-protein
activation has been demonstrated and is thought to be the cause
of the phenotypic observation of enhanced Na+,H+ exchanger
activity, which has been associated with hypertension and LVH.
Poch et al. showed increased LV mass by echocardiography in
Spanish individuals with the 825T allele.29 However, this was not
confirmed in other population studies.30 Table 24–1 summarizes
the genes that appear to contribute to LVH.

In addition to genes that contribute to the development of
LVH, studies have also identified genes that affect LV contrac-
tility in individuals with hypertensive heart disease. One study
implicates a gene on the short arm of chromosome 11. This
gene is likely involved in the production of myosin-binding
protein C (MyBP-C), a protein with several important struc-
tural and regulatory functions in the contractility of
myocytes.31 It may play a particularly important role in LV
contractility in Blacks. Another gene on chromosome 22 may
play a less important though significant role in regulating LV
contractility. This gene may regulate the production of
β-adrenergic receptor kinase (βARK), which with elevated
expression, attenuates β-adrenergic signaling and contributes
to contractile dysfunction.32,33

Hemodynamic Factors and Left
Ventricular Hypertrophy
The effect of BP, as well as virtually every factor known to
influence BP, has been investigated for its independent effect
on LV mass (Table 24–2). There is very strong evidence for a
causal relationship between BP and absolute LV mass. This
was first reported 70 years ago34 and led to the view that
myocardial hypertrophy is an adaptive cardiac response that
reduces wall stress and allows the ventricle to maintain
mechanical efficiency.35,36 In the Framingham Heart Study,
10% of the variation in LV mass among persons was account-
ed for by differences in SBP averaged over 30 years.37

Similarly, average BP obtained during awake hours in hyper-
tensive subjects accounts for 10% to 25% of LV mass varia-
tion,38-40 whereas a blunted nocturnal fall in BP is associated
with increased LV mass.41 Ambulatory BP monitoring
(ABPM) correlates more closely than clinic BP with LV mass
and carotid artery intimal-medial thickness, and may more
accurately predict the risk for cardiovascular disease than clin-
ic BP measurements39,42-46 (see Chapters 27 and 28).

In hypertensive persons, approximately 40% (r = 0.66,
p <.001) of the variance in LV mass is accounted for by total
LV load or peak meridional wall stress.47 In normotensive per-
sons, enhanced augmentation of SBP by reflected waves, a
process associated with aging of the arterial tree, elevates wall
stress and is associated with increased LV mass.48 Other hemo-
dynamic factors associated with increased mass are volume,
which obviously directly increases LV mass, and intrinsic con-
tractility of the ventricle. An intrinsically hypercontractile
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ventricle requires less wall thickening to overcome wall stress.
Thus, an inverse relation exists between degree of LV mass and
intrinsic myocardial contractility.47

The sequence of events that leads from increased wall stress
to cellular hypertrophy is only beginning to be elucidated.49

Because failure to hypertrophy in response to increased wall
stress would result in a mechanical disadvantage and decreased
LV function, it is likely that there are redundant systems that
translate wall stress into cardiac myocyte hypertrophy.
Increased wall stress may activate a stretch receptor, which,
through a series of cellular and subcellular events, activates
fetal cardiac and growth genes, such as c-myc and c-jun, to up-
regulate myocardial cell protein synthesis. Shear stress has been
shown to activate these growth genes in endothelial cells by
stimulating the production of several mitogen-activated pro-
tein kinases (Figure 24–2).50 The molecular mechanisms that
couple hypertrophic signals at the cell membrane to the repro-
gramming of cardiomyocyte gene expression are beginning to
be elucidated. Intracellular calcium release may be an early
response to myocyte stretch and other humoral stimuli,
including angiotensin II (Ang II), phenylephrine, and endothe-
lin. The increase in intracellular calcium results in activation of
the phosphatase calcineurin, which then dephosphorylates
transcription factor NF-AT3, resulting in its translocation to
the nucleus. In the nucleus, AT3 interacts with another tran-
scription factor, GATA4, to initiate transcription of genes that
lead to myocyte hypertrophy,51 such as β-myosin heavy chain
and β-skeletal actin (Figure 24–3). In the hypertrophic
response, other genes, such as those for atrial natriuretic pep-
tide and phospholamban, are also up-regulated.52

Calcineurin appears to be both necessary and sufficient to
induce hypertrophy. Pharmacologic inhibition of calcineurin
activity with cyclosporine blocks development of hypertrophy
in several circumstances: (1) mice prone to LVH because they
are genetically engineered to produce high levels of cal-
cineurin,51 (2) mice genetically predisposed to develop hyper-
trophic cardiomyopathy,53 and (3) rats whose aorta was band-
ed to produce a pressure stimulus for hypertrophy.53 Although
cyclosporine is not clinically useful in the nontransplant pop-
ulation, it is likely that new classes of calcineurin inhibitors

Table 24–1 Genes Implicated in the Development of Left Ventricular Hypertrophy in Essential Hypertension

Gene Location Physiologic role

ACE gene19,22,374 Insertion/deletion polymorphism of 287 Production of angiotensin II
base pair marker in intron 16 on
chromosome 17

X-linked angiotensin II type 2 Intronic polymorphism (-1332 G/A) on Oppose the effects of AT1 receptor
receptor gene375 the X-chromosome

Angiotensinogen gene376 G-6A polymorphism in exon 2 on Production of angiotensinogen
chromosome 1

Aldosterone synthase gene24 –344C/T polymorphism in the promoter Production of intracardiac aldosterone
region of the aldosterone synthase gene 
on chromosome 8

G-protein β3-subunit gene29,377 Single base substitution at position 825 Enhanced Na+,H+ exchange due to
of exon 9 on the short arm of enhanced G-protein activation
chromosome 12

Type A human natriuretic peptide Deletion mutation of the 5’ flanking Elevated BNP due to decrease in natriuretic 
receptor gene28 region on chromosome 1 peptide receptors

ACE, angiotensin-converting enzyme; AT1, angiotension II type1; BNP, brain natriuretic peptide.

Table 24–2 Association Between Left Ventricular Mass,
Hemodynamic Factors, and Nonhemodynamic Factors

Strength of Evidence Supporting
Factor a Causal Role in LV Mass

Blood pressure/ Very strong34,37-41,47,378

wall stress
Stroke volume Very strong47,379

Obesity Very strong62,70,71,73,74

Growth hormone Strong89,90

and IGF-1
Gender Strong65,69,380,381

Race Strong12,15-17,382

Age Strong (women only?)60-64

Intracellular [Ca2+] Strong51,75

Insulin resistance Strong70,92,93

Angiotensin II Strong80,383

Alcohol Needs confirmation384

Intrinsic myocardial Needs confirmation47

contractility
Blood viscosity Needs confirmation385

Parathyroid hormone Needs confirmation78

Aldosterone (collagen Needs confirmation82,383,386

synthesis)
Sodium intake Needs confirmation387

Na+,H+ exchanger Needs confirmation388

and Na+,K+,Cl-

cotransport system
Polymorphism of the Controversial19,21

ACE gene
Plasma renin activity Controversial77-79

Norepinephrine Controversial11,77,85,86,88

Na+,Li+ exchanger Controversial388,389

bARK Controversial32,33

ACE, angiotensin-converting enzyme; βARK, β-adrenergic recep-
tor kinase; IGF-1, insulin-like growth factor-1; LV, left ventricular.
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(e.g., tacrolimus [FK506]) that regulate transcription will
become available to modulate responses such as hypertrophy.54

It is likely that the ACE inhibitors and angiotensin receptor
blockers (ARBs) also attenuate the development of cardiac
hypertrophy by preventing angiotensin from up-regulating the
production of factors that stimulate fetal-type genes, particu-
larly calcineurin. Nonantihypertensive doses of the ARB can-
desartan suppress calcineurin production and subsequent LVH
and fibrosis in salt-sensitive hypertensive Dahl (DS) rats.54

Two large community-based studies indicate that hyperten-
sion is the most common risk factor for CHF, both with and
without systolic dysfunction.55,56 In the Framingham study,
after adjusting for age and other risk factors in proportional
hazards regression models, the risk for developing CHF due to
systolic dysfunction (CHF-S) in hypertensive compared with
normotensive persons was nearly twofold in men and three-
fold in women. Hypertension was the highest risk factor for
CHF-S by multivariate analysis, accounting for 39% of cases
in men and 59% in women.55 Another population-based
study of CHF in Olmsted County, Minnesota showed similar
findings. Of 216 persons studied, 52% presented with hyper-
tension. Of these patients, 137 underwent evaluation of LV
systolic function. Hypertension was the underlying risk factor
in 53% of persons with LV ejection fraction (LVEF) <50% and
was present in 58% of those with LVEF ≥50%. Of note, long-
term survival was not significantly different between persons
with normal or low LVEF.56 The prognosis for hypertensive
patients with newly diagnosed CHF-S was poor in both stud-
ies (≤35% survival by 5 years).

BP control effectively prevents the development of CHF. In
the Systolic Hypertension in the Elderly Program (SHEP)

study, patients with isolated systolic hypertension (ISH) and a
prior history of myocardial infarction (MI) (by electrocardio-
gram [ECG]) who were treated with diuretic-based therapy
with BP lowering to <150 mm Hg systolic had only a 2% to
3% chance of developing CHF over a 4-year period. By con-
trast, those patients treated with placebo had an 8% to 10%
chance of developing CHF.57 Meta-analysis of randomized
placebo-controlled antihypertensive therapy trials demon-
strated that adequate BP control decreases the incidence of
CHF by half.58

Nonhemodynamic Factors and Left
Ventricular Hypertrophy
LV mass is not significantly different in boys and girls during
infancy and childhood, but a difference becomes evident at
puberty, when sex-specific hormonal influences occur.59 With
aging, LV mass increases in both genders, but this effect may
be more pronounced in women than men.60-64 Women have
less LV mass for the same level of office-determined BP,65 but
whether this difference is biologic or an artifact of the method
of BP measurement or indexation of LV mass is controversial.
For similar levels of clinic BP, women often have lower ambu-
latory BPs than men. This results in less hypertrophy in
women for the same level of clinic pressure.66-68 Additionally,
some of the gender difference is accounted for by less lean
muscle mass in women than in men.69 When LV mass is
indexed by the lean body mass (obtained by bioelectrical
impedance), the gender difference in LV mass disappears.

Determinants of LV mass may also differ between men and
women. In the Tecumseh study of normotensive adults, LVH

FFigure 24–2 The sequential events of signaling and gene expression in endothelial cells in response to shear stress or
mechanical strain. Tyrosine kinases in the focal adhesion site of endothelial cells such as FAK and c-SRC are involved in the
mechanochemical transduction. Through the Src homology 2–containing adaptor Grbe, the small GTPase Ras is activated by
Sos, a guanine nucleotide exchange factor that converts the inactive GDP-Ras to the activated GTP-Ras. As a result, JNK and
ERK in the cytoplasm are activated to phosphorylate, respectively c-Jun and p62TCF/c-Fos, which are components of the
transcription factor AP-1. In the nucleus, the action of the activated AP-1 on its target sequence (e.g., the TRE site in the
promoter of the MCP-1 gene) causes an up-regulation of gene expression. Concurrently, NFκB/Rel is activated by eliminating
its inhibitor IκB so that genes with a shear stress–responsive element or κB site (e.g., PDGF-B can be activated). (Reproduced
with permission from Chien S, Li S, Shyy YJ. Effects of mechanical forces on signal transduction and gene expression in
endothelial cells. Hypertension 31:162-169, 1998.)



in men was associated with evidence of increased sympathetic
nervous system activity and hyperinsulinemia, whereas in
women, obesity was the major determinant of LVH.70 In a
study by De Simone et al., obesity was the predominant factor
determining LV mass in women, whereas in men, hemody-
namic factors, age, and degree of obesity all contributed.71 The
association of obesity with LVH may account for the increased
risk of morbidity and mortality associated with LVH in Black
women. In one study of 163 Black men and 273 Black women,
after adjusting for age, BP, and ejection fraction, the relative
risk for total mortality in individuals with LVH versus those
without LVH was 2.0 (0.8-5.0, 95% confidence interval [CI])
for men and 4.3 (1.6-11.7, 95% CI) for women.72

In the Framingham study, obesity was associated with
increased LV mass in elderly men and women.62 The greater
incidence of LVH in obese persons is accounted for by increased
wall thickness and often by increased LV internal dimen-
sion.71,73,74 These changes are reversible with weight loss.74

Several hormones have been related to the hypertrophic
process.49,75,76 The role of the renin-angiotensin-aldosterone
axis in hypertensive target organ pathophysiology has been
extensively explored (see Chapters 8, 9, 10, and 72). Experi-
mental and human studies77,78 have linked plasma renin activ-
ity to degree of LVH, but this is not universally accepted.79 The
product of renin activity, angiotensin I (Ang I), is the substrate
for ACE. Expression and regulation of the ACE gene and thus

Ang II levels, may modulate development of LVH. This is sup-
ported by in vitro studies in which local release of Ang II in
response to the mechanical stretch is a necessary permissive
factor for induction of the hypertrophic growth response.80

Although there is ample evidence that Ang II is involved in the
hypertrophic response, it is apparently not necessary. This was
shown in a study in which LVH developed in mice in response
to pressure overload despite homologous deletion of the Ang
II type 1 (AT1) receptor.81 Aldosterone, the synthesis of which
is partially controlled by Ang II levels, appears to regulate car-
diac fibroblast metabolism and growth.82 These observations
may explain why elevated plasma renin levels confer a greater
risk for MI in patients with hypertension.83

Several lines of evidence suggest that norepinephrine may
influence LV mass. Regression of LVH in SHR is enhanced by
drugs that inhibit adrenergic stimuli.77 Elevated plasma norepi-
nephrine levels in the absence of hypertension cause LVH in
dogs84 and significant increases in LV mass are induced by sev-
eral weeks of diet-induced elevated endogenous catecholamine
levels in normotensive offspring of hypertensive parents.85

These observations may be explained by the stimulatory effect
of norepinephrine on the renin-angiotensin-aldosterone axis,
and by evidence in cell culture that, through α1 receptors, nor-
epinephrine can activate growth promoting oncogenes.86

However, the importance of adrenergic stimuli in development
of LVH has been questioned.79 Cardiac and vascular structural
changes, seen in renovascular hypertension and hyperaldos-
teronism, are not observed in patients with essential hyperten-
sion or pheochromocytoma.87 Furthermore, only a minority of
patients with pheochromocytoma have LVH despite extraordi-
narily high levels of norepinephrine.88

Hormones and growth factors that regulate general growth
may also be involved in myocardial hypertrophy. For example,
marked increases in LV mass may occur in persons with
acromegaly as a result of elevated growth hormone and insulin-
like growth factor 1 (IGF-1).89 IGF-1 levels are higher in hyper-
tensive patients with LVH.90 In utero, insulin is a trophic factor
that causes macrosomia.91 Insulin levels and the degree of
insulin resistance may independently modulate LV mass in nor-
motensive and borderline hypertensive subjects.70,92,93 This
may be because insulin resistance leads to increased levels of
intracellular calcium, possibly as a result of decreased Na+,K+-
ATPase activity.94 Elevated intracellular calcium, which appears
to be caused by calcineurin, may be an important stimulus for
myocardial actin and myosin synthesis.75 This ionic hypothe-
sis95 may also explain the association between parathyroid hor-
mone levels and LV mass in hypertensive persons.78

MYOCARDIAL COMPOSITION IN LEFT
VENTRICULAR HYPERTENSION 
AND CORONARY HEART FAILURE

Increases in myocyte and interstitial mass that occur as the
heart hypertrophies adversely alter ventricular and vascular
performance, creating a substrate for increased cardiovascular
morbidity and mortality. The heart is composed of several dif-
ferent cell types and an extracellular matrix. Myocytes consti-
tute approximately 75% of the heart mass (Figure 24–4); the
remaining 25% is cardiac interstitium that is composed of
the coronary vasculature, fibroblasts, macrophages, and mast
cells. In hypertensive heart disease, myocytes hypertrophy and
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possible pathways that have not been demonstrated.
(reproduced with permission from Molkentin JD, Lu JR, Antos
CL, et al. A calcineurin-dependent transcriptional pathway
for cardiac hypertrophy. Cell 93:215-228, 1998.)



interstitial components undergo hyperplasia, hypertrophy, and
remodeling.34,82 Excess collagen production by fibroblasts
increases total interstitial and periarteriolar fibrosis. This
reduces ventricular compliance. Echocardiographically derived
parameters (pixel intensity, skewness, kurtosis, and the broad
band of echoes about the distribution) have been shown to cor-
relate with histologically assessed collagen volume in patients
with hypertension and LVH.96 Vascular smooth muscle cells
undergo hyperplasia and hypertrophy, resulting in medial
hypertrophy, coronary artery wall remodeling, and increased
coronary wall:lumen ratio.97 These structural changes decrease
vasodilator capacity.

Although the precise structural changes that lead to decom-
pensated systolic and diastolic function from compensated
LVH are not currently known, myocardial fibrosis likely plays
an important role. As part of the hypertrophic response, car-
diac fibroblasts undergo a phenotypic change, assuming a
myofibroblast configuration. Stimulated myofibroblasts prolif-
erate and increase production of extracellular matrix proteins,
including fibronectin, laminin, and collagen I and III. This
results in progressive fibrosis. Many of these processes are con-
trolled by integrins, which are cell surface receptors that medi-
ate the cell’s ability to interact with its environment.52

Progressive fibrosis of the heart is a major component of the
remodeling process in hypertensive heart disease and leads to
LV systolic dysfunction (CHF-S) through impaired myocyte
contractility, oxygenation, and metabolism. Several studies,
including a study of hypertensive patients that showed that AT1
receptor blockade with losartan results in decreased plasma
levels of growth factors including endothelin-1, basic fibroblast
growth factor, and platelet-derived growth factor, suggest that
this process may be reversed.98 This may help explain the pos-

itive survival impact of ACE inhibitors and may suggest posi-
tive benefits of ARBs in patients with CHF-S.99,100

Myocyte hypertrophy may decrease the efficiency of
excitation-contraction coupling, leading to decreased effi-
ciency of contraction and development of CHF.101 Normally,
depolarization triggers influx of calcium through dihydropy-
ridine receptors (L-type Ca2+ channels), leading to local cyto-
plasmic increases in Ca2+ concentration. This local increase
“sparks” the release of Ca2+ from the sarcoplasmic reticulum
(SR) through activation of ryanodine receptors (RyRs). The
efflux of Ca2+ from the SR causes myocyte contraction by acti-
vating the troponin-actin-myosin complex. Physical alter-
ation of the hypertrophied myocyte in LVH increases the dis-
tance between the voltage-dependent Ca2+ channels and the
RyRs on the SR, resulting in failure of the local Ca2+ to trigger
sarcoplasmic Ca2+ release.

MEASUREMENT OF LEFT VENTRICULAR
HYPERTROPHY AND USE IN CLINICAL
TRIALS AND PRACTICE

M-Mode Echocardiography
M-mode echocardiography is the most widely used, anatomical-
ly validated method for determining LV mass.102 Most laborato-
ries acquire M-mode tracings with two-dimensional (2D)
directed imaging.103 To obtain a technically adequate study, the
patient is imaged in the parasternal short-axis view from the
highest possible interspace. This increases the likelihood of
achieving an image plane orthogonal to the LV anatomic long
axis, yielding a “round” LV image in the parasternal view. The
M-mode cursor is then directed through the center of the 2D
parasternal short axis, just distal to the mitral valve leaflets, and
the M-mode gains are adjusted to optimize endocardial and epi-
cardial interfaces. To measure walls and prevent inclusion of
right- and left-sided chordal echoes in the septal and posterior
wall, several guidelines are helpful. The M-mode tracing should
be recorded with simultaneous viewing of the 2D image, meas-
uring interfaces that show continuous motion throughout the
cardiac cycle and discarding tracings that show abrupt posterior
motion of the septum in midsystole. The latter finding reflects
an incorrect angle beam from a low parasternal window. In
research studies, interfaces are usually measured using the Penn
convention, which excludes endocardial and epicardial surfaces
in measurement of wall thickness and includes endocardial sur-
faces in the LV dimension measurement.102 Measurements are
made in diastole on the R wave of the QRS complex. LV mass is
calculated according to the following formula:*

1.04[(ivs + pwd + lvid)3 − lvid3] − 13.6

Comparable LV mass values can be obtained with measure-
ments made according to the American Society of Echocar-
diography (ASE) convention using the following formula104:

0.8 (ASE mass) + 0.6 g

ASE measurements are made at the onset of the QRS and are
based on the leading-edge method.105 It is important to note
that many large multicenter epidemiologic studies are now
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Figure 24–4 Schematic representation of the cellular
composition of the myocardium. The heart is composed of
several different cell types and an extracellular matrix.
Monocytes constitute approximately 75% of the heart mass.
The remaining 25% is the cardiac interstitium, which is
composed of the coronary vasculature, fibroblasts,
macrophages, and mast cells. (Reproduced with permission
from Weber KT, Brilla CG. Pathological hypertrophy and
cardiac interstitium. Fibrosis and renin-angiotensin-
aldosterone system. Circulation 83:1849-1865, 1991.)

*ivs, interventricular septum; pwd, posterior wall dimensions; lvid, left
ventricular internal dimension (diastole).
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measuring wall thickness from still-frame 2D images when
the M-mode is inadequate. This is in recognition of the fact
that many clinical echocardiographic laboratories where these
studies are performed are not sufficiently expert at obtaining
research-quality M-mode images.

No uniform method is available for indexing LV mass meas-
urements by body size or composition. The method of index-
ing may be irrelevant; a study comparing different methods of
indexing LV mass suggested that prediction of mortality is sim-
ilar for various indices, including those based on height or
body surface area.106 Most published studies index mass by
body surface area, expressed as g/m2.69 De Simone et al. sug-
gested that indexing LV mass by height to the 2.7 power avoids
underestimation of LVH in obese subjects.107 Until late 1994,
most publications from the Framingham Heart Study indexed
LV mass by the person’s height in meters,1 but Framingham
now recommends indexing mass by the person’s height to the
second power.108 Partition values for LVH based on different
indexing methods are listed in Table 24–3.

Despite careful attention to the technical points noted
previously, several studies indicate considerable variability
in an individual measurement of LV mass.109,110 In TOMHS,
the width of the 95% confidence interval for a single repli-
cate measurement of LV mass was 60 g, or approximately
35 g/m2.111

This raises the issue of whether 2D-directed M-mode
echocardiography should be used to guide decisions about
initiation or intensity of antihypertensive therapy in the
patient with borderline or stage 1 hypertension. Most of the
data on reduction of cardiovascular events have been
derived from trials that focused on treatment of a single risk
factor. If the only risk for cardiovascular disease is diastolic
BP >110 mm Hg, then more than 100 patients must be
treated with antihypertensive therapy to prevent one event
in 5 years.112,113 However, patients present to the physician
with varying degrees of risk based on absence or presence
of multiple risk factors. Because of this variability, the con-
cept is emerging that deciding whether to treat, or deter-
mining intensity of treatment, should be based on the
aggregate of risk factors, that is, “absolute” risk112,114 (see
Chapter 21). LVH is a major risk factor for future cardio-
vascular events, but it is unclear how to integrate infor-
mation from echocardiography into a treatment algorithm
when the echocardiographic measurement has such great
intrinsic variability.

A statistically based resolution of the problem of inherent
variability in the measurement of LV mass is needed. We
derived an estimate of the probability that LVH is present for
any given value of LV mass (Figure 24–5). This calculation is
based on the Z-statistic, using methodology similar to that
employed to determine the probability that hypertension is
present for any given level of ambulatory BP.115 If the cutoff
for LVH is 125 g/m2 (95th percentile for LV mass), then a per-
son with an LV mass index ≥110 g/m2 has least a 20% chance
of having LVH. Because of the prognostic implications of
LVH, we propose that intensive treatment for LV mass reduc-
tion begin when there is at least a 20% probability that LVH is
present. Similarly, if LV mass is <110 g/m2, the risk of a car-
diovascular event in a patient with stage 1 hypertension is low;
therefore, initiation or intensity of treatment would be deter-
mined by presence or absence of other risk factors.

Role of 2D Echocardiography, 
Magnetic Resonance Imaging, Computed
Tomography, and 3D Imaging
Two-dimensional measurements of LV mass using Simpson’s
rule and the area-length method have been have been stan-
dardized and may be reproducible.116,117 However, acceptance
of these measurements is limited by several factors. These
include lack of anatomic validation of the technique, which
may be a result of incorrect assumptions about ventricular
geometry in unusually shaped ventricles, and technical diffi-
culties in obtaining endocardial and epicardial interfaces,
especially of the lateral wall.104

Newer techniques focus on more accurate visualization of
the LV. Many of these are less dependent on calculations based
on geometric assumptions about the shape of the ventricle.118

Magnetic resonance imaging (MRI), for example, may give
highly reliable and anatomically validated LV mass measure-
ments.119-121 Transverse slices are obtained and the endocardial
and epicardial contours are determined. Computer summa-
tion of all the pixels in the circumscribed muscle area of each
slice may then be determined. The multiple of slice thickness
and number of slices, and the specific gravity of 1.06 g/ml, is
then calculated to obtain LV mass. There are no assumptions
regarding the shape of the ventricle in this method.

A similar technique may be used in ultrafast computed
tomography (CT) images.122 Although significantly more
costly than echocardiography, MRI may be an effective tool

Table 24–3 Partition Value for Defining Left Ventricular Hypertrophy (LVH) Based on Various Indexing Methods

LVM/Height2.7 (g/m2.7)108 LVM/BSA (g/m2)2,69 LVM/Height (g/m)108,390 LVM/Height2 (g/m2)108

95th percentile
Men 52 125 138 78
Women 41 100 95 58

97th percentile
Men 134
Women 110
Mean + 2 SD
Men 143
Women 102

LVM, left ventricular mass, Penn convention; BSA, body surface area; SD, standard deviation.
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for monitoring changes in LV mass for an individual patient
or for groups of patients in a research protocol.118,121 Less
expensive and technically less demanding methods of assess-
ing LV mass have used computer-automated algorithms with
technetium-99m-sestamibi single-photon emission CT
myocardial perfusion imaging.123,124 These techniques rely on
determining counts per pixel of myocardium and thus do not
depend on assumptions about the shape of the ventricle.
Early studies are promising; however, this technique is still in
development.125

New techniques in echocardiography are allowing noninva-
sive, accurate assessments of LV mass. Three-dimensional
echocardiography eliminates problems of the geometric
assumptions used in M-mode and 2D echocardiographic
techniques, allowing for more accurate assessment of LV
mass. In vitro correlation of 3D-determined LV mass and
weight of fixed animal hearts is high, and in vivo correlation
with MRI measurement in humans is also very good over a
wide range of weights.126-130 A new generation of intravenous-
ly administered ultrasound contrast agents (microbubbles)
capable of consistent and persistent detection within the LV
cavity and myocardium now allows easier visualization of the
endocardial and epicardial edges, permitting more accurate
measurements for conventional M-mode– and 2D-determined
LV mass. In experimental studies, 3D echocardiography per-
formed with new echocardiographic contrast agents has been
used to display myocardial mass and the mass of infarcted
myocardium.131

LEFT VENTRICULAR MASS REGRESSION

Regression of LV mass with effective BP reduction has been
demonstrated in more than 400 clinical studies, but fewer
than 10% have been double-blind and placebo-controlled.132

Data indicate that LV mass regression improves survival in
hypertensive patients. In one small trial that followed hyper-
tensive patients for more than 10 years, the cumulative inci-
dence of nonfatal cardiovascular events was significantly
higher among patients without regression of LVH as com-
pared with those with significant reduction of LV mass.133

Verdecchia et al. showed decreased risk of cardiac events with
LV mass regression independent of the baseline LV mass,
baseline clinic and ambulatory BP, and the degree of BP

reduction.134 Similar findings were reported in a prospective
study of 172 patients with essential hypertension, in whom
the absence or presence of LVH on follow-up echocardio-
gram was the strongest predictor of subsequent morbid
events.135 Total cardiovascular events were also reduced in
TOMHS, in which there was LV mass regression.136 A mech-
anism that might explain these findings is that midwall frac-
tional shortening, a sensitive measure of intrinsic myocardial
systolic performance, appears to improve with LV mass
regression, as does Doppler assessed stroke volume.137,138

BP reduction with all classes of antihypertensive agents
reduces LV mass, with the possible exception of pure vasodila-
tors such as minoxidil and hydralazine.77 A meta-analysis of
more than 100 studies yielded a moderately strong relation-
ship between BP reduction and LV mass regression.139 This
confirms the hemodynamic contribution to LV mass.

It is not clear, however, whether antihypertensive agents
can regress LV mass independent of their effect on BP. In
animal studies, low-dose ACE inhibitors can reduce LV mass
without lowering BP.140 The Losartan Intervention for
Endpoint Reduction (LIFE) study showed a significant and
progressive decrease in LV mass over a 3-year treatment peri-
od, despite only a small reduction in BP after the first year of
blinded therapy with atenolol or losartan.142,143 However,
one meta-analysis suggested that for equal levels of BP
reduction, β-blockers, ACE inhibitors, and calcium channel
blockers (CCBs) cause the same degree of LVH regression,
whereas diuretics reduce chamber dimension but do not lead
to regression of hypertrophied muscle.132 This conclusion
has been challenged in two randomized trials that suggest
that diuretics are as effective if not more effective than other
drug classes for reducing LV mass. In TOMHS, BP was
reduced by a combination of weight loss plus either placebo
or one of five antihypertensive drug classes (β-blocker,
α-blocker, CCB, ACE inhibitor, or diuretic).136 At 1 and 4
years, all groups showed LV mass regression, confirming that
weight loss in conjunction with BP reduction reduces LV
mass. Surprisingly, only participants receiving chlorthali-
done had greater LV mass regression than those undergoing
weight loss and receiving placebo. Reduced internal dimen-
sion as well as reduced wall thickness accounted for this
finding. The Veterans Administration (VA) Cooperative
Study Group reported similar results: For equal levels of BP
reduction, hydrochlorothiazide had a greater effect on LV

120

100

80

60

40

20

0
95 100 105 110 115 120 125 130 135 140 145 150 155

%
 P

ro
ba

bi
lit

y 
th

at
 p

t. 
ha

s 
LV

H

M-mode

3D echo

LV mass (g/m2)

FFigure 24–5 Estimated probability that an
observed left ventricular (LV) mass index (LV
mass/body surface area) obtained by
either M-mode or three-dimensional (3D)
echocardiography is >125 g/m2. This is
based on a standard deviation for M-mode
17.4 g/m2 and for 3D = 6.8 g/m2

(assumption that body surface area = 1.7).



258 Target Organ Damage/Cardiovascular Events

mass regression than other antihypertensive agents.141 In this
trial of 493 patients who completed 1 year of maintenance
antihypertensive therapy, LV mass was not reduced despite
hemodynamic improvement in patients taking prazosin,
clonidine, or diltiazem, but ACE inhibition was nearly as
beneficial as diuretic-based therapy. In the LIFE trial, LV
mass regression (by Cornell ECG voltage criteria) occurred
with both atenolol and the ARB losartan, but the reduction
was significantly more pronounced with losartan.142

Additional data (not analyzed by drug assignment) from a
subset of patients who underwent serial echocardiograms 
(n = 754) showed significant regression in LV mass after 1
year of treatment (despite small overall reduction in BP) and
continued regression of LV mass by 2 years with sustained
BP reduction.143 (See Chapter 31 for a more complete dis-
cussion of the LIFE trial.)

Although the patient with hypertension and LVH is typi-
cally treated with more than one agent, few studies have eval-
uated the effect of combination therapy on LV mass regres-
sion. However, the 4E-LVH study (Effects of Eplerenone,
Enalapril, and Eplerenone/Enalapril) reported that the combi-
nation of eplerenone (an aldosterone antagonist) with the
ACE inhibitor enalapril was more effective in reducing LV
mass than either treatment alone.144

NEW PHARMACOLOGIC APPROACHES
FOR LEFT VENTRICULAR MASS
REGRESSION

Targeting Structural, Functional, and
Genetic Adaptations That Lead 
to Increased Left Ventricular Mass
The factors that predict why some patients respond to anti-
hypertensive treatment with LV mass regression and others
do not, have not been identified. It is likely that genetically
based differences may account for heterogeneity of response.

“Nonantihypertensive” medications may interfere with the
pathways that lead to cellular (and therefore cardiac) hyper-
trophy. In addition to providing cardiovascular benefit by
their cholesterol-lowering actions, hydroxymethylglutaryl
coenzyme A (HMG-CoA) reductase inhibitors may also
reduce cardiac morbidity and mortality by preventing cardiac
hypertrophy. The activation of fetal cardiac and growth genes
such as c-myc and c-jun to up-regulate myocardial cell pro-
tein synthesis is accomplished by stimulating the production
of several mitogen-activated protein kinases (e.g., the Ras-
Raf1-ERK1 kinase cascade). HMG-CoA reductase inhibitors
disrupt the proper plasma membrane localization of GTP-
binding proteins such as Ras. Thus in animal models of LVH
(aortic-banded Wistar rats), simvastatin has been shown to
limit the development of cardiac hypertrophy by inhibiting
Ras signaling.145 In aortic banded mice, rapamycin attenuat-
ed the development of hypertrophy.146 Rapamycin inhibits
the mammalian target of rapamycin (mTOR), a component
of the phosphoinositide 3-kinase pathway, which is also
thought to be an important determinant of cell size.
Rapamycin also appears to affect the mitogen-activated pro-
tein kinase pathways by inhibiting JNK1.

DIASTOLIC FUNCTION 
IN HYPERTENSION

Clinical Presentation and Etiology
The clinical presentation of diastolic dysfunction in hyperten-
sive heart disease is variable, ranging from asymptomatic
findings on noninvasive testing to overt CHF despite normal
systolic function.147-152 The prevalence of asymptomatic LV
filling abnormalities in adults without hypertrophy and with
ambulatory awake BP >130/85 mm Hg may be as high as
33%.40 Once LVH or ischemia develops, these asymptomatic
abnormalities may cause decreased exercise ejection fraction
and blunt the expected rise in exercise cardiac output.153 An
estimated 30% to 45 % of patients with CHF have normal sys-
tolic function but abnormal diastolic function (CHF-D).152 In
the Olmsted County study, the prognosis for patients with
CHF-D was poor. Survival at 3 months, 1 year, and 5 years was
86%, 76%, and 48%, respectively (Figure 24–6).56 In a cohort
of patients with CHF-D and underlying coronary artery dis-
ease, 7-year cardiovascular mortality approached 50%. Many

Figure 24–6 Survival of patients with ejection fraction of
≥50% (A) and <50% (B) compared with that for age- and
sex-matched population. (Reproduced with permission from
Senni M, Tribouilloy CM, Rodeheffer RJ, et al. Congestive
heart failure in the community: A study of all incident cases
in Olmsted County, Minnesota, in 1991. Circulation
98:2282-2289, 1998.)
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of these patients were also hypertensive.154 Symptoms in
CHF-D are accounted for by prolonged LV relaxation or
decreased compliance, which causes shifts in the diastolic LV
pressure-volume relation that result in elevated left atrial and
LV filling pressures.155

Factors Affecting Diastolic Function
Genetic,156 structural, metabolic, and hemodynamic factors
can affect diastolic function under resting conditions and dur-
ing states of increased demand or ischemia (Figure 24–7).

Genetic Factors

Using E and A Doppler mitral inflow velocities as a phenotype
for diastolic filling, the Hypertension Genetic Epidemiology
Network study performed linkage analyses that identified two
potentially significant genes on chromosome 5 that contribute
to diastolic dysfunction in hypertension.157 One is a calcium-
modulating cyclophilin ligand (CAMLG), an integral mem-
brane protein involved in the regulation of Ca2+ ion signaling.
This protein is expressed in multiple tissues, and may play a
role in Ca2+ transport in myocardial contraction/relaxation.
The other is the α-1B adrenergic receptor (ADRA1B) gene,
which is expressed in myocardium and may indirectly stimu-
late intracellular Ca2+ release and protein kinase C activation.
Other genes likely involved in diastolic dysfunction include
the SR-Ca2+ ATPase pump, which is up-regulated in CHF, and
phospholamban, which is overexpressed in rats with pro-
longed isovolumic relaxation and increased LV end-diastolic
pressure. In addition, abnormal diastolic filling parameters
have been associated with ACE I/D and G-protein β3-subunit
C825T gene polymorphisms.

Structural Factors

Reports in the late 1980s and early 1990s suggested that dias-
tolic abnormalities occur early in the course of hypertension
and precede detectable hypertrophy.40,148,158-160 Later studies
challenged the notion that diastolic abnormalities are the first
sign of hypertensive heart disease; they suggest that diastolic
abnormalities do not precede structural changes, but rather
occur simultaneously. In general, diastolic function is inverse-
ly related to LV mass in patients with hypertension148,149,161-163

and regression of LV mass with CCBs, β-blockers, and ACE
inhibitors is often,164-169 but not always,170 associated with
improved LV diastolic function. In the Hypertension and
Ambulatory Recording Venetia Study (HARVEST), an Italian
study comparing young (age 18-45 years) patients with stage
1 hypertension with matched normotensive controls, the for-
mer had significantly greater LV mass and more concentric
remodeling.171 However, there was no significant difference in
Doppler mitral inflow velocity (E/A) ratio, a marker of dias-
tolic dysfunction. Experimental data suggest that a diastolic
abnormality in the absence of frank hypertrophy indicates
that the heart is beginning to hypertrophy in response to
hemodynamic or nonhemodynamic stimuli. For example,
dogs with aortic banding simultaneously develop abnormali-
ties of LV filling and increased LV mass.172 This early change
appears to be dependent on increased myocyte size rather
than increased fibrosis.173 However, there is also strong evi-
dence that abnormal filling is partially accounted for by inter-
stitial collagen deposition that occurs with LVH and aging,
leading to passive structural changes that result in increased
chamber stiffness.82,174,175

Ischemia

Ischemia has pronounced effects on diastolic function, and
these are exacerbated in even the minimally hypertrophied
heart.176 Several metabolic/biochemical factors, which are not
fully elucidated, help slow inactivation of the actin-myosin
complex and delay relaxation. Baseline adenosine triphosphate
(ATP) levels in the pressure-overload hypertrophied heart are
similar to or slightly lower than those in control hearts.177,178

Although it may be normal in the resting state,179 the rate of sar-
coplasmic uptake of Ca2+, an energy-dependent and ATP-
requiring step, is markedly reduced by hypoxia.180 However,
diastolic dysfunction in the hypertrophied ventricle may not be
fully explained by depletion of high-energy phosphates. In one
study, when the isolated buffer-perfused rat heart was subject-
ed to hypoxia, significantly more ischemia developed in hyper-
trophied hearts than in control hearts at equivalent rates of
coronary flow and with similar rates of ATP depletion.177 This
led the authors to conclude that hypertrophy-induced alter-
ations in Ca2+ handling, such as changes in the calcium tran-
sient that are abnormal even at rest,181 might contribute to
ischemia-induced diastolic dysfunction in LVH. In the intact
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dog, however, under conditions of increased oxygen demand,
there was decreased conversion of phosphocreatinine to ATP in
the hypertrophied heart,178 suggesting that high-energy phos-
phate metabolism is impaired by hypertrophy. Differences in
results between the isolated heart and the intact heart may be
due to failure of the intact heart to deliver adequate blood flow
because of decreased coronary flow reserve.

Hemodynamic Load

Increased hemodynamic load affects diastolic performance. In
isolated hearts, increases in afterload early in systole impair
relaxation.182 Wall stress in untreated hypertensive persons is
inversely related to diastolic function.163 When studied with
ABPM, previously untreated borderline and mild hypertensive
patients demonstrate a linear relation between BP and abnor-
mal LV filling.40,183 The degree to which an acute reduction in
BP per se improves LV diastolic performance is not known,
and studies are difficult to interpret becauce the agents used
can themselves affect performance.184,185

CHF-D may be characterized by a higher pressure/volume
ratio at end-diastole in comparison with normal individuals,
but no difference in the ratio at end of systole. This appears on
the pressure-volume loop curve as a shift upward and to the
left, thus indicating an abnormality of passive diastolic relax-
ation with decreased capacitance (a decrease in filling volume
at any specified filling pressure). Kawaguchi et al.186 invasively
compared LV pressure-volume relationships in patients with
CHF-D versus age-matched and young controls. They showed
an elevation of end-diastolic pressure:volume ratio (EDPVR)
in patients with CHF-D. However, they also showed changes
in systolic-ventricular and arterial stiffening and suggested
that CHF-D may be due to an adverse coupling of diastolic
relaxation abnormality with systolic-ventricular and arterial
stiffness.186 Some investigators have even proposed that CHF-
D is not a disease of abnormal LV relaxation, but is a complex
of different pathophysiologic processes that produce the clin-
ical scenario of CHF-D.187

Systolic Function

Systolic function, as measured by ejection fraction, does not
appear to decrease during episodes of severe hypertension
with pulmonary edema.188 However, systolic and diastolic dys-
function are closely linked. Midwall fractional shortening, a
more sensitive measure of intrinsic myocardial systolic func-
tion than endocardial fractional shortening, is abnormal in a
substantial portion of asymptomatic hypertensive per-
sons.189,190 Schussheim et al. found that depressed midwall
fractional shortening and diastolic dysfunction occur simulta-
neously in asymptomatic hypertensive persons with normal
endocardial fractional shortening.191 Conversely, those with
normal midwall fractional shortening tend to have normal
Doppler indices of mitral inflow. In the Hypertension Genetic
Epidemiology Network Study, impaired LV relaxation, meas-
ured by prolonged isovolumic relaxation time, was associated
with lower midwall fractional shortening, but not with lower
fractional shortening.157 The prognostic implications of these
findings were illustrated in the Cardiovascular Health Study, a
population-based study of 5201 men and women ≥65 years.
Those at highest risk for CHF were those with the highest LV

mass index and lowest stress-corrected midwall fractional
shortening.192

Aging

Aging has profound effects on diastolic function, reflected in
a reduced rate of LV relaxation and increased diastolic stiff-
ness. This effect has been confirmed by various noninvasive
measurements of diastolic function.40,61,193-198 Among normal
persons in the Framingham Heart Study, age was the predom-
inant factor affecting Doppler indices of diastolic function,
with a Pearson correlation coefficient of −0.80 between age
and the E/A ratio.199 Hypertension, including ISH, further
depresses diastolic function in older subjects,159,200,201 but this
finding has been questioned.202

The effect of exercise on age-related changes in diastolic
function is also controversial. A prospectively designed exer-
cise program in men between the ages of 60 and 82 demon-
strated reversal of depressed LV diastolic function with
aging.203 However, a cross-sectional study of younger (52-76
years) male athletes demonstrated similar impairment of dias-
tolic LV filling similar to sedentary peers.204 In contrast, a
study of healthy persons in all age ranges showed that diastolic
function improved with regular modest use of alcohol or reg-
ular aerobic exercise.205

Hormones and Paracrine Factors

Catecholamines are believed to favorably affect diastolic per-
formance by improving systolic performance.206,207 Other
studies suggest that Ang II adversely affects diastolic function
by impairing LV relaxation and stimulating aldosterone-
mediated myocardial fibrosis.82 In an echocardiographic study
of 84 nonhypertensive Finnish men and women age 36 to 37
years, polymorphism in the gene encoding aldosterone syn-
thase (CYP11B2), an enzyme catalyzing critical steps in aldos-
terone synthesis, was linked to diastolic dysfunction and LV
mass. Persons with the −344TT polymorphism in the pro-
moter region of this gene had mean early:late peak velocity
(A/E) ratios and LV mass significantly greater than individu-
als with −344CT and −344CC genotypes.23 In contrast, a later
study of hypertensive persons showed the opposite finding,
with higher LV mass in individuals with the −344CC variant.24

Clinical studies of aldosterone antagonists appear to demon-
strate improvement of echocardiographic parameters of dias-
tolic dysfunction and LV mass independent of the degree of
BP lowering.144,208

Noninvasive Measurement of Diastolic
Function
Diastolic function can be evaluated by several methods. The
rate of isovolumic pressure decay, early and late LV filling, and
pressure-volume relations can be derived from cardiac
catheterization.209-211 Although these measurements are the
most accurate indices of diastolic function, they require an
invasive procedure. Inferences regarding the diastolic proper-
ties of the ventricle can be obtained noninvasively with
radionuclide angiography212 and M-mode213 or Doppler
echocardiography214 and acoustic quantification.215 These
techniques yield information on all phases of diastole, includ-
ing isovolumetric relaxation, early and late LV filling,40,159,216



and temporal differences in regional filling (regional nonuni-
formity).217

Radionuclide angiography was one of the first noninvasive
techniques for assessment of LV filling properties. It is based
on analysis of the LV time-activity curve. The time-activity
curve represents relative volume changes throughout the car-
diac cycle. Several parameters of diastolic function can be
computed from the time-activity curve, including the peak
rate of rapid diastolic filling, time to peak filling rate and the
relative contributions of the rapid filling period and of atrial
systole to total LV stroke volume. In addition, the duration of
the isovolumetric relaxation period may be computed in
approximately 80% of patients. Decreased peak filling rate,
increased time to peak filling rate, and decreased third and
one-half filling fractions are reported.

Hypertensive patients with LVH and impaired diastolic filling
at rest also have decreased exercise-induced augmentation in
end-diastolic volume, leading to reduced stroke volume and
impaired exercise ejection fraction.148 Attention must be given to
technical details of data acquisition and analysis for evaluation
of diastolic events using radionuclide angiography. In particular,
the effects of cycle length variability (in gated studies), temporal
resolution, temporal smoothing, and normalization parameters
must be considered. For diastolic studies, high-count double-
buffered, left anterior oblique 32-frame images are used.

Doppler echocardiographic evaluation of LV inflow is the
most widely used noninvasive measure of diastolic func-
tion.218 The LV diastolic flow velocity profile obtained with
Doppler echocardiography correlates well with radionuclide
angiographic variables in the evaluation of LV diastolic func-
tion.212 However, Doppler echocardiographic assessment is
easy and convenient and does not add much time to data
acquisition. Furthermore, significant prognostic information
may be obtained from Doppler determined mitral inflow. The
Strong Heart Study evaluated the prognostic significance of
abnormal mitral inflow as a measure of diastolic dysfunction
in a population-based sample of middle-aged and elderly
American Indians. In this population, a restrictive pattern of
inflow with mitral E/A ratio >1.5 was associated with a three-
fold increase in cardiac mortality independent of other
covariates.219 A low E/A ratio (i.e., <0.6), indicative of delayed
LV relaxation, was also associated with increased cardiovascu-
lar mortality, but not as an independent variable. A younger
Italian population was evaluated in the Progretto Ipertensione
Umbria Monitoraggio Ambulatoriale (PIUMA) study. They
did not observe a J-shaped pattern as noted in the Strong
Heart Study. There was, however, significantly increased car-
diovascular mortality associated with a low E/A ratio, with a
21 % higher risk of cardiovascular events for each 0.3 decrease
in age-adjusted E/A ratio below the median value for the
group (0.98).220

In the setting of normal ventricular relaxation, immediate-
ly after mitral valve opening LV pressure is significantly lower
than left atrial pressure, and therefore the gradient between
the left atrium and LV is relatively high. This results in a high
peak velocity of early filling (E) and significant emptying of
the blood in the left atrium in early diastole. As a result, the
peak velocity of the late filling wave (A) is low. If LV relax-
ation is prolonged, the LV pressure decline after mitral valve
opening is delayed, so the gradient between the left atrium
and LV in early diastole is reduced, and equilibration of pres-
sure between the two chambers may be delayed. In the setting

of normal LV function, this is reflected on the Doppler
recording as a reduced E and higher A/E ratio and/or a pro-
longed deceleration time of the early filling wave221-223

(Figures 24–8 and 24–9). The enhanced A wave may be a
result of two factors: (1) LV pressure is lower than normal just
before the atrial contraction due to decreased LV filling, and
(2) the delayed atrial emptying causes a rise in atrial pressure.
These two factors lead to a higher gradient between the left
atrium and LV at atrial systole and, hence, an enhanced peak
A wave.

Using Doppler echocardiography, one group studied normal
persons between the ages of 20 and 50 years (mean 35 ± 9
years), with heart rates ≤90 beats/min and no evidence of coro-
nary artery disease. The average value peak A/E ratio was 0.67 ±
0.16; an A/E ratio of 0.99 was 2 standard deviations (SDs) above
this mean value.40 These data have been corroborated by others,
who have shown that an A/E ratio ≥1 in persons younger than
50 years of age is significantly higher than the range for normal
subjects.196 Framingham Heart Study data, however, suggest
that an A/E ratio of 1 may be in the upper range of normal for
a for a 40- to 50-year-old, and is clearly abnormal only in per-
sons younger than age 40 years (Figure 24–10).224 Studies using
Doppler echocardiography show that approximately 20% of
untreated prehypertensive or stage 1 hypertensive persons have
diastolic filling abnormalities in the absence of LVH.40,225 In
addition, there may be a threshold of average awake ambulato-
ry BP, 130/85 mm Hg, below which neither diastolic abnormal-
ities nor LVH is detected (Figure 24–11).40

Pitfalls in Interpretation of Noninvasive
Measurements

Information derived from Doppler echocardiography should
be interpreted in the context of the many dynamic factors that
can affect Doppler variables. These include changes in after-
load, systolic performance, heart rate, and cardiac filling pres-
sures.221,226 For example, the peak velocity of late LV filling
(peak A) is directly related to heart rate.227 Therefore, a phar-
macologic intervention that simultaneously increases heart
rate and the height of the A wave could be incorrectly inter-
preted as adversely affecting diastolic function. Conversely, a
pharmacologic intervention that raises LV end-diastolic pres-
sure could be misinterpreted as beneficial if it simultaneously
lowers the A wave and raises the E wave (i.e., “pseudonormal-
ization” of the Doppler profile). This was demonstrated in a
study in which verapamil was given to patients with coronary
artery disease.228 This intervention resulted in an increased
early filling velocity (E wave) and a shortening of isovolumet-
ric relaxation. Invasive studies, however, showed that these
seemingly beneficial changes were in fact associated with a
prolongation of the time constant of relaxation and an
increase in LV end-diastolic pressure. Thus, increased LV end-
diastolic pressure and left atrial filling pressures—not
improved LV relaxation—caused a pattern of Doppler
“pseudonormalization” characterized by a higher E wave,
lower A wave, and shortened isovolumetric relaxation time.

Emerging Techniques to Measure Diastolic Function

A challenge in noninvasive evaluation of diastolic function is
to devise methods by which LV end-diastolic pressure can be
serially evaluated. One group suggested that plasma atrial
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natriuretic peptide, a measure of LV filling pressures, be used
to interpret changes in noninvasively derived LV filling param-
eters. Plasma atrial natriuretic peptide levels increase when the
atria are stretched as a result of increased filling pressures229-231

and fall as LV end-diastolic pressure decreases. This knowledge
was exploited to interpret a Doppler evaluation of diastolic
function in severely hypertensive persons treated for 1 year
with nifedipine.169 Over the year, the Doppler early filling
(E wave) increased while the A wave decreased. Atrial natri-
uretic peptide levels fell, suggesting that LV end-diastolic pres-
sure had decreased. The investigators concluded that it was
likely that the increased velocity of early filling and decreased
A wave were due to improved LV relaxation.

Several merging Doppler techniques may allow for serial
noninvasive interpretation of LV end-diastolic pressure. Among
these is measurement of pulmonary venous inflow.232-234

During atrial contraction, flow into the pulmonary veins
reverses as the pulmonary veins become a “low-pressure sink”
for the contracting atrium. Increased LV end-diastolic pres-
sures create more “afterload” for the atrium, leading to
increased height and duration of the “reverse flow” wave.
Furthermore, the difference in pulmonary venous and mitral
flow velocity duration during atrial contraction is related to
the increase in LV end-diastolic pressure.233 Therefore, pro-
longed pulmonary venous velocity duration during atrial con-
traction, coupled with a shortened duration of the mitral 
A wave, suggests increasing LV end-diastolic pressure.

Conversely, a shorter pulmonary venous velocity duration cou-
pled with a lengthened transmitral A wave during atrial con-
traction suggests decreasing LV end-diastolic pressure (see
Figure 24–8).

Another promising Doppler technique to assess LV end-
diastolic pressure rests on the observation that diastolic flow is
initially directed toward the ventricular apex (transmitral A
wave) and then wraps around and enters the LV outflow tract
just before ejection.235,236 This “preejection wave,” termed the
Ar wave, can be identified on recordings of the LV outflow
tract. The time from peak of the transmitral A wave to peak of
the Ar wave (A-Ar interval) is inversely related to LV chamber
stiffness and LV end-diastolic pressure235 (i.e., the stiffer the
ventricle or the higher the LV end-diastolic pressure, the
shorter the A-Ar interval).

Color M-mode assessment of LV filling expands on this con-
cept. It is based on the interval from color M-mode peak veloc-
ity at the mitral leaflet tips to peak velocity in the apical region
of the LV. A first wave propagates from the left atrium to the LV
apex, corresponding to early filling, and a second wave follows
atrial contraction. The magnitude of these velocities is highest
above the mitral tips and decreases as flow approaches the apex.
The velocity at which flow propagates within the ventricle (Vp)
is given by the slope of the color wavefront. The time delay of the
first wave of early filling from its appearance at the mitral leaflets
to its appearance in the LV apex (TD) is also measured and is
directly related to the time constant of isovolumetric relaxation.
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In hypertensive patients with abnormal relaxation, and in
patients with restrictive heart disease, there is reduced Vp and
prolonged TD.237 These variables may be independent of heart
rate and LV end-diastolic pressure. Thus, this technique may
become extremely useful in serial assessment of LV relaxation.

Tissue Doppler imaging (TDI) is an ultrasound technique
based on color Doppler imaging principles. It allows quantifi-
cation of intramural myocardial velocities by detection of con-
secutive phase shifts of the ultrasound signal reflected from
contracting myocardium. Large Doppler signals obtained from
the ventricular wall can be selectively displayed as a color or
pulsed Doppler images by eliminating small Doppler signals
produced by the blood flow.238,239 There are significant corre-
lations between early and late myocardial velocities obtained
by TDI and the invasively determined time constant of LV
pressure decay during an isovolumetric diastole (tau).240 This
suggests that TDI variables are load and heart rate independ-
ent reflections of intrinsic diastolic function. As a result, and
because of the availability of TDI on most new commercially
available ultrasound equipment, TDI will probably emerge as
the measure of choice for assessing diastolic function.

Ultrasonic backscatter is an echocardiographic technique in
which quantitative characterization of myocardial texture is
obtained by analysis of ultrasonic reflectivity. The amount of
backscatter produced when ultrasound interacts with compo-
nents of tissue appears to correlate with the degree of myocar-
dial fibrillar collagens type I and type III. An association
between myocardial ultrasonic reflexivity and extent of dias-
tolic dysfunction defined by traditional ultrasound Doppler
methods has been demonstrated.241

Effect of Treatment on CHF-D
Although CHF-D has been recognized for nearly two decades,
treatment of hypertensive patients with symptoms of CHF-D is
guided by relatively few studies. Topol et al., in a landmark study,
analyzed the effect of treatment on morbidity and mortality in
21 elderly hypertensive patients with marked concentric hyper-
trophy, supernormal LV systolic function, and depressed LV
diastolic function. These patients were treated with a variety of
antihypertensive and cardioactive agents because of CHF, angi-
na, stroke, or syncope.151 Of the 12 patients who received
vasodilators (nitrates, hydralazine, prazosin, or captopril), 6 had
a severe hypotensive reaction and 1 died. In contrast, all 9
patients who received β-blockers or calcium antagonists
improved, and 4 had less dyspnea after discontinuation of digox-
in and furosemide. In a study of 144 patients with CHF and
Doppler evidence of restrictive LV diastolic filling as measured
by a shortened deceleration time of early mitral filling, cardiac
mortality was assessed after 2 years of unblinded oral therapy.
Various combinations of digoxin, diuretics, ACE inhibitors,
nitrates, and β-blockers were used. Survival was significantly bet-
ter in patients with prolongation of the deceleration time over
the treatment period compared with patients with no change in
deceleration time.242 The latter group used more digoxin. No
other significant difference in medication use was noted. Thus,
although reversing diastolic dysfunction may relieve symptoms
and prolong survival, the optimal regimen is still not clear.

Systematic studies of various agents on CHF-D are few, and
the paucity of the resulting data have formed the basis for
conflicting recommendations by authorities on the optimal
treatment of CHF-D. This suggests a need for a randomized
controlled trial utilizing drug classes whose efficacy in treat-
ment of CHF-D has not been proved.

ACE Inhibitors and Angiotensin Receptor 
Blockers in the Treatment of CHF-D

Three studies have evaluated the efficacy of ACE inhibitors 
in CHF-D. In one study, 10 persons with hypertension, LVH,
and CHF-D were treated in a nonrandomized, uncontrolled
study with the ACE inhibitor enalapril and a low-sodium
diet.168 After an average of 9 months of treatment, CHF symp-
toms resolved in all subjects, without use of diuretics.
Diastolic function as measured by Doppler echocardiography
did not change after the initial decrease in BP, but improved
significantly (decreased A/E ratio and deceleration time) after
LV mass regression. Another study compared treatment with
an ACE inhibitor to standard therapy without enalapril in 21
elderly patients with CHF-D, prior non–Q-wave MI, and nor-
mal ejection fraction.243 In the enalapril group, BP and LV
mass were significantly reduced with treatment, and this was
accompanied by a significant improvement in New York Heart
Association functional score (decrease from 3.0 to 2.4,
p <.01), increased exercise time on a treadmill, and an
improvement in diastolic function as measured by Doppler
echocardiography. In the third study, 35 patients with hyper-
tension and LVH underwent endocardial biopsy after 
6 months of treatment with lisinopril.244 There was evidence
of significant regression of myocardial fibrosis as evidenced by
collagen volume fraction and myocardial hydroxyproline con-
centration, irrespective of the degree of LVH regression. This
was accompanied by echocardiographic signs of improved LV
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KM, et al. Determinants of Doppler indexes of left ventricular
diastolic function in normal subjects (the Framingham Heart
Study). Am J Cardiol 70:508-515, 1992, with permission
from Excerpta Medica.)
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diastolic function, including increased E/A and decreased iso-
volumic relaxation time.

In the Candesartan in Heart Failure Assessment of Reduction
in Mortality and Morbidity (CHARM)-preserved study, an
ARB was assessed in comparison with placebo in 3023 patients
with history of classes II-IV CHF, but LVEF >40%. This study
showed a significant benefit of the ARB over placebo prevent-
ing further hospitalizations for CHF.245 However, these results
might be explained by a significantly greater reduction in BP in
the candesartan group compared with the placebo group (6.9
mm Hg systolic and 2.9 mm diastolic, p <.0001).

Calcium Channel Blockers in the Treatment 
of CHF-D

Two small, short-term studies have been reported in which
CCBs were the mainstays of therapy for CHF. In a prospective
study of 20 patients (15 of whom had hypertension), vera-
pamil and placebo were compared in a 5-week crossover
design. Compared with baseline, verapamil significantly
improved LV filling, decreased symptoms and improved exer-
cise time,246 whereas placebo had no significant effect.

However, possibly because of a “carryover” effect of vera-
pamil-induced improvement into the placebo phase of the
crossover design, there was no difference between verapamil
and placebo in LV filling. In six severely hypertensive patients
followed for 4 months, of whom four received a concomitant
diuretic, treatment with nifedipine was associated with symp-
tomatic improvement.247

b-Blockers in the Treatment of CHF-D

There is very limited data regarding the role of β-blockers in iso-
lated CHF-D. A study in patients with idiopathic dilated car-
diomyopathy (ejection fraction <25%) evaluated the effect of
metoprolol, up to 50 mg three times daily, on diastolic dysfunc-
tion.248 Diastolic function improved within 3 months of treat-
ment, and the investigators suggested that better diastolic per-
formance might have allowed for the subsequent observed boost
in systolic function. Another study compared atenolol with
nebivolol in hypertensive patients with history of CHF-D. After
6 months of treatment, they found significant improvement in
E/A ratio with all patients, though somewhat more pronounced
with the latter treatment group.249
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in 37 persons (<50 years old) plotted
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were untreated and had no evidence of
coronary disease and were referred for
evaluation borderline hypertension.
Horizontal hatched lines indicate A/E
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which abnormal A/E ratio was detected.
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abnormal A/E ratio (seven, open circles
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DBP >85. (From Phillips RA, Goldman
ME, Ardeljan M, et al. Determinants of
abnormal left ventricular filling in early
hypertension. J Am Coll Cardiol 14:
979-985, 1989, with permission from the
American College of Cardiology
Foundation.)



Diuretics in the Treatment of CHF-D

Although no clinical trial data are available, some investigators
recommend cautious use of diuretics to reduce the congested
state in CHF-D.150,250 Diuretics reduce congestion by lowering
LV preload and reducing right ventricular filling pressure,
thereby relieving pericardial restraint on the LV.251 However,
use of diuretics remains controversial because of the lack of
clinical trial evaluation of this strategy and the concern that
preload may be inappropriately reduced with “overdiuresis.”
In fact, the Fifth Report of the Joint National Committee on
the Detection, Evaluation, and Treatment of Hypertension
(JNC V) considers diuretic therapy in diastolic dysfunction as
“relatively or absolutely contraindicated” in patients with
hypertensive hypertrophic cardiomyopathy with diastolic dys-
function.252 On the other hand, diuretic-based therapy very
effectively prevents development of CHF in patients with
hypertension.

Digoxin and Inotropes in the Treatment of CHF-D

Although digoxin may improve LV filling by decreasing heart
rate, its ability to increase intracellular calcium may increase
LV stiffness.253 In the National Institutes of Health–sponsored
Digitalis Investigation Group trial, with nearly 8000
patients,254 digoxin did not appear to be deleterious in those
with abnormal systolic function (CHF-S) and might have
improved functional status.

Summary of Treatment of CHF-D

Although 2 million Americans have CHF-D, few have been
enrolled in published studies that specifically evaluated the
effect of drug therapy on this syndrome. Some authorities rec-
ommend that first-line treatment include β-blockers or calci-
um antagonists.250,252 However, until recently, β-blockers were
contraindicated in patients with CHF. Others recognize that
management of symptoms in these patients often requires use
of diuretics,150 but physicians should prescribe diuretics cau-
tiously in this setting. Still others advocate improvement of
diastolic dysfunction by inhibition of the renin-angiotensin
system with ACE inhibitors, ARBs, and/or aldosterone antag-
onists, with the aim of reversing of interstitial cardiac fibro-
sis.255 The Seventh Report of the Joint National Committee on
Prevention, Detection, Evaluation, and Treatment of High
Blood Pressure (JNC 7) recommends ACE inhibitors,
β-blockers, ARBs, and aldosterone blockers along with diuret-
ics for patients with symptomatic CHF with either systolic or
diastolic ventricular dysfunction. Evaluation for ischemic
heart disease is also recommended in these patients.256

Effect of Antihypertensive Treatment 
on Asymptomatic Diastolic Dysfunction
The effect of antihypertensive treatment on noninvasively
derived LV filling abnormalities in asymptomatic subjects has
been studied with a variety of agents. No study has reported
conversion from asymptomatic to symptomatic status with
treatment. Thus, analysis of therapy relies on serial measure-
ments of noninvasively derived measures of LV filling. These
studies are difficult to evaluate without data on filling pres-
sures, which are rarely provided. For example, one 8-week

study comparing verapamil with lisinopril suggested that ver-
apamil was superior because treatment resulted in shorter
time to peak LV filling, reduced isovolumetric relaxation time,
and greater first-half filling. In that study, lisinopril prolonged
resting isovolumetric relaxation time.257 An equally com-
pelling alternative explanation is that the effect of verapamil
was a result of increased filling pressures228 and the effect
lisinopril was due to decreased filling pressures.

Calcium Channel Blockers in the Treatment 
of Asymptomatic Diastolic Dysfunction

Many studies suggest that the CCBs verapamil and dihy-
dropyridine improve diastolic function.164,167,169,257-259 Some of
these salubrious effects are likely pharmacologic, but some
studies also suggest that improved filling is dependent on
coincident LV mass regression.164,167,169 Studies with diltiazem
showed no significant benefit, but these were flawed by short
duration of treatment149 or by inclusion of patients whose LV
diastolic function was nearly normal at baseline.260

b-Blockers in the Treatment of Asymptomatic Diastolic
Dysfunction

β-Blockers are routinely advocated as first-line agents in treat-
ment of CHF-D.250,261 However, the effects of β-blocker thera-
py on diastolic function have been variable. Some studies
show improved filling (in association with, but possibly inde-
pendent of, LV mass regression).164-166 Two studies, including
one in elderly hypertensive patients, failed to demonstrate LV
mass regression or improvement in diastolic function.167,262

Because β-blockade antagonizes catecholamine-mediated LV
relaxation, it has been suggested that β-blockers can improve
diastolic function only if accompanied by BP reduction, relief
of ischemia, and prolongation of the time for LV filling.150,262

ACE Inhibitors in the Treatment of Asymptomatic
Diastolic Dysfunction

Studies of the effects of ACE inhibitors on asymptomatic dias-
tolic function in hypertensive patients have revealed variable
effects. Because Ang II has a direct negative effect on myocar-
dial relaxation,264 inhibition of Ang II would be expected to
improve LV filling. In one study in which captopril induced
significant LV mass regression, Doppler indices of LV filling
did not change.170 However, LV filling was normal at baseline;
thus, LV filling would not be expected to improve. Both lisino-
pril265 and enalapril have been shown to improve Doppler or
M-mode derived indices of diastolic function.266

CORONARY MICROCIRCULATION
ABNORMALITIES IN THE PATIENT 
WITH HYPERTENSION

In hypertensive patients with LVH, structural and functional
alterations in the small coronary vessels, increasing ventricu-
lar wall stress and alterations in the rheologic properties of
blood (e.g., increased viscosity) inhibit the ability of the coro-
nary microcirculation to regulate overall coronary blood
flow.267 These abnormalities result in diminished coronary
flow reserve, the increase in total coronary blood flow that
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occurs with maximal vasodilation (Figure 24–12). A better
(though less frequently used) term may be myocardial perfu-
sion reserve, because this reflects the total circulation of the
myocardium rather than just the epicardial coronary arteries.
Abnormal coronary flow reserve may predispose the hyper-
tensive patient to ischemic syndromes, which lead to CHF,
MI, and sudden death.

Coronary Vessel Pathology 
in Left Ventricular Hypertrophy
Various vascular abnormalities result in a reduction in the
total maximal cross-sectional area of the coronary microvas-
culature. These include inadequate vascular growth in
response to increasing muscle mass, changes in vessel wall
composition, vascular remodeling, and vascular endothelial
dysfunction.

Rarefaction of Arterioles

Morphometric studies in various animal models suggest that
inadequate growth of the coronary microvascular bed is
one factor limiting myocardial perfusion in the presence of
pressure-overload myocardial hypertrophy.268-275 The capacity
for coronary angiogenesis decreases over time. Between the
ages of 9 to 14 years, heart weight increases fourfold, while cap-
illary density decreases by 28%. Capillary density in the hyper-
trophied heart is also age dependent. Adults with acquired aor-
tic stenosis have decreased capillary density, whereas children
with congenital aortic stenosis maintain capillary density
by increasing capillary supply in proportion to myocyte vol-
ume.273,276,277 As hypertrophy progresses in the adult with
hypertension, there is insufficient angiogenesis to compensate
for the increasing myocardial mass.

Defective angiogenesis may be a mechanism in the inheri-
tance of hypertension. Higher vascular resistance and lower

capillary density (in the dorsum of the finger) were demon-
strated in mildly hypertensive young men with hypertensive
parents but not in mildly hypertensive men without hyper-
tensive parents.278 The mechanisms of angiogenesis are com-
plex. Factors released with increased vascular wall tension that
influence cell to cell interactions, extracellular matrix mole-
cules, and the inhibition and stimulation of endothelial
growth factors may be important.279,280 Vascular endothelial
growth factor (VEGF) is one such factor that has received
much attention in the developing field of cardiac molecular
therapy. VEGF promotes the sprouting of new vessels via its
effects on angiopoietin. ACE inhibition has in part been
thought to promote angiogenesis and thus augment coronary
flow reserve by up-regulation of VEGF, as well as other relat-
ed factors.281 Another factor, hepatocyte growth factor (HGF),
is a mesenchyme-derived pleiotropic factor that regulates cell
growth, cell motility, and morphogenesis of vascular tissue
(among other types of cells). Myocardial HGF concentrations
are low in SHR and are inversely proportional to LV weight.
Concentrations of cardiac and vascular Ang II, a suppressor of
HGF, are increased in SHR. In addition, administration of an
ACE inhibitor or an ARB results in a significant increase in
cardiac HGF concentration.282

Medial Wall Thickening

Pressure overload with coronary arterial hypertension
causes vascular medial hypertrophy with decreased lumen
diameter and increased ratio of media thickness to 
lumen diameter (media:lumen ratio).283-285 Comparisons of
coronary vascular morphology and coronary resistance in
normotensive Wistar-Kyoto (WKY) and SHR showed a near-
ly twofold increase in medial thickness in the coronary arteri-
oles of the hypertensive rats.267 There was also a significantly
increased ratio of medial thickness to vessel radius and
increased minimal coronary resistance in the hypertensive

Figure 24–12 Diagram of coronary flow
reserve in the presence of hypertrophy. In
panel A, absolute flow is measured
(ml/min). In panel B, flow per unit mass
(ml/min/g) is measured. A, autoregulated
flows; D, pressure flow line during maximal
vasodilation; R, flow reserve. Normal are
A1, D1, R1, and solid lines. Hypertrophied
are A2, D2, R2, R3, and dashed lines. In
both scenarios, coronary flow reserve is
diminished. R3 represents coronary flow
reserve when perfusion pressures are
elevated. (Reproduced with permission
from Hoffman JI. A critical view of
coronary reserve. Circulation 75:I6-11,
1987.)



animals. The cellular basis for this increase in medial thickness
is predominantly rearrangement of smooth muscle cells with-
in the medial layers of the arterial wall, not increases in indi-
vidual myocyte cell size.286 The factors responsible for this
rearrangement are slowly becoming understood.

Endothelin plays a significant role, because blockade of
endothelin subtype A (ETA) receptors inhibits hypertrophic
vascular remodeling in salt-sensitive forms of hypertension.287

This factor, as well as other agents important for control of
smooth muscle cell hypertrophy and proliferation (endothe-
lial growth factor [EGF], platelet-derived growth factor
[PDGF], Ang II, mechanical stretch, and fluid shear stress),
induce a series of cellular kinase cascades, known collectively
as the mitogen-activated protein (MAP) kinase cascades,
which have been implicated in vascular smooth muscle cell
proliferation and hypertrophy.288 These kinases lead to activa-
tion of the protooncogenes c-fos and c-jun, which are compo-
nents of the nuclear transcription factor AP-1. Activation of
this transcription factor results in increased gene expression
for processes that initiate vascular growth and hypertrophy289

(see Figure 24–2). The magnitude of vascular structural alter-
ation, however, may be independent of the extent of endothe-
lial dysfunction in hypertension.290

Perivascular and Interstitial Fibrosis

In addition to medial hypertrophy, pressure-overloaded cardiac
hypertrophy with hypertension causes increased vascular and
perivascular deposition of collagen.291 Inhibition of collagen
deposition in vascular and extravascular myocardial tissue in
the Wistar rat shows that coronary flow reserve is mainly deter-
mined by medial thickening, independent of collagen deposi-
tion. Nevertheless, collagen deposition does affect coronary
blood flow, since there is more reversal of coronary flow abnor-
malities after removing the pressure load on the heart (aortic
banding) in the rats with less collagen deposition.291

Increased Vascular Water Content

A 10% to 15% increase in the water content of arterial walls
occurs in hypertensive patients. A high concentration of vas-
cular water produces thickening of the vascular walls (even in
the absence of hypertrophy) and may also cause a reduction
in coronary flow reserve.267

Endothelial Dysfunction

In the heart and systemic vessels, nitric oxide (NO) appears to
reverse smooth muscle cell hypertrophy and hyperplasia.292

Thus, expression of NO in hypertension may help protect
from target end-organ damage. Impairment of endothelial
function is an early vascular abnormality resulting in abnor-
mal myocardial blood flow in patients with coronary artery
disease, angina pectoris with normal coronary arteriograms,
and hypertension with LVH. Although hypertensive patients
have appropriate responses to the endothelial-independent
vasodilators, most studies demonstrate a blunted response to
acetylcholine-stimulated endothelial-dependent vasodila-
tion.293-297 Imbalance between endothelial-mediated vaso-
dilation and vasoconstriction may be an early lesion in hyper-
tension. In SHR, impaired endothelial-dependent relaxation
occurs before the development of overt hypertension.298

Attention has focused on substance P and bradykinin, native
peptides of the coronary endothelium that are extremely potent
in triggering endothelium-dependent dilation of small coro-
nary arteries. They contribute to the resting level of coronary
blood flow and partially mediate flow-dependent dilation in
response to increased myocardial demand.299,300 A cytochrome
P450 product, not NO, may regulate production of these
vasodilators.300

Myocardial Hypertrophy and Wall Stress
Increased wall stress (one factor initiating the development of
LVH in hypertensive patients) may directly modulate coro-
nary flow reserve by causing physical compression of blood
vessels. Elevated wall stress may stimulate the release of
vasoactive substances that alter vascular function and
growth.267 Patients with nonhypertensive LVH, without ven-
tricular dilation and increased wall tension (i.e., some cases of
aortic stenosis, hypertrophic obstructive and hypertrophic
nonobstructive cardiomyopathy with no ventricular dilation)
do not have decreased coronary flow reserve. Those with
hypertension with similar degrees of LVH, or aortic stenosis
with ventricular dilation and increased LV end-diastolic pres-
sures, however, show abnormally decreased flow reserve.301,302

This effect is also seen in patients with dilated cardiomyopa-
thy303 and dilated ventricles due to aortic regurgitation.304,305

Alterations of Coronary Autoregulation
and Flow Reserve with Left Ventricular
Hypertrophy
The coronary circulation is able to maintain a relatively stable
blood supply over a wide range of perfusion pressures.306-309

This range varies in different experiments but is generally
between 70 and 130 mm Hg in humans.310 Coronary flow
decreases markedly when perfusion pressure drops below the
lower limit of autoregulation.

Proposed Mechanisms of Autoregulation

Both metabolic and myogenic mechanisms may produce
autoregulation of coronary flow. Different sites in the
microvasculature may have different dominant mechanisms
of control.311 The smallest coronary arterioles are predomi-
nantly sensitive to metabolic factors, whereas larger arterioles
are more reactive to myogenic stimuli. According to the meta-
bolic theory, a decrease in coronary artery perfusion pressure
results in decreased blood flow. Subsequent decreases in
myocardial substrate availability, or increases in production of
metabolites, produce vasodilation.312 Potential mediators
include oxygen (myocardial oxygen tension), K+ and Ca2+ ion
concentrations (transmembrane potentials), osmolality,
adenosine, prostaglandins, and carbon dioxide (CO2) and H+

concentrations.313-315 The endogenous vasodilator NO has
been shown to inhibit coronary autoregulation.316

Myogenic regulation is an intrinsic mechanism: Application
of force to vascular smooth muscle results in contraction.317-319

In the coronary circulation, there are difficulties in demon-
strating myogenic responses, because these are closely inte-
grated with metabolic factors.320 These mechanisms result
in both microvascular dilation and increased recruitment
of arterioles,321 thus resulting in changes in intramyocardial
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blood volume. Myocardial contrast echocardiography can
quantify autoregulatory increases in intramyocardial blood
volume, and thus may provide a noninvasive method for
studying coronary autoregulation.322

Relationship Between Autoregulated Coronary Flow
and Maximal Coronary Flow

Coronary flow reserve is, for any given perfusion pressure, the
decrease in coronary resistance over the resting state that occurs
after maximal coronary vasodilation. A normal human heart
can increase coronary flow by a factor of 4 to 5 times over the
resting state.301 Coronary flow increases above resting autoreg-
ulated levels after transient coronary arterial occlusion (reactive
hyperemia), exercise, pacing, or injection of agents such as
dipyridamole, adenosine, papaverine, or hyperosmolar iodinat-
ed contrast media.323 Loss of autoregulation occurs during
these events. Coronary flow reserve is a dynamic value that is
dependent on coronary perfusion pressure. Because there is no
autoregulation during states that produce maximal coronary
flow, the relationship between coronary flow and coronary per-
fusion pressure is linear. Relatively small changes in perfusion
pressure produce large changes in coronary flow reserve.

Factors that Confound the Measurement
of Coronary Flow Reserve
Increased heart rate, contractility, and afterload all decrease
coronary flow reserve and therefore confound its measure-
ment. It is not clear if these factors increase baseline flow,
decrease maximal flow, or both.324,325 In humans, Doppler
measurements of coronary blood flow during pacemaker-
induced tachycardia show increases in resting flow velocity,
but not in peak velocity with papaverine administration.325

The use of potent vasodilators to quantify coronary flow
reserve may result in a blunted measurement if there is any
significant increase in heart rate. Body size may also influence
absolute values of maximal coronary blood flow.326

Elevations in aortic pressure increase myocardial oxygen
consumption and blood flow. Consequently, shifts in mean
aortic pressure produce alterations in autoregulated (resting)
blood flow. By using the relationship between mean aortic
pressure, coronary flow reserve, and coronary vascular resist-
ance (coronary flow = mean aortic pressure/coronary resist-
ance), one may calculate a coronary resistance ratio.327 The
resistance ratio may be less sensitive than a flow ratio to
changes in arterial pressure.323

In addition to external confounding factors, there are
intrinsic factors in the definition and measurement of coro-
nary flow reserve that produce confusion. Coronary flow
reserve can be measured as either the difference of maximal
and resting flow (absolute coronary flow reserve) or the ratio
of maximal flow to resting flow (relative coronary flow
reserve). It is not clear which measurement is clinically more
relevant. In hypertensive patients with LVH, it is possible to
have a normal or mildly increased absolute coronary flow
reserve with a reduced relative coronary flow reserve.323

Many current methods of measuring coronary flow reserve
are not sensitive to changes in coronary flow reserve over dif-
ferent layers of myocardium. Coronary flow reserve is lower in
subendocardial muscle for all perfusion pressures. Some of
the newer noninvasive techniques such as cine-CT and nuclear

magnetic resonance may be able to measure coronary flow
reserve in the different layers of myocardium, but data are still
very preliminary.

Effect of Hypertension and Left 
Ventricular Hypertrophy on Coronary
Flow Reserve
Coronary flow reserve can be measured as absolute flow
(ml/min) or flow per unit muscle mass (ml/min/g) (see Figure
24–12).310 Although resting absolute coronary blood flow in
the entire LV increases with LVH, resting coronary blood flow
per gram of myocardium is unchanged. Total maximal ven-
tricular flow does not significantly change with acquired LVH,
whereas total flow per gram of myocardium decreases. This is
due to the lack of vascular growth in response to increasing
muscle mass. Thus, when absolute flow is measured, resting
flow is high and maximal flow is normal (see Figure 24–12, A).
If flow per gram is measured, resting flow per gram myocardi-
um is normal but maximal flow per gram myocardium is
reduced (see Figure 24–12, B). Consequently, coronary flow
reserve is less than normal whether measured as absolute flow
(ml/min) or flow per gram (ml/min/gm) of myocardium.

In the presence of hypertension, absolute coronary flow
reserve may theoretically be normal or increased, despite
higher resting absolute coronary blood flow. This is due to the
higher coronary perfusion pressure (shift to the right side of
the curve), as shown by R3 in Figure 24–12, A. Nevertheless,
in most cases of hypertensive heart disease, vascular abnor-
malities and increased LV end-diastolic pressure result in
reduced maximal flow and thus a decrease in coronary flow
reserve.302,328-330 Most,304,329,331 but not all332,333 studies show an
inverse linear relationship between the extent of LVH and vas-
cular endothelial function as noted by either forearm blood
flow or coronary flow reserve (Figure 24–13).

Other factors (e.g., race, gender, diabetes, cigarette smoking,
and prior therapies) also influence coronary flow reserve.334-338

Evaluation of endothelial-dependent dilation of the brachial
artery has shown that reduced flow-mediated dilation is related
to age. Noticeable decline begins in men after age 40 years but is
preserved in women until their 50s.339 This delay in women may
be due to protective effects of estrogen, because their decline
appears to correlate with the onset of menopause. Estrogen
treatment of postmenopausal women improves endothelial-
dependent vasodilation.340 This may be a direct effect of estro-
gen on vascular function or an indirect effect through altered
lipid metabolism, because increased high-density lipoprotein
appears to improve NO bioavailability.341 Tamoxifen acts as a
selective estrogen receptor modulator (SERM) in women and
has estrogen-like activities on some cardiovascular risk factors
(e.g., lipids). In one study, tamoxifen was shown to augment
endothelium-dependent forearm flow-mediated vasodilation in
men with coronary artery disease.342 In a study of the coronary
circulation, age and total serum cholesterol were found to be
independent predictors of a blunted vasodilator response to
acetylcholine.342 Analysis of SHR and normotensive rats showed
that hypertension and aging independently result in structural
alterations in coronary resistance vasculature, with a decrease in
the ratio of lumen diameter to wall thickness. Aging did not
decrease arteriolar density.344 Racial differences were demon-
strated in a study showing that Blacks have decreased coronary
flow reserve compared with whites, independent of LVH.334
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Hypertension may alter coronary flow reserve prior to the
development of LVH. This was suggested by a cross-sectional
analysis of hypertensive and nonhypertensive patients.
Although coronary flow reserve was lowest in untreated
hypertensive patients with increased LV mass, patients with
hypertension and normal LV mass had lower coronary flow
reserve than normotensive patients.345 This must be viewed
with caution, however, because cross-sectional studies do not
allow one to analyze other factors that may influence coronary
blood flow, such as duration of hypertension and prior anti-
hypertensive therapies. Whether or not linearly related, most
studies suggest that LVH is strongly associated with reduced
coronary flow reserve. Thus, abnormalities of coronary flow
reserve may partially explain why patients with hypertension
and LVH are at increased risk for myocardial ischemia and
infarction.3

Effect of Blood Pressure Reduction on
Autoregulated Blood Flow and Coronary
Flow Reserve
Experimental and clinical studies demonstrate that BP reduc-
tion in hypertensive patients with LVH may increase myocar-
dial ischemia. Resting absolute coronary flow is high in these
patients, and loss of autoregulated flow occurs at higher perfu-
sion pressures (the autoregulatory curve is shifted upward and
to the right). In experimentally induced LVH, although marked
reductions in coronary perfusion pressure from 100 to 40 mm
Hg have minimal effect on autoregulation in the subepicardi-
um, the ability of the subendocardium to autoregulate is
reduced by >50%.346 This may account for the increased size of
MI associated with experimentally induced coronary ligation in
hypertrophied hearts.347,348 Recovery of stunned myocardium
(systolic thickening and regional myocardial blood flow) in the
period immediately following transient coronary occlusion is
delayed in the presence of LVH, and even more so when BP is
lowered during this early reperfusion period.349

BP reduction in hypertensive humans without LVH does not
significantly change resting coronary blood flow when perfu-
sion pressure is acutely lowered with nitroprusside from 120 to
70 mm Hg. However, LVH accompanies hypertension, there is
a marked decline in flow as perfusion pressure decreases from
90 to 70 mm Hg (Figure 24–14).350 This suggests that a reduc-
tion of BP to <90 mm Hg in patients with LVH could cause
ischemia. This observation may in part explain the limited
impact of BP reduction on mortality from coronary artery dis-
ease compared with nonfatal and fatal stroke in patients with
both systolic and diastolic hypertension. Analysis of several
large prospective observational studies suggests that a 5– to 
6–mm Hg decrease in diastolic blood pressure (DBP) would
cause a 20% to 25% reduction in coronary events. However, this
degree of reduction in BP has resulted in only a 14% decrease
in coronary events.112,351 This finding was confirmed by the
Blood Pressure Lowering Treatment Trialists’ Collaboration
review of 29 major trials, which assessed major cardiovascular
outcomes based on class of antihypertensive medication and
degree of BP lowering. Overall, larger reductions in BP resulted
in the larger reductions in overall cardiovascular risk. The
largest impact of BP reduction was on stroke.352

A J-curve may describe the relation between mortality rate
from MI and treated DBP.353 Traditionally the J-curve does not
specifically address hypertensive patients with no coronary
artery disease. These patients may benefit from decreasing BP
as much as possible. However, those with ischemic disease and
a treated DBP of <85 to 95 mm Hg may have an upturn in
coronary events. This is presumably a result of inadequate
pe fusion of coronary arteries. Support for and against
this relation is based on differing interpretations and results of
retrospective analyses of several large treatment trials or pro-
grams.354-358 For example, in one retrospective analysis, men
with LVH or ischemic patterns on ECG had an increased inci-
dence of MI when treated DBPs were below 95 mm Hg.359 By
contrast, in the Systolic Hypertension in the Elderly Program
(SHEP) trial, coronary events were decreased in patients with
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evidence of LVH by ECG criteria and low treatment DBP.360

Although this may argue against a J-curve, it is important to
realize that these patients had low DBPs prior to treatment, and
hence their autoregulatory curve was already adjusted to lower
pressure. Systolic hypertension in older patients with decreased
arterial compliance (increased stiffness) is associated with
higher cardiac morbidity and mortality and may explain the
association of increased cardiac death in patients with low DBP
or increased pulse pressure361-363 (see Chapters 15 and 22).

Recommendations for the safest level of BP reduction in
patients with LVH can be only speculative at this point. In
patients with isolated systolic hypertension, in whom the pre-
treatment DBP is already low, SHEP trial data indicate that
further reduction to a DBP of 65 mm Hg is safe.364 JNC rec-
ommends lowering BP to <130/80 mm Hg in patients with
target organ damage, including chronic kidney disease and
diabetes, but this is not based on a wealth of data.256,365

Effect of Antihypertensive Treatment 
on Coronary Flow Reserve
ACE Inhibitors and Angiotensin Receptor Blockers in
the Treatment of Coronary Flow Reserve

Few human studies have examined the effects of antihyper-
tensive therapy on coronary flow reserve. Data using the gas
chromatographic argon method of quantifying coronary flow
reserve showed improvement in hypertensive patients after 12
months of therapy with enalapril.366 By blocking the produc-
tion of Ang II, ACE inhibitors may be effective in improving
coronary flow reserve. This may be due to reduction in
perivascular and interstitial fibrosis.367 Akinboboye et al. used
15O-water positron emission tomography (PET) to quantify
myocardial perfusion reserve in a small population (n = 17) of
predominantly African Americans with hypertension. This
study demonstrated improved myocardial perfusion reserve
after treatment with lisinopril for a mean of 11 months,368 but
no significant change in myocardial flow reserve after treat-

ment with losartan. Using a modification of traditional Tl-201
myocardial perfusion imaging for quantification of myocar-
dial perfusion reserve, Diamond et al. showed modest
improvement after 6 months of antihypertensive treatment
with the ARB eprosartan.369 However, there was no significant
change in myocardial perfusion reserve with the ACE
inhibitor enalapril. This may have been due to the short fol-
low-up period in the study.

Calcium Channel Blockers in the Treatment 
of Coronary Flow Reserve

The effect of CCBs on coronary flow reserve is even less clear.
Although they produce favorable hemodynamic effects, with
reversal of pressure-overload and regression of LVH, several
studies suggest that certain CCBs do not significantly change
or may even reduce coronary flow reserve. Theoretically,
CCBs may reduce coronary flow reserve by blocking the effect
of endogenous vasodilators such as adenosine.370

b-Blockers in the Treatment of Coronary Flow Reserve

Using PET quantification of myocardial perfusion, β-blockers
have been shown to augment coronary flow reserve in healthy
volunteers. Billinger et al. showed in patients with coronary
artery disease that postischemic coronary flow reserve (hyper-
emic flow) is significantly augmented in patients taking the 
β-blocker metoprolol.371 By augmenting coronary flow reserve,
oxygen supply to the heart is enhanced. This may in part explain
the benefit of β-blockers in patients with coronary artery dis-
ease.
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Chronic kidney disease (CKD) has become a major public
health problem in the United States and threatens to escalate
over the next few decades. In the Third National Health and
Nutrition Examination Survey (NHANES III), an estimated
3% of the adult population, or 5.6 million people, were found
to have abnormal renal function, as defined by a serum crea-
tinine greater than 1.6 mg/dl.1 Even more concerning, the
number of patients predicted to develop kidney failure by the
year 2010 is twofold to threefold higher than the number
today and will likely exceed 650,000.2 However, even this
approximation grossly underestimates the prevalence of kid-
ney disease, because many people have significant proteinuria
or other abnormalities that will certainly progress to end-stage
renal disease (ESRD) in the face of a normal serum creatinine
and normal to reduced glomerular filtration rate (GFR).
Extrapolating the estimated number of patients with all stages
of kidney failure indicates that more than 11% of the popula-
tion has kidney disease.

It is commonly accepted that once there is a decline in the
GFR, progressive loss of renal function is inevitable. This final
common pathway occurs despite the lack of persistent disease
activity. Moreover, a heterogeneous variety of insults includ-
ing diabetes, glomerulonephritis, and hypertension all result
in a similar pattern of renal injury. The histologic hallmarks of
CKD include glomerulosclerosis, interstitial fibrosis, and renal
cell apoptosis. Other morphologic features may include
monocytic or macrophage infiltration.

The rate of loss of renal function is determined by the
underlying disease process and other factors. The main deter-
minants of renal progression include (1) activity of the pri-
mary disease process, (2) intrarenal adaptations, and (3) local
and systemic mediators.3 The latter include systemic and
glomerular hypertension, proteinuria, metabolic derange-
ments of glucose and lipids, smoking, dietary protein, anemia,
race, and gender, many of which cluster together in the same
patient4 (Figure 25–1).

Therefore intensive efforts are underway to modify the rate
of loss of renal function. Over the last few decades, much has
been learned about the specific factors that can slow renal dis-
ease progression, affording the clinician both a means to treat
specific patients and a better understanding of the underlying
pathophysiology of renal injury. Currently the most important
renoprotective interventions include reduction of blood pres-
sure, inhibition of the renin-angiotensin-aldosterone system
(RAAS), and reduction of proteinuria. Many trials have pro-
vided insight into the importance of each of these modifiers.
By carefully following currently recommended guidelines, the
rate of loss of renal function can be slowed and the need for
renal replacement therapy can be significantly delayed.
Ultimately this will improve patient outcomes, reduce cardio-

vascular morbidity and mortality, and improve quality of life
while simultaneously saving millions of Medicare dollars.

This chapter highlights the importance of the known risk
factors for renal injury and outlines methods to intervene in
these pathways. Emphasis is placed on the interrelationship
between kidney and cardiac disease, the importance of blood
pressure reduction and RAAS inhibition, and the recently rec-
ognized concept of proteinuria reduction independent of
changes in blood pressure.

ASSOCIATION BETWEEN NEPHROPATHY
AND CARDIOVASCULAR RISK

The link between cardiovascular risk and nephropathy has been
well described. In an analysis of the United Kingdom
Prospective Diabetes Study (UKPDS), the annual cardiovascu-
lar death rate for patients with normoalbuminuria (<30 mg/dl)
was 0.7%; in patients who progressed to microalbuminuria
(30-299 mg/dl) and macroalbuminuria (>300 mg/dl), the
annual death rates rose to 2.0% and 3.5%, respectively. Once a
patient developed an increase in serum creatinine or required
renal replacement therapy, the annual death rate more than
tripled, to 12.1% (Table 25–1).5

In 1998, the National Kidney Foundation (NKF) Task Force
on Cardiovascular Disease in Chronic Renal Disease issued a
report emphasizing the high risk of cardiovascular disease
(CVD) in CKD.6 In this report it was demonstrated that death
caused by CVD was 10 to 30 times higher in dialysis patients
as compared with the general population. The task force
further recommended that patients with CKD be treated
aggressively as the highest risk group for CVD events. In keep-
ing with this strategy, the Joint National Committee on
Prevention, Detection, Evaluation, and Treatment of High
Blood Pressure (JNC 7) classified patients with kidney disease
in the same high-risk category as those with diabetes.7 These
guidelines recommend a blood pressure goal of <130/80 mm
Hg in such patients.

The extent to which traditional risk factors contribute to
increased CVD in CKD patients is uncertain. Certainly many
patients with CKD have diabetes, older age, and left ventricular
hypertrophy. However, the Framingham risk equation appears
to be insufficient to capture the extent of CVD risk in patients
with CKD.8 It has been proposed that the “missing link” that
explains the astounding burden of CVD in CKD may be relat-
ed to nontraditional risk factors.9 Patients with kidney failure
have an inordinate amount of oxidant stress, dyslipidemia,
elevated inflammatory markers, hyperhomocysteinemia,
anemia, and other factors that promote atherogenesis10

(Table 25–2). Although no direct cause-and-effect relationship
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has been established between these nontraditional risk factors
and CVD events in CKD patients, ongoing clinical trials to
reduce the burden of these factors will assess their importance
in this patient population.

STAGES OF CHRONIC KIDNEY DISEASE

As shown in Table 25–3, the current classification of CKD is
based on the estimated glomerular filtration rate (eGFR). In the
Clinical Practice Guidelines published by the NKF, CKD is
defined as either kidney damage for ≥3 months (defined by
structural or functional abnormalities of the kidney) or GFR
<60 ml/min/1.73 m2 for ≥3 months (with or without kidney
damage).11 A GFR of <60 ml/min/1.73 m2 was chosen because it
represents (1) the level at which mortality increases significant-
ly, (2) loss of greater than 50% of normal renal function, and (3)
the level below which laboratory abnormalities associated with
CKD become manifest. Therefore there is a strong impetus to
preserve the GFR above the critical threshold of 60 ml/min/1.73
m2 from the perspective of both the heart and kidney.

PROTEINURIA AS A MARKER
FOR CARDIOVASCULAR DISEASE

Microalbuminuria (defined as a random urine albumin:
creatinine ratio [ACR] of 30-300 mg/g) and macroalbumin-
uria (ACR >300 mg/g) are increasingly being recognized as
independent risk factors for CVD. Large clinical trials have
demonstrated that proteinuria is more predictive of a cardio-
vascular event than any of the traditional risk factors.12

Microalbuminuria, the hallmark of diabetic nephropathy, is
strongly associated with increased cardiovascular risk and
strongly predicts renal disease progression. The greater the
amount of protein excreted, the greater is the risk for renal
disease progression and CVD.13

Pathophysiology of Progressive Renal
Failure
It is generally accepted that renal injury and loss of glomerular
volume result in hyperfiltration and overcompensation by the
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Table 25–1 Annual Cardiovascular Death Rates in Diabetic
Patients with Various Stages of Chronic Kidney Disease

Annual 
Death 

Urinary Albumin Excretion (mg/day) Rate (%)

<150 mg 0.7
150-300 mg 2.0
>300 mg 3.5
>300 mg and requiring renal 

replacement therapy 12.1

Adapted from Adler AI, Stevens RJ, Manley SE, et al. Development
and progression of nephropathy in type 2 diabetes: The United
Kingdom Prospective Diabetes Study (UKPDS 64). Kidney Int
63:225-232, 2003.

Table 25–2 Traditional and Nontraditional Cardiovascular
Risk Factors in CKD

Traditional Risk Factors Nontraditional Risk Factors

Age Albuminuria
Male sex Homocysteine
Hypertension Lipoprotein (a)
High LDL cholesterol Anemia
Low HDL cholesterol Abnormal calcium/phosphate
Diabetes Volume overload
Smoking Electrolyte imbalance
Physical inactivity Oxidative stress
Menopause Malnutrition
Family history of CVD Inflammation
LVH Sleep disturbances

Altered nitric oxide/endothelin 
balance

Modified from Oberg BP, McMenamin E, Lucas FL, et al.
Increased prevalence of oxidant stress and inflammation in
patients with moderate to severe chronic kidney disease. Kidney
Int 65:1009-1016, 2004.
LDL, low-density lipoprotein; HDL, high-density lipoprotein; CVD,
cardiovascular disease; LVH, left ventricular hypertrophy.



remainder of the kidney. Brenner’s “remnant nephron” theory
postulates that it is this hyperfiltration, or overload, that caus-
es progressive loss of the remaining glomeruli. Once the GFR
is <60 ml/min/1.73 m2, the remaining nephrons assume the
entire filtration load. Consequently, they acquire greater oxy-
gen demands and are then more susceptible to hypoxia and
oxidative injury. Other pathophysiologic processes have also
been proposed to promote progressive renal injury. In a sim-
plified form, early insult can lead to sodium retention and
angiotensin II (Ang II) production, which promote systemic
and glomerular hypertension. The result is an increase in
glomerulosclerosis and progressive decline in GFR.

Albuminuria has been known for many years to be a mark-
er for kidney disease, but the pathogenic role of proteinuria
has been appreciated only recently. Proteinuria frequently pre-
cedes the development of glomerulosclerosis even in the
absence of glomerular hypertension.14 Proteinuria has also
been shown to have tubulotoxic effects. Remuzzi and Bertani
suggest that the first step in renal deterioration is disruption
of glomerular permselectivity, which may be mediated by
mechanical injury to the capillary wall, or in the absence of
increased glomerular capillary pressure, toxins, or immune
reactants.15 Once the permselectivity has been disrupted, the
progression to kidney failure is triggered by the exposure of
glomerular, mesangial, and tubulointerstitial cells to an
abnormal protein load.16 In keeping with this finding, numer-

ous clinical trials in very diverse kidney diseases have demon-
strated that the severity of proteinuria correlated best with the
rate of renal function decline.17

However, some patients do progress to renal failure in the
absence of significant proteinuria. Thus, although proteinuria
is a key factor in the downward spiral that is CKD progression,
it is not critical. Interestingly, Wright et al. have reported that
the differences in the rate of progression of kidney disease
between the different renal disorders were no longer apparent
after correction for proteinuria.18

Several other factors contribute to progressive decline in
renal function. The most important of these include hyperten-
sion and the effects of Ang II. Systemic hypertension is the sec-
ond most common cause of ESRD (the most common being
diabetes). For many years, the causal role of hypertension in
renal disease progression was not well defined. It was clear that
malignant hypertension leads to a rapid loss of renal function,
but this is the cause in only about 6% of patients.19 Milder
forms of hypertension have been recognized to be associated
with ESRD more recently. One of the first trials to demonstrate
the association was the Multiple Risk Factor Intervention Trial
(MRFIT).20 In this large epidemiologic study with more than
332,544 middle-aged men, high blood pressure was a strong
predictor of increased renal risk (Figure 25–2). The risk of
renal injury was seen even at very modest elevations in blood
pressure, such as a diastolic and systolic blood pressure of
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Table 25–3 Classification of Chronic Kidney Disease According to the National Kidney Foundation

GFR Stage Description ml/min/1.73 m2 Action

1 Kidney with normal or increased GFR >90 Diagnosis and treatment
Treat comorbid conditions
Slow progression CVD risk reduction

2 Kidney damage with mild decrease in GFR 60-89 Estimating progression
3 Moderately decreased GFR 30-59 Evaluate and treat complications
4 Severely decreased GFR 15-29 Preparation for renal replacement therapy
5 Kidney failure <15 Renal replacement

Increased rates of adverse cardiovascular events occur when patients approach stage 3 CKD.
Adapted from Kidney Disease Outcomes Quality Initiative (K/DOQI). Clinical practice guidelines on hypertension and antihyperten-
sive agents in chronic kidney disease. Am J Kidney Dis 43:S1-290, 2004.



82 mm Hg and 127 mm Hg, respectively. Other studies have
confirmed this finding in the general population.21,22 Among
African Americans, the severity of glomerulosclerosis has been
shown to correlate with the level of blood pressure.23 Perhaps
the most striking data come from type 2 diabetics. In a multi-
variate model of diabetic kidney disease, every 10–mm Hg rise
in baseline systolic blood pressure increased the risk of ESRD or
death by 6.7%.24 Moreover, patients with the highest pulse pres-
sure, indicating a significant loss of vascular elasticity, had the
highest risk for disease progression.

The difficulty with these data is that they do not explain the
tremendous variability in the rate of decline of renal function
among hypertensive patients. Not all patients with hyperten-
sion develop renal disease, and those who do progress toward
ESRD at very different rates. Even among normotensives, there
is a linear increase in the risk of renal disease as blood pressure
rises from optimal to high-normal levels (Figure 25–2).
Therefore, other concomitant conditions and individual renal
susceptibility to hypertensive renal damage must contribute to
the long-term effects of blood pressure on nephron integrity.
Nonetheless, as will be discussed, strict control of blood pres-
sure remains the cornerstone of cardiorenal protection.

Role of Angiotensin II
The progression of renal disease is also mediated by Ang II. Ang
II raises systemic blood pressure by causing direct vasoconstric-
tion, activation of the sympathetic nervous system, and aldos-
terone release. This, in turn, causes salt and water retention, fur-
ther contributing to elevated blood pressure. The increased
blood pressure may be transmitted to the glomerulus, promot-
ing intraglomerular hypertension and glomerular capillary
damage. This is particularly concerning in the face of diseases
that damage renal autoregulatory capacity. For example, in dia-
betics, the ability of the afferent arteriole to constrict and pro-
tect the glomerulus in the setting of systemic hypertension is
blunted. This may explain why hypertension in these patients
causes an accelerated decline in renal function.

Ang II also contributes to renal injury because of its differ-
ential effects on the vasculature of the nephron. It preferen-
tially constricts the efferent arteriole, causing an increase in
intraglomerular pressure and perpetuating renal injury.25 Ang
II has other detrimental effects on the nephron that are unre-
lated to elevated blood pressure. Importantly, it stimulates the
growth of vascular smooth muscle and mesangial cells, lead-
ing to further renal impairment.26,27 In diabetics, the tissue
RAAS is also a mediator of vascular injury induced by trans-
forming growth factor-b (TGF-β). Uncontrolled and persist-
ent activation of the tissue RAAS with elevated levels of Ang II
increases TGF-β, which causes progressive fibrosis. The local
production of Ang II directly stimulates TFG-β expression,
leading to increased matrix production, decreased degrada-
tion, and transformation of cell-surface integrin proteins that
facilitate matrix assembly.28,29

Impact of Hyperlipidemia
Hyperlipidemia, either primary or secondary to renal disease,
is thought to aggravate renal damage in a number of diverse
diseases.3 Dyslipidemia is common in renal disease, particu-
larly in patients with proteinuria. Proteinuria is associated
with a distinct form of dyslipidemia, and under experimental

conditions, the glomerular leakage of lipoproteins initiates a
sequence of pathophysiologic responses in the kidney, pro-
moting glomerulosclerosis and interstitial sclerosis.30-32 The
potential of lipids to cause toxic injury to the kidneys is well
established. Histologic examination of kidney tissue has
demonstrated glomerular deposition of lipids and lipid-laden
macro-phages.33 Apolipoprotein (apo) B and apo E often
accumulate in mesangial tissue, particularly in association
with proteinuria and hyperlipidemia. When hyperlipidemia is
present, it is commonly associated with more-severe mesan-
gial hypercellularity and glomerulosclerosis.

Clinical evidence suggests that hyperlipidemia modifies the
rate of renal deterioration, at least in some diseases.34 In non-
diabetic kidney disease, patients with hyperlipidemia pro-
gressed to ESRD more quickly than those without it.35

Specifically, it has been suggested that a high ratio of low-
density lipoprotein (LDL):high-density lipoprotein (HDL),
elevated levels of apo B or triglyceride-rich apo B, and low
HDL levels all contribute to more-rapid renal deterioration.36

However, this relationship has not been demonstrated con-
sistently in all studies, and the effects do not appear to be
substantial.

STRATEGIES TO PRESERVE KIDNEY
FUNCTION AND DELAY PROGRESSION
OF KIDNEY DISEASE

Because the majority of patients with kidney disease are in the
early stages of injury, the opportunity to preserve renal function
and hence cardiovascular health is of primary importance. In
general, the cornerstone of long-term cardiorenal protection
involves three major strategies: (1) control of blood pressure,
(2) inhibition of the RAAS, and (3) lifestyle modification. It is
critically important to emphasize that although angiotensin-
converting enzyme (ACE) inhibitors and angiotensin receptor
blockers (ARB) are uniquely protective, they must be used
in conjunction with other agents such as diuretics, calcium
antagonists (CAs), and b-blockers to achieve the recom-
mended blood pressure levels. Currently there is no evi-
dence to suggest that treatment should be determined by
race, age, or gender.

Nonpharmacologic Strategies
Lifestyle interventions such as dietary salt reduction, limita-
tion of dietary protein, regular exercise, weight loss, and
smoking cessation should be encouraged in all patients with
CKD.7,37 Reducing dietary salt enhances the blood pressure–
lowering effect of virtually all antihypertensive medications
and also augments the reduction of proteinuria. Similarly,
weight loss to a target body mass index <25 kg/m2 can help
lower blood pressure and reduce urinary protein excretion
independent of blood pressure changes. Exercise for 30 min-
utes per day, most days a week, should be stressed. Smoking
cessation, particularly in diabetics, should always be rein-
forced, because smoking can independently promote deteri-
oration of renal function and enhance urinary protein excre-
tion in addition to its myriad detrimental effects on overall
health. It is imperative to keep in mind that the various
lifestyle modifications have more impact in some ethnic
groups. For example, dietary salt reduction may be more
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important in African Americans, who tend to be more salt
sensitive. Women, particularly African Americans, carry the
burden of the greatest prevalence of obesity and may benefit
the most from weight reduction. Thus the efficacy of lifestyle
interventions varies considerably depending on the individual
patient. This is not the case with pharmacologic intervention,
in that recommendations are much more uniform and effects
are much more consistent.

Achieving Target Blood Pressure
Pharmacologically
Whether hypertension is the cause or consequence of CKD,
numerous clinical trials have demonstrated that achievement
of an optimal blood pressure is one of the most important
strategies to preserve renal function (Figure 25–3).38-40

Optimal blood pressure can be defined as systolic blood pres-
sure <120 mm Hg. This has been demonstrated in all ethnic
groups. It is also clear that most patients will require three or
more medications to achieve that goal. Furthermore, the high-
er the baseline systolic blood pressure, the greater will be the
relative benefit with drugs that inhibit the RAAS. JNC 7
recommends a goal blood pressure of <130/80 mm Hg in
patients with CKD. We are far from reaching that goal. In the
NHANES III subgroup that included patients with CKD,
only 75% of the patients with hypertension received phar-
macologic treatment. Even more alarming is the fact that
only 11% of these patients reached the target blood pressure
of <130/85 mm Hg and only 27% reached the target of
<140/90 mm Hg.1 Treated hypertensive individuals with
elevated serum creatinine levels had a mean blood pressure
of 147/77 mm Hg; an astounding 48% of these patients were
prescribed only one antihypertensive medication.

Most patients require two or more antihypertensives to
achieve these blood pressure goals. If the blood pressure is
>20/10 mm Hg above the target, a combination of drugs should
be started at the outset.7 Because the average number of agents
needed to control blood pressure in patients with CKD is 2.6 to
4.3, and the likelihood of these patients having a cardiovascular
event is high, therapy should be designed with both diseases
in mind.

DRUG CLASS EFFECTS ON THE KIDNEY

Inhibitors of the Renin-Angiotensin-
Aldosterone System: The ACE Inhibitors
There has been considerable interest in the ability of the ACE
inhibitors to protect the kidney from the unrelenting deterio-
ration that occurs with hypertension and renal insufficiency.
The ACE inhibitors have a number of hemodynamic and non-
hemodynamic effects that afford such protection (Box 25–1).
In patients with hypertension, ACE inhibitors have the ability
to restore the pressure-natriuresis relationship to normal,
allowing sodium balance to be maintained at a lower arterial
pressure.41 The mechanism responsible for this effect is direct
inhibition of proximal, and possibly distal, tubular sodium
reabsorption.42 This increase in renal excretory capacity plays
a major role in the long-term antihypertensive efficacy of the
drugs. Clinically, the increase in sodium excretion is transito-
ry because the reduction in arterial pressure returns sodium
excretion to normal. However, the maintenance of normal
sodium excretion at lower arterial pressures correlates with
increased excretion in the setting of hypertension.42 After sev-
eral days, inhibition of Ang II and aldosterone contribute to
the natriuresis.43-45

The long-term effects of ACE inhibitors on water excretion
are less certain. ACE inhibitors induce an initial increase in
free water clearance, but there are no long-term changes in
total body weight, plasma, or extracellular fluid volume.46 The
decrease in aldosterone caused by ACE inhibition also corre-
lates with decreased potassium excretion,45 particularly in
patients with impaired renal function. The antikaliuretic
effect appears to be transient but can be exacerbated by con-
comitant administration of potassium-sparing diuretics, sup-
plements, and nonsteroidal antiinflammatory drugs and
should be monitored rigorously.

Potential renoprotective effects noted in experimental
models include attenuation of oxidative stress,47 scavenging
free radicals, and attenuating lipid peroxidation.48 ACE
inhibitors also ameliorate the deranged lipid profile in
patients with nephrotic-range proteinuria, which may impact
the rate of progression of renal failure.49,50 The clinical impor-
tance of these effects is under investigation.

Insofar as the degree of proteinuria correlates best with the
rate of decline of renal function, and a decrease in proteinuria
correlates better with renal function outcome than a reduction
in blood pressure, reduction of proteinuria has a substantial
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Box 25–1 Potential Renoprotective Effects of ACE Inhibitors

Restore pressure/natriuresis relationship to normal
Inhibit tubular sodium resorption
Decrease arterial pressure
Decrease aldosterone production
Decrease proteinuria
Improve altered lipid profiles
Decrease renal blood flow
Decrease filtration fraction
Decrease renal vascular resistance
Reduce scarring and fibrosis
Attenuate oxidative stress and free radicals



impact.51 All ACE inhibitors decrease urinary protein excre-
tion52 in normotensive and hypertensive patients with renal
disease of various origins.53-55 Individual response rates vary
from a rise of 31% to a fall of 100% and are strongly influenced
by drug dose and changes in dietary sodium. There is a clear
dose-response relationship between increasing doses and
reduction of proteinuria that is not dependent on changes in
blood pressure, renal plasma flow (RPF), or GFR. Furthermore,
the effect of ACE inhibitors on reduction of proteinuria is
abolished with high salt intake.56 In normotensive diabetics,
studies demonstrate that ACE inhibitors can normalize GFR,
markedly attenuate the progression of renal disease, and nor-
malize microalbuminuria.57 The effect is noted in the first
month of therapy and is maximal at 14 months.

Several mechanisms account for the reduction in urinary
protein excretion seen with ACE inhibitors: a decrease in
glomerular capillary hydrostatic pressure, a decrease in
mesangial uptake and clearance of macromolecules, and
improved glomerular basement membrane permselectivity.58

ACE inhibitors have superior antiproteinuric efficacy when
compared with other classes of antihypertensive agents, with
the exception of ARBs. The antiproteinuric effect is additive
with the ARBs and does not depend on changes in creatinine
clearance, GRF, or blood pressure.59,60 Clinical trials also
demonstrate a superior renoprotective effect of ACE inhibitor
treatment in African Americans, once thought not to benefit
from this class. In the African American Study of Kidney
Disease and Hypertension (AASK) trial, hypertensive patients
with proteinuria >300 mg/day had a much slower rate of pro-
gression of kidney disease when treated with an ACE inhibitor
when compared with a dihydropyridine CA or b-blocker.61

Evidence suggests that the majority of vasoconstrictor action
of Ang II is confined to the efferent arteriole. ACE inhibitors
preferentially dilate the efferent arteriole by reducing the sys-
temic and intrarenal levels of Ang II. The result is a reduction in
intraglomerular capillary pressure. ACE inhibitors uniformly
increase renal blood flow, decrease filtration fraction, have vari-
able to no effect on GFR, decrease renal vascular resistance,
reduce urinary protein excretion, and impair microvascular
autoregulation in patients with hypertension. Long-term
administration is associated with a decrease in renal perfusion,
with a tendency to higher filtration fraction and lower afferent
resistances. Marked improvement in GFR occurs and is sus-
tained for up to 3 years.62,63

Many patients with impaired renal function exhibit a
reversible fall in GFR with ACE inhibitor therapy that is not
detrimental. Numerous studies demonstrate that the GFR
declines initially because of the hemodynamic changes, but the
long-term reduction in perfusion pressure is renoprotective. In
fact, patients with the greatest initial decline in GFR have the
slowest rate of loss of renal function over time.64 It should be
emphasized that ACE inhibitors should not be withdrawn
immediately if an increase in serum creatinine is noted; a 20%
to 30% decline in GFR can be expected, and close monitoring
is warranted. Inappropriate, early withdraw of ACE inhibitors
for reductions in GFR is one of the most common mistakes
made when treating patients with renal disease.

In patients with an activated RAAS, ACE inhibitors cause a
decrease in GFR and can precipitate acute renal failure.
Patients with severe bilateral renal artery stenosis, unilateral
renal artery stenosis of a solitary kidney, severe hypertensive
nephrosclerosis, volume depletion, congestive heart failure,

cirrhosis, or a transplanted kidney are at high risk for renal
deterioration with ACE inhibitors.65,66 These patients typical-
ly have a precipitous drop in blood pressure and deterioration
of renal function when treated with ACE inhibitors. In these
states of reduced renal perfusion caused by low effective arte-
rial circulating volume or reduced flow through an obstruct-
ed artery, the maintenance of renal blood flow and GFR is
highly dependent on increased efferent arteriolar vasocon-
striction mediated by Ang II. Interruption of the increased
tone causes a critical reduction in perfusion pressure and can
lead to dramatic reductions in GFR and urinary flow, as well
as worsening of renal ischemia, and in select cases, anuria.67

Therefore a reduction of GFR greater than 30% should
prompt an evaluation for renal artery stenosis.

Renoprotective Effects of Angiotensin II
Type 1 Receptor Antagonists
Intrarenal Ang II receptors are widely distributed in the affer-
ent and efferent arterioles, glomerular mesangial cells, inner
stripe of the outer medulla, and medullary interstitial cells and
on the luminal and basolateral membranes of the proximal
and distal tubular cells, collecting ducts, podocytes, and macu-
la densa cells.68 The majority of receptors are of the AT1 sub-
class. Ang II, predominantly produced locally but also deliv-
ered in the systemic circulation, interacts with its receptors to
exert its effects. Ang II may work at the cell surface through a
second messenger pathway or the receptor ligand complex in
the intracellular compartment following internalization of and
release of Ang II into the intracellular fluid. Studies suggest
that the majority of renal interstitial Ang II is formed at sites
not readily accessible to ACE inhibition or is formed via non-
ACE pathways.69 ARBs antagonize the binding of Ang II to the
AT1 receptor and cause a number of intrarenal changes. The
renal hemodynamic responses to AT1 receptor blockade are
variable depending on the counteracting influences of the
decrease in arterial pressure.70 Decreases in systemic arterial
pressure caused by ARBs may be associated with compensatory
activation of the intrarenal sympathetic nervous system,
resulting in decreased renal function.71 This effect is more pro-
nounced in sodium-depleted states in which activation of the
RAAS helps maintain arterial and renal pressure.72

In contrast, direct intrarenal infusions of ARBs cause an
increase in sodium excretion.73 This has been shown to be by
direct inhibition of sodium reabsorption in the proximal
tubules but may also be due to hemodynamic changes in
medullary blood flow and tubular absorption in distal
nephron segments.74 Because Ang II blockade enhances the
ability of the kidneys to excrete sodium, sodium balance can
be maintained at lower arterial pressures. Ang II blockade also
reduces tubuloglomerular feedback sensitivity by decreasing
macula densa transport of sodium chloride to the afferent
arteriole.75 This leads to an increased delivery of sodium chlo-
ride to the distal segments for excretion without compensa-
tory changes in GFR.

A unique property of the ARB losartan is its ability to lower
serum uric acid in a dose-dependent manner. It appears to
inhibit urate reabsorption in the proximal tubule, resulting in
a reduction of serum urate by approximately 0.4 mg/dl.76 The
clinical implications of this effect are unknown, but it may be
beneficial, because it has been suggested that hyperuricemia is
a risk factor for renal disease progression and coronary artery
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disease.3 It has been suggested that some of the cardiovascular
and renal benefits of losartan are a direct result of its urico-
suric effect.77

ARB treatment of hypertensive patients with normal or
impaired renal function elicits renal responses similar to or
slightly greater than those elicited by ACE inhibitor treat-
ment.78,79 In addition to decreases in systolic and diastolic
blood pressure, patients demonstrate increases in renal blood
flow, decreases in filtration fraction and renal vascular resist-
ance, and no substantial changes in GFR.80 These effects are
likely a result of combined decreases in both preglomerular
and postglomerular resistances. It has been suggested that ele-
vated intrarenal Ang II levels in the face of AT1 receptor block-
ade stimulate AT2 receptors, which can increase preglomerular
vasodilator actions of bradykinin, cyclic guanosine monophos-
phate, and nitric oxide.81,82 ACE inhibitors can potentiate this
effect.80 The clinical importance of this finding has yet to be
established.

Ang II blockade may significantly reduce GFR in underper-
fused kidneys, and patients with low perfusion pressures,
dehydration, or renal artery stenosis may experience severe
decreases in GFR but less severe than with ACE inhibitors.83,84

Under conditions of overperfusion, such as hypertension
associated with glomerulosclerosis and nephron loss or dia-
betes, Ang II blockade is protective. Such patients often have
a suboptimal suppression of the RAAS. The lowering of effer-
ent arteriole resistance reduces intraglomerular hydrostatic
pressure, attenuating the progression of renal injury, and
increases renal sodium excretory capacity. In concert with the
reduction in systemic arterial pressure, these actions provide
more renal protection with the ARBs than with other classes
of antihypertensive agents in the presence of equivalent
reductions of blood pressure.13,85-87

Urinary protein excretion is significantly decreased with ARBs
and parallels findings with ACE inhibitors. Antiproteinuric
effects have been described in diabetic and nondiabetic patients
and those with renal transplants.88 Interestingly, in individual
patients, the course of long-term renal function correlates with
the antiproteinuric response to therapy.89 The antiproteinuric
effect has a slow onset. The dose-response curves for the
antiproteinuric effects differ from those of the antihypertensive
effects. The maximal effect occurs at 3 to 4 weeks, and the peak
of the dose-response curve has not been determined.90 Whether

the antiproteinuric effects of the ARBs are equivalent to, or bet-
ter than, those of ACE inhibitors remains to be determined.
ARBs and ACE inhibitors appear to have additive and similar
hemodynamic and antiproteinuric effects.51 In a number of tri-
als, ACE inhibitor or ARB therapy reduced proteinuria by up to
40%, whereas combined therapy resulted in a 70% reduction of
proteinuria with no further changes in blood pressure.91,92 Such
findings suggest that the mechanism of antiproteinuric effect
may differ between the two classes. Although evidence in sup-
port of this approach is limited,11 some authorities recommend
that patients on ACE inhibitor therapy with persistent hyperten-
sion or proteinuria be treated with additional ARB therapy.93

This combination appears to reduce intrarenal Ang II and TGF-
β levels more than high doses of either agent alone.94,95

Furthermore, combined ACE inhibitor–ARB treatment has
been shown to be more effective than monotherapy with either
class of agent in retarding the progression of nondiabetic renal
disease (Figure 25–4).60

Clinical trials demonstrate superior antiproteinuric effects
of the ARBs when compared with conventional antihyperten-
sive treatment. In patients with diabetic nephropathy, ARBs
reduce macroproteinuria up to 28% and can revert micropro-
teinuria to normal in 33% of patients (Figure 25–5).13,86,87

Long-term renoprotection with these agents substantially
retards the progression of renal disease. Patients with diabetic
nephropathy and >900 mg/dl protein per day receiving ARBs
had a 20% reduction in the risk of composite endpoints (dou-
bling of serum creatinine, developing ESRD, or death).13,86 The
risk of doubling of the serum creatinine was 33% lower in the
ARB arm than in the placebo group and 37% lower than in
the amlodipine arm. These effects were independent of changes
in blood pressure. Thus, strong clinical trial evidence indicates
that ARBs are more effective than other drug classes in slowing
the progression of kidney disease.11,96 Studies currently under-
way will assess whether very-high-dose ARBs and/or ARB/ACE
inhibitor combinations will provide even more protection.
Remarkably, analyses of the results of currently available trials
have demonstrated for the first time that the reduction in pro-
teinuria with ARBs correlates with a reduction in cardiovascu-
lar morbidity and mortality (Figure 25–6).97,98

Like the ACE inhibitors, ARBs have multiple nonhemody-
namic effects that may contribute to renoprotection. These
include antiproliferative actions on the vasculature and
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mesangium, inhibition of TGF-β,95,99 inhibition of atherogen-
esis100,101 and vascular deterioration,102 reduced superoxide
production and increased nitric oxide bioavailability,103,104

reduced collagen formation, reduced mesangial matrix pro-
duction, improved vascular wall remodeling, decreased vaso-
constrictor effects of endothelin-1, improved endothelial
function,103 reduced oxidative stress, and protection from cal-
cineurin inhibitor injury. The clinical importance of these
effects is currently under investigation.

An important consideration when using ACE inhibitors or
ARBs is the potential for the development of hyperkalemia.
This complication occurs in up to 10% of patients and is more
common in diabetics and those with impaired renal func-
tion.105 Serious hyperkalemia is found in only 1% to 2% of
patients. Hyperkalemia often results from one or more of three
disturbances that impair the excretion of potassium: decreased
delivery of sodium to the distal nephron, aldosterone deficien-

cy, and abnormal functioning of the collecting duct.106 These
abnormalities can result from the effects of other drugs, from
underlying disease, or from both. Management of hyper-
kalemia is outlined in Box 25–2.

b-Blockers
b-Adrenergic receptors in the kidney mediate vasodilation
and increase renin secretion. b-Adrenergic blockers might be
expected to influence renal blood flow and GFR through their
effects on cardiac output and blood pressure in addition to
their direct effects on intrarenal adrenergic receptors. b2
Receptors predominate in the kidney; thus the specificity of a
b-blocker will influence its effect on the kidney. Acute admin-
istration of b-blockers usually results in a reduction in GFR
and effective RPF.107 Chronic administration is associated
with a 10% to 20% decrement in RPF and GFR.108 This modest
reduction in GFR is probably not of great clinical importance.
In contrast to the effect with RAAS inhibitors, the reduction
in GFR with b-blockers does not seem to correlate with the
stabilization of renal function.108

Renoprotective Effects of Calcium
Antagonists
The potential benefits of CAs in acute and chronic kidney dis-
ease have been well described. There are multiple mechanisms
whereby they alter or protect renal function, notably as natri-
uretics, vasodilators, and antiproteinuric agents. All CAs exert
natriuretic and diuretic effects. Experimental and clinical
studies in hypertension indicate that the increase in sodium
excretion is, in part, independent of vasodilation or changes in
GFR, renal blood flow, or filtration fraction.110,111 This effect
likely is the result of changes in renal sodium handling that
can potentiate the antihypertensive effects of CA on the vas-
culature. In normotensive subjects, CAs increase sodium
excretion from 10% to 240%, often in the absence of changes
in blood pressure.112

The natriuretic effect appears to persist long term. Chronic
administration of CAs to hypertensive patients results in a
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cumulative sodium deficit that is abruptly reversed with dis-
continuation of the drug.113 Natriuresis commonly occurs 3 to
6 hours after the morning dose114,115; the net negative sodium
balance plateaus after the first 2 to 3 days but persists through-
out the duration of therapy. There are no significant changes
in long-term body weight, potassium, urea nitrogen, cate-
cholamines, or GFR.

Renal Hemodynamic Effects of Calcium
Antagonists
The renal hemodynamic effects of CAs are variable and depend
primarily on which vasoconstrictors modulate renal vascular
tone.111 Experimentally, CAs improve GFR in the presence of
the vasoconstrictors norepinephrine, Ang II, and others by pref-
erentially attenuating afferent arteriolar resistance.116 The effer-
ent arteriole appears to be refractory to this vasodilatory effect.
Patients with primary hypertension appear to be more sensitive
to the renal hemodynamic effects of CAs than are normoten-
sives, and these effects are more pronounced with advancing
kidney disease.117,118 Acute administration of CAs results in lit-
tle change, or augmentation of the GFR and RPF, no change in
the filtration fraction, and reduction of renal vascular resist-
ance. Chronic administration is not associated with significant
changes in renal hemodynamics. The response is maximal in
the presence of Ang II, which selectively causes postglomerular
vasoconstriction. Clinically significant changes are counteract-
ed by the reduction in renal perfusion pressure coincident with
the reduction in blood pressure.

The long-term effects of CAs on renal function are contro-
versial and variable. In hypertensive patients, the effects on
renal hemodynamics vary. Some patients exhibit no change in
GFR, whereas others have an exaggerated increase in GFR and
RPF. Normotensive patients with a family history of hyper-
tension also have exaggerated hemodynamic responses.119

Antiproteinuric Effects of Calcium
Antagonists
The antiproteinuric effects of CAs are also controversial and
variable with respect to the class of drug and the level of blood

pressure reduction achieved.120,121 Some dihydropyridines may
increase protein excretion by up to 40%. It is not clear whether
this is a result of vasodilation of the afferent arteriole, resulting
in increased glomerular capillary pressure, because CAs direct-
ly impair renal autoregulation. Changes in glomerular base-
ment membrane permeability or increased intrarenal Ang II
may also play a role in the increased proteinuria associated
with CAs.122,123 In contrast, felodipine, diltiazem, and vera-
pamil do not appear to have a proteinuric effect and may lower
protein excretion, possibly by decreasing efferent arteriolar
tone and glomerular pressure. The clinical implications remain
to be determined.

Large clinical trials underscore the controversy. In African
Americans with hypertension and mild to moderate renal insuf-
ficiency and proteinuria >1 g/day, ACE inhibitor therapy was
associated with a renoprotective effect, whereas the dihydropyri-
dine CA amlodipine was associated with deteriorating renal
function.124 This effect was independent of blood pressure
reduction and was more evident in proteinuric patients; it also
occurred in patients with baseline proteinuria <300 mg/day.
Hypertensive patients with diabetic nephropathy also fare worse
with amlodipine therapy as compared with therapy with an
ARB.86 In one study, patients experienced higher rates of pro-
gression of renal disease in the amlodipine and placebo groups
as compared with the ARB group. This effect was also inde-
pendent of blood pressure levels achieved. There were no signif-
icant differences in cardiovascular death, myocardial infarction,
or stroke between the treatment groups.125 Coadministration of
amlodipine with an ARB does not abrogate the renoprotective
effect of the ARB.13 It is postulated that selective dilation of the
afferent arteriole induced by CAs favors an increase in glomeru-
lar capillary pressure that accelerates renal disease progression.

Additional Renoprotective Effects
CAs possess many nonhemodynamic effects that may afford
renoprotection. In addition to lowering blood pressure, they
act as free radical scavengers; retard renal growth and kidney
weight126,127; reduce the entrapment of macromolecules in the
mesangium128; attenuate the mitogenic actions of platelet-
derived growth factor and platelet-activating factor127; block
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Box 25–2 Approach to Patients at Risk for Hyperkalemia Caused by Inhibitors of the Renin-Angiotensin System

Discontinue drugs that interfere with renal potassium excretion, such as nonsteroidal antiinflammatory drugs,
cyclooxygenase-2 inhibitors, and trimethoprim-sulfamethoxazole.

Inquire about the use of herbal preparations.
Prescribe low-potassium diet; inquire about the use of potassium-containing salt substitutes.
Prescribe thiazide or loop diuretics (loop diuretics are necessary when the creatinine clearance in less than 30 ml/min).
Consider prescribing sodium bicarbonate to correct metabolic acidosis.
Initiate therapy with low-dose ACE inhibitor or ARB.
Measure potassium 1 week after initiating therapy or changing doses.
If potassium increases to >5.5 mmol/L, decrease the dose of the drug; if the patient is taking a combination of ACE

inhibitor and ARB, and/or aldosterone-receptor blocker, discontinue one and recheck potassium.
The dose of spironolactone should not exceed 25 mg when used in combination with ACE inhibitors or ARBs and should

not be given at all when the creatinine clearance is less than 30 ml/min.
If potassium is consistently >5.5 mmol/L despite these steps, discontinue drugs.

Adapted from Palmer BF. Managing hyperkalemia caused by inhibitors of the renin-angiotensin-aldosterone system. N Engl J Med
351:585-592, 2004.



mitochondrial overload of calcium129; decrease lipid peroxi-
dation; decrease glomerular basement membrane thickness;
augment the antioxidant activities of superoxide dismutase,
catalase, and glutathione peroxidase; inhibit metallopro-
teinase-1 and collagenolytic activity; suppress the expression
of the angiogenic growth factors, vascular endothelial growth
factor, b-fibrogenic growth factor, TGF-β, and endothelial
nitric oxide synthetase130; and prevent renal cortical remodel-
ing and scarring131,132 (Box 25–3). The clinical implications of
these findings remain speculative at present.

Diuretics
Although diuretics have a mechanism of action centered in
the kidney, they have no specific renoprotective effect beyond
blood pressure lowering. Moreover, thiazides, the recom-
mended first-line agents in the treatment of uncomplicated
hypertension, lose their efficacy in patients with CKD and an
estimated GFR of <30 ml/min.133 Thus thiazides are a much
less important class of drugs for CKD patients. A loop diuret-
ic is often needed to help control extracellular fluid volume
and blood pressure in such patients, but no data suggest that
loop diuretics improve cardiovascular or renal survival.

ADDITIONAL STRATEGIES TO DELAY
RENAL DISEASE PROGRESSION

Treatment of Hyperlipidemia
Pharmacologic reduction of elevated lipids attenuates the
progression of renal disease in experimental animals.134 In
humans the data are very limited but suggest that the reduc-
tion of lipids with drugs can slow the rate of progression of
renal disease. For example, Bianchi et al. conducted a prospec-
tive, randomized, controlled trial to evaluate the effects of
1 year of treatment with atorvastatin versus no treatment on
proteinuria and progression of renal disease in patients with
CKD.135 The authors concluded that treatment with atorvas-

tatin, added to standard therapy with a regimen of ACE
inhibitors or ARBs, may reduce proteinuria and the rate of
decline of renal function in patients with proteinuria, CKD,
and hypercholesterolemia. Multiple small trials with agents
that inhibit hydroxymethylglutaryl-coenzyme A (HMG-CoA)
reductase have demonstrated similar findings. These agents
reduce total cholesterol, LDL cholesterol, and apo B.136-138 In
these trials, a reduction in proteinuria was achieved but no
significant changes in the course of renal disease were noted.
It has been suggested that the time course of the trials was not
sufficient to detect such changes, because the antiproteinuric
effects may not be manifest for up to a year.139 A meta-analy-
sis of the results of 13 clinical trials of antihyperlipidemic
drugs on renal function showed a tendency toward renal
preservation with lipid reduction.140

Because CKD is considered a coronary heart disease equiv-
alent, the NKF Task Force on Cardiovascular Disease recom-
mends aggressive management of all risk factors in patients
with CKD. The Kidney Foundation Kidney Disease Outcomes
Quality Initiative developed guidelines for the management of
dyslipidemias in CKD patients. The Working Group recom-
mended that LDL cholesterol levels should be targeted to
<100 mg/dl in patients with CKD.11

Management of Anemia
Interstitial fibrosis plays a critical role in the progression of
renal disease by reducing the ability of the kidney to synthe-
size erythropoietin. Consequently, anemia is perpetuated and
the remaining functioning tissue, with a higher metabolic
demand than normal, becomes more susceptible to ischemic
injury and further fibrosis. Analyses of the biologic effects of
erythropoietin and the pathophysiology of interstitial fibrosis
suggest that treatment with recombinant human erythropoi-
etin (epoetin) may slow the progression of CKD.141

Exogenous epoetin both decreases interstitial fibrosis and
protects against its consequences (Figure 25–7). Clinical trial
evidence supports this theory. In one trial, the investigators
compared 20 patients with CKD who were treated with epo-
etin with 43 patients who had a similar degree of renal failure
but who were less anemic and thus did not receive epoetin.
The rate of decline of creatinine clearance did not change over
time in the control group, whereas in the treated group, it was
significantly slower after epoetin therapy had been started.142

SUMMARY

The importance of recognizing early kidney disease is now
becoming evident in clinical practice. Major advances have
allowed us to better understand renal disease progression, and
the last decade has been marked by important discoveries that
can slow the rate of decline in renal function. Although sever-
al dietary and lifestyle changes may help, by far the most
important strategies to delay renal disease progression include
strict blood pressure control and inhibition of the RAAS.

Because the reduction of proteinuria predicts long-term
renal and cardiovascular protection, proteinuria cannot be
overlooked. Proteinuria is not only a determinant of renal risk
but also of the benefit that can be attained by pharmacologic
intervention. Promising trials are now underway to assess the
effects of high-dose RAAS inhibition. In the future we may be
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Box 25–3 Renal Protective Mechanisms of CAs

↓ Blood pressure
↓ Proteinuria
Scavenge free radicals
↓ Kidney growth
↓ Mesangial molecule entrapment
Attenuate antigenic PDGF and PAF
Block mitochondrial calcium overload
↓ Lipid peroxidation
↓ Glomerular basement membrane thickness
Augment antioxidant effects of superoxide 

dismutase/catalase and glutathione peroxidase
Inhibit collagenolytic activity
Suppress angiogenic growth factors
Prevent renal cortical remodeling
Ameliorate cyclosporine A toxicity
Block thromboxane- and endothelin-induced
vasoconstriction

PDGF, platelet-derived growth factor; PAF, platelet-activated factor.



titrating the dose of RAAS inhibitors to the degree of protein-
uria rather than to blood pressure. For the present, any poten-
tial intervention that may benefit a patient with early
nephropathy should be started.
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High arterial pressure, hypertension, is a highly prevalent dis-
order of the adult population in the United States and other
nations with “Western” cultures. Hypertension is one of the
most common reasons for a patient to visit a physician’s office
or clinic. The initial evaluation or work-up for hypertension
and its follow-up assessment is quite different from that for
acute disease processes. For those disorders with sudden
onset, the initial evaluation or work-up is often considered as
a definitive assessment that reveals the likely cause, needed
diagnostic tests, and appropriate treatment. After the acute
disease is successfully treated, follow-up in the clinics may not
be needed or may be limited to a few visits.

The initial assessment of hypertensive patients differs from
the evaluation for acute illnesses in large part because the
diagnostic focus is less on finding a cause (secondary hyper-
tension) than on determining the overall risk status of the
patient. Staging comes first, and cause a distant second.
Furthermore, the management of hypertensive patients takes
place over an extended period of time, many years or decades.
During this long interval, many changes can be anticipated as
the patient’s status becomes the result of treatment, evolution
of related or unrelated disease states, and aging. Hence, peri-
odic reevaluation of hypertensive patients is a necessary part
of their management.

In the past few years there has been increasing recogni-
tion that in adults, and to some extent in adolescents and
children as well, high blood pressure (BP) occurs in many
individuals who have other predictors and risk factors for
future cardiovascular disease. Smoking, overweight, abnor-
mal serum lipid patterns, and diabetes mellitus (usually
type 2) in varying combinations, often accompany hyper-
tension. In addition, hypertensive individuals often have
target organ damage (TOD) that has already led to symp-
toms or impairment, but also predicts likelihood of addi-
tional disease in the future. The absolute risk of future car-
diovascular disease is then a composite of reversible risk
factors and target organ pathology involving the heart,
brain, kidneys, and arteries. Aging adds irreversibly and
inexorably to the absolute risk of cardiovascular disease.
Figure 26–1 is a schematic to summarize these complex
relationships. The diagnostic process must combine reason-
able completeness, efficiency, and practicality for the limit-
ed time and resources available to busy clinicians. This will
be the guiding approach summarized in this chapter.

WHEN IS HYPERTENSION PRESENT?

Arterial Pressure and Risk
The risk of future cardiovascular disease increases in a direct
and somewhat linear relationship to systolic and diastolic
arterial pressure.1 For systolic blood pressure (SBP), this rela-
tionship continues into older age groups.2,3 The relationship
between diastolic blood pressure (DBP) and risk of cardiovas-
cular disease in older groups is more complex because the
pulse pressure (systolic-diastolic pressure) assumes more
importance.4 In those older than 50 years of age, for equally
high SBPs, a lower DBP (wider pulse pressure) confers a worse
prognosis.5,6 In a similar manner, the risk of future end-stage
renal disease (ESRD) increases significantly when BP is only
minimally elevated above the normal range, but increases
steeply when the pressure is very high.7

For practical diagnostic purposes, ranges of BP were
grouped into “high-normal pressure” and stages 1 to 3, in the
Sixth Report of the Joint National Committee on Detection,
Prevention, and Treatment of Hypertension (JNC VI)8 and
generally accepted by international guidelines.9 The most
recent guideline from the United States, the Seventh Report
of the Joint National Committee on Prevention, Detection,
and Treatment of High Blood Pressure (JNC 7) adds a new
term, “prehypertension,” referring to those who have BPs
above 120/80 mm Hg and below 140/90 mm Hg.10 The
rationale for this classification is based on the very high life-
time risk of hypertension found in the Framingham Heart
Study for those with pressures above the ideal level for min-
imum risk.11 Whether prehypertension, as a diagnosis, is a
helpful tool for getting those younger patients to adopt a
better lifestyle and prevent hypertension12 is uncertain.
A modified version of the BP classification is given in Table
26–1 as a basis for considering levels of BP in relation to
diagnosis and treatment.

Some have suggested that the minute-to-minute variability
in arterial BP also contributes to disease, in addition to aver-
age levels. A cross-sectional study of intraarterial pressures
suggested that excessive variation in pressure is correlated
with TOD.13 However, as a predictor of future disease in
prospective studies and a basis for treatment, variability per
se, has yet to be shown as an independent risk factor when
adjusted for other factors.14

SECTION 4

Diagnosis

Initial Evaluation and Follow-Up Assessment
Lawrence R. Krakoff

Chapter 26



Accurate Measurement, Errors, and Bias
Accurate measurement of BP is clearly needed for correct diag-
nostic classification. When arterial pressure is either well in the
normal range (SBP <130 mm Hg and DBP <80 mm Hg) or
markedly elevated (SBP >180 mm Hg and DBP >110 mm Hg),
even a somewhat inaccurate method of BP measurement will
approximate the true average, so the likelihood of a false-positive

or false-negative diagnosis of hypertension is very small.15

However, many have average or usual pressures that fall in the
ranges of 130 to 160 mm Hg for SBP and 80 to 105 mm Hg for
DBP. BPs measured by the ordinary clinical method (stetho-
scope and cuff with either a mercury or aneroid manometer)
may be inaccurate or misrepresentative. This can lead to a mis-
classification that is even more likely when the average pressures
are close to one of the dividing points for diagnosis (i.e., high-
normal pressure versus JNC VI stage 1).15,16 Attention needs to
be paid to (1) correct cuff size for the patient, (2) accuracy of
the manometer, (3) training and reliability of the observer,17

and (4) sufficient number of measurements for a reasonable
approximation of the average pressure.15

Supplemental Pressures
BP measurements obtained outside of the clinic may be help-
ful to arriving at average pressure and have important prog-
nostic value. The use of either ambulatory BP monitoring18 or
home BPs19 has gained recognition in this regard. Such meas-
urements may reveal “white-coat hypertension” in which BP
elevation is limited to the clinic or office, or its opposite state,
in which clinic pressures are lower than average daily pres-
sures.20,21 These topics are discussed in Chapters 27 and 28.

NONHYPERTENSIVE RISK FACTORS

Definitions
Hypertension is an unequivocal risk factor for cardiovascular
mortality and morbidity. Before clinical trials established the
benefit of lowering BP, the term risk factor was limited to
mean a measurable trait that predicts future disease and is
presumed to play a causal role for future pathology. Now that
clinical trials have established the effectiveness of antihyper-
tensive therapy, the term risk factor includes the implication
that reduction of pressure confers benefit. Thus, a cardiovas-
cular risk factor predicts disease, is a cause of pathology, and
can be reduced by a treatment that prevents disease.

Some hypertensive patients have no other risk factors to
worsen their prognosis. Many, however, have the combination
of high BP and other, independent predictors and causes of
stroke, coronary heart disease (CHD), and/or renal insuffi-

296 Diagnosis

Target
organ

damage

Nonhypertensive risk

Hypertension only

In
te

ns
ity

R
is

k

Age

FFigure 26–1 A schematic representation for
assessing absolute risk of future
cardiovascular disease in hypertensive
patients. Likelihood of a fatal or nonfatal
stroke or myocardial infarction is related to
age, the “intensity” of each risk factor (e.g.,
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Table 26–1 Recommended Evaluation and Initial
Management for Various Blood Pressure (BP) Levels Found at
Initial Clinic Measurement of Asymptomatic Adult Subjects*

BP Levels Recommended Treatment

Systolic ≥220 mm Hg Rapid evaluation by comprehen-
or sive history, physical exami-
Diastolic ≥115 mm Hg nation and laboratory tests. Start 

treatment within 24 hours.

Systolic ≥180 mm Hg Comprehensive evaluation within 
or 1 week. Begin treatment if BP 
Diastolic ≥105 mm Hg remains at this level.

Systolic ≥160 mm Hg Comprehensive evaluation within
or 2-4 weeks. Treatment decision
Diastolic ≥100 mm Hg depends on overall status.

Systolic 140-159 mm Hg Comprehensive evaluation within
or 1 month. Initiate lifestyle 
Diastolic 90-99 mm Hg changes. Ordinarily withhold 

drug treatment for 1-6 months. 
Supplemental pressure, ambul-
atory monitoring, or self-measure-
ment may be helpful.

Systolic >120 mm Hg Prehypertension suggesting that 
or hypertension may develop in the
Diastolic >80 mm Hg future (years). Provide advice

regarding diet, exercise, salt 
intake. Reassess yearly.

*For symptoms or abnormal findings on physical examination,
individual decisions are more appropriate. The BP levels
approximately correspond to stages 1 to 3 of the JNC VI
report,8 with the additional classification of “prehypertension”
added in the JNC 7 report.10



ciency. Table 26–2 lists those risk factors that are have strong
epidemiologic association with cardiovascular disease. These
risk factors are reversible and should be taken into considera-
tion during the initial and continuing evaluation and man-
agement of every hypertensive patient. A brief review of each
of these risk factors now follows.

Smoking
A history of current or recent cigarette smoking nearly dou-
bles risk of stroke and CHD and is well correlated with likeli-
hood of peripheral arterial disease. Furthermore, smoking is
related to the occurrence of malignant hypertension.22,23

Those who stop smoking can rapidly reduce risk of CHD
within a few years.24 Ongoing counseling during follow-up
visits may reduce smoking behavior, as demonstrated in the
Multiple Risk Factor Invention Trial (MRFIT).25 More recent-
ly, pharmacologic options have become available (e.g., nico-
tine chewing gum, nicotine transcutaneous patches, cloni-
dine, and bupropion). These strategies, together with
aggressive public education programs, may achieve a sus-
tained elimination of smoking behavior and thus reduce long-
term risk of stroke, CHD, and peripheral vascular disease.

Lipids and Lipoproteins
Many serum lipoprotein patterns have been associated with
altered cardiovascular risk and the list of possible candidates
is increasing. Increased low-density lipoprotein (LDL) cho-
lesterol or reduced high-density lipoprotein (HDL) choles-
terol are well-accepted predictors. The metabolic syndrome,
associated with insulin resistance, low HDL cholesterol, and
elevated serum triglyceride concentration, appears to be a
predictor of CHD.

Randomized placebo-controlled clinical trials carried out in
persons with a high risk of future CHD have demonstrated that
reduction of serum cholesterol by statin therapy is effective in
the presence or absence of hypertension.26-28 Statin therapy is
effective in preventing coronary events even when baseline cho-
lesterol levels are “normal” (i.e., LDL cholesterol ≤100 mg/dl [or
≤2.7 mM/L] or total cholesterol ≤207 mg/dl [or ≤5.6 mM/L).
For those at high risk due to low HDL levels, fibrate therapy

with gemfibrozil may be effective, at least for those with prior
CHD.29 Other fibrates have not been studied in outcome trials.

Diabetes, Glucose, and Insulin Resistance
Every hypertensive patient should be assessed for diabetes
when first seen and during follow-up. Hypertensives are twice
as likely to develop new type 2 diabetes compared with nor-
motensives.30 The importance of overt diabetes, high-normal
fasting glucose, or glucose intolerance as adding to potentially
reversible risk within the hypertensive population and even in
those with high-normal pressure cannot be overemphasized.31

Within the hypertensive population, a fraction have normal
fasting glucose and glucose tolerance, but the syndrome of
insulin resistance (the metabolic syndrome).32,33 It is not yet cer-
tain that this syndrome, apart from its frequent correlates of obe-
sity and altered serum lipoprotein pattern, confers independent
risk. Furthermore, insulin resistance is not easily defined outside
of research settings. For a more extensive discussion of insulin
resistance in essential hypertension, see Chapter 13.

For ordinary clinical purposes, the fasting serum glucose is all
that is needed to define the metabolic state of most patients.
However, new definitions of both diabetes and the borderline
state of impaired fasting glucose have been reached through an
evidence-based process and the consensus of experts and should
be used to classify hypertensive patients.34 The diagnosis of dia-
betes is based on an average fasting glucose (two or more separate
measurements) of >125 mg/dl (or ≥7 mM/L). When the average
falls between 100 and 126 mg/dl, impaired fasting glucose is the
correct label; such patients should be reevaluated at 1- to 2-year
intervals for possible conversion to type 2 diabetes.

If a patient is known to have had either insulin-dependent
or non–insulin-dependent diabetes for several years, addi-
tional evaluation for complications of the diabetic state
including the presence of retinopathy, neuropathy, nephropa-
thy, and evidence of peripheral macrovascular and microvas-
cular disease (i.e., foot ulcers) needs to be undertaken.

Weight, Build, and Overweight
Measurement of weight and height are, or should be, part of
the initial assessment of all patients. At a glance, one can tell
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Table 26–2 Nonhypertensive Risk Factors to be Assessed in the Work-up of Hypertensive Patients

Major Risk Factors Comment

Smoking status Cessation of smoking reduces risk of CHD within 2 years by 50%. Stroke and 
peripheral vascular disease can be prevented.

Diabetes mellitus More likely in hypertensive groups. Invariably increases risk. Can be treated.

Serum lipid–lipoprotein levels The benefit of reducing high LDL concentrations is firmly established. Correction of
high triglyceride level and low HDL status is likely to be beneficial.

Overweight and increased waist:hip ratio Overweight and obesity are clearly related to cardiovascular disease. Weight 
reduction lowers BP and other risk factors.

Excess alcohol use Clearly associated with increased pressure and likelihood of disease. Low alcohol
use may be beneficial.

Reduced aerobic exercise Evidence supports the value of regular exercise for preventing cardiovascular 
disease.

CHD, coronary heart disease; LDL, low-density lipoprotein.



if the body build is slim, muscular, mildly overweight, obese,
or morbidly obese. It is useful, however, to have a single and
simple calculation that gives a numerical counterpart to the
clinical impression. The calculated body mass index (BMI) is
widely used in clinical studies to convey body build that
relates weight to height. The calculation for BMI is weight
(kg)/height in meters squared (m2) or kg/m2. For those meas-
uring height in inches and weight in pounds, the formula for
BMI, equivalent to using metric units, with a correction fac-
tor is 705 × weight (lbs)/height in inches2. Generally, desir-
able BMI is ≤25, mild overweight is 25 to 29, and definite
overweight is ≥30 or ≥20% above desirable weight.

Weight distribution may also predict future cardiovascular
disease and the likelihood of hypertension or the tendency to
non–insulin-dependent diabetes mellitus (NIDDM). The
“apple” shape is relatively incriminated, while the “pear” shape
is less so. These adjectives are reflected in a simple measure-
ment, the waist:hip ratio, normally well below 0.9. As the ratio
increases in overweight patients, the body build is more of the
“apple” or high-risk type.35

Overweight hypertensives may be considered to have a
reversible disorder, whose correction (i.e., weight loss) may
not only lower their BP, but improve overall risk status (ele-
vated serum LDL cholesterol, impaired glucose metabolism,
or NIDDM) as well. National trends suggest that overweight is
relentlessly increasing in the United States.36

Exercise Pattern—Fitness
A pattern of regular exercise may lower BP by 4 to 5 mm Hg,37

even reduce left ventricular hypertrophy (LVH)38 and con-
tribute to prevention of future cardiovascular disease.39-41 As
part of the initial evaluation, assessment of exercise is advis-
able along with encouragement to maintain or increase daily
physical activity for its benefit.

Alcohol Use or Over Use
Appraisal of day-to-day ingestion of alcoholic beverages
should be part of the initial and recurring assessment of hyper-
tensive patients for several reasons. Low-level alcohol intake
may be a preventive measure for future cardiovascular disease42

and can be encouraged if there is no evidence of harm.43

However, sustained high alcohol intake may contribute to both
hypertension and cardiovascular disease,44 whereas reduction
of high alcohol ingestion may lower BP and even prevent the
onset of hypertension.45-47 Those hypertensive patients who
continue high alcohol use may be difficult to control because
of poor compliance with antihypertensive therapy.

Other Potential Risk Factors
Renin as a Risk Factor and Renin Profiling

The renin-angiotensin-aldosterone system participates in
control of arterial pressure and fluid-volume balance. This
system can be assessed with widely available clinical measure-
ments. Classification of hypertensive patients into low, nor-
mal, and high renin subgroups has prognostic significance in
that the low renin subgroup tends to have less CHD, both in
an observational study48 and a prospective cohort analysis,49

in contrast to higher rates of CHD in normal and high renin

groups. Renin profiling may predict response to antihyperten-
sive drug treatment and add useful information for detection
of secondary hypertension, especially renal artery stenosis and
primary aldosteronism.

As an indirect assessment, an unusually good response to
treatment with either an angiotension-converting enzyme
inhibitor or angiotensin type 1 receptor blocker (drugs that
specifically block the renin-angiotensin system) implies an
overactive renin system. In contrast, the lack of any BP response
to either of these drug classes suggests a low renin state, as
occurs in primary aldosteronism. The sensitivity and specificity
of clinical responses to these drugs are, however, not defined.

The use of renin profiling has not become a widespread
approach for initial assessment, unless secondary hyperten-
sion is suspected. However, renin profiling may have a role for
those patients who are resistant to treatment with two to three
drugs. Recent studies report high detection rates of primary
aldosteronism in patients with refractory hypertension,50,51

and the addition of spironolactone or other mineralocorticoid
receptor antagonists may be effective in this setting.52,53

Homocysteine and C-Reactive Protein

New candidates as predictors or possible participating causes of
cardiovascular disease are often reported. The level of serum
homocysteine has been correlated with stroke54 and CHD.55

Homocysteine levels are partly related to the availability and
normal metabolism of folic acid and vitamin B12 via methyla-
tion pathways.56 An adequate dietary supply of folic acid is need-
ed to minimize homocysteine concentration. Supplementing
the diet with folic acid may reduce homocysteine and is poten-
tially beneficial for prevention of cardiovascular disease.57

The plasma level of C-reactive protein (CRP), a manifestation
of inflammation, is another candidate risk factor for stroke,
CHD, and peripheral arterial disease.58 It has been suggested that
the atherosclerotic process includes a low-grade inflammation,
which can elevate CRP.59,60 Thus an elevated CRP might be
viewed as reflecting TOD, rather than being a candidate risk fac-
tor. The overall effect of aspirin in reducing risk of CHD61 might
then include an antiinflammatory effect (on atherogenesis) in
addition to an antithrombotic action. It has also been suggested
the benefit of statin therapy in preventing CHD is partly medi-
ated by an antiinflammatory effect related to CRP levels.
Whether measurement of CRP levels adds enough information
to be useful as a screening procedure remains contoversial.62

TARGET ORGAN DAMAGE

Treatment of hypertension prevents the development of car-
diac, renal, and vascular pathology, (i.e., TOD). Nonetheless,
many patients have evidence for TOD when seen initially or
during follow-up. Detection of TOD in hypertensive patients
is a crucial and necessary diagnostic requirement for initial
evaluation and subsequent interval reassessments. Presence of
TOD adds to risk of future cardiovascular disease and mortal-
ity. Furthermore, treatment may reverse TOD (e.g., regress
LVH) or delay progression (e.g., reduce decline in renal func-
tion). Both the medical history and pertinent physical exami-
nation are clearly useful to detect some forms of TOD.
Relevant and cost-effective testing is needed for improving
precision in many instances.
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Table 26–3 lists the major sites of TOD to be surveyed, how
these are to be assessed in the initial medical history and phys-
ical examination, and the most often used tests or imaging
procedures for confirmation.

INITIAL ASSESSMENT OF HYPERTENSIVE
PATIENTS

Hypertension is usually first considered during periodic
check-up visits or as part of ordinary screening when patients
are seen for unrelated minor illnesses. Hypertension, present-
ing as an emergency, is rare and will require hospitalization
and immediate treatment (see Chapter 78).

Most hypertensives will be managed at clinic or office vis-
its. The initial evaluation should consist of a careful medical
history, appropriately comprehensive physical examination,
and necessary tests. For adult hypertensive patients, the tests
that I include, as a minimum, are as follows:

1. Electrocardiogram: Is there evidence for left ventricular
enlargement or ischemic disease?

2. Fasting glucose, serum creatinine, and electrolytes (Na+,
K,+ Cl−, HCO3

−) to assess for diabetes, hypokalemia, and
renal function.

3. Serum lipid profile: HDL and LDL cholesterol fractions
and triglyceride concentration.

4. Urinalysis: Is proteinuria or an abnormal sediment present?

Once this information is available, the issues addressed in
Table 26–4 should be dealt with. The first row of Table 26–4
indicates that the initial assessment should provide the over-
all absolute cardiovascular risk of each patient, as portrayed
in Figure 26–2. Additional tests may be needed to define
TOD (see Table 26–3). The second row of Table 26–4 places
emphasis on those features derived from the medical history
that are often overlooked in overviews and guidelines for
patient management and yet are crucial in establishing strat-
egy for long-term management of hypertensive patients. The
individual patient’s ordinary activities, socioeconomic sta-
tus, ability to understand his or her risk, comprehension of
what may be a complex medical regimen, and support sys-
tems are pertinent to management. Will this patient be com-
pliant with medication, and reliable about follow-up visits
and reporting symptoms? What financial burdens can he or
she deal with for tests and medications? Accurate assessment
of these issues may determine whether a patient can be
expected to change lifestyle or take medication regularly. The
third row of Table 26–4 states that the initial work-up will
lead to a plan that will include recommendations for treat-
ment and for appropriate follow-up evaluations, which will
be covered in the upcoming sections.

The fourth row in Table 26–4 indicates that an estimate of
the likelihood of secondary hypertension should be made.
Many forms of secondary hypertension can be detected
through a careful history and physical examination. Table
26–5 provides a guide to these disorders and also indicates the
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Table 26–3 Assessment of Target Organ Damage (TOD) to be Suspected in Hypertensive Patients with or without Other Risk
Factors

Site/Pathology Detection by History and Examination Pertinent Additional Tests

Retina: arteriolar thickening, Ophthalmoscopy Fluorescein angiography, rarely needed
hemorrhage, exudates,
papilledema

Carotid artery stenosis Auscultation for bruits Carotid ultrasound assessment*

LVH; diastolic and systolic History of dyspnea, fatigue; examination ECG; echocardiogram for selected cases
dysfunction for S4, increased S2, cardiac 

enlargement–left ventricular heave

Coronary artery disease History of angina, or previous myocardial ECG, stress tests*
infarction

Cerebrovascular disease History of stroke or transient ischemic  Carotid ultrasound assessment*; additional 
attack, screening neurologic examination imaging with CT scan or MRI sometimes 

appropriate

Renal pathology History of renal disease or diabetes Urinalysis for protein, abnormal sediment;
>5 years, unexplained edema spot urine for microalbumin; albumin:

creatinine ratio; calculated creatinine clearance 
as estimate of glomerular filtration rate

Abdominal aortic aneurysm History of abdominal mass or discomfort, Ultrasound of abdomen,* CT scan, MRI, 
detection of pulsatile mass on MRA
physical examination

Peripheral arterial stenosis History of claudication, reduced pulses Measurement of arm and calf pressures for
on physical examination ankle/arm index*

*Indicated as initial test when history or physical examination reveals positive findings.
LVH, left ventricular hypertrophy; S4, fourth heart sound; S2, second heart sound; ECG, electrocardiogram; CT, computed tomography;
MRI, magnetic resonance imaging; MRA, magnetic resonance angiography.



need for appropriate laboratory assessment as initial screening
strategy. Characteristics of many diagnostic tests frequently
used to detect secondary hypertension have been calculated
with regard to sensitivity, specificity, and predictive value.63

When secondary hypertension is considered likely, on clinical
grounds, combinations of tests used judiciously may provide
the greatest accuracy.63,64

INITIAL MANAGEMENT

After evaluating hypertensive patients, decisions will be made
regarding goals for treatment and strategies for achieving these
goals. In general, some combination of lifestyle change and
drug therapy will be recommended. When the pressure is
higher, drug treatment will be started immediately. For those

with pressures in the range of 140 to 150 mm Hg/90 to 100
mm Hg, without TOD, initial nonpharmacologic choices, par-
ticularly weight reduction, with or without reduced salt intake
may be appropriate. Diets that have high fruit, vegetable, and
low-fat dairy product content with low-salt intake such as the
Dietary Approaches to Stop Hypertension (DASH)-sodium
diet can be recommended as an effective lifestyle change.65,66

When smoking, increased LDL cholesterol, or diabetes is
found, attention to these may be as important as BP reduction.

Apart from the general advice given in guidelines or con-
sensus documents, there is surprisingly little information in
the medical literature about specific strategies for getting each
patient to the goal of a reduced overall risk of future cardio-
vascular disease. The patient’s ability to understand and com-
ply with treatment needs attention, as well as his or her vari-
ous personal, social, and economic characteristics. In setting a
plan for management, the time frame for achieving specific
goals needs to be discussed with the patient. Trying to do too
much in too short a time often leads to frustration and less
optimal compliance, compared with a gradual introduction of
one intervention at a time over several visits, spaced out over
several months.

REEVALUATION AND FOLLOW-UP

After the initial work-up, management of hypertension and
cardiovascular risk ought to become a long-term partnership
between doctor and patient so that periodic surveillance and
reassessment are coupled with continuing motivation and
education. The success of randomized clinical trials in
demonstrating the efficacy of antihypertensive drug therapy
and cholesterol reduction has depended on recruiting and
maintaining a high fraction of patients on treatment who are
willing to remain enrolled under observation. Whether the
same degree of compliance and adherence can be achieved in
ordinary clinical settings remains a challenge.

Most patients with well-controlled BP after 6 to 9 months of
treatment remain stable for long periods and, in my view can
be seen every 6 months thereafter. Even this frequency may be
too demanding for many patients who work or have family
responsibilities and are free of symptoms, unless a highly con-
venient medical care system is available. Adjunct resources
such as work-site clinics may be helpful.67 Self-measurement of
BPs at home has the potential for reducing need for office or
clinic visits68 and may improve control of hypertension.69

When hypertension remains uncontrolled despite appro-
priate multidrug treatment, the terms refractory hypertension
or resistant hypertension apply. Some of these patients have
normal pressures by ambulatory BP monitoring70-72 or home
monitoring19 because of a large white-coat effect. Many of
those with refractory hypertension probably have reduced
adherence to medication and need additional education and
counseling to improve use of medication.73 Other considera-
tions should include underdosing of partially effective med-
ications (especially in very obese patients), ineffective drug
combinations, use of steroids or nonsteroidal antiinflamma-
tory drugs that may raise pressure, and secondary hyperten-
sion (see following paragraphs).

My own suggestions for follow-up evaluations are given in
Table 26–6. There are, however, many exceptions or intercur-
rent changes that warrant highly individual choices. Even when
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Table 26–4 Information to be Derived from Initial Assessment
of Hypertensive Patients

Assessment Information Derived

Overall risk status of Composite of:
future cardiovascular Average blood pressure level
disease Nonhypertensive risk factors

Target organ damage 

Assessment for Potential for education, change
management strategy in lifestyle, compliance with 

medication

Plan for treatment and Choice of lifestyle change 
follow-up and/or medication; schedule 

for follow-up, rescreening

Likelihood of secondary Clues provided by history, 
hypertension physical examination, and 

initial laboratory tests

Initial encounter

Clinic
evaluation

Emergencies

Rapid treatment
and control

Long-term surveillance, treatment, and reevaluation

FFigure 26–2 A simplified flow diagram for management of
hypertensive patients, after their initial detection. The few
hypertensive emergencies will be rapidly evaluated and
treated. Most patients will be evaluated entirely in clinic or
office settings. All should be kept under observation with
reevaluation, adjustment in treatment, and appropriate
diagnostic assessment for as long as possible.



hypertension and other risk factors are well controlled over
long periods of observation, hypertensive patients remain like-
ly to have cerebrovascular and cardiovascular disease.74 Thus
clinicians should be aware that the syndromes of cerebrovas-
cular disease or CHD are ever in the background despite effec-
tive therapy. This implies that screening tests for arterial dis-
ease, particularly cardiac stress tests and ultrasound
interrogations of the carotid artery and the abdominal aorta
may have value for hypertensives treated for many years, espe-

cially if they are older (>55 years) or have wide pulse pressures
or any prior cardiovascular disease. Men older than age 65 may
benefit from screening by ultrasound for abdominal aortic
aneurysms.75 This strategy is not cost-effective for women.76

Secondary hypertension may occur, on occasion, in those
with essential hypertension during their course of prolonged
management. Atherosclerotic renal artery stenosis may devel-
op when there are multiple risk factors for atherosclerosis or
carotid or peripheral artery disease. Development of renal
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Table 26–5 Initial Assessment for Secondary Hypertension—Some Examples of More Well-known Forms

Findings by History and Physical 
Specific Disease Examination Usual Screening or Initial Tests

Coarctation of the aorta Decreased pulsation and pressure Chest radiograph for abnormal aortic contour, 
in legs, interscapular bruit chest CT or MRI

Cushing’s syndrome Obesity, “moon” face, “buffalo hump” 24-hour free cortisol and overnight dexametha-
of cervical fat pad, acne, bruises, sone suppression test
purple abdominal striae

Primary aldosteronism, other Normal appearance, vague symptoms, Serum electrolytes, plasma renin, serum or urine 
forms of mineralocorticoid fatigue, weakness, rarely tetany aldosterone; measure other mineralocorticoids
excess for rare conditions

Renal artery stenosis Subcostal bruit, signs of widespread High renin profile, positive captopril test, duplex 
atherosclerotic arterial disease Doppler study of renal arteries, MRA of renal

arteries

Polycystic kidney disease History of familial hypertension and Ultrasound of kidneys
renal disease, palpable flank masses

Chronic renal disease History of abnormal urinalysis, known Complete urinalysis; creatinine clearance, urinary 
connective tissues disease (e.g., lupus protein, appropriate serologic studies
erythematosus), edema, hematuria, 
recurrent urinary tract infections or stones

Pheochromocytoma Highly variable pressure, symptoms of 24-hour urine metanephrine excretion or serum
paroxysmal palpitations, anxiety, metanephrines; CT scan for detection of tumor
sweating, headache, constipation or 
diarrhea, weight loss, family history of 
endocrine disease or “birthmark” 
diseases

Drug reactions: diet pill Often abrupt increase in blood pressure Chemical screens for amphetamines, cocaine,
overdose, cocaine use, with headaches, accurate history is alcohol, other drugs
ephedra, other drugs, crucial, including recent use of 
or alcohol withdrawal any drugs

Obstructive sleep apnea History of snoring or abnormal breathing Overnight sleep study with O2 saturation
during sleep, daytime somnolence (somnography)

Hyperthyroidism* Typical symptoms, tachycardia or atrial Serum TSH with “reflex” test for free thyroxine
fibrillation, wide pulse pressure with level
normal-low diastolic pressure

Hypothyroidism* Typical symptoms, bradycardia, increase Serum TSH with “reflex” test for free thyroxine 
in systolic pressure level

Hyperparathyroidism* Compatable symptoms: renal stones, Serum calcium level, followed by appropriate 
osteoporosis, intestinal disorders studies for parathyroid hormone excess

CT, computed tomography; MRI, magnetic resonance imaging; MRA, magnetic resonance angiography; TSH, thyroid-stimulating hor-
mone.
*Whether disorders of thyroid or parathyroid function are specific causes of hypertension remains uncertain. Because hyper-
tension is highly prevalent, these disorders may appear by chance, but patients should be fully evaluated when these disorders are
suspected.



insufficiency in elderly patients who used to be hypertensive,
but now have congestive heart failure with lower arterial pres-
sure, should raise the suspicion of renal arterial disease and
ischemic nephropathy.77,78

Refractory hypertension might also raise the question of
underlying disease. In addition to renal artery stenosis,
hypothyroidism should be considered and is easily detected by
measuring thyroid-stimulating hormone (TSH). Primary
aldosteronism has recently been reported as a more common
cause of drug-resistant hypertension.50,51

Each follow-up visit of a hypertensive patient is not only a
reevaluation of medical status, but can be viewed as an oppor-
tunity to maintain or enhance the goals of optimal preventive
care. Brief and focused emphasis on reinforcing positive
changes in lifestyle, education about risk and value of compli-
ance with treatment may contribute to the patient’s overall
commitment to staying on treatment. The message to be con-
veyed is that such periodic evaluations are part of the long-
range plan for reducing the odds of cardiovascular disease
through an effective partnership between doctor and patient.

SUMMARY

The initial and follow-up evaluations of hypertensive patients
are, taken together, a complex scheme for preventing or revers-
ing cardiovascular and renal disease over time intervals from

years to decades. The tools available to clinicians for work-up
now include a wide spectrum from the most basic skills (the
medical history and physical examination) to sophisticated
imaging techniques and biochemical assays. It is now possible
with reasonable cost and efficiency to predict absolute risk of
future cardiovascular disease with far greater precision when
many risk factors are taken together, and not rely on BP alone.
Such a strategy then can lead to more rational therapy focused
on reversible risk factors and pathology, as revealed from clini-
cal trials. Secondary hypertension, although rare, can now be
detected with more precise, but less invasive methods because
of progress in diagnostic technology. Nonetheless, for most
hypertensive patients, it is sustained surveillance and reassess-
ment, coupled with strategies for education and motivation to
achieve their active participation in optimal treatment that will
be the crucial determinants in reducing the likelihood of stroke,
CHD, congestive heart failure, and progression to ESRD.
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The currently employed method for blood pressure (BP)
measurement in physicians’ offices is still based on the auscul-
tatory sphygmomanometric technique, developed by Riva-
Rocci1 and Korotkoff more than a century ago, which has
remained the usual approach for the diagnosis and manage-
ment of hypertension in clinical practice. This technique has
provided us with most of the available information on the
prognostic consequences of a high BP, and on the protective
effect of BP reduction obtained by antihypertensive treatment.

However, over the years a considerable number of problems
associated with this time-honored method have been
acknowledged. The main limitations of office BP measure-
ments are related to the following:

1. Their inability to provide a large number of BP values
(necessary to account for the physiologic variability typical
of this parameter).

2. The fact that measurements are usually taken in a health
care facility setting, which may cause an alerting reaction in
the patient, followed by a BP rise that is frequently of a rel-
evant magnitude (even 30 mm Hg or more), known as the
“white-coat effect” (WCE).

3. The often improper application of the auscultatory sphyg-
momanometric technique (inappropriate conditions of
measurement, error in positioning or selecting the arm
cuff, wrong arm position, observer’s bias and digit
preference).

4. The inherent inaccuracy of auscultatory BP readings,
mainly for diastolic BP (DBP) measurements, in a number
of clinical conditions.

5. The incoming banning of mercury from diagnostic appli-
cations and devices, until now routinely used in the clinical
setting. The safety issues related to this highly toxic metal
may be expected to lead to the disappearance of mercury
sphygmomanometers, which have already been banned in
some European countries.2,3

The first four issues can be considered responsible for the
high degree of between-measurement variability that can be
observed both within and between physician’s visits, this
phenomenon can be explained only in part by physiologic
mechanisms.

In the attempt to overcome these limitations, a number of
different approaches to BP measurement have been proposed,
aimed at obtaining a more precise definition of patients’“true”
BP level. Two of them are now widely used in clinical practice,
namely self–BP measurement (SBPM) at home and 24-hour
ambulatory BP monitoring (ABPM). This chapter focuses on
the clinical value of the information obtained by performing
ABPM in the management of hypertensive patients.

TECHNIQUE OF AMBULATORY BLOOD
PRESSURE MONITORING—ITS HISTORY
AND CURRENT ACHIEVEMENTS

The occurrence of pronounced BP fluctuations over time was
first observed by Stephen Hales in 1733, when performing his
famous experiments on “the arterial pulse” by inserting a glass
pipe into the crural artery of mares (Figure 27–1). In the fol-
lowing years, additional information on the occurrence of BP
variations with time was obtained in humans, although only
through indirect methods aimed at quantifying the arterial
pulse, in most cases at the level of the radial artery
(Figure 27–2). Further insights into the variations of BP in
humans under the effects of exercise, stress, and emotions
were later made possible by the introduction of the sphygmo-
manometric technique by Riva-Rocci1 and Korotkoff.

A major breakthrough occurred in the last decades of the
twentieth century, when a portable intraarterial ABPM system
was developed by the Oxford group. This technique, using a
catheter placed in the radial or brachial artery and connected
with an electronic transducer and a perfusion unit positioned
at heart level, was able to yield a detailed recording of beat-by-
beat BP changes, stored on an analog tape recorder. The appli-
cation of this system to ABPM in humans has provided us
with the first demonstration that BP is characterized by pro-
nounced oscillations over the entire 24 hours (Figure 27–3).4

These include both long-term fluctuations, such as those
between wakefulness and sleep, and rapid changes over a time
scale of seconds and minutes, due to the cardiovascular effects
of emotion, exercise, and behavioral challenges.5,6 Application
of this technique to subjects characterized by different BP lev-
els has led to the demonstration that BP variability (as quan-
tified by the standard deviation [SD] of average 24-hour BP
levels) increases progressively with the increase in 24-hour
mean BP levels. It has also allowed a dynamic observation of
BP and heart rate changes during the physician’s visit, at the
time when a sphygmomanometric measurement is per-
formed. Through the application of this technique, we pro-
vided the first direct assessment of the magnitude and time
course of the WCE and quantification of the differential
impact on BP and heart rate exerted by BP measurements per-
formed by a doctor and a nurse, respectively.7,8

The invasive nature of this method has prevented its wide-
spread use in a clinical setting, for which noninvasive
approaches are required. This need has been met by progress
in technology that led to the development of two alternative
approaches to noninvasive BP monitoring. The first consists
of a noninvasive system able to yield beat-by-beat BP record-
ings similar to those offered by the intraarterial technique,
but without need of intraarterial catheters. This was achieved
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through the photo-plethysmographic arterial clamping tech-
nique described by Penaz and further improved by Wesseling,
based on the application of small cuffs on the middle or ring
fingers of the patient’s hand.9,10 This technique was first
applied to the development of a stationary device (Finapres,
Ohmeda Inc., Ohmeda, Colorado, USA) now improved,
refurbished, and made commercially available with the new
name of Finometer (FMS, Arnhem, The Netherlands).

Subsequently, the same technology was implemented in a
portable device (Portapres, FMS, Arnhem, The Netherlands),
which until now remains the only available approach to non-
invasive 24-hour, beat-by-beat ABPM. These devices have
been shown to be accurate for tracking of BP changes, but the
absolute BP values they yield do not always precisely reflect
sphygmomanometric BP obtained at the arm level.11 The
accuracy of this system has been improved by implementing
a hydrostatic height correction system, able to correct the
recorded BP values for the hydrostatic height difference
between the finger cuff and heart level, and by applying a
mathematical transformation to finger BP waveforms aimed
at reconstructing brachial BP waveforms and at approaching
arm BP levels12 (Figure 27–4).

Techniques for continuous BP monitoring have provided
us with a large amount of interesting data on the physiologic
mechanisms regulating the cardiovascular system and on their
derangement in pathologic conditions.13 This has been
obtained through computer analysis of spontaneous BP and
heart rate variations. This approach has yielded new informa-
tion not only on the magnitude but also on the rapidity of
spontaneous BP fluctuations, the latter found to be steeper in
hypertensive than in normotensive persons.14 In spite of their
great potential, techniques for continuous BP monitoring
have been largely confined to a research setting, mainly
because of their high cost and complexity.

The other approach to ABPM is based on the use of
portable, noninvasive, discontinuous BP monitoring devices,
which have become widely used tools to assess BP changes
over the 24 hours in the clinical setting.15 The first ABPM
devices, known as Remler devices,16,17 were based on semiauto-
matic techniques. The measurement was started manually by
the patient, who was asked to inflate the arm cuff, while the
cuff deflation and the BP readings (based on microphonic
detection of the Korotkoff sounds) were done automatically.
Despite its limitations, including inability to yield informa-
tion on nighttime BP and the need of an interactive, time-
consuming procedure by a technician to individually derive
the recorded BP values, this technique made it possible for the
first time to obtain evidence on the prognostic relevance of
ABPM.18
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Figure 27–1 The first blood pressure measurement, by
Hales, 1733. (Illustration by Elizabeth Cuzzort. From
Medical Times, Volume 72, 1944.)

Figure 27–2 The “direct” sphygmograph, by Etienne Jules Marey, 1860. (From Marey EJ. La circulation du sang. Paris,
Masson, 1881; p 214. Courtesy of The Wellcome Library, London.)



Further technologic development in this field has led to the
introduction of fully automated ABPM devices in which BP
measurement by the microphonic technique (rather susceptible
to interference, especially by external noise) has been progres-
sively replaced by the oscillometric approach. Currently, fully
automated oscillometric devices, if validated according to inter-
nationally accepted protocols,19-21 are the method of choice for
performing ABPM.22 The need to focus on validated devices is
related to the fact that oscillometric monitors do not directly
measure systolic BP (SBP) and DBP, but just mean BP, whereas
systolic and diastolic values are derived from mean values
through use of proprietary device-specific algorithms. A list of
devices validated for clinical application according to the afore-
mentioned protocols is published23 and is available and regular-
ly updated on a dedicated website (www.dableducational.com).

PROGNOSTIC IMPORTANCE OF
AMBULATORY BLOOD PRESSURE

Although most of the available data on the prognostic impor-
tance of an elevated BP and on the benefits obtainable by its
reduction through effective antihypertensive treatment are
based on office readings,24 an increasing number of studies
have indicated that ABPM may provide diagnostic and prog-
nostic information that is not only equivalent but probably
superior to that yielded by traditional office measurements.25

A number of these studies have focused on the relationship
of office and ambulatory BP with target organ damage. They

have almost invariably demonstrated the superiority of ambu-
latory values in this regard. This was the case in terms of car-
diac, renal, cerebral, and vascular changes (both in large and
small arteries), as well as in terms of a general organ damage
score, in studies specifically focusing on this issue26-30

(Figure 27–5),27 and also in analysis of the baseline data of
large prospective outcome studies such as the European
Lacidipine Study on Atherosclerosis (ELSA—data on
macrovascular changes)31 (Figure 27–6).

A few longitudinal studies showing that ABPM provides
data that are prognostically superior to those obtained by
means of office measurement are also available. The first lon-
gitudinal data were those of Perloff et al.,18 followed by data
on target organ progression such as those obtained over a 6- to
7-year follow-up of the patients included in our study using
intraarterial ABPM32 and those obtained when prospectively
focusing on target organ damage reduction by treatment in
the Study on Ambulatory Monitoring of Pressure and
Lisinopril Evaluation (SAMPLE)33 (Figure 27–7).

Longitudinal data on the ability of ABPM to provide impor-
tant prognostic information on the occurrence of cardiovascu-
lar events are also available. Such data were provided by the
uncontrolled observations by Verdecchia et al. obtained in the
cohort of subjects included in the PIUMA (Progetto
Ipertensione Umbria Monitoraggio Ambulatoriale) database34

and by Redon et al.35 in patients with resistant hypertension.
An important contribution to the demonstration of the prog-
nostic value of ABPM was also provided by analysis of data
obtained from the adult population of Ohasama in Japan.
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After 5 years of follow-up, it was evident that having ambula-
tory SBP in the highest quintile of the population data distri-
bution was associated with an elevated risk of death from car-
diovascular causes, whereas no such close association was
found for casual BP values.36 Similarly, in the analysis of data
from the Syst-Eur study (Systolic Hypertension in Europe
Trial),37 in the group of elderly hypertensives receiving place-
bo, a 10–mm Hg higher ambulatory SBP (but not office BP) at
baseline was an independent predictor of both cardiovascular
and total mortality over the follow-up period. The predictive
power was stronger for nighttime mean BP (Figure 27–8).37

The prognostic value of ABPM was further confirmed in
treated antihypertensive patients in the OvA study (Office ver-
sus Ambulatory Blood Pressure Study).38 In this study base-
line ambulatory BP (more SBP than DBP) was a powerful sig-
nificant predictor of risk of cardiovascular events over 5.5
years of follow-up even after correction for differences in
office BP had been made (Figure 27–9).

It has to be considered, however, that the superior prognos-
tic value of ambulatory BP and of its reduction by treat-
ment (as shown in the SAMPLE study33) compared with office
BP readings is particularly evident in case of reproducible
ambulatory BP data39 compared with “casual” office BP meas-
urements. The difference in predictive power between office
and ambulatory BP becomes less pronounced when repeated
and carefully performed office BP measures are considered or
when, on the other hand, poorly reproducible ambulatory BP

data are taken into account. This has been emphasized in a few
studies, including a paper by Fagard et al., 40 although anoth-
er study from this group has demonstrated that even when
changes in office BP are significantly predictive of left ventric-
ular mass reduction with treatment, changes in ambulatory
BP provide additional prognostic information.41

Several advantages of ABPM over office readings might
explain its greater predictive power25,42,43 (Box 27–1). The two
most important advantages are (1) the large number of BP
readings obtainable with ABPM, which makes the resulting
mean values much more stable and reproducible (an observa-
tion in line with the previously mentioned demonstration by
Fagard et al.40 that repeated office BP measurements obtained
under standardized conditions may have similar prognostic
value to 24-hour ABPM) and (2) the fact that ABPM is devoid
of a major confounder in the assessment of BP-related cardio-
vascular risk (i.e., the WCE45; see Chapter 28). Additional fac-
tors responsible for the superiority of ABPM over office read-
ings may be the noise introduced in the latter approach by an
insufficient quality of office measurements (use of devices in
poor technical condition, inappropriate conditions of meas-
urement, observer bias and end-digit preference) and, for the
assessment of the effects of antihypertensive treatment, the
fact that ABPM is virtually devoid of any placebo effect.46

A further advantage of ABPM is related to its ability to pro-
vide information not only on average BP values over the 
24-hour period, but also on different patterns of BP variation
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during the 24 hours. Although the evidence supporting the
prognostic value of average 24-hour, daytime or nighttime BP
values is extensive and convincing, the prognostic significance
of BP variability is still a research issue, even if already
supported by several studies.27,32,47-52 This is the case for over-
all BP variability, as quantified by the SD of the average BP
values of the 24-hours, the daytime or the nighttime. This is
also the case for its different components during 24 hours.
The patterns of BP variability that have most commonly been
considered to bear a prognostic value are the following.

1. Nocturnal BP fall (dipping). The absence of this physio-
logic phenomenon in groups of persons at high cardio-
vascular risk (e.g., patients with diabetes, chronic renal
failure, obstructive sleep apnea syndrome, and some
forms of secondary hypertension) has raised a question
whether it should be considered an independent cardio-
vascular risk factor. A number of studies have demon-
strated that nondipping is associated with more target

organ damage and an increased risk of cardiovascular
events,53 but it remains unclear whether this additional
risk depends on impaired cardiovascular regulation (as is
the case in diabetic neuropathy) or if it is simply the
result of an increased BP load at night. In the latter case,
the absolute level of BP at night should be prognostically
more important than the magnitude of the difference in
BP between daytime and nighttime. These possibilities
are not mutually exclusive and each may explain the
additional risk associated with an alteration of the sleep-
wakefulness cycle in BP to a different degree in different
patients. The situation is made even more complex by the
observations of Kario et al., that in elderly persons also an
excessive BP fall at night results in an increased risk of
ischemic cerebral damage and stroke.54 The issue of the
clinical relevance of nocturnal BP dipping needs to be
addressed with caution because of the demonstration
that this phenomenon is poorly reproducible.55 Thus the
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isolated finding of lack of nocturnal BP fall on ABPM
should be carefully considered, to avoid the erroneous
classification of subjects as “nondippers,” a label that
might carry an adverse prognostic meaning, while they
might have simply been “nonsleepers.”

2. Morning surge of BP. The rate of cardiovascular events
(ischemic cardiac events, sudden death, stroke) is higher
in the morning hours,56 at a time when increases in BP,
heart rate, sympathetic activity, and platelet aggregability
occur in association with awakening. It is not clear, how-
ever, whether the morning BP surge and the associated
increase in event rate are both the result of a common
cause (i.e., an increased sympathetic nervous system
activity, leading to an increased risk of arrhythmias and
BP peaks) or whether there is a causal link between
morning BP surge and a higher event rate (a steeper
morning BP rise might increase cardiac and vascular
stress and thus contribute to the occurrence of events).57

Only one study has investigated this relationship directly
and has demonstrated that, in fact, an increased morning
BP surge is associated with a higher incidence of stroke in
the follow-up period.58 Importantly, given on one side
the aforementioned demonstration that an increased rate
of cerebrovascular events may be related to the presence
of extreme dipping,54 and on the other side the observa-
tion that this phenomenon is often associated with a
more pronounced morning BP rise, it is not clear
which of these two patterns is prognostically more
important. In other words, it is not clear whether the
adverse prognostic significance of extreme dipping
depends on its postulated risk of organ underperfusion
or on its association with a resulting steeper morning BP
surge.58

3. Overall BP variability, including its “erratic,” noncircadian
components, which are usually quantified as the SD of
average 24-hour, daytime, or nighttime ambulatory BP
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Figure 27–7 SAMPLE study data. Average correlation
coefficients between treatment—induced changes in blood
pressures (BPs) measured in study and treatment-induced
change in left ventricular mass index (LVMI) after 12 months
of treatment. Numbers in parentheses refer to subjects used
for correlations. (From Mancia G, Zanchetti A, Agabiti-Rosei
E, et al. Ambulatory BP is superior to clinic BP in predicting
treatment-induced regression of left ventricular hypertrophy.
SAMPLE Study Group. Study on Ambulatory Monitoring of
Blood Pressure and Lisinopril Evaluation. Circulation
95:1464-1470, 1997; by permission.)
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values. There are convincing data demonstrating that ele-
vated BP variability is related to target organ damage, as
well as to cardiovascular events27,32,48,49 (Figures 27–10 and
27–11). The impact of elevated BP variability on cardio-
vascular mortality has been clearly demonstrated in popu-
lation studies. In the Ohasama study,49 this was particular-
ly evident in case of daytime BP SD values: An increase in
daytime SBP variability was associated with increased risk
of cardiovascular mortality in this Japanese population. In
terms of target organ damage, the predictive value of
increased BP variability has been confirmed by data com-
ing from the PAMELA (Pressioni Arteriose Monitorate E
Loro Associazioni) study.59 In this northern Italian popu-
lation, the focus was on the so-called erratic component of
BP variability, that is, the 24-hour BP variability “purified”
from the influence of nocturnal BP fall and of the BP fall
associated with siesta (i.e., from its most important cyclic
components), identified by means of spectral analysis
(Fourier transform). The results showed that in this popu-
lation only the erratic component of 24 BP SD was signif-
icantly correlated with left ventricular mass. All of the
aforementioned results differ from those obtained by
Verdecchia et al. in the PIUMA study,60 where the influence
of BP variability on cardiovascular mortality, evident in
univariate analysis, became marginally significant after
adjustment for confounders. Differences in study design,
quality of ambulatory BP recordings, and characteristics of
the populations considered might however partly explain
this discrepancy. The prognostic value of BP variability has
been further supported by additional data from the Syst-
Eur study, showing that how SBP variability (only during
nighttime in this case) was a significant and independent
predictor of stroke in elderly hypertensive patients with
isolated systolic hypertension (ISH).51

It has to be emphasized that, while the first papers demon-
strating clinical relevance of BP variability were based on the
analysis of continuous intraarterial ambulatory BP record-
ings, yielding a very accurate assessment of BP variability,27,32
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Box 27–1 Advantages and Limitations of Ambulatory Blood Pressure Monitoring (ABPM)

From Parati G, de Leeuw P, Illyes M, et al. Blood pressure measurement in research. Blood Press Monit 7:83-87, 2002; by permission.)
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all subsequent studies were based on discontinuous noninva-
sive ABPM, which cannot offer the same accuracy in assessing
the magnitude and the frequency of BP variations over time
due to loss of information on rapid BP changes.61

Although the prognostic importance of BP variability
over the 24 hours is unquestionable, a number of aspects of
the association between different patterns of BP variation
and target organ damage/cardiovascular events remain
unclear. This is related to a number of yet unsolved prob-
lems, such as the definition of “normal” reference values for
BP variability; the difficulties in providing a reproducible
estimate of this phenomenon; the inaccuracies in estimating
BP variability from discontinuous BP samples obtained at a
relatively low frequency; and the important interactions
between some components of 24-hour BP variability that
may raise difficult mathematical and pathophysiologic
issues, as exemplified by the reported relation between noc-
turnal dip and morning BP surge or by the relation between
either of these and 24-hour BP SD.

Further evidence is thus needed to evaluate the extent to
which alterations in different components of BP variability
might cause cardiovascular damage or, on the contrary, to
what extent these alterations only constitute a marker of an
impairment in cardiovascular control mechanisms associated
with a preexisting pathology.

AMBULATORY BLOOD PRESSURE
MONITORING IN THE DIFFERENTIAL
DIAGNOSIS OF “SUSTAINED
HYPERTENSION” AND “WHITE-COAT
HYPERTENSION”

Office BP measurements remain the method recommended
for the diagnosis of hypertension in daily practice. However,
measurements performed in the physician’s office are com-
monly associated with an alerting reaction induced in the
patient by the procedure. This alerting reaction is responsible

for a BP elevation of variable magnitude, often exceeding 20
to 30 mm Hg7 (Figure 27–12), which might overestimate the
patient’s actual BP levels and/or underestimate the efficacy of
antihypertensive treatment. This phenomenon, termed white-
coat effect (WCE), cannot be easily quantified in clinical prac-
tice, because its precise assessment would require continuous
BP recordings to be performed before and during the physi-
cian’s visit. Because of this difficulty, surrogate measures of
WCE are commonly used. The most popular of these is based
on the calculation of the difference between office BP and
mean daytime ambulatory BP. Based on this approach, white-
coat hypertension (WCH,62 also termed isolated office hyperten-
sion [IOH]) is defined as the coexistence of elevated office BP
values and normal BP levels outside of the physician’s office.
Differences in terminology and methodology applied in this
context, however, have caused confusion and some discrepan-
cy in the assessment of the clinical relevance of WCH among
studies (Box 27–2).63

For this reason, although ABPM is recommended for
patients affected by either a pronounced WCE or by WCH (in
the United States a suspicion of WCH is the clinical situation
in which ABPM is reimbursed by Centers for Medicare and
Medicaid Services [CMS]64), no standard procedure has yet
been defined to identify these patients. In particular, there is
still discussion on whether out-of-office BP should be meas-
ured by self–BP monitoring at home or by ABPM. There is no
general agreement whether ABPM should be performed only
in patients with a discrepancy between office and home BP val-
ues, or whether ABPM should be adopted anytime a suspicion
of WCH is raised based on patient’s clinical evaluation.

Given the limited resources for health care in most countries,
the prevailing suggestion is that ABPM should be restricted to
selected patients, such as those with a high probability of hav-
ing WCE. These include patients with SBP values between 140
and 159 mm Hg and DBP between 90 and 99 mm Hg, with no
evidence of target organ damage (e.g., normal left ventricular
mass); women; nonsmokers; and those with a recent diagnosis
of hypertension and with a limited number of office BP meas-
urements available.65 Another crucial issue for the diagnosis of
WCH is the definition of “normal” out-of-office BP. CMS have
proposed out-of-office BP values <140/90 mm Hg as a thresh-
old to suspect WCH in patients with elevated office BP read-
ings. However, most current recommendations indicate a level
of 135/85 mm Hg as the threshold level to diagnose hyperten-
sion when considering either home BP or ambulatory daytime
values,22,24,66 thus suggesting that, in WCH, out-of-office BP
should be lower than this value.

ABPM AND ANTIHYPERTENSIVE
TREATMENT

ABPM is commonly applied in the evaluation of antihyper-
tensive drug efficacy. ABPM has several advantages in assess-
ing the BP responses to treatment, for example, the absence
of WCE and placebo effects and the possibility of assessing
drug coverage over 24 hours, relevant both in clinical practice
and in pharmacologic studies44,67 (see Box 27–1). The useful-
ness of ABPM is further emphasized by the observation that
assessments of the response to antihypertensive treatment
obtained by office readings and ABPM often lead to dis-
crepant conclusions.68
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FFigure 27–11 Kaplan-Meier survival analysis for fatal and
nonfatal cardiovascular morbid events in patients with
increased (>15 mm Hg) and normal (≤15 mm Hg) daytime
systolic blood pressure (SBP) variability. (From Parati G, Bilo
G, Vettorello M, et al. Assessment of overall blood pressure
variability and its different components. Blood Press Monit
8:155-9, 2003; by permission.)



An additional advantage of ABPM in assessing the BP
effects of antihypertensive treatment is its capability to pro-
vide a detailed description of both the magnitude and the
time distribution of the 24-hour BP reduction related to
pharmacologic therapy. Given the contribution of enhanced
BP variability to the cardiovascular consequences of hyper-
tension, there is no doubt as to the theoretical advantages of
ensuring a consistent and smooth treatment-induced reduc-
tion of BP over the entire 24-hour period.69 Still, there is no
agreement on the best method to assess whether and to what
extent this goal has been achieved, either in drug studies or in
individual patients. The most commonly used methods pro-
posed include the trough/peak ratio, the morning/evening

home BP ratio, and the smoothness index70 (Figure 27–13).
There is evidence that the smoothness index may be superior
to the trough/peak ratio in predicting regression of cardiac
and vascular damage.70,71 The value of trough/peak ratio,
morning/evening home BP ratio, and smoothness index in
assessing the patterns of BP reduction by antihypertensive
drug treatment were compared in a study by Stergiou et al.72

The authors concluded that although the first two parameters
can effectively demonstrate the duration of drug effect but not
its magnitude, the smoothness index reflects both the degree
and the homogeneity of the antihypertensive effect of a given
therapeutic regimen, thus providing information that is com-
plementary, rather than alternative to trough/peak ratio.72
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Box 27–2 Terminology of Alerting Reactions to Blood Pressure Measurement and Associated Phenomena

Alerting reaction: A complex, stereotypical reaction to an emotional, potentially threatening stimulus, characterized in
the circulatory system by an increase in blood pressure (BP) and heart rate accompanied by vasoconstriction in the skin,
splanchnic, and renal circulation, and by vasodilation in the skeletal muscle.
White-coat effect (WCE), direct, “real”; also known as white-coat phenomenon: Alerting reaction and
pressor response of the patient to the measurement of BP in the clinic environment; can be quantified by continuous BP
monitoring (invasive or noninvasive) before and during the physician’s visit.
White coat-effect (WCE), surrogate: Difference between cuff BP measured in physician’s office (clinic BP) and a
measure of BP outside physician’s office (daytime ambulatory BP, home BP); see text for its relation to direct WCE.
Isolated office hypertension (IOH); also known as white-coat hypertension (WCH): Condition
characterized by persistently elevated clinic BP in a patient with normal daytime ambulatory or home BP values; 1999
WHO/ISH Guidelines suggest using the term “isolated office hypertension” instead of “white-coat hypertension” because
of the evidence of a limited or absent correlation between the office-daytime average or the office-home BP difference
and the real white-coat effect.

From Parati G, Bilo G, Mancia G. White coat effect and white coat hypertension: What do they mean? Cardiovasc Rev Rep 24:477-
484, 2003. Copyright Cardiovascular Reviews and Reports, Inc. 
WHO/ISH, World Health Organization/International Society of Hypertension.



CLINICAL APPLICATIONS OF ABPM—
CURRENT RECOMMENDATIONS AND
FUTURE PERSPECTIVES

ABPM, as any other BP measurement technique available in
clinical practice, has advantages and disadvantages, the latter
including the possibility of artifacts and inaccurate readings,
cost, and potential interference with daily life in a working
day. In fact, current guidelines still recommend office meas-
urements as the cornerstone for diagnosing high BP22,24,66 and
suggest that both ABPM and home BP measurement should
be regarded as complementary rather than alternative
approaches. Identification of situations where these methods
might be suitably used in clinical practice is still matter of
debate, although there is general agreement on the usefulness
of either technique in a research setting.

Self–BP monitoring at home might provide accurate and
prognostically relevant information on patients’ BP levels by
obtaining BP readings over a wide time window. Its main
advantage is related to the possibility of offering an inexpen-
sive solution to the need for repeated BP measurements,
which are particularly useful in the follow-up of hypertensive
patients over long time periods. On the other hand, as con-
cluded by Hond et al., home BP measurements may not be
sufficient for diagnosing hypertension and for an initial risk
evaluation.73

Although ABPM is not (or at least not yet) recommended
as a routine instrument in the clinical evaluation of the hyper-
tensive patient, it is likely to be more and more frequently
used, because of its demonstrated ability to more precisely
evaluate BP-related cardiovascular risk and to quantify both

the magnitude and distribution of treatment-related BP
reduction over 24 hours. If the prognostic value of BP vari-
ability and of some of its specific components (e.g., morning
rise, nocturnal fall) is confirmed, the ability of ABPM to quan-
tify also these patterns will further emphasize its role in the
management of hypertensive patients.

The clinical application of ABPM has been addressed in
several sets of guidelines. The Seventh Report of the Joint
National Committee on Prevention, Detection, Evaluation,
and Treatment of High Blood Pressure (JNC 7) only briefly
discusses the indications for ABPM in the evaluation of
hypertensive patients, confirming the recommendations con-
tained in the sixth report of the same committee (JNC VI).66,74

White-coat hypertension, treatment resistance, hypotension,
episodic hypertension, and autonomic failure are all situations
in which ABPM should be used according to these guidelines.
JNC 7 proposed ambulatory BP levels of 135/85 mm Hg for
daytime and of 120/75 mm Hg for nighttime cutoffs for the
diagnosis of hypertension. The European Society of
Hypertension and European Society of Cardiology joint
guidelines emphasize the superiority of ambulatory BP over
office BP in terms of prognostic value.24 Situations in which,
according to the European guidelines, ABPM may be consid-
ered of additional clinical value are WCH, as suggested by
excess variability of office BP; high office BP in patients oth-
erwise at low global cardiovascular risk; and marked discrep-
ancy between BP measured in the office and at home.
Resistance to drug treatment and research applications are
also considered other suitable conditions for ABPM use.
Much more liberal are the suggestions for use of ABPM pub-
lished by the European Society of Hypertension Working
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Group on Blood Pressure Monitoring.22 Table 27–1 compares
these three sets of recommendations.

SUMMARY

The expanding role of ABPM in clinical practice and in
hypertension research is related to its advantages when com-
pared with office readings. These consist in its ability to pro-
vide a large number of BP values devoid of any influence
from the health care setting and to determine the dynamic
changes of BP throughout 24 hours (see Box 27–1). Clearly,
ABPM also carries some disadvantages (see Box 27–1),
which need to be carefully considered for proper clinical use
of this approach. In the light of these advantages and disad-
vantages, a cautious use of ABPM is recommended, while
at the same time recognizing the need for more frequent
and accurate office BP measurements. We cannot exclude,
however, that an increasing amount of scientific evidence
demonstrating the prognostic importance of ABPM might
in the near future lead to a more extensive application of this
diagnostic tool.
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318 Chapter 28

The almost routine availability of ambulatory, office, and
home blood pressure (BP) measurements has generated con-
siderable debate into the relationships of these different meas-
ures and clinical outcomes.1-8 Although these methods all
attempt to obtain a measure of average BP, they do not pro-
vide results that are interchangeable. One commonly known
disparity between office and ambulatory readings is the tran-
sient increase in BP observed in some individuals in the med-
ical care environment. When the disparity persists in an
untreated patient, this has been termed isolated office or white-
coat hypertension.1-3 In treated hypertensive patients, this
increase in office over ambulatory BP has been termed the
white-coat effect or white-coat phenomenon.2 This latter group
of patients is indeed hypertensive but the office BP readings
overestimate their average daily BP.

Although it is accepted that the cause of the higher office
than daytime pressure is not identical to the classically
described white-coat effect3 using intraarterial measurements,
the terminology has taken root. The obvious question to
clinical practitioners is whether it is ambulatory or office BP
that should be used to diagnose hypertension and guide
therapy in these patients. In the patient with untreated white-
coat hypertension, should therapy be initiated based on high
office readings when ambulatory readings are normal? In the
treated patient, which measure of BP should guide changes in
therapy?

Other important differences between the various types of
BP measurements have also been observed. Office BP aver-
ages may be significantly lower than ambulatory BP.4 This
situation leads to possible underestimation of daily BP and
can be considered a form of hidden or masked hyperten-
sion, perhaps leading to undertreatment of some patients
(Figure 28–1).

These important discrepancies between office and average
daily BP raise the question of the preferred indicator of overall
BP burden and hence risk for that individual.5 The clinical
importance of white-coat hypertension has been recognized and
most consensus groups recommend ambulatory monitoring for
the patient with that diagnosis.6 The Centers for Medicare and
Medicaid Services, in recognition of the importance of ambula-
tory BP measurements, now reimburses for ambulatory BP
monitoring, the indication of white-coat hypertension.7

There are many potential advantages in detecting white-
coat hypertension: (1) Patients with white-coat hypertension
may not require drug therapy and substantial cost savings may
accrue, (2) a better diagnostic and prognostic risk assessment
for individual patients may be possible, and (3) clinical drug
studies can exclude white-coat hypertensives who may not
respond to drug therapy in the same fashion as sustained
hypertensive patients.8 In patients with masked hypertension,
the clinician may be alerted that office BP is an unreliable
indicator of daily BP.

In this chapter, we examine the clinical features, prognosis,
and treatment of white-coat or office-only hypertension and
briefly discuss masked hypertension. The theme suggests that
measurement of BP during daily activities more accurately
predicts cardiovascular risk than measurement during office
visits, and that incorporation of office, and out-of-office BP
may optimize patient management.

WHITE-COAT HYPERTENSION

Background and Definition
A higher BP in the physician’s presence compared with out-
of-office BP was reported more than 60 years ago, but
the observation lay dormant for many decades.9 Today,
clinicians are far more familiar with this concept but uncer-
tainty remains about the optimal management of these
patients. Many physicians feel uncomfortable not treating
elevated office readings even when ambulatory readings are
normal.

As a clinical issue, white-coat hypertension is important.
The prevalence is reported to range widely from 10% to
60% of all newly diagnosed hypertensive patients.10-17

However, the true prevalence is probably closer to 15%,
because most studies that reported a higher prevalence used
relatively high cut-off levels of ambulatory BP (>135/85 mm
Hg) to define white-coat hypertension. The value of ambu-
latory BP in defining white-coat hypertension was high-
lighted by the demonstration of a several-fold variation
in the prevalence of white-coat hypertension and left ven-
tricular hypertrophy (LVH) with different criteria.11

When conservative criteria are used (e.g., < 130/80 mm Hg),
the prevalence of white-coat hypertension is 12% and the
incidence of LVH is similar to that in normotensive sub-
jects (3%).

To standardize research on white-coat hypertension, analy-
ses should be consistent and follow generally accepted guide-
lines (Box 28–1). Although it is tempting to use home BP
measurements alone to diagnose white-coat hypertension,1

ambulatory BP remains the ideal method especially in
employed subjects who often have higher average BPs at work
than at home.18

The difference between office and daytime BP has been used
by most researchers as an indicator of the white-coat effect, but
this has been challenged.3,19 Although the pathophysiologic
cause behind the alerting reaction and the ambulatory-office
BP difference may be different, the latter is more commonly
available to the clinician. Undoubtedly, factors that lower or
raise ambulatory BP will affect the daytime office BP differ-
ence, just as factors that elevate office BP will increase the
difference.

White-Coat Hypertension
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Pathophysiology of the White-Coat or
Alerting Reaction
The pathophysiologic cause of the higher office than ambula-
tory BP is not certain.20-29 It has been customary to use
laboratory tests of reactivity17,21,23,26 to infer causality of the
white-coat effect, but this is likely to be an oversimplification.
Suggestions about its etiology have included increased BP
reactivity to the stress of clinical visits, as well as a conditioned
response to the medical care environment.1 Several groups
could not find any substantial increase in BP variability in
white-coat hypertensives compared with essential hyperten-
sives. Furthermore, no consistent psychological or behavioral
factors have been identified among white-coat hyperten-
sives.20-29 No differences have been found between white-coat

hypertensives and normotensives in a battery of psychometric
tests of anger and hostility and anxiety and depression.20,24

Smith29 used single and multiunit muscle sympathetic nerve
activity to study the sympathetic nervous system in normoten-
sives, white-coat hypertensives, and sustained hypertensives.
They found that white-coat hypertensives had activity of the
sympathetic system intermediate between that of normoten-
sives and sustained hypertensives. Leary et al.28 reported that
increased BP reactivity to physical activity was associated with
the white-coat effect. No clear psychological traits are consis-
tently found in white-coat hypertension.

Clinical and Demographic Predictors
Clinical identifiers are needed to be able to target persons with
possible white-coat hypertension for ambulatory monitoring.
Initial reports suggested that patients with white-coat hyper-
tension were more likely to be young women with a short
duration of hypertension.14 However, subsequent studies have
shown that a marked exaggeration of office BP may also occur
in older patients irrespective of gender30-32 and is common in
older patients with isolated systolic hypertension (ISH).33

Indeed, in a small group of generally older patients, repro-
ducible, spectacular elevations of systolic blood pressure
(SBP) were demonstrated in the office.34 For untreated
patients with newly diagnosed elevated office readings, ambu-
latory monitoring may be performed to detect white-coat
hypertension in persons with office BP between 140/90 and
159/99 mm Hg, women, and nonsmokers.32 In untreated
patients, it is a reasonable strategy to consider the possibility
of white-coat hypertension only after repeating the office
readings on at least three occasions.

Cross-Sectional Target Organ Studies in
White-Coat Hypertension
Because left ventricular mass is reliably determined echocar-
diographically, this measurement has been used most often in
evaluating target organ damage in white-coat hypertension.
Other indicators of target organ damage that have been stud-
ied include microalbuminuria, arterial compliance, and
cerebral white-matter lesions as indicators of silent cere-
brovascular damage. Metabolic factors, homocysteine levels,
and endothelial function have also been studied in white-coat
hypertension.

Left Ventricular Mass

Some studies35-39 have found that left ventricular mass index in
white-coat hypertensives is similar to that in a group of age-
and sex-matched normotensive subjects but lower than that in
a group of matched ambulatory hypertensives. One of the first
studies in this area35 compared three groups of matched and
never-treated hypertensive patients; office hypertensives
(n = 18, office BP >140/90 mm Hg, and awake BP <130/80 mm
Hg); normotensives (n = 18, office BP <135/85 mm Hg, and
awake BP <130/80 mm Hg); and sustained hypertensives
(n = 18, office BP >140/90 mm Hg, and awake BP >140/90 mm
Hg) with respect to left ventricular mass index and wall thick-
nesses. Office BP was similar for white-coat hypertensives and
sustained hypertensives, and ambulatory BP was similar in
normotensives and white-coat hypertensives. Left ventricular
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White-coat
hypertension

High office BP
Normal ABP

Sustained
hypertension

High office BP
High ABP

Normotension

Normal office BP
Normal ABP

Masked
hypertension

Normal office BP
High ABP

Office BP

Ambulatory BP

BP: blood pressure
ABP: ambulatory blood pressure

FFigure 28–1 Diagrammatic representation of how office and
ambulatory BP values for defining hypertension lead to
white-coat and masked hypertension.

Box 28–1 Considerations in Designing Cross-Sectional
Studies of White-Coat Hypertension

■ Definition should use both ambulatory SBP and DBP
unless a population is studied in which one is
obviously preferred (e.g., ISH).

■ Define whether 24-hour averages or daytime
averages are used.

■ Define levels of nighttime BP hypertension.
■ Define number of office visits to document high office

BP (usually ≥2).
■ Define normal ambulatory BP using a conservative

criterion (e.g., 24-hour BP <130/80 mm Hg).
■ If surrogate endpoint used, avoid effects of prior

antihypertensive therapy and other factors that may
influence measured outcome.

■ Include both normotensive and sustained hypertensive
comparison groups.

■ Avoid using home BP alone to define white-coat
hypertension.

SBP, systolic blood pressure; DBP, diastolic blood pressure; ISH,
isolated systolic hypertension; BP, blood pressure.



mass index was similar in the normotensive and white-coat
group and significantly less than in the sustained hypertensive
group. However, other researchers40-46 have found that white-
coat hypertensives have left ventricular mass higher than nor-
motensives but consistently less than sustained hypertensives,
perhaps placing them at intermediate risk. Many of the latter
studies used an ambulatory diastolic blood pressure (DBP) of
90 mm Hg as the cut off for white-coat hypertension, a value
likely to include many subjects with stage 1 hypertension.

Palatini43 reported data from the Hypertension and
Ambulatory Recording Venetia Study (HARVEST), in which
942 never-treated subjects with office BPs of 140 to 159/90 to 99
mm Hg were studied with echocardiography and ambulatory
BP monitoring. The authors used three daytime BP criteria for
isolated office hypertension: (1) <130/90 mm Hg, (2) <135/85
mm Hg, and (3) <130/80 mm Hg. Irrespective of the criterion
used, both left ventricular mass index and wall thickness were
higher in both the white-coat and sustained hypertensive group
as compared with the normotensive group. There was a gradual
increase in left ventricular mass from the normotensive group to
the white-coat hypertensive group to the sustained hypertensive
group, suggesting that white-coat group is at intermediate risk.

In support of this concept, Grandi47 reported that white-
coat hypertension based on an ambulatory value of <130/80
mm Hg was associated with higher left ventricular mass and
reduced diastolic function indices compared with normoten-
sion. Compared with white-coat hypertensives the sustained
hypertensives had higher left ventricular mass and lower dias-
tolic function, suggesting an intermediate position of risk for
the former group. Sega et al.48 described similar findings.

In summary, available studies offer conflicting conclusions
regarding cardiac mass in white-coat hypertension. These
conflicting results reemphasize the need for prospective stud-
ies examining the merits of treating persons with white-coat
hypertension.

Renal Indices

Microalbuminuria is indicative of nephropathy in diabetic
subjects and hypertensive patients. Hoegholm et al.49 com-
pared albumin excretion in 111 patients with white-coat
hypertension (daytime DBP <90 mm Hg and office BP >90
mm Hg), 173 with established hypertension (office and day-
time ambulatory DBP <90 mm Hg), and 127 normotensive
controls (both office and ambulatory DBP <90 mm Hg).
There was a graded increase in albumin excretion from nor-
motensives to white-coat hypertensives to sustained hyperten-
sives. These findings were not confirmed by Palatini43 or by
Pierdomenico,50 who reported that white-coat hypertensives
had urinary microalbumin levels similar to normotensives
and lower than ambulatory hypertensives.

Vascular Studies

A third target of inquiry has been the vascular system; the
rationale being that if white-coat hypertension is indeed inno-
cent, vascular involvement should be much less than in sus-
tained hypertensive patients and similar to normotensive
patients. Although the carotid system is amenable to exami-
nation by ultrasound, the extent to which properties of the
carotid reflect hypertensive damage or the effects of other
metabolic factors is not known. The findings from carotid

arterial evaluations mirror other target organ studies, with
some authors finding no increase in carotid wall thickness and
others finding increases intermediate between those of nor-
motensives and hypertensives.

Several studies37,44,45,50 have found no evidence of increased
carotid disease in white-coat hypertension. In contrast, Glen36

concluded that both white-coat and sustained hypertensive
subjects had abnormalities of elasticity, compliance, and stiff-
ness that were different from normotensive subjects. Similarly,
Muldoon51 found increased carotid atherosclerosis in white-
coat hypertension. Landray52 cautioned that white-coat
hypertension is associated with carotid atherosclerosis. In
most of these studies, metabolic risk factors other than high
BP were present in the white-coat hypertensive group and
possibly contributed to the carotid pathology.

Other studies have focused on noninvasive evaluation of
endothelial function. For example, Pierdomenico53 compared
brachial artery flow mediated dilation in 22 sustained hyper-
tensives, 22 white-coat hypertensives, and 22 normotensive
subjects matched for age, gender, and body mass index. They
found that white-coat hypertensives had similar findings to
normotensives, and that both had higher levels than sustained
hypertensives. Similar results were reported when an older
group of patients was studied.54

Cerebrovascular Studies

Early effects of hypertension on cerebrovascular structures are
difficult to measure, but magnetic resonance imaging (MRI)
can detect small vessel occlusive disease. The two most com-
monly detected abnormalities are lacunae and periventricular
white-matter lesions. Lacunae are in essence small infarcts,
whereas hypertensive small vessel disease is thought to play a
role in the genesis of periventricular white-matter lesions.

Shimada et al.55 used these two patterns as indicators of
silent cerebrovascular disease and compared their prevalence
in elderly patients with sustained and white-coat hyperten-
sion with normotensives. The subjects had no history of overt
stroke and underwent ambulatory BP monitoring and MRI
studies of the brain, as well as office BP measurements. From
the overall group of 73 patients, three age-matched groups
were defined as follows: (1) sustained hypertensives (n = 26,
office BP ≥140/90 mm Hg, 24-hour BP ≥135/80 mm Hg); (2)
white-coat hypertensives (n = 14, office BP ≥140/90 mm Hg,
24-hour BP <135/80 mm Hg); and (3) normotensives (n =
28, office BP <140/90 mm Hg, 24-hour BP >135/80 mm Hg).
MRI scans were graded by a neuroradiologist unaware of the
BP data. The number of lacunae and the grade of periven-
tricular white-matter hyperintensities were similar in the
white-coat hypertensive and normotensive groups with both
significantly less than the sustained hypertensive group. This
was true even though the white-coat hypertensive group had
higher ambulatory DBP than the normotensive group.

More recently, Eguchi56 examined the effects of ambulatory
BP and diabetes mellitus on silent cerebral infarcts. They stud-
ied 360 hypertensive patients with a mean age of 67 years with
and without diabetes. All participants were studied using
ambulatory BP and had brain MRI to quantitate silent cere-
bral infarcts. As expected, diabetic patients with elevated BP
had more silent cerebral infarcts than the group with hyper-
tension but without diabetes. The role of ambulatory BP was
examined by stratification into four groups: (1) nondiabetic
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with white-coat hypertension, (2) nondiabetic with sustained
hypertension, (3) diabetic with white-coat hypertension, and
(4) diabetic with sustained hypertension. The most silent cere-
bral infarcts were seen in the group with combined diabetes
and ambulatory hypertension, and the fewest in the white-coat
hypertensive group who did not have diabetes mellitus.

Cardiovascular Risk Factors

Additional cardiovascular risk factors are common in the
patient with sustained hypertension. Therefore, several
authors have measured metabolic parameters likely to confer
or be associated with cardiovascular risk in white-coat hyper-
tensives. Pierdominico50 and Marchesi57 found no metabolic
derangements among white-coat hypertensives, but Weber et
al.40 found that white-coat hypertensives had slightly higher
insulin, renin, aldosterone, and norepinephrine levels than did
normotensives. Similar metabolic perturbations were also
described in the white-coat hypertensive group of the
Tecumseh study.58 Circulating homocysteine levels have been
shown to be similar in white-coat hypertensives and sustained
hypertensives.59 It is likely that many of the target organ
measures used in research studies to assess the risk of white-
coat hypertension are affected by these metabolic factors.

Prognosis of White-Coat Hypertension
No randomized intervention study with morbidity and mor-
tality as the endpoint has compared white-coat hypertensives,
normotensives, and sustained hypertensives. However, an
increasing number of studies in various types of populations
have measured ambulatory and office BP at one point in time
and then prospectively or retrospectively ascertained cardio-
vascular outcome several years later. These studies show that
ambulatory monitoring of BP is superior to office-based
measures of BP in predicting outcomes.60-74 It should be noted
that the majority of these studies either evaluated the effects of
the circadian BP profile or the comparative effects of ambula-
tory versus office BP in predicting events. Only two studies
using noninvasive ambulatory BP monitoring61,67 and one
using intraarterial monitoring66 have specifically examined
the outcome of white-coat hypertension.

Verdecchia61 attempted to assess the prognosis of white-
coat hypertension by initially studying 1187 patients with
newly diagnosed essential hypertension compared with 205
healthy normotensive subjects. After a mean of 3.2 years car-
diovascular endpoints were assessed retrospectively. They
defined white-coat hypertension as daytime ambulatory BP
<136/87 mm Hg for men and <131/86 mm Hg for women
(the 90th percentiles of same gender normotensive groups).
Patients were followed by their own physicians with the goal
of reducing their office BP to <140/90 mm Hg. The ambula-
tory BP data were available to the doctors but probably played
a small role in their management. Complete follow-up data
were obtained on 99.1% of all participants. Combined cardio-
vascular morbidity and mortality per 100 patient-years were
0.47 in the normotensive group (4 events in 205 subjects),
0.49 in the white-coat hypertensive group (3 events in 228
subjects), 1.79 in the ambulatory hypertensive group with a
dipping BP profile (37 events in 693 subjects), and 4.99 in the
ambulatory hypertensive group with a nondipping BP profile
(45 events in 266 subjects). Cardiovascular morbidity was

similar in the white-coat hypertension group and the nor-
motensive group by multivariate analysis. A further analysis in
which a daytime BP <130/80 mm Hg was used to define
white-coat hypertension showed a difference in event-free
survival between the two defined white-coat hypertension
groups.75

The second outcome report of white-coat hypertension
involved the data from the ambulatory BP substudy of the
Systolic Hypertension in Europe (Syst-Eur) study.67 Patients
in the Syst-Eur study were 60 years or older and had office SBP
between 160 and 219 mm Hg and DBP <95 mm Hg. After
randomization, patients were treated either with active med-
ication or placebo. In a subset of 808 patients, ambulatory
monitoring was performed at baseline and again at 6 and 12
months. Data were available on 342 patients assigned to active
treatment and 353 assigned to placebo. Three groups were
defined according to daytime SBP: <140 mm Hg (nonsus-
tained or white-coat hypertension), 140 to 159 mm Hg (mild
sustained hypertension), and 160 mm Hg or more (moderate
sustained hypertension). Nonsustained hypertensives taking
placebo had three to four times lower stroke rates and cardio-
vascular complications compared with moderate sustained
hypertensives. Patients in the mild sustained group were inter-
mediate. Active treatment appeared to reduce outcomes only
in the moderate sustained group. No comparison with a nor-
motensive control group was possible. Khattar et al. used
intraarterial BP monitoring66 and had similar results.

To conduct a large outcome trial to evaluate the possible
risks of white-coat hypertension is a complex matter. Event
rates are low in this group of patients.60 Thus any study
would have to be exceedingly large and have long follow-up
(>5 years) to show a difference compared with normoten-
sives. Furthermore, pharmacologic therapy of white-coat
hypertension may lead to reductions of office but not ambu-
latory BP,76 further complicating the ability to conduct a trial
and assess the results.

Blood Pressure Evolution in White-Coat
Hypertension
The natural history of persons labeled as white-coat hyper-
tensives is not well studied. One approach has been to follow
untreated patients over several years if ambulatory BP
increases over time or to see if a surrogate marker of hyper-
tension (e.g., left ventricular mass) changes. If white-coat
hypertension is a prehypertensive state, then these persons
should evolve into sustained hypertensives over time in excess
of an age-matched normotensive group and may show
increases of left ventricular mass. Polonia et al.77 prospectively
evaluated 36 untreated patients with white-coat hypertension
(office BP >140/90 mm Hg and awake BP <132/84 mm Hg)
and a control group of 52 normotensives (clinic BP <140/90
mm Hg and awake BP <132/84 mm Hg). Patients underwent
repeat ambulatory and office BP measurements after a mean
interval of 3.5 years. The two groups showed similar rates of
evolution to sustained hypertension (22% and 15%, respec-
tively). However, 17 of the original 88 patients studied at base-
line had been started on drug therapy, making it difficult to be
sure if they had evolved into sustained hypertensives.

White et al.78 reported similar results, showing that when a
restrictive definition of white-coat hypertension is used
(awake ambulatory BP <135/85 mm Hg), the rate of evolution
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to sustained hypertension is similar to age-matched nor-
motensives (12% vs 15%). Verdecchia79 repeated clinic and
ambulatory BP and echocardiographic evaluation of 83
untreated patients defined with white-coat hypertension after
a mean period of 2.5 years, and they found that 37% became
ambulatory hypertensives. In the group that evolved into sus-
tained hypertension, there was a rise in left ventricular mass of
6.2%, whereas in the group that has persistent white-coat
hypertension, there was a small decrease in left ventricular
mass. This study had no control group, so that the proportion
of age-matched normotensives who evolved into sustained
hypertension could not be ascertained. In another study,80 a
high rate of progression to sustained hypertension was found,
but this study used a liberal definition of white-coat hyper-
tension and had no control group.

MASKED HYPERTENSION

In some patients, office-based BP measurements may under-
estimate average daily BP. Although this phenomenon has not
been well studied and many basic questions remain regarding
the underlying mechanisms, some data suggest such persons
are at high risk. This condition is seen in both young81 and old
patients82 and is not rare. A few studies48,81 show that masked
hypertension is associated with a larger cardiac mass and
more carotid atherosclerosis than true normotension. In a
recent longitudinal follow-up study of men,82 masked hyper-
tension was associated with a twofold to threefold increase in
cardiovascular morbidity.

SUMMARY

There is continued uncertainty regarding the prognosis of
patients with white-coat hypertension. The fully reported out-
come studies suggest a relatively benign prognosis for white-coat
hypertensives, and none has shown a worsened cardiovascular
outcome compared with normotensives. Nevertheless, most
investigators in the field would agree to a few general principles
concerning the care of patients with white-coat hypertension. A
strict definition using low ambulatory BP averages (e.g., day-
time BP <130/80 mm Hg) is necessary to avoid misclassifica-
tion of patients as white-coat hypertensives when they are
actually sustained hypertensives. All coexistent cardiovascular
risk factors should be treated. It is prudent to monitor such
patients closely and reinforce lifestyle modifications while we
await the results of a prospective randomized trial. In the case
of masked hypertension, the possibility that out-of-office BP
may be higher than office readings should be considered in
smokers and in those with excessive target organ damage dis-
cordant to levels of office BP (e.g., unexplained LVH). Further
study is needed to identify persons at high risk who may ben-
efit from detection of masked hypertension.
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INTRODUCTION

What is the Blood Pressure Lowering
Treatment Trialists’ Collaboration?
The Blood Pressure Lowering Treatment Trialists’ Collaboration
(BPLTTC) is an international collaboration of the principal
investigators of large randomized trials of blood pressure–
lowering regimens (see Appendix). The broad aim of the collab-
oration is to provide the most reliable evidence about the effects
of commonly used blood pressure–lowering regimens on major
cardiovascular events by using prospective meta-analyses
(overviews) of individual trials.

The overviews are conducted and reported in accordance
with a protocol1 that prespecifies trial eligibility criteria, pri-
mary outcomes, and treatment comparisons. The size, scope,
and conduct of these overviews generate precise estimates of
the effects of different blood pressure–lowering agents that
can then be used to inform clinical and health care policy
decision making.

The day-to-day activities of the collaboration—including
data management, statistical analysis, and report writing—are
carried out by a secretariat (Appendix) based at the George
Institute for International Health, a department of the Uni-
versity of Sydney, Australia. An executive committee
(Appendix), comprising selected members of the collabora-
tion and of the secretariat, oversees these activities. The secre-
tariat takes primary responsibility for securing funding for the
project and for coordinating collaborator meetings. These
meetings allow investigators to have an active role in decisions
about the direction of the collaboration.

Background to the Formation
of the BPLTTC
In the late 1970s and 1980s, newer and costlier agents, such as
calcium antagonists and angiotensin-converting enzyme
(ACE) inhibitors, were developed and approved for use as
antihypertensive agents. However, even by the early 1990s, evi-

dence that might justify their use, particularly in preference to
older classes of agents (diuretics and β-blockers), remained
limited. The few studies that directly compared ACE inhibitors
and calcium antagonists with conventional agents2-5 failed to
detect any clear differences, mainly because they were individ-
ually and collectively too small to detect any plausibly modest
differences in the cause-specific effects of the regimens com-
pared. Similar uncertainty also remained about the effects of
different blood pressure–lowering regimens on other groups
of patients not identified as being “hypertensive” but other-
wise at high risk of cardiovascular events, such as those with
diabetes or cerebrovascular or renal disease.

During the latter part of the 1990s, a number of new trials
were started in an attempt to elucidate the role of newer
agents in the prevention of major cardiovascular morbidity
and mortality. However, reliable detection of differences of
15% or less would require an individual trial to record 1000 or
more outcome events during follow-up, and few trials were
likely to observe this number of events. Detection of such dif-
ferences would require evidence from randomized trials
involving many tens of thousands of patients and 1000 or
more outcome events during the scheduled treatment period.

In July 1995, therefore, the principal investigators from
many of the large-scale trials that were in progress or in
advanced stages of planning met and agreed to collaborate in a
program of prospectively planned overviews of randomized
trials. The broad goal of the collaboration was to provide high-
ly reliable evidence for the effects of commonly used blood
pressure–lowering regimens on major cardiovascular events.

METHODOLOGY

Evidence-Based Medicine and the Value
of Systematic Overviews/Meta-Analyses
Evidence-based medicine (EBM) is the “conscientious, explicit
and judicious use of current best evidence in making decisions

325SECTION 5

Treatment: General
Considerations

The Blood Pressure Lowering Treatment
Trialists’ Collaboration (BPLTTC)
Fiona Turnbull, Jeffrey A. Cutler

Chapter 29



326 Treatment: General Considerations

about the care of individual patients.”6 An objective summary
of the best available evidence can be provided by a systematic
overview or meta-analysis, a statistical procedure that integrates
the results of several independent studies that are “combin-
able.”7 Meta-analyses have become increasingly important tools
in epidemiologic research because they are capable of assessing
small risks8 and, as a consequence of including many studies,
the findings can be applied to a diverse range of patients.

In combining the results, individual trials are weighted
according to size (numbers of clinical events) so that larger
trials have more influence than smaller trials. The statistical
techniques to combine the estimates of individual trials can be
broadly classified into two models. The “fixed effects” model
assumes that the variability between trials is entirely due to
random variation. The “random effects” model takes into
account an additional source of variation by assuming a dif-
ferent underlying effect for each study.9 The differences
between the models are reflected in the confidence intervals
around the point estimate of effect (wider for the random
effects model). Neither model is considered “correct,” and
substantial differences in the combined effect calculated by
each method will be seen only if the findings of the individual,
contributing studies are markedly different or “heteroge-
neous.” Heterogeneity across studies can be formally exam-
ined by using statistical procedures. The more significant the

test of homogeneity, the less likely it is that the observed dif-
ferences in the size of the effect are due to chance alone.10

A statistically significant test means that significant differences
among the studies exist.

There are several different types of meta-analyses, but all
share a requirement for a study protocol that clearly describes
the research question and the design, including how studies
are identified and selected, the statistical methods to be used,
and how the results will be reported. Meta-analyses of pub-
lished data can be performed without the cooperation or even
agreement from study investigators. Although this is a rela-
tively simple method for calculating a pooled estimate of
effect, these meta-analyses are subject to a number of limita-
tions, including publication bias and differences between con-
tributing studies in their design and definitions of outcomes.8

One variation of this type of meta-analysis is the “network
meta-analysis,” which combines trials conducting direct com-
parisons of different treatments with indirect comparisons
derived from the use of similar comparator arms in different
trials.11,12 The Cochrane Collaboration also conducts meta-
analyses if data from systematic reviews are of sufficient qual-
ity.13 Searches for unpublished and non-English records
reduce the risk of publication bias, but subsequent meta-
analyses remain retrospective and are also subject to differ-
ences in the quality of the data from each study.
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In meta-analyses using individual data, statistical reanalysis
can be performed by using the same inclusion criteria for all
studies and unified definitions for all variables. In prospec-
tively designed overviews, the principal research hypotheses,
criteria for inclusion of studies, and statistical analyses are all
defined a priori in a formal protocol. By specifying these in
advance of publication of trial results, retrospective outcome-
dependent biases are avoided and the reliability of the esti-
mates of the effects of the individual treatment regimens is
increased. Examples of such prospective meta-analyses
include the BPLTTC and the Cholesterol Treatment Trialists’
(CTT) Collaboration.14

The BPLTTC Study Protocol
In 1998, the Collaboration published a protocol1 outlining
plans for prospective overviews of major randomized trials of
blood pressure–lowering treatments. The following section
outlines the major components of this protocol, which guides
ongoing work by the Collaboration.

Eligible Trials and Their Identification

Trials are eligible for inclusion in the overviews if they satisfy
one of the following criteria: (1) random allocation of patients
to regimens based on different blood pressure–lowering
agents, (2) random allocation of patients to a blood pressure–
lowering agent or placebo, or (3) random allocation of
patients to various blood pressure goals. In addition, eligible

trials have to have a planned minimum follow-up of 1000
patient-years per treatment arm and could not have published
or presented main trial results before July 1995. Although tri-
als with factorial assignment to other interventions such as
cholesterol-lowering treatment are eligible for inclusion, trials
in which additional treatments are jointly assigned with blood
pressure–lowering treatment are not eligible, because these
other treatments act as potential confounders.

Eligible trials are identified by a number of methods, includ-
ing computer-aided literature searches; scrutiny of the refer-
ence lists of trial reports and review articles; scrutiny of
abstracts and meeting proceedings; and inquiry among
colleagues, collaborators, and industry. Principal investigators
of eligible studies are identified and invited to join the
Collaboration on an ongoing basis.

Data Collection
Both individual patient data and summary tabular data are
sought from each trial. Although most trials provide tabular
data in the first instance, individual patient data facilitate
data checking and the conduct of more-comprehensive
statistical analyses. The data requested include participant
characteristics recorded at screening or randomization,
selected measurements made during follow-up, and details
of the occurrence of all prespecified BPLTTC outcomes
during the scheduled follow-up period (Table 29–1). All
data are reviewed for accuracy and completeness and,
once tabulated, are sent to collaborating investigators for
checking.

Table 29–1 Baseline, Follow-up, and Outcome Data Requested from Trials Participating in the BPLTTC

Outcomes (All Events in Each  
Baseline (At or Before Follow-up (At Annual Category Recorded during
Randomization) or Similar Intervals) Scheduled Follow-up period)

Patient identifier Systolic blood pressure Ischemic stroke
Date of randomization Diastolic blood pressure Cerebral hemorrhage
Treatment allocation Weight Subarachnoid hemorrhage
Date of birth/age Serum cholesterol Other stroke (including unknown)
Gender Serum creatinine Myocardial infarction
Ethnicity Smoking status Hospitalization for heart failure
Systolic blood pressure Compliance Hospitalization for renal disease
Diastolic blood pressure Hospitalization or transfusion for non-
Weight cerebral hemorrhage
Height Arterial revascularization procedure
Smoking status Major cancer (site-specific)
Serum total cholesterol Admission to hospital for any other 
Serum creatinine cause
Regular aspirin/antiplatelet drug Bone fracture
Other blood pressure–lowering drug Death (cause-specific)
History of: Date for each event

Hypertension Date of last follow-up for fatal events
Diabetes Date of last follow-up for nonfatal events
Left ventricular hypertrophy
Heart failure
Cerebrovascular disease

Planned end of scheduled treatment and 
follow-up
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Prespecified Outcomes
The study outcomes chosen for these overviews represent the
main cardiovascular outcomes likely to be affected by blood
pressure–lowering treatment regimens and the main noncar-
diovascular disease (non-CVD) outcomes for which questions
about the safety of some agents have arisen. The six prespeci-
fied primary outcomes are nonfatal stroke or death from cere-
brovascular disease (codes 430-438 in the 9th revision of the
International Classification of Diseases [ICD-9]); heart failure
causing death or requiring hospitalization (ICD 428); total car-
diovascular deaths (ICD 396-459); total major cardiovascular
events (stroke, coronary heart disease [CHD] events, heart fail-
ure, other cardiovascular death); and total mortality. The sec-
ondary study outcomes include hemorrhagic stroke (ICD 431-
432); ischemic stroke (ICD 433-434); death or hospitalization
for renal disease (ICD 189, 403-404, 580-593); arterial revascu-
larization procedure (ICD 36, 38.0, 38.1, and 38.4); any bone
fracture (ICD 800-829); death, hospitalization, or transfusion
for any noncerebral hemorrhage (ICD 459, 578.9, but not 430-
432); or major site-specific cancer (lung [ICD 162], large bowel
[ICD 153-154], breast [ICD 174-175], or prostate [ICD 185]);
and admission to hospital for any cause.

Prespecified Comparisons
The comparisons prespecified in the protocol can be broadly
divided into two groups. The first group comprises comparisons
of active blood pressure–lowering regimens with control regi-
mens: ACE inhibitor–based regimens versus placebo, calcium
antagonist–based regimens versus placebo, and regimens target-
ing different blood pressure goals (more- versus less-
intensive blood pressure–lowering regimens). The second group
comprises comparisons of different active regimens intended to
produce similar blood pressure reductions: ACE inhibitor–
based regimens versus diuretic- and/or β-blocker–based
regimens; calcium antagonist–based versus diuretic-based or β-
blocker–based regimens; and ACE inhibitor–based regimens
versus calcium antagonist–based regimens. For each of these
comparisons, the null hypothesis of no difference between regi-
mens in their effects on primary outcomes is tested.

At the time of writing the protocol, there were insufficient
trials of newer agents such as angiotensin receptor blockers to
warrant separate analyses. However, provision was made to
include comparisons of these agents as sufficient trials
became available.

The protocol also prespecifies secondary analyses with tests
of interaction performed to assess the association of any treat-
ment differences with the following patient characteristics:
age, sex, diabetes status, preexisting CVD, baseline serum cre-
atinine level, baseline serum cholesterol level, baseline systolic
and diastolic blood pressures, and nonstudy blood pressure–
lowering treatment at study entry. These subgroup analyses
are designed to answer whether there are important differ-
ences in the effects of different blood pressure–lowering regi-
mens in younger and older patients, in patients with and with-
out diabetes, and between the other prespecified comparator
groups.

Statistical Analyses
Analyses for each primary outcome are based on the first rel-
evant outcome experienced by a participant. Each participant
can contribute only one event to the calculation of one out-
come analysis but more than one event to separate analyses of

different outcomes. For each study, the relative risk and 95%
confidence interval for each outcome are calculated according
to the principle of intention to treat. Overall estimates of
effect are calculated with a fixed effects model, where the log
relative risk for each trial is weighted by the reciprocal of the
variance of the log relative risk. The assumption of homo-
geneity between the treatment effects in different trials is test-
ed with chi-square Q and more recently with the I2 statistic.15

If the assumption of homogeneity is rejected, then additional
analyses are conducted with a random effects model. Mean
levels of baseline characteristics and mean differences in follow-
up blood pressure between randomized comparisons are cal-
culated with estimates from individual trials weighted by the
number of individuals in the study.

Since publication of the protocol, two cycles of overviews
have been reported by the Collaboration. The first cycle, pub-
lished in 2000, included results from 15 trials and nearly 75,000
individuals. More recently, the second cycle reported on the
results from 29 trials and 160,000 individuals (Table 29–2).

FIRST CYCLE FINDINGS: SETTING THE
SCENE (FIGURES 29–1 THROUGH 29–6)

By 2000, sufficient data had become available to conduct
the first cycle of BPLTTC overviews (Table 29–3).16 These
overviews showed conclusively that the benefits of blood
pressure–lowering regimens were not limited to those based
on diuretics and β-blockers but extended to newer agents
(ACE inhibitors and calcium antagonists) and that these ben-
efits were observed in a heterogeneous population of patients
at high risk of CVD.

In the placebo-controlled trials of ACE inhibitors (12,000
individuals and 1800 major cardiovascular events), in which
the weighted mean difference between randomized groups
was 3/1 mm Hg, there was 20% to 30% reduction in the risk
of stroke, CHD, major cardiovascular events, cardiovascular
death, and total mortality with active treatment. There was no
significant reduction in the risk of heart failure, although the
95% confidence intervals did not exclude a possible moderate
advantage for patients receiving ACE inhibitor therapy.

Compared with placebo, calcium antagonist–based regi-
mens producing blood pressure reductions of 9/5 mm Hg
conferred clear 30% to 40% reductions in the risk of stroke
and major cardiovascular events and nonsignificant trends
toward benefits for the remaining outcomes. Although these
analyses were limited by rather fewer data (5500 individuals
and 380 major cardiovascular events), the estimates of treat-
ment effect largely precluded adverse effects of calcium antag-
onists in hypertensive patients of the magnitude that had been
suggested by earlier reviews in patients with acute myocardial
infarction and unstable angina.17,18

Comparisons of regimens targeting different blood pres-
sure goals (20,000 individuals and 1000 major cardiovascular
events) showed that patients assigned the lowest diastolic
blood pressure goals (75 to <85 mm Hg) experienced lower
risks of stroke, CHD, and major cardiovascular events. These
reductions in risk were on the order of 20%. However, the
exact sizes of the differences remained uncertain because of
the wide confidence intervals. There was also evidence of het-
erogeneity (p = .02) among the trials contributing to the
more- versus less-intensive comparison, largely attributable to
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trends in opposite directions of the treatment effects for
Hypertension Optimal Treatment (HOT)19 and United
Kingdom Prospective Diabetes Study (UKPDS).20

The first cycle overviews of trials comparing regimens
based on different active agents showed that where blood
pressure differences between randomized groups were small
(0-3 mm Hg), there was no evidence of a difference in the
risk of composite events, major cardiovascular events,
cardiovascular death, and total mortality. However, there
was some evidence of moderate but potentially important
differences between regimens for the cause-specific out-
comes of stroke, CHD, and heart failure. In particular,

compared with regimens based on diuretics/β-blockers, cal-
cium antagonist–based regimens appeared to afford greater
protection against stroke but less against coronary heart dis-
ease. These findings were similar for trials of dihydropyri-
dine and nondihydropyridine agents alike. In the comparisons
of ACE inhibitor– and calcium antagonist–based regimens,
there was a 20% reduction in the risk of both CHD and
heart failure with ACE inhibitor–based regimens. However,
for the outcome of CHD, there was significant (p = .01)
heterogeneity among contributing trials, and for the out-
come of heart failure, the risk reduction was of borderline
significance.

Table 29–2 Trials Included in Second Cycle of BPLTTC Overviews

Trials Main Treatments Compared Entry Criteria*

Trials comparing active treatment and control
AASK MAP ≤92 mm Hg vs 102-107 mm Hg HBP + nephropathy, Afr
ABCD (H) DBP ≤75 mm Hg vs ≤90 mm Hg HBP + DM
ABCD (N) DBP 10 mm Hg below baseline vs 80-89 mm Hg DM
HOPE Ramipril vs placebo CHD, CVD, or DM + RF
HOT DBP ≤80 mm Hg vs ≤85 or ≤90 mm Hg HBP
IDNT Amlodipine vs placebo HBP + DM + nephropathy
NICOLE Nisoldipine vs placebo CHD
PART2 Ramilpril vs placebo CHD or CVD
PREVENT Amlodipine vs placebo CHD
PROGRESS Perindopril (+/− indapamide) vs placebo(s) Cerebrovascular disease
QUIET Quinapril vs placebo CHD
SCAT Enalapril vs placebo CHD
SYST-EUR Nitrendipine vs placebo HBP, ≥60 years
UKPDS-HDS DBP <85 mm Hg vs <105 mm Hg HBP + DM

Trials comparing ARB-based regimens and “other” regimens
IDNT Irbesartan vs placebo HBP + DM + nephropathy
LIFE Losartan vs atenolol HBP + CVD RF
RENAAL Losartan vs placebo DM + nephropathy
SCOPE Candesartan vs placebo HBP, 70-89 years

Trials comparing regimens based on different drug classes
AASK Ramipril vs metoprolol vs amlodipine HBP + nephropathy, Afr
ABCD (H) Enalapril vs nisoldipine HBP + DM
ABCD (N) Enalapril vs nisoldipine DM
ALLHAT Lisinopril vs chlorthalidone vs amlodipine HBP + RF
ANBP2 Enalapril vs hydrochlorothiazide HBP, 65-84 years
CAPPP Captopril vs β-blocker or diuretic HBP
CONVINCE COER-verapamil vs hydrochlorothiazide or atenolol HBP + RF
ELSA Lacidipine vs atenolol HBP
INSIGHT Nifedipine GITS vs hydrochlorothiazide + amiloride HBP + RF
JMIC-B ACE inhibitor vs nifedipine HBP + CHD
NICS-EH Nicardipine vs trichlormethiazide HBP, ≥60 years
NORDIL Diltiazem vs β-blocker or diuretic HBP
SHELL Lacidipine vs chlorthalidone HBP, ≥60 years
STOP-2 Enalapril or lisinopril vs felodipine or isradipine vs HBP, 70-84 years

atenolol or metoprolol or pindolol or 
hydrochlorothiazide + amiloride

UKPDS-HDS Captopril vs atenolol HBP + DM
VHAS Verapamil vs chlorthalidone HBP

ARB, angiotensin receptor blocker; MAP, mean arterial pressure; DBP, diastolic blood pressure; ACE, angiotensin-converting enzyme;
HBP, high blood pressure; DM, diabetes mellitus; CHD, coronary heart disease; CVD, cardiovascular disease; RF, renal failure; Afr,
African American.
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Table 29–3 Trials and Major Cardiovascular Events Contributing to the First and Second Cycle of BPLTTC Overviews

Major Major
Treatment First Cycle Total Cardiovascular Second Cycle Total Cardiovascular
Comparison Trials Participants Events Trials Participants Events

ACE-I vs PLACEBO

HOPE 9297 1645
PART2 617 81
QUIET 1750 104
SCAT 460 39

PROGRESS 6105 1062
Cumulative totals 4 trials 12,124 1869 5 trials 18,229 2931

CA vs PLACEBO

PREVENT 825 54
SYST-EUR 4695 291

IDNT 1136 272
NICOLE 826 NA

Cumulative totals 2 trials 5520 345 4 trials 7482 617

MORE- vs LESS-INTENSIVE REGIMENS

ABCD (H) 470 75
HOT 18,790 714
UKPDS-HDS 1148 246

AASK 1094 111
ABCD (N) 480 76

Cumulative totals 3 trials 20,408 1035 5 trials 21,982 1222

ARB vs ‘OTHER’ REGIMENS

— — IDNT 1148 282
— — LIFE 9193 1096
— — RENAAL 1513 515
— — SCOPE 4937 510

Cumulative totals — — 4 trials 16,791 2403

ACE-I vs DIURETIC/b-BLOCKER

CAPPP 10,985 698
STOP-2 4418 897
UKPDS-HDS 758 141

AASK 877 98
ALLHAT 24,309 3688
ANBP2 6083 509

Cumulative totals 3 trials 16,161 1736 6 trials 47,430 6031

CA vs DIURETIC/b-BLOCKER

INSIGHT 6321 407
NICS-EH 429 23
NORDIL 10,881 803
STOP-2 4409 910
VHAS 1414 29

AASK 658 NA
ALLHAT 24,303 3704
CONVINCE 16,476 729
ELSA 2334 60
SHELL 1882 172

Cumulative totals 5 trials 23,454 2172 10 trials 69,107 6837
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SECOND CYCLE FINDINGS: RESOLVING
THE UNCERTAINTY

Although the first cycle of overviews provided many answers
to questions they were designed to address, there remained
some uncertainty about others—in particular the effects of
active treatment with calcium antagonists (compared with
none) on the risk of CHD and heart failure and about differ-
ences between active regimens in their cause-specific effects.

At the end of 2003, the Collaboration reported its second
cycle of overviews.21 This second cycle was able to resolve much
of this persisting uncertainty. A doubling in the amount of data
available for analyses substantially increased the evidence avail-
able and resulted in the generation of more-precise estimates of
treatment effect, especially for comparisons of different active
agents. The substantial increase in the amount of data also pro-
vided an opportunity to explore in more detail the association
of blood pressure reduction and risk reduction. Furthermore, at
the end of 2003, sufficient trials of angiotensin receptor block-
ers had been completed to warrant separate analyses of this
important new class of blood pressure–lowering agent.

Because the second cycle of overviews provides the most
recent and reliable evidence for the effects of different blood
pressure–lowering agents, they are the major focus for the
remainder of the chapter.

Trials and Participants
Nine trials (25,000 individuals and 3500 major cardiovascular
disease [CVD] events) provided data from placebo-controlled
comparisons of ACE inhibitors and calcium antagonists, and
five trials (22,000 individuals and 1200 major CVD events)
provided data from trials targeting different blood pressure
goals (Table 29–3). Sixteen trials (101,000 participants and
10,000 major CVD events) provided data on comparisons of
different active regimens based on ACE inhibitors, calcium
antagonists, and diuretics and/or β-blockers. For most trials,
patients were selected on the basis of high blood pressure and
an additional cardiovascular risk factor such as diabetes, renal
disease, or increased age. The overall mean age of participants
was 65 years, and just more than half (52%) were men. The
mean duration of follow-up for contributing trials ranged
from 2.0 to 8.4 years, resulting in more than 700,000 patient-
years of follow-up.

Stroke
In keeping with first cycle findings, there were significant
reductions (30%-40%) in the risk of stroke with active regi-
mens (ACE inhibitors, calcium antagonists, more intensive) as
compared with control (placebo and less intensive) regimens
(Figure 29–1, A). In the comparisons of different active regi-
mens, where blood pressure differences between groups
ranged from 0 to 2 mm Hg, there were some differences, but
these were of borderline statistical significance. There was a
trend toward a greater reduction in the risk of stroke associat-
ed with calcium antagonists when compared with regimens
based on either ACE inhibitors or diuretic/β-blocker agents
(Figure 29–1, B). Similarly, there was also a trend toward a
greater protective effect associated with conventional therapy
as compared with regimens based on ACE inhibitors. These
findings, albeit of borderline significance, had not been appar-
ent in the first cycle of overviews. Furthermore, in this second
cycle of overviews based on more than 7500 stroke events,
there was no evidence of significant heterogeneity between
contributing trials in their estimates of treatment effect (all
p homog >.1).

Coronary Heart Disease
More than 10,000 CHD events contributed to the second
cycle of overviews. These showed that ACE inhibitor–based
regimens reduced the risk of CHD by 20% as compared with
placebo (Figure 29–2, A). There was weaker evidence of a
reduction with calcium antagonists, and for regimens target-
ing lower blood pressure goals, there was no clear evidence
of benefit. Whereas the first cycle had suggested that there
was some evidence of a greater protective effect from regi-
mens based on both diuretics/β-blockers and ACE inhibitors
as compared with calcium antagonists, in the second cycle,
there was no evidence of any difference between any of the
active regimens for the prevention of CHD. These findings
were able to confirm conclusions from earlier reports22,23

questioning the validity of claims of large increases in coro-
nary risk in hypertensive patients treated with calcium
antagonists. In the specific comparison of regimens based on
ACE inhibitors and calcium antagonists for this outcome,
there was evidence of heterogeneity among contributing tri-
als, which had also been demonstrated in the first cycle of

Table 29–3 Trials and Major Cardiovascular Events Contributing to the First and Second Cycle of BPLTTC Overviews—cont’d

Major Major
Treatment First Cycle Total Cardiovascular Second Cycle Total Cardiovascular
Comparison Trials Participants Events Trials Participants Events

ACE-I vs CA

ABCD (H) 470 75
STOP-2 4401 887

AASK 653 NA
ABCD (N) 480 76
ALLHAT 18,113 2838
JMIC-B 1650 88

Cumulative totals 2 trials 4871 962 6 trials 25,767 3964

ACE-I, angiotensin-converting enzyme inhibitor; CA, calcium antagonist; ARB, angiotensin receptor blocker.
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overviews. This heterogeneity was mainly due to one trial24;
however, neither exclusion of this trial from the fixed-effects
model nor the use of a random-effects model altered the
conclusions for this outcome.

Heart Failure
Heart failure events were defined as those resulting in death or
admission to hospital. The second cycle of overviews demon-
strated a greater protective effect against heart failure from
regimens based on ACE inhibitors as compared with placebo
but no evidence of a difference between regimens targeting
different blood pressure goals. These results were broadly con-
sistent with findings from the first cycle of overviews.
Conversely, where first cycle findings indicated a trend toward
a greater protective effect against heart failure from regimens

based on calcium antagonists compared with placebo, the sec-
ond cycle demonstrated a trend in favor of placebo. However,
the confidence intervals around the effect estimates for this
comparison and for the comparison of more- and less-
intensive regimens were wide, reflecting rather fewer data (318
events) available for these analyses.

Compared with regimens based on calcium antagonists,
those based on diuretics and/or β-blockers and on ACE
inhibitors produced greater reductions in risk of severe heart
failure that were not easily accounted for by their comparative
effects on blood pressure. Because heart failure events were
restricted to those that resulted in death or hospitalization,
minor side effects of calcium antagonists, such as peripheral
edema, are unlikely to have been responsible for this finding.

The separation of trials that used dihydropyridine agents
and those that used nondihydropyridine agents did not result

Stroke

Events/
participants

BP
difference
(mm Hg)

Favors
1st listed

Favors
2nd listed

RR
(95% CI)

Relative risk

p homog1st listed

ACE vs placebo
First cycle
Second cycle

166/6060
473/9111

240/6064
660/9118

–3/–1
–5/–2

0.70 (0.57,0.85)
0.72 (0.64,0.81)

.22

.33

0.61 (0.44,0.85)
0.62 (0.47,0.82)

.43

.90

0.80 (0.65,0.98)
0.77 (0.63,0.95)

.26

.15

54/2815
76/3794

85/2705
119/3688

–9/–5
–8/–5

136/7257
140/7494

248/13,151
261/13,394

–3/–3
–4/–3

CA vs placebo
First cycle
Second cycle

More vs less
First cycle
Second cycle

2nd listed

0.5 1.0 2.0

A

FFigure 29–1 Comparisons of active and control regimens (A) and comparisons of different active regimens (B) for the
outcome of stroke. BP, blood pressure; RR, relative risk; CI, confidence interval; ACE, angiotensin-converting enzyme; 
CA, calcium antagonist; ACE-I, ACE inhibitor; D/BB, diuretic/β-blocker.

Stroke

Events/
participants

BP
difference
(mm Hg)

Favors
1st listed

Favors
2nd listed

RR
(95% CI)

Relative risk

p homog1st listed

ACE-I  vs D/BB
First cycle
Second cycle

425/8097
984/20,195

402/8064
1178/26,358

1/0
2/0

1.05 (0.92,1.19)
1.09 (1.00,1.18)

.05

.13

0.87 (0.77,0.98)
0.93 (0.86,1.00)

.91

.67

1.02 (0.85,1.21)
1.12 (1.01,1.25)

.32

.20

456/11,685
999/31,031

529/11,769
1358/37,418

2/0
1/0

222/2440
701/12,562

218/2431
662/12,541

0/1
1/1

CA vs D/BB
First cycle
Second cycle

ACE-I vs CA
First cycle
Second cycle

2nd listed

0.5 1.0 2.0

B
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in any difference in the overall conclusions for this outcome
(see Figure 29–3).

Major Cardiovascular Events
A total of more than 17,000 major cardiovascular events (a
composite outcome comprising stroke, CHD, and heart fail-
ure events plus death from any other cardiovascular cause)
contributed to the second cycle of overviews, nearly double
the number of events available at the time of the first cycle. In
line with first cycle findings, there were significant reductions
in the risk of this outcome with active treatment based on
either ACE inhibitors (22%) or calcium antagonists (21%) as
compared with placebo and for more-intensive as compared
with less-intensive regimens (14%). There were no significant
differences between regimens based on any of the active

agents (ACE inhibitors, calcium antagonists, or diuretics
and/or β-blockers), and confidence intervals were narrow for
the estimate for every comparison (see Figure 29–4).

Cardiovascular Death
Compared with placebo, ACE inhibitors reduced the risk of
cardiovascular death by 20%. There was a trend toward fewer
deaths with calcium antagonist–based regimens but no clear
evidence of a reduction in risk with regimens targeting lower
blood pressure goals. These findings were comparable with
those generated by the first cycle trials, as were the findings for
the comparisons of different active agents, in which very pre-
cise estimates of effect indicated no difference between regi-
mens based on ACE inhibitors, diuretics or β-blockers, or
calcium antagonists (see Figure 29–5).

Coronary heart disease

Events/
participants

BP
difference
(mm Hg)

Favors
1st listed

Favors
2nd listed

RR
(95% CI)

Relative risk

p homog1st listed

ACE vs placebo
First cycle
Second cycle

539/6060
667/9111

672/6064
834/9118

–3/–1
–5/–2

0.80 (0.72, 0.89)
0.80 (0.73, 0.88)

.81

.91

0.81 (0.61, 1.09)
0.78 (0.62, 0.99)

.56

.34

0.81 (0.67, 0.98)
0.86 (0.72, 1.03)

.99

.26

79/2815
125/3794

96/2705
156/3688

–9/–5
–8/–5

189/7257
274/7494

242/13,151
348/13,394

–3/–3
–4/–3

CA vs placebo
First cycle
Second cycle

More vs less
First cycle
Second cycle

2nd listed

0.5 1.0 2.0

A

Coronary heart disease

Events/
participants

BP
difference
(mm Hg)

Favors
1st listed

Favors
2nd listed

RR
(95% CI)

Relative risk

p homog1st listed

ACE-I vs D/BB
First cycle
Second cycle

423/8097
1172/20,195

420/8064
1658/26,358

1/0
2/0

1.00 (0.88,1.14)
0.98 (0.91,1.05)

.58

.21

1.12 (1.00,1.26)
1.01 (0.94,1.08)

.99

.48

0.81 (0.68,0.97)
0.96 (0.88,1.04)

.01

.01

567/11,685
1394/31,031

510/11,769
1840/37,418

2/0
1/0

206/2440
907/12,562

255/2431
948/12,541

0/1
1/1

CA vs D/BB
First cycle
Second cycle

ACE-I vs CA
First cycle
Second cycle

2nd listed

0.5 1.0 2.0

B

FFigure 29–2 Comparisons of active and control regimens (A) and comparisons of different active regimens (B) for the
outcome of coronary heart disease. BP, blood pressure; RR, relative risk; CI, confidence interval; ACE, angiotensin-converting
enzyme; CA, calcium antagonist; ACE-I, ACE inhibitor; D/BB, diuretic/β-blocker.
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Total Mortality
Compared with placebo, ACE inhibitor–based regimens
reduced the risk of death by 12%. However, there were no sig-
nificant differences in the risk of death for any of the five other
treatment comparisons. There had been evidence of hetero-
geneity for this outcome in the comparison of more- and less-
intensive regimens in the first cycle of analyses. This hetero-
geneity appeared to reflect a very large reduction in risk of
death in favor of more-intensive regimens in the Appropriate
Blood Pressure Control in Diabetes (ABCD) trial24 and non-
significant trends in the opposite direction from HOT19 and
UKPDS.20 With the addition of two more trials25,26 to this
treatment comparison, the heterogeneity was less marked.
Neither exclusion of the trial with the extreme result nor the
use of the random effects model altered the conclusion for this
outcome (see Figure 29–6).

Angiotensin Receptor Blocker Trials
At the time of reporting the first cycle of overviews, there were
insufficient data from trials of angiotensin receptor blockers
(ARBs) to be included in the analyses. However, by 2003, data
from four ARB trials were able to be included in the second
cycle of overviews. These trials were Irbesartan Diabetic
Nephropathy Trial (IDNT),27 Reduction of Endpoints in
NIDDM with the Angiotensin II Antagonist Losartan
(RENAAL),28 Study on Cognition and Prognosis in the
Elderly (SCOPE),29 and Losartan Intervention for Endpoint
reduction in hypertension study (LIFE).30 As the comparisons
of these agents differed somewhat from other treatment com-
parisons, they were presented separately. Three trials27-29 were
placebo-controlled trials; however, in SCOPE, active treat-
ment was initiated in a large proportion of the placebo group
early in the study, and in IDNT and RENAAL, there was a

Heart failure

Events/
participants

BP
difference
(mm Hg)

Favors
1st listed

Favors
2nd listed

RR
(95% CI)

Relative risk

p homog1st listed

ACE vs placebo
First cycle
Second cycle

154/6060
219/8233

183/6064
269/8246

–3/–1
–5/–2

0.84 (0.68,1.04)
0.84 (0.70,1.00)

.70

.60

0.72 (0.48,1.07)
1.21 (0.93,1.58)

.23

.17

0.78 (0.53,1.15)
0.84 (0.59,1.18)

.07

.11

41/2815
104/3382

56/2705
88/3274

–9/–5
–8/–5

42/7257
54/7494

61/13,151
72/13,394

–3/–3
–4/–3

CA vs placebo
First cycle
Second cycle

More vs less
First cycle
Second cycle

2nd listed

0.5 1.0 2.0

A

Heart failure

Events/
participants

BP
difference
(mm Hg)

Favors
1st listed

Favors
2nd listed

RR
(95% CI)

Relative risk

p homog1st listed

ACE-I vs D/BB
First cycle
Second cycle

223/8097
547/12,498

250/8064
809/18,652

1/0
2/0

0.92 (0.77,1.10)
1.07 (0.96,1.19)

.33

.43

1.12 (0.95,1.32)
1.33 (1.21,1.47)

.29

.92

0.82 (0.67,1.00)
0.82 (0.73,0.92)

.35

.75

278/11,685
732/23,425

250/11,769
850/29,734

2/0
1/0

206/2440
502/10,357

255/2431
609/10,345

0/1
1/1

CA vs D/BB
First cycle
Second cycle

ACE-I vs CA
First cycle
Second cycle

2nd listed

0.5 1.0 2.0

B

FFigure 29–3 Comparisons of active and control regimens (A) and comparisons of different active regimens (B) for the
outcome of heart failure. BP, blood pressure; RR, relative risk; CI, confidence interval; ACE, angiotensin-converting enzyme;
CA, calcium antagonist; ACE-I, ACE inhibitor; D/BB, diuretic/β-blocker.
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simultaneous attempt to achieve blood pressure reductions in
both randomized groups. LIFE was the only trial designed as
a head-to-head comparison (a comparison of an ARB and β-
blocker). However, because all trials included control arms
with active agents other than ARBs, they were analyzed as a
single group.

There were significant reductions (10%-20%) in the risk of
stroke, heart failure, and total major cardiovascular events
with regimens based on ARBs as compared with control regi-
mens (Figure 29–7). However, for the remaining outcomes,
there was no significant difference, and it is possible that the
differences in certain outcomes can be accounted for by dif-
ferences in achieved blood pressure levels.

KEY MESSAGES AND IMPLICATIONS
FOR CLINICAL PRACTICE

i These overviews provide clinicians and their patients with
uniquely reliable information about the relative benefits and
risks of widely used classes of blood pressure–lowering drugs.
The results are applicable to a broad population of hyperten-
sive and nonhypertensive individuals at high risk of CVD.

ii Treatment with any commonly used regimenreduces the risk
of total major cardiovascular events, and larger reductions in
blood pressure produce larger reductions in risk. Direct
evidence of this is provided by overviews of trials that com-
pared more- with less-intensive blood pressure– lowering

Major cardiovascular events

Events/
participants

BP
difference
(mm Hg)

Favors
1st listed

Favors
2nd listed

RR
(95% CI)

Relative risk

p homog1st listed

ACE vs placebo
First cycle
Second cycle

820/6060
1283/9111

1040/6064
1648/9118

–3/–1
–5/–2

0.79 (0.73,0.86)
0.78 (0.73,0.83)

.41

.54

0.72 (0.59,0.87)
0.79 (0.69,0.92)

.73

.54

0.85 (0.76,0.96)
0.86 (0.77,0.96)

.08

.27

166/2815
280/3382

222/2705
337/3274

–9/–5
–8/–5

405/7257
482/8034

630/13,151
719/13,948

–3/–3
–4/–3

CA vs placebo
First cycle
Second cycle

More vs less
First cycle
Second cycle

2nd listed

0.5 1.0 2.0

A

Major cardiovascular events

Events/
participants

BP
difference
(mm Hg)

Favors
1st listed

Favors
2nd listed

RR
(95% CI)

Relative risk

p homog1st listed

ACE-I vs D/BB
First cycle
Second cycle

1018/8097
2581/20,631

1004/8064
3450/26,799

1/0
2/0

1.00 (0.93,1.08)
1.02 (0.97,1.07)

.12

.31

1.02 (0.95,1.10) 
1.04 (1.00,1.09)

.84

.92

0.92 (0.83,1.01)
0.97 (0.92, 1.03)

.04

.22

1251/11,685
2998/31,031

1234/11,769
3839/37,418

2/0
1/0

559/2440
1953/12,562

619/2431
2011/12,541

0/1
1/1

CA vs D/BB
First cycle
Second cycle

ACE-I vs CA
First cycle
Second cycle

2nd listed

0.5 1.0 2.0

B

FFigure 29–4 Comparisons of active and control regimens (A) and comparisons of different active regimens (B) for the
outcome of total major cardiovascular events. BP, blood pressure; RR, relative risk; CI, confidence interval; ACE, angiotensin-
converting enzyme; CA, calcium antagonist; ACE-I, ACE inhibitor; D/BB, diuretic/β-blocker.
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regimens. In these comparisons, the risk of stroke and of
total major cardiovascular events was significantly reduced
by regimens targeting lower blood pressure goals. Indirect
evidence is provided by the association of weighted mean
differences in blood pressure between randomized groups
with differences in risk of an event (Figure 29–8). This direct
association is true for all cardiovascular events except for
heart failure.

iii There are some differences between regimens in their
cause-specific effects that appear to be independent of
blood pressure. Regimens based on ACE inhibitors and on
diuretics and/or β-blockers are much more effective at pre-
venting heart failure than regimens based on calcium
antagonists—results that are broadly consistent with trials
of both ACE inhibitors31 and calcium antagonists32 in heart
failure patients. There remains less certainty about possible
differences between regimens in their effects on stroke.

THE COLLABORATION AND FUTURE
CHALLENGES

Although the BPLTTC has been at the forefront of the field of
collaborative overviews of trials and has achieved most of its
objectives, it has also faced challenges regarding scope, method-
ology, logistics, and funding. With regard to scope, the protocol
listed eight subgrouping variables, yet because of the complex-
ity of describing results by subgroups, a paper based on one of
these—diabetic status—has only recently been completed. To
be most useful in informing practice and practice guidelines, it
is desirable to report on as many subgroups as possible, because
clinicians desire ensurance that the broad conclusions are
applicable to a variety of patients. The ability to conduct such
analyses is enhanced by the fact that early in its evolution the
BPLTTC decided to include trials of blood pressure–lowering
agents not restricted to hypertensive patients; thus the data set

Cardiovascular death

Events/
participants

BP
difference
(mm Hg)

Favors
1st listed

Favors
2nd listed

RR
(95% CI)

Relative risk

p homog1st listed

ACE vs placebo
First cycle
Second cycle

307/6060
488/9111

416/6064
614/9118

–3/–1
–5/–2

0.74 (0.64,0.85)
0.80 (0.71,0.89)

.57

.29

0.72 (0.52,0.98)
0.78 (0.61,1.00)

.23

.43

0.90 (0.75,1.09)
0.93 (0.77,1.11)

.07

.15

66/2815
107/3382

89/2705
135/3274

–9/–5
–8/–5

182/7257
209/8034

246/13,151
271/13,948

–3/–3
–4/–3

CA vs placebo
First cycle
Second cycle

More vs less
First cycle
Second cycle

2nd listed

0.5 1.0 2.0

A

Cardiovascular death

Events/
participants

BP
difference
(mm Hg)

Favors
1st listed

Favors
2nd listed

RR
(95% CI)

Relative risk

p homog1st listed

ACE-I vs D/BB
First cycle
Second cycle

350/8097
1061/20,631

348/8064
1440/26,799

1/0
2/0

1.00 (0.87,1.15)
1.03 (0.95,1.11)

.13

.36

1.05 (0.92,1.20)
1.05 (0.97,1.13)

.61

.33

1.04 (0.87,1.24)
1.03 (0.94,1.13)

.19

.56

425/11,685
1237/31,031

405/11,769
1584/37,418

2/0
1/0

394/2440
870/12,562

380/2431
840/12,541

0/1
1/1

CA vs D/BB
First cycle
Second cycle

ACE-I vs CA
First cycle
Second cycle

2nd listed

0.5 1.0 2.0

B

FFigure 29–5 Comparisons of active and control regimens (A) and comparisons of different active regimens (B) for the
outcome of cardiovascular death. BP, blood pressure; RR, relative risk; CI, confidence interval; ACE, angiotensin-converting
enzyme; CA, calcium antagonist; ACE-I, ACE inhibitor; D/BB, diuretic/β-blocker.
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is particularly enriched with patients having other vascular con-
ditions. The decision not to be restricted to trials in hyperten-
sive patients was based on the continuous, monotonic increase
of cardiovascular risk with higher blood pressure levels starting
below 115/75 mm Hg33 and has not been challenged. However,
it would be strengthened by analyses according to entry blood
pressure levels. One non-prespecified subgrouping factor is
race/ethnicity; completed trials have provided some basis for
pursuing such analyses, albeit post hoc.34

Another issue of scope and methodology involves the treat-
ment comparisons. The design decision to group diuretics
and β-blockers as “traditional regimens” was based on results
from a few completed large trials that compared diuretic-
based with β-blocker–based treatments and found no differ-
ences in cardiovascular events or total mortality, along with
the fact that several of the later large direct comparator trials
adopted a “control” arm giving participating clinicians free
choice between a diuretic, a β-blocker, or combined treat-

ment. A meta-analysis35 published subsequent to the BPLTTC
protocol suggested that these classes were not wholly equiva-
lent in their effects and that larger reductions in CHD might
be seen with diuretics. Although secondary analyses separat-
ing trials with these classes as traditional arms have been
included in the second cycle papers, there are few trials con-
tributing to these analyses.

With regard to endpoints, the protocol included definitions
of the prespecified events according to ICD codes but did not
specify clinical criteria, because such definitions would have
been very difficult to apply to trials that had been independ-
ently designed and were largely ongoing already. Nevertheless,
regional variations in diagnostic practices and medical man-
agement constitute a legitimate area for exploration regarding
interpretations of overviews of this kind, although random-
ization largely protects against biased effect estimates. One
post hoc decision needed to be made with regard to heart
failure events in pursuit of greater uniformity—namely, to

Total mortality

Events/
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exclude cases diagnosed outside the hospital. Such a decision
would influence absolute rates and therefore could affect the
net effects on a composite such as major cardiovascular events
if treatment regimens affect types of events in different ways
(as appears to be the case). The same result could arise from
medical care systems that lead to differential hospitalization
rates for a variety of nonfatal events.

Finally, to be successful, the BPLTTC requires continuity of
staff support and long-term funding. Clearly, an enterprise
such as the Collaboration that seeks to inform practice poli-
cies broadly but is not likely to provide novel research findings
nor serve any particular commercial interest inevitably faces
continuing struggles for financial support.Nevertheless, it
would appear to represent a valuable resource for informing
national and international practice guidelines.36-39
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340 Chapter 30

INTRODUCTION

The Antihypertensive and Lipid-Lowering treatment to
prevent Heart Attack Trial (ALLHAT) is arguably the most
important hypertension study since the demonstration that
lowering blood pressure (BP) was associated with reduced
adverse clinical outcomes. Its findings have also made it one of
the most controversial trials.

Once the benefit of lowering BP in hypertensive patients was
established, the next major issue was to determine the optimal
treatment regimen to do so. Although thiazide diuretics and β-
blockers (alone and in combination) and other sympatholytics
and vasodilating drugs were the drugs originally used to demon-
strate the benefit of BP lowering, they are also associated with
adverse effects on markers associated with increased cardiovas-
cular disease (CVD) risk (e.g., glucose, lipids, potassium, uric
acid). Furthermore, evidence suggested that coronary heart dis-
ease (CHD) events in trials using these agents were reduced less
effectively than predicted from epidemiologic studies.

Although previous trials were designed to examine the
effect of treatment on either stroke or composite CVD, they
did not have the statistical power to evaluate CHD. Thus the
primary objective of ALLHAT was to determine whether anti-
hypertensive drug therapy initiated with newer agents with
more favorable metabolic profiles (i.e., angiotensin-
converting enzyme inhibitors [ACEIs], α-blockers, or calcium
channel blockers [CCBs]) was more effective in preventing
CVD, especially CHD, than the older (and less costly) drugs
represented by a thiazide-type diuretic. Another objective was
to examine the effect of antihypertensive drug selection in
populations known to suffer excessively from the hyperten-
sion and related target organ damage but who were underrep-
resented in previous studies. ALLHAT was the largest hyper-
tension trial ever conducted, the first clinical outcome trial to
evaluate newer agents in Blacks, and the largest clinical out-
come trial in diabetics, and it had large numbers of women
and participants older than age 65 years.

METHODS

Patient Selection
The rationale and design of ALLHAT have been presented
elsewhere.1 The goal was to recruit high-risk participants with
relatively mild BP elevation and thus a high likelihood of suc-
cessful control on monotherapy. Participants were men and
women with either untreated systolic (≥140 mm Hg) and/or
diastolic (≥90 mm Hg) hypertension (but ≤180/110 mm Hg at

two visits) or treated hypertension (≤160/100 mm Hg on one
to two antihypertensive drugs at visit 1 and ≤180/110 mm Hg
at visit 2 when medication may have been withdrawn) and at
least one additional risk factor for CHD events.1,2 The risk fac-
tors included age ≥55 years, previous (>6 months) myocardial
infarction (MI) or stroke, left ventricular hypertrophy (LVH)
by electrocardiography or echocardiography, history of type 2
diabetes, current cigarette smoking, high-density lipoprotein
cholesterol (HDLC) <35 mg/dl, or documentation of other
atherosclerotic CVD. Individuals with a history of hospital-
ized or treated symptomatic heart failure (HF), serum creati-
nine >2.0 mg/dl, and/or known left ventricular ejection frac-
tion <35% were excluded. Race was defined by self-report as
Black, white, Asian, Native American, and other.

Interventions
There was no washout period, and unless the drug regimen
required tapering for safety reasons, individuals continued
any prior antihypertensive medications until they received
randomized study drug (after which previous antihyperten-
sive medications were discontinued). Previous antihyperten-
sive drug treatment was similar in participants across the ran-
domized treatment groups. Participants were randomly
assigned to chlorthalidone, amlodipine, doxazosin, or lisino-
pril in a ratio of 1.7:1:1:1, respectively.

Chlorthalidone was selected to represent the older therapy
(thiazide-type diuretic) for several reasons. First, the largest
experience in clinical outcome trials (especially in preventing
CHD in older patients) was with this class of antihypertensive
agents.3-9 Previous data suggested similar endpoint reduction,
regardless of the specific thiazide-type diuretic utilized.
Although chlorthalidone was not the most common diuretic
prescribed by providers, there was substantial experience with
this agent in clinical trials.7-9 Last, when ALLHAT was
conceived, consistent with the contemporary emphasis on low-
dose diuretic therapy, the dosages of 12.5 and 25 mg of
chlorthalidone were thought to be more acceptable to potential
clinical sites than 25 and 50 mg/day of hydrochlorothiazide.

Participants (n = 42,418) were recruited at 623 centers in
the United States, Canada, Puerto Rico, and the U.S. Virgin
Islands between February 1994 and January 1998. More than
half of the clinical centers were private practice sites.10

Closeout ended on March 31, 2002, for the amlodipine and
lisinopril versus chlorthalidone comparison; closeout for the
doxazosin arm ended approximately 2 years earlier on
February 15, 2000.

BPs during the trial were measured by trained observers
using standardized techniques.11 Visit BP was the average of
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two seated measurements. Goal BP for all participants was
both systolic BP (SBP) <140 mm Hg and diastolic BP (DBP)
<90 mm Hg. This was achieved by titrating the assigned
study drug (step 1), then adding open-label agents (step 2 or
3) when necessary. Non-pharmacologic approaches to treat-
ment of hypertension were recommended according to con-
temporary national guidelines.12

The identity of the step 1 agents was double-masked at each
dosage level. Dosages were 12.5, 12.5 (sham titration), and 25
mg/day for chlorthalidone; 2.5, 5, and 10 mg/day for amlodip-
ine; and 10, 20, and 40 mg/day for lisinopril. In participants not
controlled on monotherapy, open-label drugs were provided by
the study. They included the following: step 2: atenolol, 25 to
100 mg/day; reserpine, 0.05 to 0.2 mg/day; or clonidine, 0.1 to
0.3 mg twice/day; step 3: hydralazine, 25 to 100 mg twice/day.
Slow-release potassium chloride was also provided for serum
potassium consistently <3.5 mEq/L. After randomization, if a
clear indication arose, half doses of open-label step 1 drug class-
es were permitted along with blinded drugs.1,11 After initial
monthly titration visits, participants were seen every 3 months
during the first year and every 4 months thereafter.

Outcomes
The primary outcome was a composite of fatal CHD or nonfa-
tal MI.1 Previous primary prevention comparative outcome
trials used a composite CVD outcome as the primary outcome.
Designating fatal CHD and nonfatal MI as the primary out-
come substantially increased the sample size required for the
trial. Four major prespecified secondary outcomes were (1) all-
cause mortality, (2) fatal and nonfatal stroke, (3) combined
CHD (the primary outcome + coronary revascularization +
hospitalized angina), and (4) combined CVD (combined CHD
+ stroke + nonhospitalized treated angina + HF [fatal, hospi-
talized, or treated nonhospitalized], and treated peripheral
arterial disease). Individual components of the combined out-
comes also were examined. Other pre-specified secondary out-
comes included incident cancer, incident electrocardiogram
(ECG) LVH, and end-stage renal disease (ESRD) (dialysis,
renal transplant, or renal death). Change in estimated
glomerular filtration rate (eGFR)13 was examined posthoc.

Study endpoints were assessed at follow-up visits, reported
to the Clinical Trials Center (CTC), and verified by several
mechanisms.1 Because of the large number of total events
(>10,000), blinded review of all events was not feasible.
A minimal goal was to ensure that no bias was introduced that
favored any of the randomized treatment groups.
Hospitalized outcomes were primarily based on clinic investi-
gator reports, with copies of death certificates and hospital
discharge summaries requested for central review. Among all
combined CVD events that resulted in deaths and/or hospi-
talizations, the proportion with documentation (i.e., a death
certificate or a hospital discharge summary) was 99% in the
amlodipine and lisinopril versus chlorthalidone comparisons
and 97% in the doxazosin versus chlorthalidone comparison.
Searches for outcomes were also accomplished through the
Centers for Medicare and Medicaid Services (CMS), the
Department of Veterans Affairs (VA), the National Death
Index, and the Social Security Administration databases.
Medical reviewers at the CTC verified the clinician-assigned
diagnoses of outcomes by using death certificates and hospi-
tal discharge summaries.

More-detailed information was collected on a random
(10%) subset of CHD and stroke events to validate the proce-
dure of using clinician diagnoses.1 When a large excess of HF
became evident in the doxazosin arm, a one-time sample of
HF hospitalizations was reviewed by the ALLHAT Endpoints
Subcommittee. Agreement rates between the subcommittee
and clinic investigators were 90% (155/172) for the primary
endpoint, 84% (129/153) for stroke, and 85% (33/39) for HF
hospitalizations14 and were similar in all treatment groups.
Blinded review of 98% of the HF hospitalizations in 97% of
the participants with HF has confirmed the validity of this
outcome.14,15

Statistical Analyses
Data were analyzed according to participants’ randomized
treatment assignments regardless of their subsequent medica-
tions (intent-to-treat analysis). ALLHAT had 83% power to
detect a 16% reduction in nonfatal MI and fatal CHD at a
two-sided α = 0.0178.

RESULTS

Patient Characteristics
Table 30–1 presents baseline characteristics for the 42,418 par-
ticipants in the trial. The mean age was 67 years; 47% were
women, 35% were Black, 36% were diabetic. There were near-
ly identical distributions of baseline risk factors across the
four treatment groups.2

Visit and Medication Adherence
The mean duration of follow-up was 4.9 years in the
chlorthalidone, amlodipine, and lisinopril arms and 3.2 years
in the doxazosin arm.16,17 Approximately 99% of expected
person-years were observed for the chlorthalidone, amlodip-
ine, and lisinopril arms, and in the doxazosin arm (which was
stopped early), the figure was 95%. The maximum duration of
follow-up was 8.0, 7.9, 8.1, and 5.9 years in the chlorthalidone,
amlodipine, lisinopril, and doxazosin groups, respectively.
Thus, ALLHAT had one of the longest periods of on-
treatment follow-up of any clinical outcome trial. Despite the
trial’s size and length of follow-up, visit and medication
adherence were excellent. At trial closeout, only 419 of 15,255
(2.7%) of the chlorthalidone group, 258 of 9048 (2.8%) of the
amlodipine group, 276 of 9054 (3.0%) of the lisinopril group,
and 449 of 9061 (4.9%) of the doxazosin group had unknown
vital status. Visit adherence was 92% at 1 year and 84% to 87%
at 5 years in the chlorthalidone, amlodipine, and lisinopril
arms.16 At 4 years, visit adherence was 80% for the
doxazosin/chlorthalidone comparison.17

It is noteworthy that with the double-blind design, fewer
participants randomized to ACEI or α-blocker remained on
their assigned drug than those randomized to the diuretic or
CCB. Among participants in the chlorthalidone group who
were contacted in the clinic or by telephone within 12 months
of annual scheduled visits, 87.1% were taking chlorthalidone
or another diuretic at 1 year, decreasing to 80.5% at 5 years.
Among participants in the amlodipine group, 87.6% were tak-
ing amlodipine or another CCB at 1 year, decreasing to 80.4%
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at 5 years. Among participants in the lisinopril group, 82.4%
were taking lisinopril or another ACEI at 1 year, decreasing to
72.6% at 5 years. In the doxazosin group, 71% of participants
were taking doxazosin or another α-blocker at 4 years. The
most common reasons for not taking step 1 medication were
unspecified refusals and symptomatic adverse effects in more
than 50% of cases.

Intermediate Outcomes
Mean seated BP at randomization was 146/84 mm Hg in all
four groups, with 90% of participants reporting current antihy-
pertensive drug treatment (Table 30–1). Among participants
returning for follow-up visits, diastolic BP was reduced to a
similar degree in all four treatment arms. However, mean sys-
tolic BP was ~1 mm Hg greater in the amlodipine arm than in
the chlorthalidone arm and ~3 mm Hg greater in the lisinopril
and doxazosin arms than in the chlorthalidone arm (Table
30–2). At the initial visit, the proportion of participants at or
below the BP goal (<140/90 mm Hg) was ~27%; at 5 years, it
was 68%, 66%, and 61% for the chlorthalidone, amlodipine,
and lisinopril groups, respectively; and 58% for the doxazosin
group at 4 years (Table 30–2).

The metabolic changes in the treatment groups were simi-
lar to what had been reported in multiple studies prior to
ALLHAT. Mean total serum cholesterol levels at baseline were
about 216 mg/dl in all four groups. At 4 years, the respective
mean levels were 197.2 (chlorthalidone), 195.6 (amlodipine),
195.0 (lisinopril), and 187 mg/dl (Table 30–3). By 4 years,
about 35% to 36% of participants in all three groups reported
taking lipid-lowering drugs, largely hydroxymethylglutaryl
coenzyme A reductase inhibitors, some as a result of partici-
pation in the ALLHAT lipid trial. Mean serum potassium lev-
els at baseline were 4.3 to 4.4 mmol/L; at 4 years, the respec-
tive mean levels were 0.3 to 0.4 mmol/L lower for those in the
chlorthalidone group than in the other groups.

Mean fasting serum glucose levels at baseline were similar
(122-124 mg/dl) in the four groups; at 4 years, the respective
mean levels were 126.3, 123.7, 121.5, and 117 mg/dl. Among
individuals classified as nondiabetic at baseline, with baseline
fasting serum glucose <126 mg/dl (7.0 mmol/L), the inci-
dence of diabetes (fasting serum glucose ≥126 mg/dl) at 4
years was 11.6%, 9.8%, 8.1%, and  8.8%, respectively.

Mean eGFR at baseline was about 78 ml/min/1.73 m2 in all
groups. At 4 years, it was 70.0, 75.1, 70.7, and 72.8 ml/min/1.73
m2 in the chlorthalidone, amlodipine, lisinopril, and doxazosin
groups, respectively. The slopes of the reciprocal of serum cre-
atinine over time were virtually identical in the chlorthalidone
and lisinopril groups, whereas the decline in the amlodipine
slope was less than that of the chlorthalidone slope.16

Primary and Secondary Outcomes
The effects of the treatment regimens as compared with
chlorthalidone are displayed in Table 30–4.

Amlodipine Versus Chlorthalidone

No significant difference was observed between amlodipine
and chlorthalidone for the primary outcome (relative risk
[RR], 0.98; 95% confidence interval [CI] 0.90-1.07) or for the

secondary outcomes of all-cause mortality, combined CHD,
stroke, combined CVD, angina, coronary revascularization,
peripheral arterial disease, cancer, or ESRD (Figure 30–1). The
amlodipine group had a 38% higher risk of HF (p <.001) and
a 35% higher risk of hospitalized/fatal HF (p <.001). The
treatment effects for all outcomes were consistent across the
predefined subgroups and by absence or presence of CHD at
baseline.

Lisinopril Versus Chlorthalidone

No significant difference was observed between lisinopril and
chlorthalidone for the primary outcome (RR, 0.99; 95% CI
0.91-1.08) or for the secondary outcomes of all-cause mortal-
ity, combined CHD, peripheral arterial disease, cancer, or
ESRD (Figure 30–2). The lisinopril group had a 15% higher
risk for stroke (p = .02) and a 10% higher risk of combined
CVD (p <.001). Included in this were a 19% higher risk of HF
(p <.001), a 10% higher risk of hospitalized/fatal HF (p = .11),
an 11% higher risk of hospitalized/treated angina (p = .01),
and a 10% higher risk of coronary revascularization (p = .05).
The treatment effects for all outcomes were consistent across
subgroups by gender, diabetic status, and baseline CHD sta-
tus. For stroke and combined CVD, there were significant dif-
ferential effects by race (p = .01 and .04 for interaction, respec-
tively). The relative risks (lisinopril versus chlorthalidone) for
stroke were 1.40 (p <.001) in Blacks and 1.00 (p = .96) in non-
Blacks; they were 1.19 (p <.001) and 1.06 (p = .05) for com-
bined CVD in Blacks and non-Blacks, respectively.

The mean follow-up systolic BP for all participants was 2
mm Hg higher in the lisinopril group than in the chlorthali-
done group, 4 mm Hg higher in Blacks, and 3 mm Hg higher
in those age 65 years or older. Adjustment for follow-up BP as
time-dependent covariates in a proportional hazards model
slightly reduced the relative risks for stroke (RR 1.15 to 1.11)
and HF (RR 1.20 to 1.17) overall and in the Black subgroup
(stroke RR 1.40 to 1.36, and HF RR 1.32 to 1.28), but the
results remained statistically significant.

Doxazosin Versus Chlorthalidone

No significant difference was observed between doxazosin and
chlorthalidone for the primary outcome (RR, 1.03; 95% CI
0.92-1.15) or for the secondary outcomes of all-cause mortality,
combined CHD, peripheral arterial disease, cancer, or ESRD
(Figure 30–3). The doxazosin group had a 26% higher risk for
stroke (p = .001) and a 20% higher risk of combined CVD (p
<.001). Included in this were an 80% higher risk of HF (p
<.001), a 66% higher risk of hospitalized/fatal HF (p <.001), a
13% higher risk of hospitalized/treated angina (p = .01), and a
12% higher risk of coronary revascularization (p = .05). The
treatment effects for all outcomes were consistent across sub-
groups by gender, diabetic status, baseline CHD status, and race.

Primary Safety Outcomes
Six-year rates of hospitalization for gastrointestinal bleeding,
available only for Medicare and VA participants, were similar
in the chlorthalidone, amlodipine, and lisinopril treatment
groups, with no significant differences. Angioedema occurred
in 0.4% of persons in the lisinopril treatment group, a rate
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Table 30–1 Baseline Characteristics of the ALLHAT Antihypertensive Component Participants

Chlorthalidone Amlodipine Lisinopril Doxazosin

Number randomized 15,255 9,048 9,054 9,061
Age, mean (SD) years 66.9 (7.7) 66.9 (7.7) 66.9 (7.7) 66.8
55-64, n (%) 6,471 (42.4) 3,844 (42.5) 3,869 (42.7) 3,893 (43.1)
65+, n (%) 8,784 (57.6) 5,204 (57.5) 5,185 (57.3) 5,148 (56.9)
White, non-Hispanic, n (%) 7,202 (47.2) 4,305 (47.6) 4,262 (47.1) 4,209 (46.5)
Black, non-Hispanic, n (%) 4,871 (31.9) 2,911 (32.2) 2,920 (32.3) 2,984 (32.9)
White Hispanic, n (%) 1,912 (12.5) 1,108 (12.2) 1,136 (12.5) 1,138 (12.6)
Black Hispanic, n (%) 498 (3.3) 302 (3.3) 290 (3.2) 308 (3.4)
Other, n (%) 772 (5.1) 422 (4.7) 446 (4.9) 421 (4.6)
Women, n (%) 7,171 (47.0) 4,280 (47.3) 4,187 (46.2) 4,203 (46.4)
Years of education, mean (SD) years 11.0 (4.0) 11.0 (3.9) 11.0 (4.1) 11.0 (4.0)
Antihypertensive treatment

Treated, n (%) 13,754 (90.2) 8,171 (90.3) 8,164 (90.2) 8,175 (90.2)
Untreated, n (%) 1,500 (9.8) 877 (9.7) 890 (9.8) 886 (9.8)

Blood pressure, mean(SD) mm Hg 146(16)/84(10) 146(16)/84(10) 146(16)/84(10) 146/84
Treated at baseline 145(16)/83(10) 145(16)/83(10) 145(16)/84(10) 145(16)/83(10)
Untreated at baseline 156(12)/89(9) 157(12)/90(9) 156(12)/89(9) 157(12)/89(10)

Eligibility risk factors*
Cigarette smoker, n (%) 3,342 (21.9) 1,980 (21.9) 1,981 (21.9) 1967 (21.7)
Atherosclerotic cardiovascular 7,900 (51.8) 4,614 (51.0) 4,684 (51.7) 4,681 (51.7)

disease,† n (%)
History of MI or stroke, n (%) 3,581 (23.5) 2,098 (23.2) 2,058 (22.7) 2,079 (22.9)
History of coronary 1,986 (13.0) 1,106 (12.2) 1,218 (13.5) 1,159 (12.8)

revascularization, n (%)
Other ASCVD, n (%) 3,604 (23.6) 2,145 (23.7) 2,152 (23.8) 2,241 (24.7)
ST-T wave, n (%) 1,572 (10.4) 908 (10.1) 940 (10.5) 920 (10.2)
Type 2 diabetes, n (%) 5,528 (36.2) 3,323 (36.7) 3,212 (35.5) 3,320 (35.5)
HDLC <35 mg/dl, n (%) 1,798 (11.8) 1,018 (11.3) 1,061 (11.7) 1,048 (11.6)
LVH by ECG, n (%) 2,467 (16.2) 1,533 (16.9) 1,474 (16.3) 1,478 (16.3)
LVH by Echo, n (%) 695 (4.6) 411 (4.6) 402 (4.5) 405 (4.5)

History of CHD at baseline,‡ n (%) 3,943 (26.0) 2,202 (24.5) 2,270 (25.3) 249 (11.4)
Body mass index, mean (SD) kg/m2 29.7 (6.2) 29.8 (6.3) 29.8 (6.2) 29.7 (6.0)
Using aspirin, n (%) 5,426 (35.6) 3,268 (36.1) 3,258 (36.0) 3,271 (36.1)
Using estrogen supplementation 1,273 (17.8) 752 (17.6) 727 (17.4) 747 (18.0)

(women only), n (%)
Lipid trial participants, n (%) 3,755 (24.6) 2,240 (24.8) 2,167 (23.9) 2,193 (24.2)

*For trial eligibility, participants had to have at least one other risk factor in addition to hypertension. Thus the indicated risk factors
are not mutually exclusive or exhaustive and may not represent prevalence.
†History of myocardial infarction (MI) or stroke; history of coronary revascularization; major ST segment depression or T wave inver-
sion on any electrocardiogram (ECG) in the past two years; other ASCVD (history of angina pectoris; history of intermittent claudica-
tion, gangrene, or ischemic ulcers; history of transient ischemic attack; coronary, peripheral vascular, or carotid stenosis 50% or more
documented by angiography or Doppler studies; ischemic heart disease documented by reversible or fixed ischemia on stress thallium
or dipyridamole thallium, ST depression ≥1 mm for ≥1 minute on exercise testing or Holter monitoring; reversible wall motion abnor-
mality on stress echocardiogram; ankle-arm index less than 0.9; abdominal aortic aneurysm detected by ultrasonography, CT scan,
or X-ray; carotid or femoral bruits).
‡p = 0.03 for comparison of groups.

four times higher than in the other treatment groups.
Significant differences were seen for the lisinopril versus
chlorthalidone comparison overall (p <.001); in Blacks
(2/5369 [<0.1%] for chlorthalidone, 23/3210 [0.7%] for
lisinopril, p <.001) and in non-Blacks (6/9886 [0.1%] for
chlorthalidone, 15/5844 for lisinopril [0.3%], p = .002). The
only death from angioedema was in the lisinopril group.

DISCUSSION

ALLHAT demonstrated that antihypertensive drug therapy
initiated with ACEIs, α-blockers, and dihydropyridine-CCBs
was not superior to that initiated with a thiazide-type diuret-
ic in preventing CHD or any other CVD outcome.16,17

Furthermore, the diuretic was superior to the CCB in pre-
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Relative risk  (95% CI)

0.98 (0.90, 1.07)
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FFigure 30–1 The effects of amlodipine compared with those
of chlorthalidone.

Figure 30–2 The effects of lisinopril compared with those of
chlorthalidone.
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FFigure 30–3 The effects of doxazosin
compared with those of chlorthalidone.

venting HF, superior to the ACEI in preventing HF and stroke
(especially in Blacks), and superior to the α-blocker in pre-
venting HF, stroke (in all subgroups), combined CHD, and
combined CVD. Blood pressure adjustment by multiple pro-
cedures accounts for some of the differences in outcomes
between the diuretic and the ACEI and α-blocker treatment
groups. Finally, the diuretic was shown to be no less effective
than the ACEI in preventing progression of kidney disease or

development of ESRD. These findings were noted in all pre
specified subgroups defined by age older than and younger
than 65, gender, race, diabetic status, and the presence or
absence of CHD or whether the participant was on previous
antihypertensive therapy. Importantly, ALLHAT demonstrat-
ed these differences in outcomes despite the anticipated
more-favorable metabolic effects that were seen with the
newer agents.
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ALLHAT also confirmed the increases in glucose and cho-
lesterol and decrease in potassium seen in previous studies
with diuretics as compared with other agents.7,18 The increase
in glucose in the diuretic arm resulted in a larger number of
participants in this treatment arm reaching the threshold
defining diabetes. These unfavorable metabolic characteristics
of diuretic therapy were one of the major reasons for the
hypothesized advantage of the newer agents in preventing
CHD and a major motivation for the conduct of ALLHAT.
However, despite having one of longest periods of follow-up
of any antihypertensive trial (4-8 years), ALLHAT produced
no evidence of this translating into more clinical (specifically
CHD) events, as hypothesized by some authors.18-23 Those
who suggest that the risk of diabetes may overwhelm the early
short-term benefit of diuretics must consider the increase in
outcomes such as HF, stroke, and composite CVD that may
occur while awaiting these hypothesized events.

It is worth noting that the selection of chlorthalidone to
represent the thiazide-type diuretics represents an extreme
test of diuretic therapy. Chlorthalidone is 1.5 to 2 times more
potent than hydrochlorothiazide, has 2 to 3 times longer half-
life, and is consequently more kaliuretic.24 Thus the
chlorthalidone dose (12.5-25 mg/day) administered in
ALLHAT is higher than low-dose diuretic therapy. The
hypokalemia seen with diuretics has been reported to result in
worsened glucose tolerance, and potassium replacement ame-
liorates this effect.25 Thus, more-aggressive potassium replace-
ment may have lessened the effect of the diuretic on glycemic
control in ALLHAT.

Although some of the findings of the trial surprised
many, there is substantial support in the literature that
could have foretold these results. ALLHAT confirmed the
findings of trials such as (1) STOP-2 and CAPPP showing
no difference in coronary events between ACEI, CCB, and
diuretic therapy26,27; (2) SHEP as compared with Syst-Eur,
CONVINCE, and INVEST showing a lower rate of HF with
diuretic versus calcium channel blocker therapy7,28-30; (3)
Syst-Eur and the Hypertension Optimal Treatment (HOT)
trial showing excellent CVD protection in diabetic hyper-
tensives with calcium channel blockers28,31; and (4) multiple
studies documenting lesser BP lowering with ACEI mono-
therapy in Black hypertensive patients.32

The ALLHAT trial has clearly caused substantial controver-
sy, and there have been misconceptions regarding the objec-
tives of the trial. Despite having a randomized, double-blind
design; clearly prespecified endpoints; and the largest and
most-diverse study population of any antihypertensive trial,
the design of ALLHAT has been criticized by some as
flawed.33-36 The primary objective of ALLHAT was to deter-
mine whether the newer agents are superior to diuretic-based
therapy in preventing CHD when prescribed as initial thera-
py; the trial clearly demonstrated that they are not. Some have
suggested that because there was no difference in the primary
outcome, the trial was negative and no further conclusions
can be drawn from it. In fact, the objectives of the trial were
achieved, including the finding of no difference in the primary
outcome. If they are few in number and prespecified, it is valid
to consider secondary outcomes. Thus, the ALLHAT results
demonstrate that the diuretic was either unsurpassed or supe-
rior in preventing mortality, stroke, combined CHD (consist-
ing of the primary outcomes + coronary revascularization and
hospitalized angina), and combined CVD (combined CHD +

stroke + nonhospitalized treated angina + HF [fatal, hospital-
ized, or treated nonhospitalized], and treated peripheral arte-
rial disease).

The difference in achieved BP between the diuretic and
the ACEI and α-blocker arms has been the center of multi-
ple commentaries. If the difference in achieved BP
explained much of the favorable effect on outcomes of the
diuretic, this would not suggest an advantage for initial
therapy with agents that are less effective in lowering BP. If
ACEIs and α-blockers require a diuretic to achieve adequate
BP control but offer less benefit over diuretics in diuretic-
free regimens, there is little reason to select them first.
However, even in subgroups in which similar BP lowering
was achieved (e.g., non-Blacks representing two thirds of
the study population), the ACEI was not superior to the
diuretic for any outcome.

Thus, ALLHAT definitively confimed that thiazide-type
diuretics are unsurpassed in preventing the major compli-
cations of hypertension compared to three of the most
promising newer classes of antihypertensive drugs. This
finding, along with their unsurpassed BP lowering, tolera-
bility, and cost, confirms the validity of the recommenda-
tions by most guideline panels that diuretics should remain
the preferred first-step drug for treatment of hypertension.
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The Losartan Intervention For Endpoint Reduction (LIFE) in
Hypertension Study represents a seminal clinical trial in
patients with hypertension and evidence of target organ dam-
age, manifest as electrocardiographic evidence of left ventric-
ular hypertrophy (ECG LVH). LIFE had a double-blind, ran-
domized design with an active control. LIFE achieved nearly
identical goal blood pressure (BP) reductions in each treat-
ment arm, permitting the assessment of features of losartan
that are independent of its antihypertensive action.

LIFE was conceived in late 1993, and the first investigators’
meeting was held in 1994. The first patient, from one of 945
clinical centers worldwide, entered the study in June of 1995
and the last patient was randomized in April, 1997. A total of
9222 patients, 29 of whom were excluded soon after random-
ization for irregularities, were randomized, leaving an analysis
group of 9193. The study was terminated in September, 2001,
when sufficient endpoints were predicted to have occurred,
resulting in an average follow-up of 4.8 years. The primary
composite endpoint was cardiovascular death, nonfatal
myocardial infarction (MI), and stroke. The group assigned to
treatment based on losartan, the first marketed angiotensin II
receptor blocker (ARB), had fewer primary events (508, or
23.8/1000 patients × years) compared with the group assigned
to the β-blocker, atenolol (588, or 27.9/1000 patients × years)
(p = .021).1 BP was kept nearly identical between the two treat-
ment groups throughout the study, providing evidence that the
benefit of losartan extends beyond its BP-lowering effects.

This chapter reviews many of the findings of the LIFE
study, including the effects of treatment on the study popula-
tion as a whole, in prespecified subgroups, and in post hoc
analyses. Studies exploring the relationship of echocardio-
graphic and electrocardiographic measurements of LVH to
outcomes and differential responses to treatments have also
been a major focus of the analyses of LIFE and are included
here. Other issues relating to the pathology associated with
hypertension among LIFE participants have been explored
and are discussed in this chapter.

LIFE STUDY BACKGROUND, DESIGN
CONSIDERATIONS, AND METHODS

Hypertension Treatment in the Early 1990s
Direct blockade of angiotensin II (Ang II) by ARBs was first
accomplished with the octapeptide saralasin [Sar1, Val5, Ala8]
angiotensin-(1-8) by Pals et al. in 1971.2 Saralasin had intrinsic

pressor activity, and it was not until the development of losartan
potassium (C22H22ClKN6O), the first of a new class of orally
active antihypertensive agents that block the Ang II type 1 (AT1)
receptor,3 that an ARB became a viable agent for treating hyper-
tension in humans. As a direct blocker of the AT1 receptor, losar-
tan did not delay catabolism of bradykinin, as had been seen
with the angiotensin-converting enzyme (ACE) inhibitors.
Perhaps as a consequence, losartan was associated with a lower
incidence of cough and angioedema than the ACE inhibitors.

The Fifth Report of the Joint National Committee on
Prevention, Detection, Evaluation, and Treatment of High
Blood Pressure (JNC V), published in 1993, recommended
diuretics or β-blockers for initial pharmacologic treatment of
hypertension because these agents had been shown to reduce
morbidity and mortality in randomized trials (Box 31–1).3

Furthermore, as discussed by Frohlich4 after JNC V was pub-
lished, concurrent meta-analyses had demonstrated that there
was a highly significant reduction in stroke5 and MI5,6 with β-
blockers.

Other major points of interest to the designers of the LIFE
study were the additional risk associated with LVH in patients
with hypertension and the potential for an ARB to block the
mitogenic and growth effects of Ang II.7 Ample epidemio-
logic evidence from the Framingham Heart Study had docu-
mented the increased morbidity and mortality associated with
LVH.8-11 The Survival and Ventricular Enlargement (SAVE)
trial had shown that blockade of the renin-angiotensin system
(RAS) with an ACE inhibitor was associated with reduced
mortality and less ventricular hypertrophy following MI.12

These findings were also supported by the Studies of Left
Ventricular Dysfunction (SOLVD) registry. Because it was
known that Ang II could be formed locally in tissues as well as
in the circulation,13,14 blockade of the AT1 receptor in the heart
was an attractive target for preventing or regressing the LVH
that accompanies chronic hypertension. Losartan had already
been shown to prevent or ameliorate LVH in animal models of
hypertension, perhaps because of blockade of the AT1 recep-
tor in the heart.15,16

A meta-analysis by Dahlof et al.17 had shown that ACE
inhibitors, β-blockers, calcium antagonists, and diuretics were
all associated with reductions in left ventricular (LV) mass
during treatment for hypertension. As discussed in the LIFE
design paper, a β-blocker was chosen over a diuretic (both
preferred agents in JNC V) as the active comparator because
this class had a more favorable record in prevention (particu-
larly secondary prevention) of coronary artery disease in con-
trol of arrhythmias.7 The diuretic hydrochlorothiazide
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(HCTZ) could be added to treatment with either a β-blocker
or losartan. Atenolol was chosen as the β-blocker for the trial
because it was the most widely used agent in its class and its
efficacy and tolerability had been previously documented.1

Design of the LIFE Study
LIFE was a prospective, multicenter, multinational, double-
blind, double-dummy, randomized, active controlled study
with two parallel groups. The primary objective was to study
the effects of long-term treatment (≥4 years) with losartan
compared with atenolol in patients with hypertension and
ECG LVH. The primary composite outcome was cardiovascu-
lar morbidity and mortality defined as nonfatal, clinically evi-
dent MI or stroke and fatal MI, stroke, sudden death, progres-
sive heart failure, or death due to other cardiovascular cause.7

Several prespecified data analyses and protocols were
approved prior to unblinding, including analysis of patients
with diabetes mellitus (DM) at baseline, isolated systolic
hypertension (ISH), cost-benefit analysis, new-onset DM,
ECG substudy, echocardiographic substudy, microalbumin-
uria substudy, QT-dispersion substudy, insulin sensitivity and
carotid ultrasound substudy (Insulin Carotids United States
Scandinavia [ICARUS]), uric acid analysis, physical activity
analysis, smoking analysis, and alcohol analysis.

Eligibility and exclusion criteria are shown in Box 31–2.
Importantly, hypertension had to be documented following a
2-week single-blind placebo run-in period in order for a
patient to qualify for the study. Patients were eligible with sit-
ting trough diastolic blood pressure (DBP) of 95 to 115 mm
Hg and/or systolic blood pressure (SBP) of 160 to 200 mm
Hg, allowing for those with ISH. Entry criteria for ECG LVH
changed during the study for women. Patients qualified ini-
tially by having a Cornell voltage (RaVL + SV3) × QRS dura-
tion product >2440 mm × msec in men with an added gender
adjustment of 8 mm for women. The adjustment was reduced
to 6 mm for women on the basis of data published after the
LIFE study had started.18 Additionally, the Sokolow-Lyon volt-
age combination (SV1 + RV5 or V6) >38 mm qualified men or
women as having ECG LVH. Although these patients were at
higher risk for cardiovascular events than those with hyper-
tension without LVH, a noteworthy exclusion criterion was
that enrollees could not have had a stroke or MI within 6
months of study entry.

Trough BPs (24 hours following the once-daily dosage of
study medication, range 22-26 hours) were used to titrate
study medication. Figure 31–1 schematizes the drug titration
regimen. Following randomization and the 2-week placebo
run-in period, patients received either 50 mg losartan or 50 mg
atenolol daily. If goal BP (140/90 mm Hg) was not attained
after 2 months, 12.5 mg HCTZ was added. After an additional
2 months, if goal BP was still not achieved, losartan or
atenolol was doubled to 100 mg. Those still above target fol-
lowing an additional 2 months were to receive either an addi-
tional 12.5 mg HCTZ or other open-label antihypertensive
agents, excluding ACE inhibitors, other ARBs, or β-blockers.
Other open-label agents could be added after this time was
necessary only if BP was ≥165/95 mm Hg.7

Analysis was done by intention-to-treat (ITT). LIFE was
powered to detect a relative difference in the primary
composite endpoint of 15% with 80% power and a two-sided
significance level of 5%. Sample size was calculated so that
with an absolute event rate of 15% over 5 years in the atenolol

Box 31–1 Medical and Scientific Rationale at the Time of
LIFE Design (1993-1994)

● JNC V published 1993: β-Blockers and diuretics
preferred first-line agents in treatment of
hypertension.

● Epidemiologic evidence for β-blockers and diuretics,
not other classes.

● LVH associated with increased morbidity and
mortality.

● Known trophic effects of renin-angiotensin system
(RAS) on LV mass.

● Tissue sources of angiotensin II production, not only
renal → pulmonary.

● Cardioprotective effects of β-blockers.
● Losartan, first marketed ARB, blocks AT1 receptor.

Box 31–2 Inclusion and Exclusion Criteria for the LIFE
Study

Inclusion
Age 55 to 80 years.
Previously treated or untreated hypertension.
ECG LVH by Cornell product or Sokolow-Lyon criteria.
Sitting trough DBP 95-115 mm Hg or SBP of 160-200
mm Hg following 1 and 2 weeks of single blind placebo.

Exclusion
Known secondary hypertension.
DBP >115 mm Hg or SBP >200 mm Hg during 2-week
placebo trial.
History of stroke or MI within 6 months.
Angina pectoris requiring treatment with β-blockers or
calcium antagonists.
Severe renal impairment with serum creatinine ≥1.5 mg/dl
or solitary kidney.
Severe liver impairment.
Significant known aortic stenosis (antegrade Doppler
gradient ≥20 mm Hg).
Known hypersensitivity to losartan, atenolol, or
hydrochlorothiazide (HCTZ).
Known condition requiring treatment with losartan, any
β-blocker, ACE inhibitor, or HCTZ.
Serious concurrent disease expected to deteriorate
patient’s health in 4-6 years.
Current or recent history of alcohol or drug abuse.
Mental or legal incapacitation.
Participation in last 10 days in other investigational
drug trial using nonapproved drug. (Participation in
other drug trial providing it would not interfere was
allowed.)
Low compliance at end of placebo—judged by the
investigator.
Unwillingness to participate.

From Kannel WB, Gordon T, Castelli WP, et al.
Electrocardiographic left ventricular hypertrophy and risk of
coronary heart disease. The Framingham Study. Ann Intern Med
72:813-822, 1970.
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group and 12.75% in the losartan group, 1040 primary end-
points over 4 years would be necessary. To demonstrate the
effect of treatment time, the minimum follow-up was to be 4
years, regardless of the event rate. Background data to calcu-
late a Framingham risk score19 were obtained and these, as
well as the degree of LVH, were prespecified to adjust hazard
ratios associated with treatment.

All patients were followed even after they had a nonfatal
endpoint. Therefore, full reporting of strokes and MIs allowed
for true ITT analyses of those components of the endpoint.
With stroke and MI, the intention was to analyze fatal and
nonfatal occurrences together. If analyses were limited to non-
fatal events, fatalities and nonevents would be grouped to-
gether, although the consequences of the two scenarios are vast-
ly different (Figure 31–2). By analyzing fatal and nonfatal events
together, as in the LIFE study, the potential inaccuracies of a
separate accounting system for nonfatal events was avoided.

Endpoints were classified by two clinicians, masked to
treatment, who reviewed clinical records of all cardiovascular
events to determine whether they met endpoint criteria.
Additionally, an independent safety and data board moni-
tored interim trial results.

Sample Demographics
The characteristics of all patients assigned to the losartan and
atenolol groups are shown in Table 31–1, as are three sub-
groups of interest, ISH, DM, and no history of cardiovascular
disease (CVD) (a posthoc analysis). Average DBP was roughly

8 mm Hg higher than the upper limit of normal (90 mm Hg),
whereas SBP was nearly 25 mm Hg higher than the upper
limit of normal (140 mm Hg), reflecting the high prevalence of
systolic hypertension in older persons (average age 66.9
years). Many more patients satisfied the Cornell voltage-dura-
tion criterion for LVH than the Sokolow-Lyon definition,

Sitting diastolic blood 
pressures 95–115 mm Hg 
and/or
sitting systolic blood 
pressure 160–200 mm Hg 
at days –7 and 1
and LVH patients

HCTZ 12.5 mg
Other antihypertensive agents†

HCTZ 12.5 mg*

M
onths

HCTZ 12.5 mg
Other antihypertensive agents†

HCTZ 12.5 mg*

Losartan

Placebo

D
ay

 –
14

D
ay

 –
7

Atenolol

HCTZ 12.5 mg*

HCTZ 12.5 mg*

1 2 4 6 12 18 24 30 36 42 48

50 mg

100 mg

Losartan

50 mg

100 mg

Atenolol

Time scale during study is in months.
 *Titration upward if sitting diastolic pressure �90 mm Hg or sitting systolic blood pressure �140 mm Hg
†Titration encouraged if sitting diastolic blood pressure �90 mm Hg or sitting systolic blood 
   pressure �140 mm Hg but is mandatory if sitting blood pressure �160/95 mm Hg 
   (excludes ACEIs, Ang II antagonists, and β-blockers).

FFigure 31–1 This schematic depicts the drug titration schedule employed in the LIFE study. With the exception of the placebo
period, time is depicted in months.
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FFigure 31–2 The bars indicate possible outcomes in a trial
of two drugs: no event, fatal event, and nonfatal event.
Studies counting only nonfatal events are in essence
grouping fatalities and nonevents together, but these are
very different outcomes. The LIFE study combined fatal and
nonfatal events to avoid this problem.
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contributing to a mean voltage with the latter (30.0 ± 10.5
mm) that was lower than the entry criterion of 38 mm.
Satisfaction of either criterion was necessary for inclusion and
increased the sensitivity for detection of LVH. Characteristics
of patients satisfying either criterion served as a topic for an
interim publication20 and is discussed later in the chapter.
Patients were eligible based on their electrocardiogram at the
screening visit, whereas the means in the interim publication
were calculated based on the randomization visit.

Other important characteristics of the sample are the mean
body mass index (BMI) of 28.0 kg/m2, and that 92% of
patients classified themselves ethnically as white, resulting in a
sample with only 533 Blacks. Characteristics of the various
subgroups presented in Table 31–1 are discussed later with the
subgroup analyses. Inspection of the three subgroups in
Table 31–1 indicates that they are not mutually exclusive. For
example, some 20% of patients with DM also had ISH and
would thus be counted in both studies.

DIFFERENCES IN THERAPEUTIC
OUTCOMES, LOSARTAN
VERSUS ATENOLOL

Blood Pressure Control and
Medications Used
In keeping with the study design, BP was controlled similarly
in the losartan and atenolol arms as shown in Figure 31–3.
SBP at the end of follow-up or at the last visit before a primary
event had fallen by 30.2 ± 18.5 mm Hg in the losartan group and
by 29.1 ± 19.2 mm Hg in the atenolol group (p = .017). DBP
had declined by 16.1 ± 10.1 mm Hg and 16.8 ± 10.1 mm Hg
in the losartan and atenolol groups, respectively (p = .37).
Mean arterial pressures (MAPs) at this point were nearly
identical, 102.2 and 102.4 mm Hg, for the losartan and
atenolol groups, respectively. In the three subgroup analyses
(ISH, DM, and No-CVD), BP was controlled similarly in the
two treatment groups (Table 31–2).

The average dosage of losartan during the study was 82 mg
daily, and the average dosage for atenolol was 79 mg daily. As
might be expected in treating patients with an initial mean
SBP exceeding 170 mm Hg, the majority required the study
medication plus HCTZ or another open-label medication
(Table 31–3). In this regard, the LIFE study mimics the reality
of treating patients with hypertension and can be viewed as a
test of beginning therapy with losartan or atenolol in a
stepped-care approach. The subgroup studies indicate a similar
drug dosing profile to the entire LIFE cohort, but it must be
remembered that current recommendations for BP control in
patients with DM are SBP ≤130 mm Hg and DBP ≤80 mm Hg,
likely necessitating a more consistent multidrug regimen than
was used in this trial.

Outcomes in the Main LIFE Study
LIFE is the first study in the treatment of hypertension, with
equivalent BP control, to demonstrate therapeutic superiority
of one treatment modality (losartan) over another established
active treatment modality (atenolol) for preventing the com-
bined primary outcome of cardiovascular death, nonfatal
MI, and stroke. This finding to date has not been replicated
by other studies, including Nordic Diltiazem (NORDIL),21

Antihypertensive and Lipid-Lowering Treatment to Prevent
Heart Attack Trial (ALLHAT),22 Study on Cognition and
Prognosis in the Elderly (SCOPE),23 Controlled Onset
Verapamil Investication of Cardiovascular End Points (CON-
VINCE),24 and International Verapamil/Trandolapril Study
(INVEST),25 using other antihypertensive agents. The main
finding from LIFE was that 11% of participants treated with
losartan compared with 13% treated with atenolol experienced
a primary endpoint, with an adjusted (for LVH and
Framingham Score) risk reduction of 13% (p = .021). The most
significant contributor to the composite endpoint was fatal and
nonfatal stroke, with the losartan group experiencing a rate of
10.8 of 1000 patients × years compared with a rate of 14.5 of
1000 patients × years for the atenolol group (p = .001 for adjust-
ed hazard ratio). Figure 31–4 displays the Kaplan-Meier
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plots for the primary composite endpoint and the three major
individual endpoints: cardiovascular mortality, stroke, and MI.
This figure depicts that when losartan was used to lower BP in
patients with hypertension and LVH, it provided more protec-
tion from the composite endpoint, primarily because of its
effect on stroke reduction (25%). The group randomized to
atenolol, a drug associated with cardioprotective effects, did not
differ from the losartan group in the endpoints of MI and car-
diovascular mortality.

Table 31–4 depicts the other prespecified endpoints of
interest in the main LIFE study, as well as in the substudies.
New-onset DM was less common in the losartan-treated
group (p = .001). To further examine this finding in a separate
analysis, a risk model was developed to predict new-onset DM
based on baseline serum glucose (nonfasting), BMI, serum
high-density lipoprotein (HDL) cholesterol, SBP, and history
of previous antihypertensive drugs. Independent of these fac-
tors, losartan was found to reduce the incidence of new-onset
DM over the course of the LIFE trial.26

Other prespecified endpoints were in favor of the losartan
group (cardiovascular mortality, total mortality, heart failure
hospitalization, and revascularization), but did not attain sta-
tistical significance. Alternatively, those endpoints likely to be

more influenced by the known cardioprotective actions of
atenolol (MI, hospitalization for angina pectoris, and resusci-
tated cardiac arrest) were in favor of atenolol without attain-
ing statistical significance in any case.

ISH, DM, and No-CVD Substudies
Two higher-risk subgroups of the main LIFE cohort were top-
ics of specific investigation from the LIFE study, namely those
patients with ISH27 and those patients with DM.28 By contrast,
a large posthoc subgroup analysis of patients without a history
of clinically evident CVD (i.e., “No-CVD,” defined as no pre-
vious diagnosis of coronary, cerebral, or peripheral vascular
disease by either self-report or report of treating physicians)
was also performed.29 Importantly, the three subgroups are
not mutually exclusive, as discussed previously. Figure 31–5
illustrates the event rates and hazard ratios for the primary
composite endpoint and individual endpoints for the sub-
groups and for the main LIFE cohort.

By referring back to Table 31–1 and remembering that some
overlap exists between the groups, certain baseline differences
are apparent. Patients with ISH represented an older portion of
the LIFE cohort, whereas those in the No-CVD group were

Table 31–2 Change in Blood Pressure (mm Hg, Mean ± SD) Between Last Follow-up and Baseline, for the Entire LIFE Cohort
and Subgroup Analyses

Study Losartan Atenolol p-Value for Difference in Change from Baseline

SBP −30.2 ± 18.6 −29.1 ± 19.2 .015
LIFE DBP −16.6 ± 10.2 −16.8 ± 10.1 .035

MAP −21.1 ± 11.4 −20.9 ± 11.4 .435
SBP −28.4 ± 16.8 −28.1 ±19.7 .761

ISH DBP −8.45 ± 9.3 −8.9 ± 10.1 .233
MAP −15.1 ± 10.1 −15.3 ± 11.2 .591
SBP −30.7 ± 18.6 −28.4 ± 19.7 .064

DM DBP −17.4 ± 11.1 −16.6 ± 11.0 .291
MAP −21.8 ± 11.8 −20.5 ± 12.3 .131
SBP −30.2 ± 18.1 −29.3 ± 18.7 .071

No-CVD DBP −16.7 ± 9.9 −16.8 ± 9.8 .549
MAP −21.2 ± 11.0 −21.0 ± 11.0 .521

ISH, isolated systolic hypertension; DM, diabetes mellitus; No-CVD, no clinical history of cardiovascular disease.

Table 31–3 Drug Doses in the Main LIFE and LIFE Substudies (%) at Endpoint or Termination of Follow-up

Drug Doses LIFE n = 9193 ISH n = 1326 DM n = 1195 No CVD n = 6886
Losartan Atenolol Losartan Atenolol Losartan Atenolol Losartan Atenolol

50 mg only 9% 10% 10% 9% 8% 5% 10% 10%
50 mg + additional therapy* 18% 20% 21% 22% 14% 16% 19% 20%
100 mg with or without HCTZ 50% 43% 44% 37% 51% 47% 51% 44%

Alone 2% 2% 2% 1% 1% 1% 2% 2%
With HCTZ only 18% 16% 16% 14% 16% 13% 19% 17%
With other therapy only 4% 4% 4% 3% 4% 6% 3% 4%
With HCTZ + other therapy 26% 22% 22% 19% 30% 27% 27% 22%

Discontinued therapy 23% 27% 26% 32% 27% 32% 21% 25%

*Including hydrochlorothiazide (HCTZ).
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Table 31–4 Other Prespecified Endpoints in the Main LIFE and LIFE Substudies.*

Study Measure Losartan Rate Atenolol Rate HR (95% CI) p

LIFE-Main Total mortality 17.3 19.6 0.90 (0.78-1.03) .128
n = 9193 Hospitalization for angina pectoris 7.4 6.6 1.16 (0.92-1.45) .212

Hospitalization for heart failure 7.1 7.5 0.97 (0.78-1.21) .765
Revascularization 12.2 13.3 0.94 (0.79-1.11) .441
New-onset DM 13.0 17.4 0.75 (0.63-0.88) .001

LIFE-ISH Total mortality 21.2 30.2 0.72 (0.53-1.00) .046
n = 1326 Hospitalization for angina pectoris 11.3 7.6 1.48 (0.87-2.51) .150

Hospitalization for heart failure 8.5 13.3 0.66 (0.40-1.09) .110
Revascularization 16.4 14.4 1.17 (0.78-1.77) .530
New-onset DM 12.6 20.1 0.62 (0.40-0.97) .040

LIFE-DM Total mortality 22.5 37.2 0.61 (0.45-0.84) .002
n = 1195 Hospitalization for angina pectoris 11.1 11.1 1.06 (0.64-1.76) .989

Hospitalization for heart failure 11.8 20.7 0.59 (0.38-0.92) .019
Revascularization 23.5 26.6 0.90 (0.64-1.26) .533
New-onset DM NA NA NA NA

LIFE-No-CVD Total mortality 13.5 15.9 0.85 (0.71-1.02) .080
n = 6886 Hospitalization for angina pectoris 4.7 4.4 1.09 (0.79-1.50) .600

Hospitalization for heart failure 4.7 4.4 1.06 (0.77-1.46) .720
Revascularization 7.6 9.0 0.85 (0.67-1.08) .180
New-onset DM 12.2 17.7 0.69 (0.67-0.84) .001

ISH, isolated systolic hypertension; DM, diabetes mellitus; No-CVD, no clinical history of cardiovascular disease; HR, hazard ratio;
CI, confidence interval; NA, not applicable.
*Rates are given per 1000 patients × years. Hazard ratios are adjusted for Framingham Risk Score and ECG LVH.
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younger. Patients with DM had higher BMIs and higher
Framingham Risk Scores. Although a very small portion of the
LIFE cohort, Black patients comprised a greater percentage of
those with DM. Sample sizes in the ISH and DM groups were
smaller, decreasing the power to detect statistically significant
results, than in the No-CVD group. Larger treatment effects
are typically necessary for statistical significance as sample size
decreases.

Figure 31–5 illustrates the event rates in the various sub-
groups and how they relate to the entire LIFE sample. Both the
ISH and DM groups experienced a greater rate of outcomes
than the entire LIFE sample and the No-CVD group, under-
scoring the more serious nature of systolic hypertension and
the presence of DM as a concomitant risk factor. In addition,
the LIFE study and its subgroup analyses corroborate the find-
ing that stroke is a more common outcome than MI in
patients with hypertension.30

For the primary composite endpoint, all subgroups
responded more favorably to losartan than atenolol treat-
ment, although statistical significance was not attained for the
25% reduction (95% confidence interval [CI]; −1% to 44%)
in the ISH group. The subgroup analyses also demonstrated
that losartan had the most consistent and dramatic impact on
fatal and nonfatal stroke, most prominently the 40% reduc-

tion in the ISH group and least prominently (21%) in the DM
group (heart rate = 0.79, 95% CI 0.55-1.14). As in the entire
LIFE sample, there was no significant benefit of losartan over
atenolol for fatal and nonfatal MI.

Not illustrated is the important exception that there was no
evidence for a beneficial effect of losartan over atenolol in
Black participants in the LIFE study.31 Prespecified in the data
analysis plan was a test for interaction by ethnic background.
A statistical trend for interaction was noted and, when
dichotomized to non-Blacks and Blacks, statistical signifi-
cance was found. These findings revealed that Blacks in the
LIFE study had more favorable outcomes with atenolol than
losartan treatment.

In both the No-CVD and ISH patients, new-onset DM
was significantly less in the losartan group (Table 31–4),
paralleling the findings for the entire LIFE cohort. Whether
this indicates a protective effect of losartan or a promoting
effect of atenolol is not known from the results of the LIFE
trial. However, evidence from the ICARUS substudy (n = 99)
indicates that insulin sensitivity increased nonsignificantly
in the group randomized to losartan, despite the aging
that occurred during the study, but decreased significantly
in the atenolol group.32 Hospitalizations for angina were
consistently nonsignificantly higher in all subgroups
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Primary Composite Endpoint Cardiovascular Death

Fatal and Non-fatal Stroke Fatal and Non-fatal MI

HR = .76
(0.58–0.98)

HR = .87
(0.77–0.98)

HR = .75
(0.56–1.01)

HR = .81
(0.69–0.95)

HR = 63
(0.42–0.95)

HR = .89
(0.73–1.07)

HR = .54
(0.34–0.87)

HR = .80
(0.62–1.04)

HR = .79
(0.55–1.14)

HR = .75
(0.63–0.89)

HR = .60
(0.38–0.92)

HR = .66
(0.53–0.82)

HR = .83
(0.55–1.25)

HR = 1.07
(0.88–1.31)

HR = .89
(0.55–1.44)

HR = 1.14
(0.87–1.49)

FFigure 31–5 Event rates and hazard ratios for the primary composite endpoint and individual endpoints for the main LIFE
cohort and subgroups. Bar graphs depicting the rate of events in the main LIFE study and the isolated systolic hypertension
(ISH), diabetic mellitus (DM), and no clinical history of cardiovascular disease (No-CVD) subgroup analyses. Hazard ratios
(HR) are depicted followed by the 95% confidence interval and are adjusted for ECG LVH and Framingham Risk Score.



randomized to losartan, whereas in the DM group, fewer
patients assigned to losartan were hospitalized for heart
failure (p = .019).

The occurrence of sudden death was not significantly dif-
ferent between treatment groups in the overall LIFE cohort. In
a posthoc analysis of patients with DM, there were 44 occur-
rences of sudden death that comprised 44% of all cardiovas-
cular deaths. Fourteen of these deaths occurred in the losartan
group compared with 30 in the atenolol group (p = .027). Less
sudden death in patients with DM and atrial fibrillation was
observed in the losartan group than in the atenolol group (6%
vs. 13%).33

Prespecified adverse events (not necessarily drug related)
and any other adverse events that attained statistical signifi-
cance between treatments are shown in Table 31–5. Overall,
losartan was associated with fewer adverse events in the main
LIFE cohort and the subgroup analyses. Bradycardia is a
known consequence of β-blockade, and the increased report-
ing of this as an adverse event is expected in the atenolol
group. A consistent finding across all subgroups and the entire
LIFE cohort was the observation of more reporting of albu-
minuria as an adverse event in the atenolol group compared
with the losartan group. Dyspnea and lower extremity edema
were consistently more common in the atenolol group, whereas
the reporting of lower back pain was more common in the
losartan group.

Treatment-Related Differences in Markers
of Hypertensive Disease
BP in the two treatment groups differed little throughout
LIFE, making BP effect an unlikely cause of the difference in
outcomes. Possible mechanisms for the outcome difference
that were explored include differential effects on regression of
LVH, on serum uric acid (SUA) levels, on protein excretion,
and on vascular structure. Many of these findings have been
published in either abstract or manuscript form and provide
some insight into the mechanism of superiority of losartan
over atenolol in the LIFE trial.

ECG LVH Regression
A qualifying inclusion characteristic for the LIFE study was
the presence of ECG LVH in addition to hypertension. It
had previously been shown that regression of LVH in hyper-
tension related to improved prognosis,34 and attenuation of
the actions of the RAS as a therapeutic intervention for pre-
venting or regressing LVH had considerable historic prece-
dent.17 The LIFE study allowed for a direct test of the ques-
tion, does it matter how BP is lowered when a goal of
therapy is regression of LVH?

By 6 months of treatment, both the Cornell product and
Sokolow-Lyon voltage had declined significantly, with statisti-
cally greater reductions in losartan group (p <.001).35 The dif-
ference in the ECG LVH regression (after adjustment for base-
line measures of either the Cornell product or Sokolow-Lyon
voltage and in treatment SBP and DBP and for diuretics) was
consistent and statistically significant at p <.001 over the 5
years of treatment. Because of different units for the Cornell
product and Sokolow-Lyon voltage, Figure 31–6 demonstrates
the difference between treatments as the percent change over
the course of the study.

Although there was no difference in the prevalence of LVH
at the outset of the study, beginning at 6 months of treatment
and continuing throughout the study, significantly fewer
patients in the losartan group had LVH by either criterion
(p <.001, at all measurement intervals). Furthermore, regres-
sion lines plotting the change in SBP versus the change in
either the Cornell product or Sokolow-Lyon voltage demon-
strated that for any change in SBP, the decline of ECG LVH
was consistently greater for the losartan group.35

The Framingham study demonstrated that the odds of
having CVD were increased in those patients who had an
increase in serial voltage change on the electrocardiogram as
opposed to those who decreased.36 Consequently, the greater
decrease in ECG LVH evident in the losartan group may
have contributed to the reduction of events in the composite
outcome of the LIFE study. Furthermore, previous work has
demonstrated that cerebrovascular events are more common
in patients with ECG LVH.37 The fact that losartan produced
a greater regression of LVH, with similar BP control, pro-
vides a possible mechanism explaining the reduced occur-
rence of fatal and nonfatal stroke that was noted in the pri-
mary LIFE cohort and the subsequent subgroup analyses, as
well. LVH can increase atrial size, possibly increasing the
occurrence of atrial fibrillation, a major risk factor for
cardioembolic stroke.

Serum Uric Acid
Losartan is the only ARB with uricosuric properties, and SUA
has been independently associated with cardiovascular morbid-
ity and mortality. In the LIFE study, baseline SUA was signifi-
cantly associated with increased cardiovascular risk (heart rate
= 1.024, 95% CI; 1.017-1.032 per 10-μmol/L increase).38

Losartan attenuated the age-related increase in SUA in compar-
ison with atenolol (17.0 ± 69.8 vs. 44.4 ± 72.5 μmol/L,
p <.0001) over the duration of the study. Furthermore, 29% of
the treatment effect of losartan on the primary composite end-
point could be explained by the SUA (p = .004).38 A trend
toward an interaction of gender with SUA was not significant;
however, the association with time-varying SUA and risk was
higher in women (p <.0001) than in men (p = .0695). In men,
there was a strong relationship of the Framingham Risk Score
(along with degree of LVH, a prespecified adjustment in the risk
models) that complicates the interpretation of these results.

Lacking controlled intervention studies, only statistical
adjustment has established SUA as an independent risk factor
for CVD. The association between cardiovascular risk and
SUA is well accepted, but the causality is not. In the LIFE trial,
the effect of losartan on the relationship of cardiovascular risk
to SUA was more profound in women than in men. The enig-
ma presented by these findings adds further to the controver-
sy surrounding cardiovascular risk and SUA. Nevertheless, the
LIFE trial suggests that the unique uricosuric quality of losar-
tan may be an added benefit of this particular ARB.

Urinary Albumin Excretion
The association of microalbuminuria with “benign” essential
hypertension was first documented in 197439 and only later
was microalbuminuria associated with CVD and mortality.40-42

Microalbuminuria was also found to be associated with LVH
in the LIFE study.43
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Losartan was associated with greater reductions in albu-
minuria than atenolol (33% greater after the first year, and
25% greater after the second year of study, both p <.001) in
the 8206 LIFE patients who were studied. Baseline albumin-
uria did not clearly identify patients who benefited most from
losartan, but ~20% of the differential benefits of losartan on
the primary composite endpoint could be statistically
accounted for by the greater effect of losartan on reducing
albuminuria.44 Thus the antiproteinuric effects of losartan
exerted an apparent protection against cardiovascular out-
comes in the LIFE cohort, adding to its known renal protec-
tive effect in patients with type 2 DM and nephropathy from
the results of the Reduction of Endpoints in NIDDM with the
Angiotensin II Antagonist Losartan (RENAAL) study.45

Carotid Hypertrophy
As a part of the ICARUS substudy, measurements of carotid
artery intima-media cross-sectional area were made at base-
line and after 1, 2, and 3 years of treatment (n = 57).46

Losartan decreased intima-media cross-sectional area indexed
by height at every measurement interval compared with base-
line (baseline = 11.2, year 1 = 10.6, year 2 = 10.2, and year 3 =
10.1 mm2/m, all p <.01). Atenolol did not have a consistent
effect (baseline = 11.9; year 1 = 11.6, not significant [NS], year
2 = 11.2; p <.05; and year 3 = 11.4, NS). Regression of carotid
artery hypertrophy may have contributed to the observed
reduced incidence of stroke in the losartan group.

POOLED TREATMENT GROUP ANALYSES

The initial study design and baseline characteristics of the
study population have been published previously.7,47 The
interrelationships of variables under study, most prominently
echocardiographic characteristics, were examined by analyses
of unblinded data. Following are important findings from
LIFE that have contributed to our knowledge of patients with
hypertension and LVH.

Characteristics of LVH Determination by
Electrocardiogram
Obesity can affect the magnitude of the voltage measured by
surface electrocardiogram, and can lead to LVH, and many
participants in the LIFE study were obese. Therefore, the LIFE
investigators asked whether LVH determination by electrocar-
diogram was influenced by obesity. By analyzing the preva-
lence of LVH by both Cornell product and Sokolow-Lyon
voltage against tertiles of BMI, the LIFE investigators demon-
strated that obesity had a greater effect on LVH determination
by the Sokolow-Lyon method than the Cornell product
method.20 A progressive increase in the Cornell product was
noted, but a progressive decrease in the Sokolow-Lyon voltage
was observed as BMI tertile increased.

Further examination of the characteristics of LVH determi-
nation by the Cornell product and Sokolow-Lyon voltage
showed that the Cornell product criterion was satisfied by
65.9% of participants, whereas the Sokolow-Lyon voltage cri-
terion was met by only 23.1% of the sample.48 Multivariate
analysis revealed that the best predictors of LVH by Cornell
product criteria were higher BMI, increased age, and female
gender. The Sokolow-Lyon criteria for LVH were predicted by
lower BMI, male gender, and Black race.

The presence of albuminuria was also investigated in rela-
tion to the ECG LVH. In this examination, baseline albumin-
uria was associated independently with DM, higher BP, older
age, serum creatinine, smoking, and ECG LVH.43 Following
1 year of treatment, the decline in albuminuria was independ-
ently associated with ECG-measured regression of LVH,49

leading the investigators to conclude that albuminuria repre-
sented generalized vascular damage.

Echocardiography Substudies
A representative sample of 964 LIFE participants also
enrolled in the echocardiographic substudy. Among 906 par-
ticipants with measurable echocardiographic mass and base-
line ECG measures, 75% had ECG LVH at screening and at
baseline. Because of regression to the mean, 25% did not sat-
isfy ECG criteria for LVH at baseline but did at screening.
Those found to satisfy criteria at both time points had an
increased prevalence of echocardiographic LVH (86% vs.
55%, p <.001).50,51 The ECG criteria used to identify partici-
pants with LVH indicated a prevalence of >70% LVH by
echocardiography.49

In 750 participants who had complete measures of LV
dimensions and Doppler filling patterns, many correlates were
observed.52 Multiple regression analysis demonstrated that LV
mass correlated with isovolumetric relaxation time, but LV
mass and geometry were not related to peak early LV filling
velocity (E), peak atrial filling velocity (A), or mitral valve
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E peak deceleration time. The E/A ratio was independently
correlated with isovolumetric relaxation time.

These LIFE patients were also compared with groups of 282
employed hypertensive and 366 apparently normal adults to
study wall stress and myocardial oxygen demand (measured as
a triple product of heart rate, mass, and wall stress).53 The
LIFE participants were heavier and older than the comparison
groups and had substantially supranormal wall stresses and
increased triple product compared with the other groups
when compared by gender. These changes indicate an
increased myocardial oxygen demand and predisposition for
myocardial ischemia in the LIFE cohort. The main LIFE out-
come study and substudies indicated no difference between
the losartan and atenolol groups with respect to fatal and non-
fatal MI, even though the β-blocking action of atenolol
decreased heart rate, a component of the triple product and
correlate of myocardial oxygen demand.

Systolic function was also a topic for the echocardiograph-
ic substudy analysis.54 In this study, LV mass was the strongest
correlate of impaired endocardial shortening and midwall
shortening. In patients characterized with eccentric LVH,
depressed endocardial shortening was most common, where-
as patients with concentric remodeling or hypertrophy
demonstrated impaired midwall shortening. As a follow-up to
this study, it was later demonstrated in blinded treatment
analyses that 3 years of antihypertensive therapy improved
systolic LV performance, associated with decreases in LV mass,
relative wall thickness, and BP and an increase in stroke vol-
ume.55 In a separate analysis that addressed those participants
with ISH versus those with combined hypertension, relative
wall thickness was independently associated with ISH, sup-
porting the concept that SBP is a stronger determinant of tar-
get organ damage than DBP.56

Because atrial fibrillation is strongly associated with stroke,
correlates of left atrial size were also determined. It was found
that 56% of women and 38% of men had enlarged left atria. Left
atrial enlargement was found in multiple logistic regression to
be related to LVH and eccentric geometry, increased BMI, SBP,
age, mitral regurgitation, female gender, and atrial fibrillation.57

Repolarization electrocardiogram correlates of ventricular
arrhythmias, namely the QT interval and QT dispersion, were
found to be significantly related to the LV mass index and LVH.58

Insulin Carotids United States
Scandinavia (ICARUS) Study
A small subset of LIFE participants (99, with 11 excluded from
the analysis because of DM) underwent isoglycemic hyperinsu-
linemic clamp studies, forearm venous plethysmographic stud-
ies, and ultrasonic examination of the common carotid arteries
during the placebo phase of the LIFE study.59 The main finding
from this examination was that high SBP was associated with
common carotid vascular hypertrophy. Hyperinsulinemia and
insulin resistance were related to carotid vascular distensibility,
while minimal forearm vascular resistance was correlated with
SBP and pulse pressure only in men.

Other smaller substudies have investigated issues surround-
ing insulin sensitivity, blood viscosity, and vascular changes, as
well. In unmedicated LIFE-ICARUS participants, fasting
insulin independently explained 12% of the variation in blood
viscosity at high shear rate, whereas at low shear rates, baseline
adrenaline independently explained 17% of the variance in

blood viscosity.60 Elevated DBP and serum low-density
lipoprotein were found to be related to impaired acetyl-
choline-induced vasodilation independently from nitroprus-
side-induced vasodilation in small resistance arteries. These
results suggested that, in 41 patients in the ICARUS study with
previously treated hypertension, endothelial dysfunction was
unrelated to structural changes in the vasculature.61 In 43
patients, a low exercise capacity was documented and found to
be related to increased LV mass (measured by magnetic reso-
nance imaging), lower systemic vascular compliance, and
higher minimal forearm vascular resistance.62 Thus patients
with longstanding hypertension had reduced exercise capaci-
ty perhaps due to cardiovascular hypertrophy and reduced
systemic vascular compliance.

SUMMARY

The LIFE study demonstrated that a treatment regimen based
on losartan was superior to one based on atenolol in prevent-
ing cardiovascular endpoints in patients with hypertension
and LVH, despite similar BP control during the 4.8 years of
average follow-up. These effects were generally observed in the
subsets of the LIFE cohort with higher risk, namely patients
with ISH and DM, but also in those patients with no previous
clinical history of CVD. The most profound treatment effect
of losartan was on fatal and nonfatal stroke, whereas no sig-
nificant differences between treatments were demonstrated
for fatal and nonfatal MI.

Regression of ECG LVH was also greater in the group ran-
domized to losartan, providing a possible mechanism for its
protective action in comparison with atenolol. Reduction in
endpoints in the losartan group could be related to blunting
of the age-related increase in SUA. Furthermore, losartan
reduced albuminuria to a greater extent than did atenolol.

In the future, we can expect to see a continuing flow of
medical knowledge made possible by the persons who volun-
teered to participate in the LIFE study. The findings of this
study have verified the importance of treatment with losartan
in patients with hypertension and echocardiographic evi-
dence of LVH.
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The benefits of antihypertensive treatment in terms of
reduced morbidity and mortality are well established.
However, the question whether there are differences between
blood pressure (BP)–lowering agents beyond their direct
antihypertensive effects remains undecided. Several large-
scale hypertension trials have failed to show significant out-
come differences when comparing different types of treat-
ment (i.e., diuretics, β-blockers, calcium channel blockers,
angiotensin-converting enzyme [ACE] inhibitors, or α-
blockers), with respect to primary cardiovascular outcomes
(Figure 32–1).1-4 However, a growing number of trials have
shown indications of benefits beyond BP lowering as a result
of inhibiting the renin-angiotensin system (RAS). Two stud-
ies, CAPPP (the Captopril Prevention Project)1 and HOPE
(the Heart Outcomes Prevention Evaluation Study),5 report-
ed that treatment with ACE inhibitors conferred greater car-
diovascular protection than other treatments, albeit the
results relied on secondary analyses. In CAPPP, where
patients were randomly assigned to captopril or to diuretic,
β-blocker, or diuretic plus β-blocker, the incidence of dia-
betes was lower in the captopril group than in the conven-
tional group (.86; p = .039). However, in many cases capto-
pril (50-100 mg daily) was given once a day, which is contrary
to the usual recommendation of two or three daily doses.6

Another important point is that there were differences
between the two treatment groups in prerandomization
height, weight, BP, and the presence of diabetes. Furthermore,
the higher (2 mm Hg) diastolic blood pressure (DBP) in the
captopril group at baseline seemed to persist throughout the
study and may have influenced outcomes.

In the HOPE study, 9297 men and women ≥ 55 years of age
were eligible if they had a history of coronary disease, stroke,
peripheral vascular disease, or diabetes mellitus, plus at least one
other cardiovascular risk factor (smoking, hypertension, hyper-
lipidemia, or microalbuminuria). The eligible patients were ran-
domized to either ramipril 10 mg daily or matching placebo.

The ramipril patients had lower rates of the primary com-
posite endpoint of myocardial infarction (MI), stroke, or
death from cardiovascular causes (relative risk, .78;
p <.001). Risk reductions were also reported for death from
cardiovascular causes (relative risk, .74; p <.001), MI (relative
risk, .80; p <.001), stroke (relative risk, .68; p <.001), heart fail-
ure (relative risk, .77; p <.001), and complications related to
diabetes (relative risk, .84; p = .03).

However, HOPE was not primarily directed at patients with
hypertension and was not actively controlled. Ramipril was
reported to have a small effect (–3/2 mm Hg) on BP, but this
small difference between treatment groups has been ques-
tioned. The reported differences refer to office BP, whereas a

substudy of HOPE showed a 15/6–mm Hg difference from
placebo in 24-hour ambulatory BP.7 If expressed as the reduc-
tion in cardiovascular events per mm Hg difference in BP, the
benefits in HOPE were no greater than those seen in other
high-risk populations treated with other forms of antihyper-
tensive therapy.8

The Second Australian National Blood Pressure Study
(ANBP2) reported reduced risk for cardiovascular events or
death from any cause in elderly (65-84 years) hypertensive sub-
jects treated with ACE inhibitors than with diuretics. A mean
decrease of 26/12 mm Hg in the 6083 participants led to a risk
ratio of .89 with borderline significance (p = .05).9 However,
this was an open-label study in family practices and thus not
directly comparable with randomized double-blind controlled
trials. The Antihypertensive and Lipid-Lowering treatment to
prevent Heart Attack Trial (ALLHAT) failed to show outcome
differences between the ACE inhibitor lisinopril and the thi-
azide-like diuretic chlorthalidone,4 which may have been due
to inadequate dose levels or to differences in systolic blood
pressure (SBP) in disfavor of the ACE inhibitor throughout.

The strongest evidence for differences between antihyper-
tensive therapies has come from trials with angiotensin
receptor blockers (ARBs). The LIFE study (Losartan
Intervention for Endpoint Reduction in Hypertension) com-
pared the ARB losartan with the β-blocker atenolol in 9194
hypertensive patients with left ventricular hypertrophy
(LVH).10 The trial reported 13% reduction in the primary
composite endpoint of death, MI, or stroke; 25% reduction in
risk of stroke; and 25% reduction in new-onset diabetes in
hypertensive patients treated with losartan compared with
atenolol, for the same degree of BP reduction. The risk reduc-
tion was most prominent in patients with isolated systolic
hypertension (ISH) (25% reduction in primary composite
endpoint).11 The equal BP reduction in both treatment groups
in LIFE has not been challenged and the results were widely
recognized as the first demonstration of BP independent dif-
ferences between antihypertensive therapies. Mean BPs at the
last visit were 144.1/81.3 mm Hg in the losartan group and
145.4/80.9 mm Hg in the atenolol group.10

Further support for the conclusions from LIFE came from
SCOPE (Study on Cognition and Prognosis in the Elderly),
which focused on elderly populations (70-89 years) with mild
hypertension. In SCOPE, there was a statistically significant
28% reduction in stroke and a nonsignificant trend toward
reduced rates of new-onset diabetes with the ARB candesartan
compared with a non-ARB–based antihypertensive regimen.12

However, the trial design was changed from the planned
placebo-controlled to active-controlled for ethical reasons,
and BP reductions at the end of study were not equal between
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the treatment groups (3.2/1.6 mm Hg greater reduction with
candesartan). These two factors reduced the power and weak-
ened the interpretation of SCOPE results.

Thus, to date, we have two trials indicating that ARBs con-
fer cardiovascular protection, most dramatically against
stroke, beyond that of lowering BP alone. This is a highly
intriguing finding. Although traditionally hypertension has
been associated with a higher incidence of coronary heart
disease (CHD) than of stroke, an analysis of 11 major ran-
domized antihypertensive intervention trials recently
revealed stroke to be the more common event.13 This strong
association was seen not only for elderly patients, who tend
to be more stroke-prone than younger people, but also in
other age groups.1,3,8 It is still possible that some of the dif-
ferences in LIFE were due to negative effects of atenolol
rather than to benefits from losartan, but this explanation
is less plausible for the SCOPE results, in which the use of
β-blockers was limited.12 Atenolol and other β-blockers are
reported to increase insulin resistance.14 Other trials are
needed to clarify this issue, as well as the mechanism of the
possible beneficial effect of ARBs.

As to the stroke effects, there are data supporting the con-
tention that the effects in LIFE and SCOPE are indeed due to
positive actions of the ARBs. ARBs are known to have benefits
on endothelial function. Losartan has been shown to improve
maximal acetylcholine response as compared with atenolol.15

A small crossover study with irbesartan and atenolol has
shown that the media width:lumen ratio in resistance arteries
decreased when hypertensive patients whose BP was con-
trolled after 1 year of atenolol treatment were switched to the
ARB irbesartan for 1 year.16 Because these studies were com-
parisons with β-blocker treatment, a negative effect of the
comparator drugs such as peripheral vasoconstriction cannot
be excluded, but there are data showing that the ARB valsar-
tan improves the vasodilator response to acetylcholine in
hypertensive patients, whereas the effects of the calcium chan-
nel blocker amlodipine were neutral.17 However, it needs to be
established whether such data translate into clinical outcome
benefits.

Furthermore, we still need data on the cardiac effects of
angiotensin receptor blockade. The similar cardiac out-
comes in both arms in LIFE are an interesting issue, because
losartan reduced LVH to a significantly greater extent than
atenolol, an effect that would have been expected to trans-
late into cardiac protection. However, it is important to
remember that the comparison in LIFE was against an
active agent with proven cardiac benefits. A hypothesis is
that the cardioprotective effects of the two treatments used

in LIFE were balanced; the reduced stroke work and antiar-
rhythmic effects conferred by atenolol may have compen-
sated for the benefits from the LVH reduction in the losar-
tan group.

Such unanswered questions and more raise high expecta-
tions of the Valsartan Antihypertensive Long-term Use
Evaluation (VALUE) Trial of Cardiovascular Events in
Hypertension,18 one of the largest intervention studies in
essential hypertension. VALUE is a multicenter, double-blind,
randomized, prospective, active-controlled parallel group trial
designed to compare the effects of valsartan with those of the
calcium channel blocker amlodipine, in doses of 80 to 160 mg
and 5 to 10 mg once daily, respectively, on coronary morbidi-
ty and mortality in patients with essential hypertension and at
high risk for CHD. All primary endpoints in VALUE are car-
diac endpoints, with the hypothesis that for the same level of
BP control, valsartan will be significantly more effective than
amlodipine in decreasing acute MI, congestive heart failure
(CHF), and cardiac mortality.18

The choice of amlodipine as comparator in VALUE is
highly appropriate, because calcium channel blockers are
considered to have stroke-protective and possible
cardioprotective effects. Recently, ALLHAT found similar
stroke-protective effects from amlodipine as from a diuret-
ic,4 and thus there is a need for adequately designed trials
addressing the issue. In contrast to the effects of valsartan or
the ACE inhibitor enalapril, amlodipine has been shown to
increase sympathetic activity.19,20 Furthermore, amlodipine
has a neutral effect on insulin resistance,21 in contrast to
atenolol. Such metabolic effects, possible confounders in
LIFE, are unlikely in VALUE.

The stroke protection from calcium channel blockers has
been attributed to direct effects on the structural integrity of
the blood-brain barrier from reduced endothelial permeabili-
ty22 or to amelioration in the abnormal sensitivity of arterial
smooth muscle cells to Ca2+.23 Other possible effects are inhi-
bition of detrimental effects of oxygen radicals.24 Among car-
dioprotective effects, amlodipine has been reported to
improve myocardial function, to reduce the size of the
myocardial infarct following ischemia-reperfusion,25-27 and to
protect against the postischemic impairment of coronary
endothelium-dependent relaxation.28 The mechanisms of
some of these effects remain to be established.

The VALUE trial will provide important information on
cardiac effects of valsartan and amlodipine, and is expected to
resolve the issue of whether the lower rates of stroke with
losartan in LIFE were due to negative effects of atenolol or
positive effects of angiotensin receptor blockade.

Figure 32–1 Large hypertension trials with
“new” versus “old” drugs. (Adapted from
Kjeldsen SE, Westheim AS, Os I. INSIGHT and
NORDIL. International Nifedipine GITS study:
Intervention as a goal in hypertension treatment.
Nordic Diltiazem Study. Lancet 356:1929-1930,
2000. © Elsevier Ltd; used with permission.)
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VALUE TRIAL DESIGN

VALUE is a prospective, multinational, multicenter, double-
blind, randomized, active, controlled two-arm parallel group
comparison trial with a response-dependent dose titration
scheme. Eligible patients were men and women 50 years of
age or older with essential hypertension previously untreated
or treated. To be included, previously untreated patients had
to have mean sitting SBP of 160 to 210 mm Hg (inclusive)
and a mean DBP ≤115 mm Hg, or a mean sitting DBP of 95
to 115 mm Hg and SBP ≤210 mm Hg. For patients already
taking antihypertensive treatment, there were no lower limits
of BPs, but upper limits of ≤210/115 mm Hg. Exclusion cri-
teria included cardiovascular conditions and obvious non-
cardiac diseases that may limit long-term survival or increase
the likelihood of nonadherence to study medication. Patients
already receiving antihypertensive treatment were directly
rolled over to one of the two VALUE arms, discontinuing pre-
vious drugs and starting on the treatment drug, without a
placebo run-in period.

Patients were randomized to either valsartan 80 mg once
daily or amlodipine 5 mg once daily. The BP target is 140/90
mm Hg. After 4 weeks on the initial dose, patients were titrat-
ed to a dose of valsartan 160 mg or amlodipine 10 mg once
daily (Figure 32–2). If the BP target was still not achieved,
hydrochlorothiazide could be added at 12.5- or 25-mg doses.
A fifth step of the protocol allowed for free add-on of antihy-
pertensive drugs, with the exception of ACE inhibitors, calci-
um channel blockers, ARBs, or diuretics other than
hydrochlorothiazide; however, in patients with impaired renal
function or with CHF, thiazide diuretics could be replaced or
supplemented by loop diuretics. The usual dose titration peri-
od of 4 weeks could be shortened if it was considered in the
patient’s best interest.

VALUE is endpoint driven and will run until 1450
patients have experienced a primary cardiac event. The pri-
mary endpoint is defined as composite sudden cardiac
death, fatal MI, death during or following percutaneous
transluminal coronary angioplasty (PTCA) or coronary
artery graft bypass (CABG), death due to heart failure, MI
on autopsy, new-onset heart failure or chronic heart failure
requiring hospital management, nonfatal MI, emergency
PTCA/CABG, or thrombolytic/fibrinolytic treatment to
avoid MI. It was calculated that 14,400 enrolled patients
were needed to give the study 90% power at a significance
level of p <.05 to detect a 15% reduction in the primary
endpoint rate from 12.5% in the amlodipine group to
10.6% in the valsartan group over an average of 5 years of
treatment. As a comparison, LIFE had 80% power to detect
differences in the primary endpoint rates. Altogether, 15,314
eligible patients in 31 countries were randomized by
December 31, 1999.

Overall, BP reduction was similar with both treatments.
However, the mean differences throughout the study were
not consistent. The differences in BP between drug regimens
were 4.0/2.1, 4.3/2.5, 3.0/2.0, 2.4/1.7, 2.1/1.6, and 2.0/1.5 mm
Hg after months 1, 2, 3, 4, 6, and 12, respectively, and stabi-
lized at 1.5/1.3 mm Hg thereafter. The target BP (<140/90
mm Hg) was achieved in 56% of the valsartan group and
62% of the amlodipine group. The cardiovascular event rate
was 25.5 per 1000 patient-years in the valsartan group and
24.7 per 1000 patient-years in the amlodipine group. Cardiac
mortality and morbidity were not significantly different in

the two treatment groups (4.0% vs. 4.0% and 7.7% vs. 7.6%,
respectively). Heart failure, stroke, and all-cause death were
similar between valsartan- and amlodipine-randomized
groups (4.6% vs. 5.3% p = .12; 4.2% vs. 3.7% p = .08; 11.0%
vs. 10.8% p = .45, respectively). However, fatal and nonfatal
MI were reduced with amlodipine compared with valsartan
(4.8% vs. 4.1% p = .02, respectively), whereas new-onset dia-
betes was significantly reduced with valsartan compared with
amlodipine (13.1% vs. 16.4% p <.0001). The VALUE study
highlights the importance of BP lowering in a prompt man-
ner. The early BP differences limit the ability to assess the BP-
independent effects between these two drug treatments.
Furthermore, achieving adequate BP control in high-risk
patients often requires combination therapy early in the
treatment period.

Risk Stratification
A unique feature of VALUE is the use of a specially designed
algorithm that takes into account risk factors and disease fac-
tors, to assess cardiovascular risk.18 The risk factors include
diabetes mellitus, cigarette smoking, hypercholesterolemia,
LVH without strain diagnosed on ECG, proteinuria, and
serum creatinine above 1.7 mg/dl. Disease factors include a
documented history of MI, peripheral vascular disease, stroke
or transient ischemic attack, or the presence of LVH with
strain on ECG (Box 32–1). This combination of risk factors
and disease factors, together with age and sex, makes it 
uniquely possible to assess the predictive power of an up-
to-date cardiovascular risk scale in a large international popu-
lation of treated hypertensive patients traditionally considered
to be at high risk of a cardiovascular event.

The age/risk stratification criteria vary between patient
groups according to age. For men aged 50 to 59 years, there is
a requirement for at least three additional risk factors or one
additional disease factor to be eligible for enrollment.
Because of the lower risk profile of women of peri-
menopausal age, women between 50 and 59 years need to
present with a minimum of two risk factors and one addi-
tional disease factor to qualify for enrollment. For patients
≥60 years of age, sex is not considered a factor influencing
cardiovascular risk, and thus the requirements are identical
for both sexes. Patients aged 60 to 69 years need at least two
risk factors or one disease factor, whereas only one risk or one
disease factor is required for patients ≥70 years. The require-
ments for this last group are based on the significantly
increased predictive value of increasing age.

Endpoints
As noted, all primary endpoints in VALUE are cardiac end-
points. The primary variable to be assessed is the time to the
first cardiac morbidity or mortality event. Cardiac mortality
was defined previously; cardiac morbidity is defined as new or
chronic CHF requiring hospitalization, nonfatal acute MI,
emergency thrombolysis, or any other interventional proce-
dure performed to prevent a full-blown MI. Important sec-
ondary variables are all-cause mortality, cardiac mortality and
cardiac morbidity (both defined as for the primary endpoint),
stroke, cardiac morbidity plus stroke, worsening of chronic
stable angina or unstable angina, routine cardiac interven-
tional procedures, potentially lethal arrhythmias, syncope or
near-syncope, silent MI, and end-stage renal disease.
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VALUE BASELINE DATA

VALUE enrolled a total of 15,314 patients at 947 centers in 31
countries, with the largest numbers of patients randomized
in the United States (n = 3676), Germany (n = 1557), Italy
(n = 1095), United Kingdom (n = 887), and France (n =
841).30 The average age at randomization was 67.2 years, and
more than 80% of patients were older than the age of 60.

There are a large number of women (6496) in the trial pop-
ulation, although the majority of patients (57.6%) are men.
Some significant differences in baseline characteristics exist
between the sexes: Women were on average 3.7 years older
than the men (p <.0001) and had higher levels of SBP 
(p <.0001) and DBP (p <.0001). Average SBP was 3.9 mm Hg
higher in the female group. Women also had lower serum cre-
atinine levels (Table 32–1). Rates of diabetes mellitus were
higher in women (p <.0001), but the rates of CHD were high-
er in the male population (p <.0001; Table 32–2).

The population was slightly overweight at randomization,
with an average body mass index of 28.6 kg/m2. Most patients
(>92%) were taking antihypertensive medication at the time
of randomization and were started on the treatment drug
without a placebo run-in period. Hence, BP at the time of ran-
domization was only moderately elevated, averaging
154.7/87.5 mm Hg. The high rate of patients already on treat-
ment is in contrast to the populations in large-scale trials such
as the Hypertension Optimal Treatment (HOT) study8 or the
Nordic Diltiazem (NORDIL) study,3 in which 48% and 56%,
respectively, of participants were untreated at the time of
enrollment. Elevated SBP tended to be more prevalent than
elevated DBP: 37.5% of patients had SBP >160 mm Hg but
only 10.4% had DBP >100 mm Hg.

As seen in Table 32–2, the prevalence of CHD (45.8%),
high cholesterol (33.0%), type 2 diabetes mellitus (31.7%),
smoking (24.0%), proteinuria (22.5%), cerebrovascular dis-
ease (19.8%), LVH including bundle branch block and strain
(18.3%), and peripheral arterial disease (13.9%) were high in
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FFigure 32–2 VALUE trial design. (After Mann J, Julius S. The Valsartan Antihypertensive Long-Term Use
Evaluation [VALUE] trial of cardiovascular events in hypertension. Rationale and design. Blood Press 7:176-
183, 1998. © Taylor & Francis; used with permission.) HCTZ, hydrochlorothiazide.

Box 32–1 Risk Factors and Disease Factors in the VALUE Trial

Risk Factors
● Diabetes mellitus (defined as overnight fasting plasma

glucose concentration >7.8 mmol/L [140 mg/dl] on
at least two separate occasions or as chronic intake
of hypoglycemic agents with or without occasional
intake of insulin)

● Current smoking (defined as smoking at least 10
cigarettes/day on a regular basis for at least 5 years
before inclusion in the study; if the patient has quit
smoking, he or she will be considered a smoker if he
or she stopped less than 12 months before inclusion)

● High total cholesterol (>6.2 mmol/L or >240 mg/dl);
left ventricular hypertrophy (LVH) as per ECG
(Sokolow-Lyon criteria or Cornell criteria); proteinuria
(1+ or more on dipstick in a morning urine specimen)

● Serum creatinine >150 μmol/L (>1.7 mg/dl)

Disease Factors
● History of MI verified by Q-wave ECG and/or

hospital records, and/or cardiovascular
revascularization; coronary heart disease (CHD)
verified by angiography and/or hospital records

● History of peripheral arterial occlusive disease,
verified by angiography or Doppler or hospital
records or statement of angiologist

● History of stroke, transient ischemic attack (TIA), verified
by angiography or Doppler or PET or CT scan or
persistent hemiparesis (stroke) or hospital records

● LVH with strain pattern (ST-segment depression)

(After Mann J, Julius S. The Valsartan Antihypertensive Longterm
Use Evaluation [VALUE] trial of cardiovascular events in hyper-
tension. Rationale and design. Blood Press 3:176-183, 1998.
© Taylor & Francis; used with permission.)
ECG, electrocardiogram; MI; myocardial infarction; PET,
positron emission tomography; CT, computed tomography.
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the VALUE population. The high number of patients with dia-
betes is notable. This is a consequence of the use of diabetes
as qualifying risk factor in VALUE, which was not the case for
the LIFE trial (12% diabetic patients).31 The number of
patients with diabetes in VALUE (4854) is greater than the
total number enrolled into the four trials that established
ARBs as first-line treatment in diabetic hypertensive patients:
Reduction of Endpoints in NIDDM with the Angiotensin II
Antagonist Losartan (RENAAL; n = 1513),32 Irbesartan
Diabetic Nephropathy Trial (IDNT; n = 1715),33 Irbesartan
Microalbuminuria Type 2 (IRMA-2; n = 690),34 and

Microalbuminuria Reduction with Valsartan (MARVAL; n =
332).35 However, reduced renal function is of low frequency in
VALUE (3.6%), indicating that patients are at earlier stages of
the disease than the patients enrolled into the diabetes trials.
This may well affect the benefits from treatment. In contrast
to LIFE, in which there was a major reduction in mortality in
the diabetic subgroup,36 neither IRMA-2, IDNT, nor RENAAL
showed mortality benefits from ARB treatment.37 This has
been attributed to the less advanced stages of renal disease in
LIFE,38 similar to the population in VALUE, as well as limited
power of the diabetes trials related to small patient numbers.

Table 32–1 Demographic and Biochemical Characteristics at Randomization of Patients in the VALUE Trial*

Variable Men (n = 8816) Women (n = 6497) Total (n = 15,314)

Age (years) 65.7 ± 8.1 69.4 ± 7.6 67.2 ± 8.1
Body mass index (kg/m2) 28.5 ± 4.5 28.8 ± 5.6 28.6 ± 5.0
Previously treated (%) 92.2 92.6 92.3
SBP (mm Hg) 153.0 ±18.9 156.9 ± 18.9 154.7 ± 19.0
DBP (mm Hg) 87.8 ± 10.7 87.1 ± 10.9 87.5 ± 10.8
Heart rate (beats/min) 71.4 ± 10.9 73.7 ± 10.3 72.4 ± 10.7
Race (%)

Caucasian 89.3 88.9 89.1
Black 3.7 5.2 4.3
Oriental 4.0 2.8 3.5
Other 3.0 3.1 3.1

Serum potassium (mmol/L) 4.4 ± 0.4 4.4 ± 0.5 4.4 ± 0.5
Serum sodium (mmol/L) 140.6 ± 2.6 140.7 ± 2.7 140.7 ± 2.7
Serum creatinine (μmol/L)† 108.1 ± 23.2 91.5 ± 21.2 101.1 ± 23.8
Serum uric acid (μmol/L) 393 ± 93 347 ± 92 373 ± 95
Serum cholesterol (mmol/L)‡ 5.3 ± 1.0 5.9 ± 1.0 5.5 ± 1.0
Serum glucose (mmol/L)§ 6.8 ± 2.7 6.9 ± 2.9 6.9 ± 2.8

After Kjeldsen S, Julius S, Brunner H, et al. [for the VALUE Trial Group]. Characteristics of 15,314 hypertensive patients at high coro-
nary risk. The VALUE Trial. Blood Press 10:83-91, 2001. © Taylor & Francis; used with permission.
*Values are mean ± standard deviation or percentage of total.
†Conversion factor from μmol/L to mg/dl: 88.4.
‡Conversion factor from mmol/L to mg/dl: 38.664.
§Conversion factor from ml/L to mg/L: 181.8.

Table 32–2 Additional Risk Factors and Disease History of Patients Randomized in the VALUE Trial*

Men (n = 8816) Women (n = 6497) Total (n = 15313)

Qualifying Risk Factors
Serum cholesterol >6.2 mmol/L (>240 mg/dl) 23.9 45.2 33.0
Diabetes mellitus (mostly type 2) 29.8 34.2 31.7
Current smoking 26.7 20.3 24.0
Proteinuria 22.1 23.2 22.5
LVH† 9.2 16.3 12.2
Serum creatinine >150 μmol/L (>1.7 mg/dl) 4.7 2.1 3.6
Qualifying Disease Factors
CHD 53.5 35.4 45.8
Stroke or TIA 21.1 17.9 19.8
Peripheral arterial disease 15.5 11.6 13.9
LVH with strain pattern 6.2 6.0 6.1

After Kjeldsen S, Julius S, Brunner H, et al. [for the VALUE Trial Group]. Characteristics of 15,314 hypertensive patients at high coro-
nary risk. The VALUE Trial. Blood Press 10:83-91, 2001. © Taylor & Francis; used with permission.
*Results are percentage of total.
†LVH including left bundle branch block.
LVH, left ventricular hypertrophy; CHD, coronary heart disease; TIA, transient ischemic attack.
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The proportion of patients with LVH in VALUE is smaller
than in LIFE, in which LVH was an inclusion criterion. There
is a relatively high proportion of smokers (24%). Cross-sec-
tional studies of the population indicate that the percentage of
smokers is lower among patients with higher BP.39 This can be
interpreted as a greater success with smoking cessation
attempts in patients with higher BP,40 or alternatively, that
smoking is particularly lethal in this population.41

An estimate of the total cardiovascular risk in the VALUE
trial population puts patients at a similar risk level to the pop-
ulations in the Swedish Trial in Old Patients with
Hypertension (STOP),42 or HOPE.5 The main risk factors in
the two STOP trials were age and hypertension, and there was
a low proportion of CHD events. In contrast, the main risk in
HOPE was due to history of CHD in about 80% of patients,
almost half with treated hypertension, and one third with type
2 diabetes. Against these differences, it will be interesting to
analyze the effects of the VALUE algorithm on the number of
CHD events in VALUE.

An important issue in evaluating the trial results and their
impact on future antihypertensive treatment patterns is to
what extent the VALUE population is representative of
patients at high cardiovascular risk in general.43 Only the risk
profile, but not the demographic characteristics, differed
between the patients enrolled in VALUE and those who were

screened but who did not meet the criteria for high risk of
CHD.30 From the data available it seems reasonable to consid-
er the randomized patients in the trial to reflect the risk pro-
file of other hypertensive populations at high coronary risk.

BLOOD PRESSURE CONTROL IN VALUE

VALUE is primarily an antihypertensive prevention trial, and
thus it is important to achieve adequate BP reduction in both
treatment arms and to ensure that there are no relevant dif-
ferences between the degree of BP lowering between the
patients receiving different treatments. Such differences
between the treatment arms were responsible for the doubts
about the possible BP-independent effects of ramipril in
HOPE7 and for the limited analysis that could be made from
the SCOPE data.12

Because the VALUE trial is ongoing at the point of writing,
there is no information on differences between the treatment
arms. Data are currently available on BP control in 13,449
patients for whom there are complete BP records at baseline,
who had in-study BP measurements at each point up to 24
months and for whom information about treatment status at
24 months is available. Similar data for BP control at 30 months
are available for 12,570 patients,44 but no analysis of the
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utilization of blinded drugs at 30 months has been published.
Of the total of 15,314 patients, 1864 were not included in the 24-
month report, mostly because of discontinuation for reasons
other than death (n =1012) and because of death (n = 524).

A majority of patients with 24-month BP data (n = 12,398,
92.2%) received antihypertensive drugs prior to enrollment and
were rolled over directly to study drugs. The baseline status of
these patients gives an insight into how hypertension is treated
in routine clinical practice. Among these patients, only 21.9%
subjects had controlled (<140 mm Hg) SBP at baseline com-
pared with a DBP control (<90 mm Hg) rate of 54.2%. These
findings confirm other observations that practicing physicians
are more attuned to controlling the diastolic than SBP.6,45-49

The baseline BP of the 1051 patients who were not receiving
treatment prior to enrollment was 14.6/8.4 mm Hg higher
than in the patients previously treated. However, both the
treated and untreated groups achieved similar BP levels as
early as at month 4, and by month 6 the BP readings of both
groups were identical (Figure 32–3).

BP was rapidly reduced in the VALUE population during the
initial medication up-titration phase over the first 6 months
of the trial, but there was very little additional reduction
between months 6 and 12, particularly in SBP. The response to
this situation was a strong concerted effort at all organiza-
tional levels of the trial to improve control of BP, SBP in par-
ticular. Through an extensive information and monitoring
effort, emphasizing the BP goals and the simple algorithm to
achieve these goals, major reductions in SBP were achieved
over the next 18 months. Between months 12 and 24, the
reduction in SBP/DBP was 1.3/1.0 mm Hg (p <.0001/.0001).
A further reduction of 1.0/1.0 mm Hg was achieved between
months 24 and 30 (p <.0001/.0001; see Figure 32–3).

The percentage of patients with controlled SBP (<140 mm
Hg) at baseline was 21.9%, rising to 59.5% at month 24 and to
62.2% at month 30. In addition to the 62.2% with controlled
SBP, an additional 20.6% had “nearly controlled” (≥140 to
<150 mm Hg) SBP and 9.3% had “inadequate” SBP control
(≥150 to <160 mm Hg; Figure 32–4). Only 7.9% had “uncon-
trolled” systolic hypertension (≥160 mm Hg). The DBP con-

trol increased from 54.2% at baseline to 88.6% at month 24
and 90.2% at month 30. An additional 6.5% had “near con-
trol” values (≥90 to <95 mm Hg), and only 1.3% of patients
had “inadequate” (≥95 to <100 mm Hg) or “uncontrolled”
DBP (≥100 mm Hg; see Figure 32–4).

A comparison with other hypertension trials further
illuminates the success of the SBP initiative. VALUE has
achieved substantially greater reductions in BP than most
published studies. The average achieved SBP level in VALUE is
16 mm Hg lower than in the STOP 22 and NORDIL3 studies,
12 mm Hg lower than in Syst-Eur,50 and 11 mm Hg lower than
in CAPPP.1 A comparison of the 30-month BP reduction rates
in VALUE with final results of the Systolic Hypertension in
the Elderly Program (SHEP)51 and HOT8 studies shows the
rates in VALUE to be a couple of mm Hg lower than in
the other two trials and similar to values reported at the end
of the INSIGHT (Intervention as a Goal in Hypertension
Treatment) study.52 Finally, in perhaps the most relevant trial,
LIFE, average SBPs at study end were 6 mm Hg higher in the
losartan and 7.3 mm Hg higher in the atenolol group than the
average SBP achieved at the 30-month point in VALUE.10 The
SBP control rate in the LIFE study was 48%, compared with a
control rate of 62.2% in VALUE at 30 months. This is in spite
of the use of a stricter definition of control in VALUE than in
LIFE (<140 mm Hg vs ≤140 mm Hg).

At first glance, the BP reductions in the ALLHAT trial
appear greater than in VALUE: In ALLHAT, SBP in the
chlorthalidone, amlodipine, and lisinopril groups, were 135.9,
137.1, and 138.4 mm Hg, respectively, at study end.4 However,
if the higher baseline SBPs in VALUE are taken into account
(155.2 vs. 146.2 mm Hg in ALLHAT), the BP reduction from
baseline even in the most successful patient group in ALLHAT,
the chlorthalidone group, was 10.3 mm Hg compared with a
16–mm Hg decrease at month 30 in the VALUE study. Thus,
VALUE is on track to become one of the most successful trials
ever conducted in terms of achieved reductions in BP.

The VALUE titration scheme aimed to achieve BP control
by titrating to the maximum dose of monotherapy before
adding hydrochlorothiazide and other medications. This is in
contrast to LIFE, in which hydrochlorothiazide was added as a
second step, before increasing doses of losartan or atenolol.53

Such differences in trial design limit the comparisons of treat-
ment status to BP control between trials. The number of
patients still on monotherapy at month 24 in VALUE was
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5342 or 39.7% (Figure 32–5).44 This is higher than in the dif-
ferently designed LIFE trial, where only 9% to 10% of patients
were on monotherapy at the end of the trial, but comparable
with other large-scale trials. In the ALLHAT trial, 49.6% of
patients were still receiving monotherapy at year 3,54 and 37%
of participants were still on single drug at the 5-year visit.54

The corresponding figure at the end (median treatment peri-
od 4.1 years) of ANBP2 was 66%.9 In national surveys, the
proportion of treated hypertensive patients that receive
monotherapy is typically 60% to 70%.47

A majority of the VALUE patients on monotherapy (70.5%)
had their BP controlled, but almost one third of the patient
group had inadequate BP control (≥140/90 mm Hg). Most of
these inadequately controlled patients had acceptable DBP
but elevated SBP, further illustrating the greater difficulties
with controlling SBP than DBP.

The VALUE study protocol stipulated hydrochlorothiazide
as the first added-on medication, and at month 24, 66.3% of
patients were receiving either this combination or monother-
apy. Further permitted add-on drugs were used in 15.1% of
the population. In an additional 4.3% of patients, the physi-
cians used drugs defined by the protocol but in different doses
from those stipulated. A small number of patients (6.3%)
received added drugs not foreseen by the protocol.

At the time of the analysis, there was clearly room for fur-
ther improvement in the utilization of study medications. The
control rates in the monotherapy group indicate that diuretics
should be added to the regimens for a substantial percentage
of patients. In the diuretics-added group, approximately 44%
of patients had BP above the treatment goals, indicating that
the fifth step of the protocol should be used (see Figure 32–5).
Despite these options for further efficacy increases, in all
probability some study subjects will have systolic hyperten-
sion refractory to treatment. An indication of this is that
although the group receiving additional therapy in addition to
full doses of treatment drugs and diuretics (step 5) comprised
a rather low (15.1%) percentage of the VALUE population,
this group had a relatively high percentage of patients (61.3%)
with BP still above target. However, the true proportion and
the clinical characteristics of patients whose SBP is resistant to
treatment will be known only after all therapeutic options for
controlling BP provided by the VALUE protocol have been
exhausted.

SUMMARY

VALUE is expected to be one of the most important hyperten-
sion trials. After the LIFE study showed differences between the
ARB losartan and the β-blocker atenolol beyond that which
could be attributed to lowering of BP, VALUE is expected
to resolve several outstanding issues and to establish whether
such benefits are due to vascular and cardiac effects of
angiotensin receptor blockade or whether the reduction in
outcomes in LIFE can be attributed to negative effects in the 
β-blocker group. In selecting the calcium channel blocker
amlodipine as the comparator in VALUE, the design has ensured
a substance with neutral effects on insulin resistance and with
reported stroke-protective and cardioprotective actions, as well
as beneficial effects on ISH. This sets the scene for a trial
designed to decide the issues of whether ARBs are stroke-
protective and cardioprotective beyond their effects on BP.

It should be reemphasized that VALUE is a BP trial and as
such has already been very successful. The impressive rates of
BP control achieved at months 24 and 30 demonstrate what
is possible when practitioners work in a structured environ-
ment, with the help of explicit BP goals, a simple algorithm
to achieve these goals, and education of both patients and
practitioners on the importance of achieving stringent BP
control.
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376 Chapter 33

The first results of the Valsartan Antihypertensive Long-term
Use Evaluation (VALUE) were reported in mid-2004 and are
summarized here.1,2 The rationale of the trial and design were
discussed in the previous chapter, together with details of
baseline characteristics of the enrolled patients. Because the
main results of VALUE were published so recently, no sub-
group analyses or further details are available at the time of
writing. The data are presented here in a brief format.

A total of 15,245 randomized patients were included in
the analysis, and 68 patients in nine centers were excluded
because of good clinical practice deficiencies. Only 90
patients (0.6%) were lost to follow-up. The mean duration of
exposure to study medication was 3.6 years in both treat-
ment groups. The median daily doses were 151.7 mg of
valsartan and 8.5 mg of amlodipine. As indicated in the 30-
month analysis, the majority of patients in both groups were
on combination treatment by the end of the trial. Fewer
patients in the valsartan-based group (27.0%) than in the
amlodipine group (35.3%) remained on monotherapy dur-
ing the course of the study.

Blood pressure control rates in VALUE were among the
highest reported for an outcome trial: 56% of patients in the
valsartan group and 62% of patients in the amlodipine group
reached target blood pressure levels below 140/90 mm Hg.
These numbers should be viewed in light of the fact that
although 92% of patients were being treated for hypertension
at baseline and most were receiving more than one drug, only
22% had their blood pressures controlled at that time.

MAJOR OUTCOMES

However, particularly during the first 6 months’ treatment-
adjustment period, the effects of the amlodipine-based regi-
men in VALUE were more pronounced than those of the
valsartan-based regimen (Figure 33–1). Differences in systolic
blood pressure were 4.0/2.1 mm Hg after 1 month and were
reduced to 1.5/1.3 mm Hg after 1 year (p <.001 between
groups). Despite these differences, there was no difference in
the primary outcome of composite cardiac endpoints between
the valsartan and amlodipine groups (Figure 33–2).

The primary endpoint occurred in 10.6% of patients in the
valsartan arm and in 10.4% of patients in the amlodipine
arm: hazard ratio 1.04, 95% confidence interval (CI) .94-
1.15, p = .49. Rates of all-cause death were not different
between the groups: hazard ratio 1.04, 95% CI 0.94-1.14,
p = .45. Of the secondary endpoints, fatal and nonfatal
myocardial infarction occurred in more patients on valsar-
tan-based therapy (hazard ratio 1.19, 95% CI 1.02-1.38, p =
.02), although it should be noted that this was due to lower
rates of nonfatal events with amlodipine (hazard ratio 1.22,
95% CI 1.04-1.44, p = .02) and that the rates of fatal events
were not different between the treatment groups (hazard
ratio 1.04, 95% CI 0.74-1.47, p = .81). There was a trend

toward fewer heart failure hospitalizations in the valsartan
group (hazard ratio 0.89, 95% CI 0.77-1.03, p = .12). Stroke
rates were not significantly different between the groups
(hazard ratio 1.15, 95% CI 0.98-1.35, p = .08).

Notably, new-onset diabetes developed in 690 patients on
valsartan-based and in 845 patients on amlodipine-based reg-
imens (odds ratio 0.77; 95% CI 0.69-0.86, p < .0001 (Figure
33–2). This is the first demonstration of benefits in the pre-
vention of diabetes with an angiotensin receptor blocker as
compared with a metabolically neutral antihypertensive agent.

The early differences in blood pressure appeared to have
influenced the overall outcomes. During the treatment-
adjustment period of the first 6 months, odds ratios tended to
favor amlodipine-based treatment for all endpoints. This cor-
responded to the time of greatest differences in blood pressure
between treatments. As blood pressure differences diminished
during the following months, there was attenuation in odds
ratios (Figure 33–3). For the endpoint of hospital admission
for heart failure, there was a trend in favor of valsartan during
the last 4 years.

ADVERSE EVENTS

Tolerability was good in both groups, but the most common
adverse event, edema, including peripheral edema, was twice
as common in amlodipine-treated patients as in valsartan-
treated patients. Hypokalemia was more common in the
amlodipine group. Although they occurred with low frequen-
cy, dizziness, headache, and diarrhea were more frequently
reported in patients on valsartan-based regimens. Discontin-
uation rates from adverse events were significantly lower
with valsartan-based treatment (13.4% compared with 14.5%,
p = .045). It should be noted that the rates of adverse events
were somewhat higher than those reported previously for
these drugs, almost certainly reflecting the influence of the
agents that were added to the primary treatments.

THE ROLE OF BLOOD PRESSURE

VALUE emphasizes the importance of prompt blood pressure
control in hypertensive patients at high cardiovascular risk.
This was reinforced by further analyses of the correlation
between early blood pressure response and outcomes.2 By 1
month of treatment, 32.6% of 7543 valsartan patients had sys-
tolic blood pressure higher than 160 mm Hg, a significantly
greater proportion (p < .0001) than the 23.0% of 7504 taking
amlodipine; at 6 months, the corresponding proportions
(13.2% vs. 8.3%) were also different (p < .0001). Event rates in
these uncontrolled patients in the valsartan and amlodipine
groups, respectively, were as follows: at 1 month, 12.1% of
2456 and 12.3% of 1725 for the combined cardiac endpoints,
5.4% and 5.0% for stroke, and 12.7% and 13.7% for death; at

Main Results from VALUE
Sverre E. Kjeldsen, Stevo Julius, Michael A. Weber, Pelle Stolt



377Main Results from VALUE

160

155

150

145

140

135

90

85

80

75

4

3

2

1

0

Mean systolic BP

Mean diastolic BP

Difference in means

m
m

 H
g

m
m

 H
g

m
m

 H
g

Valsartan-based regimen
Amlodipine-based regimen

Valsartan-based regimen
Amlodipine-based regimen

Systolic BP
Diastolic BP

Time (months)

0 6 12 18 24 30 36 42 48 54 60 66

Figure 33–1 Systolic and diastolic blood pressure (BP) and differences (valsartan-amlodipine) in blood pressure between the
treatment groups during follow-up. (From Julius S, et al., Lancet 363:2022-2031, 2004.)

.49

.90

.71

.02

.81

.02

.08

.12

.45

.00

p ValueEndpoint

Composite primary

Cardiac mortality

Cardiac morbidity

Fatal and nonfatal MI

Fatal MI

Nonfatal MI

Fatal and nonfatal stroke

Fatal and nonfatal heart failure

All-cause death

New-onset diabetes

0.5 1.0 2.0

Favors valsartan Favors amlodipine

Figure 33–2 Hazard ratios (odds ratio for new-onset
diabetes) and 95% confidence intervals for the
primary and secondary endpoints in VALUE, as well
as for all-cause death and new-onset diabetes. MI,
myocardial infarction.



378 Treatment: General Considerations

2.
2

3.
8

2.
3

2.
0

1.
8

1.
6

1.
4

1.
7

T
im

e 
in

te
rv

al
(m

on
th

s)
P

rim
ar

y 
en

dp
oi

nt
M

yo
ca

rd
ia

l i
nf

ar
ct

io
n

H
ea

rt
 fa

ilu
re

 h
os

pi
ta

liz
at

io
ns

S
tr

ok
e

A
ll-

ca
us

e 
de

at
h

0.
5

1.
0

2.
0

F
av

or
s

va
ls

ar
ta

n
F

av
or

s
am

lo
di

pi
ne

O
dd

s 
ra

tio

0.
5

1.
0

2.
0

F
av

or
s

va
ls

ar
ta

n
F

av
or

s
am

lo
di

pi
ne

O
dd

s 
ra

tio

0.
5

1.
0

2.
0

F
av

or
s

va
ls

ar
ta

n
F

av
or

s
am

lo
di

pi
ne

O
dd

s 
ra

tio

0.
5

1.
0

2.
0

F
av

or
s

va
ls

ar
ta

n
F

av
or

s
am

lo
di

pi
ne

O
dd

s 
ra

tio

0.
5

1.
0

2.
0

F
av

or
s

va
ls

ar
ta

n
F

av
or

s
am

lo
di

pi
ne

O
dd

s 
ra

tio

  S
B

P
m

m
 H

g

A
ll 

st
ud

y
0–

3
3–

6
6–

12
12

–2
4

24
–3

6
36

–4
8

S
tu

dy
 e

nd

Fi
gu

re
 3

3–
3

Bl
oo

d 
pr

es
su

re
 d

iff
er

en
ce

s 
be

tw
ee

n 
th

e 
tre

at
m

en
t g

ro
up

s 
to

ge
th

er
 w

ith
 o

dd
s 

ra
tio

s 
an

d 
95

%
 c

on
fid

en
ce

 in
te

rv
al

s 
in

 g
ro

up
s 

ra
nd

om
iz

ed
 to

 v
al

sa
rta

n 
or

am
lo

di
pi

ne
 d

ur
in

g 
co

ns
ec

ut
iv

e 
tim

e 
pe

rio
ds

 in
 th

e 
stu

dy
. D

at
a 

ar
e 

pr
es

en
te

d 
fo

r 
th

e 
pr

im
ar

y 
en

dp
oi

nt
, t

he
 s

ec
on

da
ry

 e
nd

po
in

ts,
 a

nd
 a

ll-
ca

us
e 

de
at

h.
 (F

ro
m

 J
ul

iu
s 

S,
 e

ta
l.,

La
nc

et
 3

63
:2

02
2-

20
31

, 2
00

4.
)



379Main Results from VALUE

6 months, 11.7% of 951 and 11.5% of 601 for the combined
cardiac endpoints, 5.9% of 953 and 7.0% of 603 for stroke,
and 12.4% of 964 and 15.5% of 606 for death. Event rates dur-
ing the remainder of the study for patients in this hypertensive
stratum were closely similar in the valsartan and amlodipine
arms. These numbers indicate that achieved blood pressure
rather than drug type was the main determinant of event rates
in this high-risk population.

ACHIEVING CONTROL

Because the aim of VALUE was to achieve control of blood
pressure by 6 months, it was assessed whether reaching this
goal affected outcomes for each of the drug groups. Hazard
ratios for subsequent clinical events in patients with systolic
blood pressure <140 mm Hg at 6 months were compared with
those whose systolic blood pressure was not controlled, with-
in each treatment group. Control of blood pressure was a
powerful determinant for the primary and secondary end-
points (except myocardial infarction), as well as for all-cause
death. The differences between the two groups were so minor
that the data could be pooled to show the overall role of blood
pressure control in optimizing outcomes independent of drug
type (Table 33–1). These findings provide evidence to validate
the target recommendations (140/90 mm Hg) in hypertension
guidelines from both Europe and the United States for this
high-risk population.

TESTING THE HYPOTHESIS: SERIAL
MEDIAN MATCHING

The early blood pressure differences between treatment
groups in VALUE made the overall results difficult to inter-
pret. In an attempt to test the hypothesis in a controlled pop-
ulation, the technique of serial median matching was applied
to the dataset at 6 months. Although a posthoc analysis, this
method should be considered in plansfor new studies and per-
haps even tested in previously reported studies with substan-
tial blood pressure inequalities. The method selected the most

median patient (based on systolic blood pressure) within the
valsartan group and paired this patient with one from the
amlodipine group matched for systolic blood pressure (with-
in 2 mm Hg); age; sex; and the presence or absence of previ-
ous coronary disease, stroke, and diabetes. The process was
repeated until all eligible patients were included. In this way,
5006 comprehensively matched valsartan/amlodipine cohort
pairs (a total of 10,012 patients) were created, with a mean
systolic blood pressure of 139.9 mm Hg in each drug group.
The analysis of this patient population, where essentially
patients at the high and low extremes of achieved blood pres-
sure were excluded, showed a nonsignificant trend in favor of
valsartan for the combined cardiac endpoint. The rates of fatal
and nonfatal myocardial infarction, stroke, and mortality were
close to identical in both treatment groups. However, admis-
sion to hospital for heart failure was significantly (p = 0.040)
lower with valsartan (Figure 33–4).

SUMMARY

The results from VALUE underscore that in hypertensive
patients at high risk for cardiac events, achieving blood pres-
sure targets is a highly important determinant of outcomes.
Most of these patients should be on combination therapies. If
blood pressure is controlled, VALUE indicated that valsartan-

Table 33–1 Controlled Compared with Noncontrolled
Patients: Endpoint

Endpoint Hazard Ratio (95% CI)

Fatal and nonfatal cardiac events 0.75 (0.67–0.83)*

Fatal and nonfatal stroke 0.55 (0.46–0.64)*

All-cause death 0.79 (0.71–0.88)*

Myocardial infarction 0.86 (0.73–1.01)
Heart failure hospitalizations 0.64 (0.55–0.74)*

After Weber MA, et al., Lancet 363:2047-2049, 2004.
*Hazard ratios for events in controlled compared with noncon-
trolled patients. After Weber MA, et al., Lancet 363:2047-
2049, 2004.

0.90 (0.79–1.03)

1.02 (0.81–1.28)

0.96 (0.84–1.10)

0.97 (0.80–1.19)

0.81 (0.66–0.99)

Odds ratio (95% CI)Valsartan

Composite cardiac
events

Stroke

Death

Myocardial 
infarction

Heart failure

0.5 1 2.0

Favors valsartan Favors amplodipine
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.111

.899
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p Value
Figure 33–4 Hazard ratios for
major study endpoints in
patients on valsartan- or
amlodipine-based therapies
for events occurring after a
baseline translocated to the 
6-month point of the trial and
after treatment adjustment
designed to achieve blood
pressure control. Data are
shown for 5006 treatment
cohort pairs matched by
systolic blood pressure; age;
sex; and the presence or
absence of prior coronary
disease, stroke, and diabetes.
(From Weber MA,  et al.,
Lancet 363:2047-2049,
2004.)
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based therapy is associated with a reduced risk for heart failure
hospitalizations and is otherwise closely similar to amlodipine
for other cardiovascular endpoints. Furthermore, regardless of
blood pressure, valsartan-based treatment was associated with
a significantly reduced number of cases of new-onset diabetes.
These data were obtained with a valsartan dose range of 80 to
160 mg, which is less than the 160 to 320 mg now recom-
mended in the United States and is associated with the more
complete blockade of the renin-angiotensin system. The find-
ings of VALUE are likely to influence future guidelines for
blood pressure control and drug selection in high-risk patients.
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Recent basic science research has revealed that the renin-
angiotensin system (RAS) plays an integral role in the devel-
opment and propagation of hypertension and related to target
organ damage. Agents that block the deleterious effects
of the RAS on the vasculature have the potential to amelio-
rate the cardiovascular consequences of hypertension.
Angiotensin receptor blockers (ARBs) are the most recently
developed class of antihypertensive agents. They are distin-
guished their high tolerability without compromising effi-
cacy in blood pressure (BP) reduction. Another class of
closely related agents, angiotensin-converting enzyme
(ACE) inhibitors, has been shown to protect against renal,
cardiac, and cerebrovascular morbidity and mortality asso-
ciated with hypertension. Although ACE inhibitors are
effective in blocking the RAS through limiting the conver-
sion of angiotensin I to angiotensin II, ARBs may be even
more selective in blocking the effects of angiotensin on the
vasculature and target organs because they act directly on
the angiotensin receptors. In this chapter we review the
important completed and ongoing clinical outcome trials of
ARBs in hypertension (Table 34–1).

CARDIOVASCULAR OUTCOME TRIALS

The effect of lowering BP on cardiovascular mortality has
been demonstrated with various antihypertensive agents.
Meta-analysis of the early studies, including primarily 
β-blockers and diuretics, showed a 25% reduction in stroke
and 14% reduction in coronary heart disease (CHD).1 As
newer therapies become available, it is necessary to study their
effects on cardiovascular outcomes. Every agent in the ARB
class has been shown to be efficacious in lowering BP but
there is only one completed trial of cardiovascular outcomes
with an ARB. Other important studies are in progress.

LIFE Study
The Losartan Intervention for Endpoint Reduction in
Hypertension Study (LIFE) is the only completed hyperten-
sion trial of an ARB to assess cardiovascular outcomes.2 This
landmark study was designed to establish whether the ARB
losartan reduces cardiovascular morbidity and death to a
greater extent than the β-blocker atenolol despite equal BP
reduction. In this double-blinded, randomized, parallel group
trial, 9193 participants aged 55 to 80 years with essential
hypertension and left ventricular hypertrophy (LVH) by
electrocardiographic criteria were assigned to losartan-based
or atenolol-based antihypertensive treatment and followed for
4 years. BP was decreased by 30.2/16.6 (± standard deviation
18.5/10.1) mm Hg and 29.1/16.8 (± 19.2/10.1) mm Hg in the
losartan and atenolol groups, respectively.

The cardiovascular event rate was 23.8 per 1000 patient-
years in the losartan group and 27.9 per 1000 patient-years in
the atenolol group, resulting in a 13% reduction in the losar-
tan group. Assignment to losartan was associated with a 25%
reduction in stroke and a 25% reduction in new-onset dia-
betes. These results were equally robust in the subset of par-
ticipants who had no clinical evidence of vascular disease.
Among the 1195 diabetics in the LIFE study, losartan reduced
the primary endpoint by 24%, cardiovascular mortality by
37%, congestive heart failure (CHF) by 41%, and total mor-
tality by 39% compared with atenolol.3 In a subsequent analy-
sis of the 533 African American participants in the LIFE study,
although BP reduction was similar in both treatment groups,
the greater reduction in cardiovascular endpoints was seen in
the atenolol group, not the losartan group. This finding must
be viewed with caution because the sample size was small.4

Nevertheless, the LIFE study suggests that with equivalent BP
control, treatment with losartan prevents more cardiovascular
morbidity and death than atenolol, thus conferring benefits
beyond BP reduction alone.

The largest ongoing outcome trials of ARBs are the Valsartan
Antihypertensive Long-term Use Evaluation (VALUE) and the
Ongoing Telmisartan Alone and in Combination with Ramipril
Global Endpoint Trial (ONTARGET).5-7 They have different
foci, and their results will be instrumental in determining
future standards of hypertension care.

VALUE Study
The VALUE study is a multinational, multicenter, double-
blind, randomized, prospective, active-controlled parallel
group trial comparing the effects of two treatment modali-
ties on BP and cardiovascular endpoints in hypertension.5,6

The ARB valsartan at doses of 80 or 160 mg/day is compared
with a calcium antagonist amlodipine at doses of 5 or 10
mg/day. Additional treatment may be given as open-label
hydrochlorothiazide, 12.5 or 25 mg/day. If needed, addi-
tional antihypertensive agents may be added, with the excep-
tion of calcium antagonists, ACE inhibitors, or other ARBs,
to reach a target BP of <140/90 mm Hg.

Patients are randomized to one of the treatment regimens
and followed for 4 to 6 years or until 1450 primary events
occur. The study is an endpoint-driven trial, and it has been
calculated that 14,400 enrolled patients are needed to detect a
15% between-group difference in cardiovascular outcomes
with a 90% power and a significance level of p <.05 during an
average treatment period of 5 years.

VALUE includes men and women ≥50 years of age from 31
countries of any racial background with high-risk cardiovas-
cular profile and systolic and/or diastolic hypertension. Those
who were previously untreated must have seated systolic
blood pressure (SBP) of 160 to 210 mm Hg and diastolic

Clinical Outcome Trials of Hypertension 
with Angiotensin Receptor Blockers
Shawna D. Nesbitt, Stevo Julius
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blood pressure (DBP) <115 mm Hg; or SBP <210 mm Hg and
DBP 95 to 115 mm Hg. For those patients already on
antihypertensive treatment, the SBP should be <210 mm Hg
and DBP <115 mm Hg; there is no lower BP limit for entry.
These patients are then rolled over to one of the two treatment
arms without a placebo run-in period, while discontinuing
previous drugs.

The primary outcome in this study is time to first cardiac
morbid or mortal event. Cardiac mortality is defined as sud-
den cardiac death, fatal acute myocardial infarction (MI),
death during or post-percutaneous transluminal coronary
angioplasty (PTCA) or post-coronary artery bypass graft
(CABG), death due to CHF, and evidence of recent acute MI
on autopsy. Cardiac morbidity is defined as new or chronic
CHF requiring hospitalization, nonfatal acute MI, emergency
thrombolysis, or any other interventional procedure per-
formed to prevent a full-blown MI. Secondary outcomes
include all-cause mortality, cardiac mortality or morbidity,
cardiac morbidity with worsening of chronic stable angina or
unstable angina, routine interventional procedures, poten-
tially lethal arrhythmias, syncope or near-syncope, stroke,
silent MI, and end-stage renal failure.

A total of 15,313 patients were randomized into the study at
the close of recruitment in Novermber 1999. The key feature
of the VALUE study is that it is the first to directly compare
these two vastly different classes of antihypertensives on car-
diac mortality and morbidity.

ONTARGET Study
ONTARGET is designed to compare the effects of the ARB
telmisartan, the ACE inhibitor ramipril, and the combina-
tion of ramipril and telmisartan on cardiovascular morbid-
ity and mortality in high-risk patients similar to the Heart
Outcomes Prevention Evaluation (HOPE) study partici-
pants.7 This international, multicenter study of 23,400 par-
ticipants is intended to include 35% diabetics and to have a
significant recruitment from Asian countries. The study par-
ticipants are aged ≥55 years and have a history of coronary
artery disease, stroke or recent transient ischemic attack,
peripheral vascular disease or diabetes mellitus with target
organ damage, ankle brachial index of <0.8, or LVH. The
study drugs are given in addition to other antihypertensive
medications, thus the baseline BP <140/90 mm Hg.
Recruitment was completed in June 2003 and the trial will be
completed in 2007. ONTARGET is not a “classical” hyper-
tension trial because the participants are not all hypertensive
and stage 2 hypertensives (BP >160/100 mm Hg) will be
excluded. Rather, this trial is more specifically designed to
study the benefit of reducing the activity of the RAS on car-
diovascular disease in high-risk patients, including stage 1
hypertensives. As in the HOPE study, BP will likely be low-
ered in these individuals regardless of hypertensive status.
ONTARGET will attempt to discern the difference between
the benefits of ACE inhibitors alone and those seen with
ARBs alone and whether there is an advantage to combining
of the two drug classes.

The related Telmisartan Randomized Assessment Study
in ACE-I Intolerant Patients with cardiovascular disease
(TRANSCEND) study will assess the effects of telmisartan
compared with placebo on cardiovascular events in 6000
high-risk patients who are intolerant of ACE inhibitors.7

HOMED-BP Study
The only completed trial that attempted to define an optimal
BP goal for patients was the Hypertension Optimal Treatment
(HOT) trial, which utilized a dihydropyridine calcium chan-
nel blocker–based therapy in all treatment groups.8,9 The
Hypertension Objective Treatment based on Measurement by
Electrical Devices of Blood Pressure (HOMED-BP) study is a
Japanese study of 9000 untreated essential hypertensives aged
40 to 78 years with home BPs of ≥135/85 mm Hg. HOMED-
BP is designed to determine an optimal target BP level based
on home self-measured BPs and the optimal initial antihyper-
tensive agent to prevent cardiovascular events. It is a 2×3
factorial randomized controlled trial conducted with a
prospective randomized open-blinded endpoint (PROBE)
design. The participants will be randomized to an antihyper-
tensive regimen based on a calcium antagonist, ACE, or ARB
and to one of two levels of target home BP: 125 to 134/80 to
84 mm Hg or ≤125/80 mm Hg. Any drug within a randomized
class of agents may be prescribed by the physician. Thus this
trial is a study of class effect, rather than a specific drug. When
the data are collected in the outpatient clinics, they will be
transmitted to a host computer, which will determine the
necessity for additional therapy or dose increments to reduce
the bias in the study. The home BPs in this trial will be col-
lected using an automated device. The primary outcome is a
composite of nonfatal stroke, nonfatal MI, and cardiovascular
death. The planned average follow-up is 7 years.

TROPHY Study
The Trial of Preventing Hypertension (TROPHY) study is a
randomized, placebo-controlled trial designed to assess the
effects of treatment with the ARB candesartan cilexetil on the
progression to hypertension in individuals with high-normal
BP.10 Between June 1999 and June 2001, 809 individuals were
randomized to placebo or low-dose candesartan for 2 years fol-
lowed by 2 years of placebo. They were qualified for the study
by the average of three seated BP measurements taken on three
separate clinic visits by an automated device (OMRON 706).
Untreated individuals with SBPs between 130 and 139 mm Hg
and DBPs between 85 and 89 mm Hg were included in the
study. The primary outcome of the trial is the incidence of
hypertension determined by clinic SBP >140 mm Hg and/or
DBP >90 mm Hg on three visits during the study follow-up or
SBP >160 mm Hg systolic and/or DBP >100 mm Hg on one
occasion; secondary outcomes include the development of tar-
get organ damage requiring BP treatment.

CEREBROVASCULAR OUTCOME TRIALS

In the LIFE study, the greatest benefit of losartan compared
with atenolol in hypertensives with LVH was in stroke. Thus
there is evidence that ARBs offer a benefit beyond BP reduc-
tion in cerebrovascular disease.

The Study on Cognition and Prognosis in the Elderly
(SCOPE) is a prospective, double-blind, randomized, parallel
group study designed to assess whether candesartan-based
therapy in elderly hypertensives confers a reduction in car-
diovascular events, cognitive decline, and dementia.11 SCOPE
included 4964 patients aged 70 to 89 years with SBP of 160 to
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179 mm Hg and/or DBP 90 to 99 mm Hg with a Mini Mental
State Examination (MMSE) score ≥24. Patients were assigned
to candesartan or placebo in addition to other open label
antihypertensive medications. The BP reduction in the study
was 21.7/10.8 mm Hg in the candesartan group and 18.5/9.2
mm Hg in the control group, a net difference of 3.2/1.6 mm
Hg. The MMSE score was equally well maintained in both the
candesartan and placebo groups. The reduction in cardiovas-
cular events was not statistically significant, but the reduction
in nonfatal stroke was 27.8% (p = .04) and in overall stroke
23.6% (p = .056) with candesartan-based therapy compared
with placebo.

The benefit of ACE inhibitors in the reduction of secondary
stroke has been demonstrated in the Perindopril Protection
against Recurrent Stroke Study (PROGRESS) utilizing perindo-
pril in combination with indapamide.12,13 However the individ-
uals in this study were not all hypertensive. Another trial that
may have further implications regarding the use of ARBs in
the prevention of secondary stroke is the Prevention Regimen
for Effectively Avoiding Second Strokes  (PRoFESS) trial. In this
trial telmisartan in combination with antiplatelet agents is com-
pared with placebo with antiplatelet agents to assess the most
effective regimen for preventing recurrent stroke. This is a ran-
domized, parallel group, multinational, double-blind, double-
dummy, active, and placebo-controlled study, which has a 2×2
factorial design with a target enrollment of 15,500 patients. The
study arms include (1) dipyridamole extended-release/aspirin +
telmisartan; (2) clopidogrel + aspirin + telmisartan; (3) dip-
yridamole extended-release/aspirin + placebo; and (4) clopido-
grel + aspirin + placebo. The only entry criteria are that the
individual must be male or female ≥55 years of age and have
had an ischemic stroke within the previous 90 days. Thus the
population will not be restricted to hypertensives, but it is likely
that many of the participants will be hypertensive. The primary
endpoint of PRoFESS is time to the first recurrent stroke. The
secondary endpoints are composite endpoint of “vascular
events” defined as time to first recurrent stroke (fatal or nonfa-
tal), MI (fatal or nonfatal), or vascular death; major hemor-
rhagic events; and composite outcome of first occurrence of
recurrent stroke or major hemorrhagic event. The study
launched in 2003 and will be completed in 2007.

RENAL OUTCOME TRIALS

The effectiveness of ARB treatment in renal disease has been
demonstrated in several trials. Losartan, irbesartan, and val-
sartan have all been shown to reduce the progression of renal
disease in type 2 diabetic hypertensives. In the Irbesartan for
MicroAlbuminuria in type 2 Diabetes study (IRMA-2), 590
patients with 20 to 200 μg/min albuminuria, normal serum
creatinine, hypertension (BP >135/85 mm Hg), and type 2
diabetes were randomized to placebo or irbesartan 150 or 300
mg daily for 2 years.14 The participants were all Caucasian,
70% male, with mean age 58 years, mean baseline BP 153/90
mm Hg, baseline albuminuria 55 μg/min, glomerular filtra-
tion rate (GFR) 110 ml/min, and HgbA1c 7.2%. The 24-hour
trough BP was 145/84, 143/84, and 142/84 mm Hg on
placebo; 150 mg irbesartan; and 300 mg irbesartan, respec-
tively. After adjustment for baseline microalbuminuria and
the BP achieved during the study, the risk reduction for dia-
betic nephropathy was 44% in the 150-mg irbesartan group

and 68% in the 300-mg irbesartan group compared with
placebo. In the placebo group, albuminuria decreased 2%,
whereas it decreased 24% with the 150-mg irbesartan group
and 38% with the 300-mg irbesartan group. Although the
difference was not statistically significant, the rate of nonfatal
cardiovascular disease was 8.7% in the placebo and 4.5% in
the 300-mg irbesartan groups.

In the Reduction in Endpoints in NIDDM with the
Angiotensin II Antagonist Losartan (RENAAL) trial of 1513
participants with type 2 diabetes and nephropathy, the study
participants were randomized with losartan (50-100 mg) or
placebo and treated with other antihypertensive agents to
lower BP to <140/90 mm Hg.15 This 4.5-year planned study
was discontinued 1 year early because of the mounting evi-
dence that blockade of the RAS conferred cardioprotective
benefits in patients with renal disease. The study participants
had a mean age of 60 years, 38% were female, and 48% were
Caucasian. In the losartan group, 27% were taking 50 mg,
whereas while 71% were taking 100 mg. BP was lowered from
152/82 versus 153/82 mm Hg at baseline to 140/74 versus
142/74 mm Hg at the study endpoint with losartan and
placebo, respectively. The primary endpoint of doubling of
serum creatinine, progression to end-stage renal disease
(ESRD) or death was reduced in the losartan group by 16% in
the intention-to-treat analysis and by 22% in the patients on
treatment analysis. There was a 25% reduction in doubling of
serum creatinine and 28% reduction in ESRD with losartan.
Despite the −4/−2–mm Hg BP difference at the end of year 1
favoring losartan, the results remained statistically significant
even after adjustment. Of note, 87% to 90% of the partici-
pants in the losartan group were also treated with a calcium
channel blocker, which did not appear to adversely affect the
benefits of the ARB treatment. Losartan prevented one case of
ESRD for every 16 patients treated during the 3.5 years of the
study.16

In RENAAL there were no significant differences between
the groups in the composite endpoints of cardiovascular mor-
tality and morbidity. However, first hospitalization for CHF
was significantly reduced with losartan, and the number of
MIs was less in the losartan group although not statistically
significant.

The Irbesartan Diabetic Nephropathy Trial (IDNT)
included 1713 participants age 30 to 70 years with type 2 dia-
betes; proteinuria (>900 mg/day); creatinine 1.0 to 3.0 mg/dl
(women) and 1.2 to 3.0 mg/dl (men); hypertension (SBP
>135 mm Hg or DBP >85 mm Hg or taking antihyperten-
sives); and no recent active cardiovascular disease.17,18

Participants were randomized to irbesartan 300 mg, amlodip-
ine 10 mg, or placebo and followed for a mean of 2.6 years.
Baseline mean age was 59 years; baseline BP was 160/87 mm
Hg; creatinine was 1.7 mg/dl; proteinuria was 4 g/24 hours;
and 30% had experienced at least one cardiovascular disease
event >6 months before entering the study. The BP goal was
135/85 mm Hg. However, the mean achieved BP was 140/77
mm Hg in the placebo group. The relative risk of the primary
endpoint, including doubling of serum creatinine, progression
to ESRD or death, was reduced by 20% in the irbesartan group
relative to the placebo group and by 23% relative to the
amlodipine group. There was no significant difference between
the amlodipine and placebo groups. The unadjusted relative
risk of doubling serum creatinine in the irbesartan group was
33% lower than placebo and 37% lower than the amlodipine
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group. The unadjusted relative risk of ESRD was 23% lower in
the irbesartan group than in the other groups. The effects of
irbesartan remain significant after adjustment for BP differ-
ences between the groups. Based on this study, over 3 years, to
prevent one patient from having a primary event, it is neces-
sary to treat 15 patients with irbesartan 300 mg or 10 patients
to prevent one patient from doubling serum creatinine.

There was no difference in all-cause mortality or composite
cardiovascular disease endpoints among the study groups in
IDNT. However, there were some differences in individual car-
diovascular outcomes. Irbesartan reduced CHF 35% com-
pared with amlodipine and 27% compared with placebo,
whereas amlodipine compared with placebo showed no dif-
ference in CHF. Interestingly amlodipine significantly reduced
nonfatal MI compared with placebo, yet irbesartan did not
show the same effect. There were no differences in stroke
between the treatment groups.19 Small trials of other ARBs
demonstrate similar effects on microalbuminuria, thus this
may well be a class effect.20

An extensive series of clinical trials is being conducted to
compare telmisartan with valsartan, losartan, amlodipine, and
ramipril in patients at increased risk of target organ damage.
Nine clinical studies will examine the effects of telmisartan in
5000 hypertensive patients with isolated systolic hypertension,
type 2 diabetes, obesity, LVH, or renal disease. All of the stud-
ies will be conducted using state-of-the-art technology,
including such techniques as ambulatory BP monitoring and
magnetic resonance imaging.21 This program will also investi-
gate the effects of an ARB on key surrogate markers of target
organ damage.

The earliest outcome trials of ARBs have shown an
emerging role for this new class of antihypertensives in pre-
venting cardiovascular, cerebrovascular, and renal outcomes
in hypertension. The trials currently in progress may further
expand the role of ARBs in hypertensive therapy.
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386 Chapter 35

The relationship between blood pressure (BP) levels and
increased cardiovascular morbidity/mortality was recognized
long ago. Oral antihypertensive drugs for chronic treatment of
hypertension first became available in the 1950s with the
appearance of reserpine, hydralazine, and methyldopa. A
major advance was the introduction of thiazides in 1958, fol-
lowed by the β-adrenergic blockers in the 1960s in the United
Kingdom and the 1970s in the United States. As antihyperten-
sive therapy became widespread, the benefits and adverse
effects of various agents became a matter of debate: Although
the treatment of malignant hypertension undoubtedly pro-
longed survival, the benefits of treating “benign” essential
hypertension were less readily apparent, and there was a lin-
gering notion that the age-related BP rise may be necessary to
ensure adequate perfusion of vital organs. The Veterans
Administration studies in 1967 and 19701,2 finally proved
beyond doubt that successful BP lowering in essential hyper-
tension could significantly decrease the rates of morbidity and
mortality from heart failure, renal failure, stroke, and progres-
sion to malignant hypertension, although the rates of coro-
nary events seemed to be less affected.

Several theories were proposed to explain this discrepancy
between cardioprotection and protection of other target
organs, including the fact that hypertension is one of several
coronary risk factors and some antihypertensives tend to
exacerbate other risk factors, offsetting the benefit of BP low-
ering. For example, thiazides and β-blockers tend to accentu-
ate insulin resistance,3,4 the defining feature of the metabolic
syndrome, whose components are independent coronary risk
factors.5 Diuretics and direct vasodilators (including the dihy-
dropyridine calcium channel blockers) also tend to trigger
neurohormonal stimulation, and there is evidence that an
activation of the renin-angiotensin system (RAS) increases
cardiovascular risk.6

The angiotensin-converting enzyme (ACE) inhibitors that
became available in the 1980s held the promise of overcoming
this handicap. They were shown to be as effective as any other
antihypertensive class in terms of BP-lowering capacity, with
the added advantages of inhibiting the RAS and improving
insulin sensitivity—the latter most likely attributable to their
bradykinin-mediated actions.7 Theoretically, the ACE
inhibitors should be cardioprotective and nephroprotective,
and both animal studies and clinical studies confirmed this.8

It was noted that Black patients, who tend to have suppressed
RAS and kinin systems, are less responsive to ACE inhibition
in terms of both BP lowering and cardioprotection.
Nevertheless, because of the mechanistic considerations indi-
cated previously, it was postulated that most hypertensives
would benefit from ACE inhibitors, at least to the same extent
as, if not more than, from other antihypertensive drug classes.

Twenty years and several large controlled outcome trials
later, this issue is still under debate. Many of these trials have
shown better protection of target organs with an ACE
inhibitor–based regimen than other antihypertensives, yet

others, including the largest one, the Antihypertensive and
Lipid-Lowering Treatment to Prevent Heart Attack Trial
(ALLHAT), found either no difference or a better protection
with a thiazide-based regimen.9 The value of attaining BP
control is well established and drugs from all antihypertensive
classes are generally equally effective in lowering BP. It has
been estimated that a 10– to15–mm Hg decrease in systolic BP
should lead to a relative risk (RR) reduction of 15% for
myocardial infarction (MI) and 40% for stroke.10 Ideally, the
magnitude of BP decrease and the level of BP attained should
be identical in the ACE inhibitor–based arm and the com-
parator arm of each trial to permit a fair comparison of regi-
mens, because a 3– to 4–mm Hg difference may translate into
a 5% and 13% difference in RR of MI and stroke, respective-
ly. In fact, small BP differences between treatment arms in
outcome trials are common and may contribute to the results.

Following is a brief overview of some of the trials com-
paring ACE inhibitors with conventional therapies and an
attempt to reconcile the discrepant results. Of note, several
earlier trials in patients with congestive heart failure (CHF),
cardiomyopathy, or post-MI, showed 20% to 25% reduc-
tions in RR of recurrent coronary events or hospitalizations
for CHF. These trials, including the Survival and Ventricular
Enlargement (SAVE) trial (testing captopril post-MI),11 the
Studies of Left Ventricular Dysfunction (SOLVD) trial
(enalapril in CHF),12 the Cooperative North Scandinavian
Enalapril Survival Study (CONSENSUS) (enalapril in
CHF),13 the Acute Infarction Ramipril Efficacy
(AIRE/AIREX) trial (ramipril in CHF),14 and the Quinapril
Ischemic Event Trial (QUIET) (quinapril in coronary dis-
ease)15 enrolled patients selected for preexisting coronary
disease or CHF. These trials are not included in this overview
because the issue in question is whether ACE inhibitors have
advantages over other drug classes in the treatment of hyper-
tensive patients. Specifically, we evaluate studies testing
whether antihypertensive treatment based on ACE inhibi-
tion compared with conventional therapies results in
decreases in morbidity and mortality beyond those attribut-
able to BP lowering per se (Box 35–1).

THE HYPERTENSION TRIALS

The earliest prospective randomized outcome trials comparing
ACE inhibitor–based antihypertensive therapy with therapy
based on other drug classes were the Appropriate Blood
Pressure Control in Diabetes (ABCD) trial16 the Fosinopril ver-
sus Amlodipine Cardiovascular Events Trial (FACET),17 and
the UK Prospective Diabetes Study (UKPDS).18 All three are
small trials comprising a few hundred patients selected for the
presence of type 2 diabetes and hypertension, a combination
known to increase the risk of cardiovascular events and hence
permit the detection of significant treatment-related differ-
ences with smaller numbers and in a shorter follow-up period.
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The ABCD16 compared enalapril with nisoldipine in 470
hypertensive diabetics. The nisoldipine arm was terminated
early, when an interim evaluation revealed a risk ratio of 7.0
for MI in the nisoldipine arm compared with the enalapril
arm. Although more detailed evaluation of additional cases
in the next 2 years decreased this risk ratio to 4.2,19 the con-
clusion remained the same (i.e., overall cardiovascular mor-
tality was not statistically different), but the rate of MI was
significantly lower with ACE inhibition. FACET17 compared
fosinopril with amlodipine in 380 hypertensive diabetics.
Over the 3.5 years of follow-up, twice as many amlodipine
patients experienced the combined cardiovascular endpoint
of stroke, MI, or hospitalization for angina (27/191 vs. 14/189
on fosinopril, p = .03).

The UKPDS,18 in contrast, showed no advantage of capto-
pril compared with atenolol in preventing cardiovascular
complications in diabetics. In a subset of 758 diabetic hyper-
tensives allocated to “tight control” of BP with an average
follow-up of 9 years, all cardiovascular endpoints, including
total cardiovascular mortality (48/400 vs. 32/358, respective-
ly), tended to be higher in the captopril than in the atenolol
group, although none of the differences was statistically sig-
nificant. What was highly significant was the overall 24%
reduction in total endpoints in the group assigned to “tight
control” (BP ≤150/≤85 mm Hg), which, by today’s standards,
seems inadequate. These results support the notion that the
degree of BP control is the deciding factor for target organ
protection, regardless of how it is achieved.

Subsequent trials, whose results are more directly applica-
ble to the general population, comprised much larger num-
bers of hypertensive patients. The Scandinavian Captopril
Prevention Project (CAPPP)20 assigned 5492 patients to cap-
topril and 5493 to a diuretic, β-blocker, or both. Overall, there

was no significant difference in the primary endpoints,
including MI, although the rate of cardiovascular mortality
tended to be lower with captopril (RR 23%, not significant)
and the rate of stroke was higher (RR 25%, p = .044). In this,
as in all subsequent large trials, the incidence of new-onset
type 2 diabetes was significantly lower in the ACE inhibitor
arm (RR 22%, p = .04). This trial has been criticized because
the short-acting ACE inhibitor captopril was administered
once daily, and the captopril arm had an average 2-mm high-
er systolic and diastolic BP throughout.

The Swedish Trial in Old Patients with Hypertension-2
(STOP-2)21 comprised 6614 patients aged 70 to 84 years
assigned to either an ACE inhibitor, a dihydropyridine calci-
um channel blocker, or a conventional (β-blocker and/or
diuretic) arm. There was no difference in endpoints among
the three arms, leading to the conclusion that the only impor-
tant factor for the prevention of cardiovascular events was a
decrease in BP.

In contrast, the Heart Outcomes Prevention Evaluation
(HOPE) study,22 which included 9297 persons older than age
55 with evidence of atherosclerotic cardiovascular disease (of
whom 47% were nonhypertensives, but with other cardiovas-
cular risk factors), found that treatment with ramipril
decreased by 22% (p <.001) the combined RR of MI, stroke, or
cardiovascular death, compared with placebo added to stan-
dard therapy. RR of stroke was decreased by 32%, of MI by
20%, of heart failure by 23%, of new-onset diabetes by 34%, of
death from cardiovascular causes by 24%, and from any cause
by 16% (all highly significant with p <.001).

Furthermore, a meta-analysis of 15 studies carried out by
the Blood Pressure Lowering Treatment Trialists’
Collaboration that collectively included 74,696 patients23

compared treatment regimens based on different drug classes,
including ACE inhibitors, as well as treatments of different
intensity. Studies of ACE inhibitors and comparator regimens
included more than 12,000 patients and revealed reductions
in stroke by 30%, coronary heart disease (CHD) by 20%, and
cardiovascular death by 26% with ACE inhibitors versus
placebo. Both ACE inhibitors and placebo were added to stan-
dard therapy in these studies. In the same meta-analysis, treat-
ment with calcium channel blockers was associated with a
19% higher risk of CHD and 18% higher risk of heart failure
when compared with treatment with ACE inhibitors, both sta-
tistically significant. In this as in other meta-analyses,24 calci-
um channel blockers seemed to have a small, nonstatistically
significant advantage over other treatments in terms of pro-
tection from stroke.

The Perindopril Protection against Recurrent Stroke Study
(PROGRESS)25 was designed to evaluate the effect of the ACE
inhibitor perindopril, alone or in combination with inda-
pamide, on recurrence of stroke in 6105 patients who had
suffered an ischemic or hemorrhagic stroke within the past 5
years. Of those, only half were hypertensive and all were
receiving standard protective therapy, including antiplatelet
agents, statins, and antihypertensives (other than ACE
inhibitors) as needed. Patients were assigned to either
perindopril alone, perindopril plus diuretic, or placebo;
added to standard therapy; and followed for an average 3.9
years. Those on perindopril-based therapy had a 28% RR
reduction in the primary outcome endpoint (i.e., total
stroke), but this reduction was driven by the results in the
perindopril plus diuretic group, who had a more pronounced

Box 35–1 Alphabetic List of Randomized Outcome Trials
Comparing Morbidity/Mortality Reduction from BP Lowering
with ACE Inhibitors Vs. Other Drug Classes (Year of
Publication)

AASK (2002)—African American Study of Kidney
Disease and Hypertension
ABCD (1998)—Appropriate Blood Pressure Control in
Diabetics
ALLHAT (2002)—Antihypertensive and Lipid-Lowering
Treatment to Prevent Heart Attack Trial
ANBP2 (2003)—Second Australian National Blood
Pressure Trial
BPLT (2000)—Blood Pressure Lowering Treatment
Trialists’ Collaboration
CAPPP (1999)—Captopril Prevention Project
FACET (1998)—Fosinopril versus Amlodipine
Cardiovascular Events Trial
HOPE (2000)—Heart Outcomes Prevention Evaluation
PROGRESS (2001)—Perindopril Protection Against
Recurrent Stroke Study
STOP-2 (1999)—Swedish Trial in Old Patients with
Hypertension, Part 2
UKPDS (1998)—United Kingdom Prospective Diabetes
Study



BP fall (12/5 mm Hg, compared with 5/3 mm Hg on the ACE
inhibitor alone). It is also notable that among patients who
did experience recurrent strokes, those taking perindopril
were reported to have significantly lesser cognitive decline
and dementia compared with those on standard therapy.26

Every RAS-inhibiting drug (whether ACE inhibitor or
angiotensin II receptor blocker [ARB]), when first introduced,
was compared for antihypertensive efficacy with a thiazide.
The aforementioned large outcome trials were multinational
collaborative studies conducted mostly in Europe and the Far
East and comprising mainly Caucasian or Asian populations,
who respond equally well or better to the RAS-inhibiting
agent than to a diuretic. However, in Black patients the RAS-
inhibiting drugs were found to be less effective for reasons
that have remained largely elusive. An obvious explanation is
that Blacks generally have a suppressed RAS. However, the
same is true for elderly hypertensives, yet older patients
respond readily to RAS-inhibiting treatment and, in fact,
require on average lower doses of these drugs (as with most
other drugs) than younger hypertensives.27 Trials of the effects
of RAS inhibition on the heart, such as SOLVD12 and the
Losartan Intervention For Endpoint Reduction in
Hypertension (LIFE) trial,28 have suggested that Black patients
might not get the same degree of cardioprotection with these
agents as Caucasian patients. However, the numbers of Black
participants in these trials were not large enough to produce
conclusive results, and the issue requires further study (see
Chapter 56 for a discussion of hypertension in Blacks).

The National Institutes of Health (NIH)–sponsored African
American Study of Kidney Disease and Hypertension
(AASK)29 was designed to evaluate the effects of BP lowering
and of choice of antihypertensive drug on the rate of decline of
renal function in African Americans (Blacks) with mild hyper-
tensive (nondiabetic) renal disease. It evaluated 1094 patients
randomized according to a 3×2 fractional design comparing
higher (102-107 mm Hg) with lower (≤92 mm Hg) BP goals,
as well as therapy based on ramipril, metoprolol, or amlodip-
ine, with add-ons as needed to achieve goal BP. Surprisingly
and contrary to previous experience, the level of BP attained
did not affect rate of decline of renal function. However, the
choice of antihypertensive class did: The ramipril group man-
ifested reduced risk for the clinical composite outcome (reduc-
tion of GFR by ≥50% from baseline, end-stage renal disease, or
death over 3 to 6 years of follow-up) by 22% versus metopro-
lol and by 38% versus amlodipine, both highly significant.

The ALLHAT trial,9 also an NIH-sponsored outcome study,
enrolled 42,416 hypertensives older than 55 years of age, of
whom 35% were African Americans, making it the largest out-
come study of antihypertensive treatment ever, and clearly the
largest hypertension study involving African Americans. ALL-
HAT was designed to compare four drug classes—the diuret-
ic chlorthalidone against the ACE inhibitor lisinopril, the cal-
cium channel blocker amlodipine, and the peripheral
α1–adrenoceptor blocker doxazosin. The α-blocker arm was
interrupted prematurely, when an interim evaluation found
that patients randomized to it had twice the rate of heart fail-
ure as the other three arms and because the probability of
finding benefit beyond diuretic therapy was vanishingly small
(a futility indication). After an average 4.9 years of follow-up,
there was no difference between ACE inhibitor and calcium
channel blocker versus diuretic treatments in the rate of pri-
mary outcome (CHD or MI) or of all-cause mortality.

Consistent with previous trials, there was a 30% lesser
incidence of new-onset type 2 diabetes in the lisinopril group
compared with the chlorthalidone group. However, the lisino-
pril group had a 20% higher RR of heart failure and 15% of
stroke—the latter driven by a 40% higher RR in African
Americans, who also had an average 4–mm Hg higher systolic
BP throughout. Although subgroup analyses by age, race, and
other clinical characteristics may help explain some of these
results, the discrepancy between these findings and those of
most previous trials will surely be debated for a long time.

The Second Australian National Blood Pressure Study
(ANBP2)30 enrolled an unselected hypertensive population of
6083 patients aged 65 to 84 years attending family practices
throughout Australia. Comparison of ACE inhibitor–based or
diuretic-based therapy over an average of 4.1 years, with add-
on drugs as needed to normalize BP, revealed an advantage of
the ACE inhibitor (any drug of this class) in overall reduction
of the incidence of cardiovascular events or death by a mod-
est, but statistically significant 11%, despite a slightly higher
incidence of fatal strokes. For reasons difficult to explain, this
result was driven by the 17% decrease in RR in men, whereas
there was no discernible difference in women. The study
population was mostly Caucasian.

COMMENTARY AND SUMMARY

In spite of their disparate results, these trials have some things
in common. One is that morbidity and mortality were affect-
ed first and foremost by the degree of BP reduction, and there-
fore insufficient BP lowering in one arm of a comparative trial
would adversely affect the outcomes in that arm (e.g., the
once-daily captopril dosing in CAPPP was probably inade-
quate for 24-hour BP control). A related issue is that of salt
sensitivity and its impact on the reciprocal relationship
between sodium retention and reactivity of the RAS.31 The
prevalence of salt-sensitive hypertension has been estimated
at between 30% to 75%, depending on the population stud-
ied, with the higher percentages found in Black persons and in
older individuals, because it is known to increase with age.32

Hypertension in such patients is characterized by a suppressed
RAS that is less reactive to salt depletion.

Clinical and experimental animal studies have established
that a reciprocal relationship exists between the contributions
of the RAS and sodium to the maintenance of a given BP level:
When sodium intake is high, the RAS is suppressed and BP is
maintained via salt-dependent mechanisms, whereas when
sodium is removed, the RAS becomes activated and BP is
maintained to a larger extent via angiotensin-induced vaso-
constriction. Therefore, normotensive persons and normal-
or high-renin hypertensive patients, when treated with diuret-
ics and/or a low-salt diet, respond with activation of the RAS,
which tends to limit the BP-lowering effect of salt depletion.
Low-renin and salt-sensitive hypertensives are usually less
responsive to treatment with RAS inhibition, but with vigor-
ous diuresis to effectively remove a substantial proportion of
their exchangeable sodium, these patients respond with a
reactive hyperreninemia and exhibit a marked BP fall after
blockade of the RAS.27 This particularly efficacious combina-
tion of a diuretic with an RAS blocker has been used in many
outcome trials that have demonstrated the target organ pro-
tection with ACE inhibitors or ARBs.
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Existing knowledge of the pathophysiology of hypertension
and its cardiovascular complications can thus reconcile some
seemingly conflicting results: The STOP-2 trial in elderly
Scandinavians used small doses of diuretics, which would fail
to produce much reactive hyperreninemia—and the same
would be true for amlodipine. Hence, these patients were not
exposed to the detrimental influence of an activated RAS and
were equally responsive to ACE inhibitors as to calcium chan-
nel blocker or diuretic/β-blocker treatment. On the other
hand, Black patients in the ALLHAT trial had a poor BP
response to lisinopril monotherapy. Combination with a
diuretic, which would have enhanced the benefits of the ACE
inhibitor, was not permissible on this protocol. A more
detailed analysis and comparison of subgroups may explain
some of these findings.

In general, trials in populations in whom the RAS is expect-
ed to contribute to high BP and target organ damage
(younger, Caucasians, diabetics, or prediabetics) are more
likely to show advantages of ACE inhibitors in protection
against cardiovascular mortality, morbidity, and target organ
damage. Populations with a suppressed and less reactive RAS
seem to do as well or better on diuretic-based regimens. It is
important to keep in mind that the best regimen is one that
ensures optimal BP control with the least neurohormonal
activation.
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391Chapter 36

INTRODUCTION

The delivery of care for individuals with hypertension is vari-
able and often poor.1 In the United States, control rates are
much less than 50%, with a particular shortfall in the control
of systolic blood pressure. Furthermore, 30% of those with
high blood pressure are unaware that they have hypertension,
and awareness has not changed in the last decade. As a conse-
quence of the ageing population in most developed countries,
the total number of stroke and coronary heart disease events
is increasing or remains static. Also, a “second wave” epidem-
ic of cardiovascular disease is flowing through developing
countries and the former socialist republics. Thus, hyperten-
sion is an emerging public health problem on a global scale.

There is no shortage of well-meaning advice for clinicians
treating hypertension. In 2003 alone, five major organizations
published guidelines,1-5 and revised British recommendations
appeared early in 2004.6 Authors of guidelines are quick to offer
justification. More than 50% of countries lack formal guide-
lines for the management of hypertension,7 and many lack the
resources to make significant impact. Rather surprisingly, the
recent World Health Organization–International Society of
Hypertension (WHO-ISH) Guidelines5 overlap substantially
with those of the Joint National Committee (JNC)1 and the
European Society of Hypertension–European Society of
Cardiology (ESH-ESC)3 recommendations, which are aimed
primarily at a North American or European audience, with lit-
tle acknowledgment of problems in the developing countries
that make up the vast bulk of the world population.

The guidelines essentially address three issues—when (or
whom) to treat, what the target of treatment should be and
how to treat. Discrepancies in detail are readily apparent, but
the concordance of opinion is impressive. All guidelines
emphasize the need for careful assessment before diagnosis
and treatment, the early treatment of severe and accelerated
hypertension, rigorous targets particularly in high-risk indi-
viduals, and the role of nonpharmacologic management. The
choice of drugs for treatment of hypertension is perhaps the
area where uniformity is least.

The need for advice on the management of hypertension is
evident, but the dangers are seldom recognized. When an
authoritative body makes specific recommendations, it is easy
for deviation from the guidelines to be regarded as suboptimal
or even negligent practice.

WHEN (OR WHOM) TO TREAT

Traditionally, the threshold for treatment of hypertension has
been based on blood pressure levels. “Hypertension should be
defined in terms of a blood pressure level above which inves-

tigation and treatment do more good than harm.”8 The
threshold has to be set to select the individuals most likely to
benefit. Reduction in risk is valuable only if it is appreciable in
magnitude and in absolute terms.

Both systolic and diastolic blood pressure are recommend-
ed for guidance on treatment thresholds. Although the bene-
fit of treating elevated systolic blood pressure is restricted to
the elderly, the same systolic threshold is recommended at all
ages. Some recent guidelines1,5 recommend a treatment thres-
hold for systolic blood pressure of 140 mm Hg and/or for
diastolic blood pressure of 90 mm Hg, even in low-risk indi-
viduals. The evidence in support of this advice comes from
observational data.9,10

Recommendations have been extended to those with high-
normal blood pressure (130-139/85-89 mm Hg).1-6 Because
experimental support for blood pressure reduction in such
individuals is so far limited to those with diabetes mellitus,11-14

coronary heart disease,12 and stroke,15,16 antihypertensive drug
treatment can be advised only for patients with high risk.3

JNC 71 has gone further by including a category termed pre-
hypertension (120-139/80-89 mm Hg) because such individu-
als have twice the risk of developing hypertension as compared
with those with lower blood pressures.10 Prehypertension is
intended to identify those in whom early adoption of healthy
lifestyle could reduce blood pressure, decrease the rate of pro-
gression of blood pressure elevation to hypertension with age,
or prevent hypertension entirely.1 JNC 7 claims that pre-
hypertension is not a disease category but that drug treatment
is recommended when there is concomitant diabetes or renal
disease if lifestyle intervention fails to reduce blood pressure to
130/80 mm Hg or less.1

Contemporary guidelines further extend the definition of
threshold for intervention by advising ambulatory blood pres-
sure monitoring (ABPM) or home blood pressure monitoring
(HBPM) in some circumstances.1-6 There is uncertainty about
definitions and implications. Measurement of blood pressure
outside the clinician’s office (ABPM or HBPM) may have a
role in some patients but should not be used indiscriminately
in the routine evaluation of patients with hypertension.
Although all guidelines provide considerable detail on how to
use ABPM or HBPM to diagnose white coat (isolated office or
clinic) hypertension, little practical advice is given on how
such individuals should be managed. These approaches are
not available in many developing countries.4

With successive guidelines, the blood pressure threshold
has been reduced, often without trial evidence of benefit and
without consideration for the practical issues of implementa-
tion. Small changes in thresholds can have a profound effect
on the proportion of adults who will be given drug treatment.
Even when using the cheapest antihypertensive drugs, current
blood pressure thresholds have a massive economic impact on
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the healthcare system when additional labor costs are includ-
ed in the equation.

Although there may be divergence about the appropriate
blood pressure thresholds, there is unanimity that the pres-
ence of other cardiovascular risk factors (e.g., dyslipidemia,
diabetes, smoking), target organ damage (e.g., left ventricu-
lar hypertrophy), and associated clinical conditions1,3,5,6

should result in a lowering of the threshold for intervention
(Table 36–1). It may be reasonable to delay drug treatment in
individuals with mild hypertension unless there are other
risk factors.3,5 This recommendation is sensitive to circum-
stances where resources are limited.4

Guidelines for hypertension1-6 and cardiovascular risk pre-
vention17 endorse the concept of risk stratification, but not all
provide precise advice. Intuitive estimates of cardiovascular
risk are crude and indiscriminate.18 Risk stratification is more
accurate when major risk factors are estimated and weighted
by using risk functions derived from epidemiologic studies.19

The categorical method recommended by WHO-ISH5 and
ESH-ESC3 is less accurate than those using continuous vari-
ables such as British Hypertension Society (BHS),6 based on
the Framingham risk equation,19 which has been shown to
apply to U.S. and North European populations, although it is
less predictive in other ethnic groups.

Although management based on a precise estimation of
cardiovascular risk is logical, it requires consultation of rele-
vant computer programs, charts, or tables before a decision is
made about treatment. This approach determines short-term
(10-year) risk and therefore favors treatment of the elderly
(men) rather than the young (women). Restricting treatment
to high- or very high-risk persons may be cost-saving for the
practitioner but less than optimal for the patient. In some
cases, strict adherence to these approaches would result in
drug treatment being denied when blood pressure exceeds

conventional thresholds. Although short-term risk of cardio-
vascular and renal morbidity and mortality may be low in
younger patients with risk factors of only moderate severity,
long-term risk can be unacceptably high. A decision not to
treat should be reviewed regularly, because risk increases with
age and may in time become sufficient to justify intervention.

When resources are limited, priority should be given to
hypertensive patients with high and then moderate cardiovascu-
lar risk. In those with low cardiovascular risk, decisions should
be based on estimated cardiovascular risk and patient choice.

The JNC 7 guidelines have largely abandoned the risk strat-
ification approach and provide treatment recommendations
primarily based on blood pressure levels.1 The simplicity of
this method may be useful for the busy clinician, but there are
confusing inconsistencies. Treatment of all patients with mild
hypertension is advised if either risk factors, target organ
damage, or both are present. Furthermore, the Framingham
risk score19 is suggested as an aid to doctors and patients in
demonstrating the benefits of treatment. The strategy advo-
cated by JNC 7 is less logical than others but is also less expen-
sive. It may provide a better service for countries where every
penny counts.

TARGET BLOOD PRESSURE

Until recently, detailed discussion about the threshold for
treatment was not often matched by detailed consideration of
the target for treatment—that is, the level of blood pressure
that should be achieved. There is very good epidemiologic evi-
dence that, within the usual range of systolic and diastolic
blood pressure, the lower the pressure, the lower the risk of
both stroke and coronary events.20 However, there has been
persistent concern that normalization of diastolic blood pres-
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Table 36–1 Factors Influencing Prognosis

Risk Factors for Cardiovascular Disease Target Organ Damage Associated Cinical Conditions 

● Levels of systolic and diastolic blood ● Left ventricular hypertrophy ● Diabetes
pressure (grades 1–3) (electrocardiogram or ● Cerebrovascular disease

echocardiogram) Ischemic stroke
● M >55 years ● Microalbuminuria Cerebral hemorrhage

(20–300 mg/day) Transient ischemic attack
● F >65 years ● Radiologic or ultrasound evidence Heart disease

of extensive atherosclerotic plaque Myocardial infarction
(aorta, carotid, coronary, iliac, and Angina
femoral arteries) Coronary revascularization

● Smoking ● Hypertensive retinopathy grade Congestive heart failure
III or IV

● Total cholesterol >6.1 mmol/L (240 mg/dl) ● Renal disease
or LDL cholesterol >4.0 mmol/L (160 mg/dl)* Plasma creatinine concentration:

● HDL cholesterol M <1.0, F <1.2 mmol/L F >1.4,
(<40, <45 mg/dl) M >1.5 mg/dl (120,

● History of cardiovascular disease in 133 μmol/l)
first-degree relatives before age 50 Albuminuria >300 mg/day

● Obesity, physical inactivity ● Peripheral vascular disease

From World Health Organization, International Society of Hypertension Writing Group World Health Organization
[WHO]/International Society of Hypertension [ISH] Statement on management of hypertension. J Hypertens 21:1983-1992, 2003.
*Lower levels of total and low-density lipoprotein (LDL) cholesterol are known to delineate increased risk, but they were not used in the
stratification table. HDL, high-density lipoprotein; M, male; F, female.



sure (80-85 mm Hg) may increase the risk of coronary death
in patients with established coronary artery disease.21

The findings from the Hypertension Optimal Treatment
(HOT) study22 have been hugely influential in determining
target blood pressure. Despite limitations, the HOT study pro-
vides reasonable support for contemporary recommendations
that blood pressure should be reduced to less than 140/90 mm
Hg in all treated individuals.1-6 In the HOT study,22 there was
little additional benefit from reducing systolic blood pressure
to below 150 mm Hg. Therefore, this systolic blood pres-
sure target is an acceptable fall-back position3,5,6 and is partic-
ularly appropriate when resources are limited.5

The evidence for more-rigorous blood pressure control is
most robust for diastolic blood pressure in type 2 diabetes22-25

but is extrapolated to include systolic blood pressure and
patients with type 1 diabetes and other high-risk individuals
including those with established cardiovascular disease where
a target blood pressure of less than 130/80 mm Hg is recom-
mended.1, 3, 5,6 Even tighter blood pressure control is advised in
diabetic patients with nephropathy and in nondiabetic renal
disease. However, the quality of data in support of rigorous
targets becomes weaker the lower the achieved blood pressure.
Clinical trial evidence26 questions the desirability of pressing
below conventional levels even in patients at high risk of car-
diovascular events and renal failure.

Despite best practice, blood pressure targets may be diffi-
cult to achieve. Particularly in the elderly, rigorous control of
systolic blood pressure may prove impossible without severe
detrimental influences on the individual’s quality of life.
Occasionally, there is no alternative to accepting poor blood
pressure control. Under these circumstances, it is vitally
important that the physician does not convey to the patient an
impression of therapeutic failure or despair. Both the physi-
cian and the patient should recognize that partial blood pres-
sure control reduces the risk posed by hypertension.
Guidelines should pay more attention to this difficult but not
infrequent clinical problem.

The primary goal of management is to obtain maximum
reduction in total risk of cardiovascular and renal morbidity
and mortality. Effective treatment requires management of all
identified reversible risk factors and associated clinical condi-
tions, as well as blood pressure. The burden of lifestyle modi-
fication and drug therapy can be overwhelming for the patient
and the practitioner.

HOW TO TREAT

There is universal agreement about the role of lifestyle modi-
fication in the management of hypertension, including those
with high-normal blood pressure, particularly where there is a
strong family history1-6 (Box 36–1 and Table 36–2). Lifestyle
modifications can be difficult to apply in the population at
large and in the long-term, and the ability of nonpharmaco-
logic interventions to reduce mortality and morbidity in
hypertension has not been shown directly. Application of
lifestyle intervention should not delay the introduction of
drug therapy, especially in high-risk patients.

Practitioners who advocate rigorous lifestyle modifications
can be considered by the recipient of advice as “warriors
against pleasure.” An individual’s lifestyle is driven by person-
al performance and economic realities. Although the person

may accept that habits are harmful and should be improved,
change is always difficult, and undue pressure may be resent-
ed. The consequence may be poor concordance with manage-
ment plans. Overzealous lifestyle advice without immediate
benefit can result in the individual declining further contact
with the perceived persecutor.

Advocated lifestyle changes are chiefly of value in more-pros-
perous communities, although even then, success may be elu-
sive. These lifestyle changes may not always be relevant to poor-
er countries where dietary approaches may be unaffordable.
The most helpful approach for poorer areas5 may be trying to
influence the policies of government agencies and food manu-
facturers to reduce sodium consumption in these communities.

There is general agreement that lowering blood pressure is
the main determinant of benefit and is more important than
specific drug selection.1-6 The major classes of antihypertensive
agents—diuretics, β-blockers, calcium channel blockers,
angiotensin-converting enzyme (ACE) inhibitors, and
angiotensin receptor blockers—are suitable for initiation and
maintenance of therapy. The emphasis on identifying the first
class of drugs to be used has probably been superseded by the
recognition that two or more drugs in combination are need-
ed to achieve the goal blood pressure.

Despite these considerations, two influential recent guide-
lines1,5 advocate therapy based on a specific drug class, thi-
azide, or thiazide-like diuretics, for all hypertensive patients
unless there are compelling indications for another class.
Findings from the Antihypertensive and Lipid-Lowering
Treatment to Prevent Heart Attack Trial (ALLHAT)27 are used
to justify this policy, despite misgivings about the validity of
its interpretation.28 Diuretics are undoubtedly underused,
enhance blood pressure lowering in multidrug regimens, and
are often more affordable than other drugs.29 It is probable
that the last factor is decisive in determining the advice from
JNC 71 and WHO-ISH.5

In settings where cost is the overriding consideration, this
approach may not be unreasonable. This is particularly true in
African countries,4 because diuretics have strong blood pres-
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Box 36–1 Lifestyle Measures That Lower Blood Pressure and
Cardiovascular Disease

Lifestyle measures that lower blood pressure
● Weight reduction
● Reduced salt intake
● Limitation of alcohol consumption
● Increased physical activity
● Increased fruit and vegetable consumption
● Reduced total fat and saturated fat intake

Measures to reduce cardiovascular disease risk
● Cessation of smoking
● Reduced total fat and saturated fat intake
● Replacement of saturated fats with mono-unsaturated

fats
● Increased oily fish consumption

From Williams B, Poulter NR, Brown MJ, et al. Guidelines for
management of hypertension: Report of the fourth working party
of the British Hypertension Society, 2004–BHS IV. J Human
Hypertens 18:139-185, 2004.



sure lowering effects in Blacks.30 In low-risk patients, treat-
ment may not be cost-effective unless the cheapest drugs are
used, but in high-risk patients who gain large benefits from
treatment, expensive drugs may be more cost-effective.31

Because the focus of most recent guidelines is on identifica-
tion and treatment of patients at high risk, a more-relaxed
approach to treatment regimens may be more logical.

The average blood pressure fall induced by each of the dif-
ferent drug classes is similar, but there is considerable hetero-
geneity among patients. The appropriate choice for a patient
may be determined by the individual’s other characteristics,
such as ethnicity and age. Diuretics and calcium channel
blockers are particularly effective in Blacks and the elderly.30,32

This is emphasized by the WHO-ISH guidelines,5 but it is not
pointed out that other drugs, such as ACE inhibitors and
angiotensin receptor blockers, may be more efficacious in non-
Blacks and younger individuals. Furthermore, certain high-
risk conditions provide compelling indications for particular
drugs (Table 36–3). In certain individuals there are contraindi-
cations and cautions for all classes of drugs (see Table 36–3).

If the first-choice therapy is well tolerated but blood pres-
sure remains above target, all guidelines1-6 give the option of
switching to a different class of drugs (substitution) in mild
and uncomplicated hypertension. Whether this should be
continued if the second choice fails to control blood pressure
is controversial. Rotational monotherapy is laborious and
frustrating for doctors and patients and may reduce compli-
ance. Moving to combination therapy achieves blood pressure
control more efficiently.1-6 Drugs can be added in a stepwise
manner until blood pressure is controlled.

Simple algorithms can aid the prescriber in choosing the
most appropriate sequence of drug combinations.3,4,6 The
most recent BHS guidelines6 endorse the ABCD algorithm.
This is based on the categorization of hypertensive patients
into high- and low-renin groups. Younger patients (younger

than 55 years) and Caucasians tend to have high-renin hyper-
tension and respond well to A (ACE inhibitors or angiotensin
receptor blockers) or B (β-blockers), which block the renin-
angiotensin system,33 whereas older patients and Blacks
respond well to C (calcium channel blockers) or D (diuret-
ics),30,34-37 predicting responsiveness to first-line therapy. If
control is not achieved, A (or B) can be combined with C or D
with favorable effectiveness.38,39 When there is no compelling
indication for a particular drug class, the cheapest available
drugs should be used. β-Blockers (B) in combination with
diuretics (D) should be avoided in patients at high risk of dia-
betes40,41—that is, those with a strong family history of type 2
diabetes, obesity, impaired glucose tolerance, and/or the meta-
bolic syndrome, and certain ethnic groups such as South
Asians. The ABCD algorithm appears logical, but its utility
needs to be tested in clinical practice.

Combination therapy is needed by most patients to achieve
optimal blood pressure control. The most innovative recom-
mendation of the recent guidelines1-3 is to consider initiating
therapy with combinations of two agents in those whose blood
pressure is substantially elevated or where target organ damage
or other risk factors demand an aggressive approach. In JNC 7,1

combination therapy from the outset is an option if blood
pressure is 160/100 mm Hg or greater. Thus, if baseline blood
pressure is 20/10 mm Hg above target, prescribers might initi-
ate therapy with two agents. This should help dispel the myth
that most patients can be controlled with one agent.

The prompt initiation of combination therapy enhances
efficacy, facilitates more-rapid achievement of goals, requires
fewer visits to clinicians, and is particularly desirable in com-
munities that lack adequate healthcare provisions. A disadvan-
tage is the possible exposure to an unnecessary drug. There is
also an increased risk of orthostatic hypotension, particularly
in diabetics and older people. However, for the majority, com-
bination therapy is an efficient approach to management.
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Table 36–2 Lifestyle Modifications to Prevent and Manage Hypertension*

From Chobanian AV, Bakris GL, Black HR, et al. Seventh Report of the Joint National Committee on Prevention, Detection, Evaluation,
and Treatment of High Blood Pressure. Hypertension 42:1206-1252, 2003.
DASH, Dietary Approaches to Stop Hypertension.
*For overall cardiovascular risk reduction, stop smoking.
†The effects of implementing these modifications are dose- and time-dependent and could be greater for some individuals.



For reasons of convenience and increased patient compli-
ance, preparations that contain two or more drugs in a single
tablet or capsule may be appropriate if there are no cost dis-
advantages. The availability and cost of fixed-dose combina-
tions vary greatly around the world. Optimal strategies should
take into consideration local circumstances and needs.

When blood pressure is at goal and stable, follow-up every
3 months is reasonable.1 If therapeutic goals are not achieved
in 6 months, referral to a specialist is advised.3 In many set-
tings, this resource may not be available.

When appropriate, step-down of therapy is generally rec-
ommended.1,3 This should be undertaken only after blood
pressure has been controlled effectively for at least 1 year.
Careful monitoring is required, and success is minimal if the
initial diagnosis of hypertension was accurate.

Treatment of all other reversible risk factors for cardiovas-
cular disease should be considered as an integral part of

hypertension management. Recommended strategies include
lifestyle modification, lipid lowering, glycemic control, and
antiplatelet therapy.1-6 Aspirin should be included only when
blood pressure is controlled because of the increased risk of
intracerebral bleeding in uncontrolled hypertension.

SPECIAL CONSIDERATIONS

Diabetes Mellitus
The main focus of treatment is generally considered to be
systolic blood pressure, although it is not yet firmly estab-
lished by clinical trial evidence. The systolic blood pressure
target (<130 mm Hg) is particularly difficult to achieve.42

Most trials have failed to reduce systolic blood pressure to
140 mm Hg or below.43
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Table 36–3 Compelling and Possible Indications, Contraindications, and Cautions for the Major Classes of Antihypertensive
Drugs

Class of Drug Compelling Indications Possible Indications Caution Compelling Contraindications

α-Blockers Benign prostatic Postural hypotension Urinary incontinence
hypertrophy heart failurea

ACE inhibitors Heart failure, LV dysfunction, Chronic renal disease,b Renal impairment,b Pregnancy, renovascular
post-MI, type 1 diabetic type 2 diabetic PVDc diseased

nephropathy, 2o stroke nephropathy, proteinuric
preventione renal disease

ARBs ACE inhibitor intolerance, LV dysfunction post-MI, Renal Pregnancy,
type 2 diabetic intolerance of other impairment,b PVDc renovascular diseased

nephropathy, antihypertensive drugs,
hypertension with LVH, proteinuric renal disease,
heart failure in ACE- chronic renal diseaseb

intolerant patients, 
post-MI

β-Blockers MI, angina Heart failuref Heart failure,f Asthma/COPD,
PVD, diabetes heart block
(except with CHD)

CCBs Elderly, ISH Elderly, angina — —
(dihydropyridine)

CCBs Angina MI Combination with Heart block, heart failure
(rate limiting) β-blockade

Thiazide/ Elderly, Goutg

thiazide-like ISH heart
diuretics failure

From Williams B, Poulter NR, Brown MJ, et al. Guidelines for management of hypertension: Report of the fourth working party of the
British Hypertension Society, 2004–BHS IV. J Human Hypertension 18:139-185, 2004. 
aHF when used as monotherapy.
bACE inhibitors or ARBs may be beneficial in chronic renal failure but should only be used with caution, close supervision, and spe-
cialist advice when there is established and significant renal impairment.
cCaution with ACE inhibitors and ARBs in peripheral vascular disease because of association with renovascular disease.
dACE inhibitors and ARBs are sometimes used in patients with renovascular disease under specialist supervision.
eIn combination with a thiazide/thiazide-like diuretic.
fβ-Blockers are increasingly used to treat stable heart failure. However, β-blockers may worsen heart failure.
gThiazide/thiazide-like diuretics may sometimes be necessary to control blood pressure in people with a history of gout, ideally used
in combination with allopurinol.
COPD, chronic obstructive pulmonary disease; ISH, isolated systolic hypertension; PVD, peripheral vascular disease; LVH, left
ventricular hypertrophy; ACE, angiotensin-converting enzyme; ARBs, angiotensin II receptor blockers;
MI, myocardial infarction; CCBs, calcium channel blockers.



The choice of drugs is an area of great controversy, myths,
and misconceptions.44 ACE inhibitors are generally recom-
mended as first-line treatment,3 but the supporting evidence
is weak. Findings from ALLHAT24 and other trials41,45,46 pro-
vide little indication that ACE inhibitor–based therapy offers
advantages over other regimens. It is uncertain whether the
renoprotective effect of ACE inhibitors in type 1 diabetes and
of angiotensin receptor blockers in type 2 diabetes makes such
agents first-line therapy in all patients with diabetes, as sug-
gested by ESH.3 JNC 71 and BHS6 advise use of these agents
only where there is established nephropathy or target organ
damage, in line with existing evidence.11,13,14,47-49

Statins are recommended regardless of lipid levels. Aspirin
should be used when reasonable blood pressure control has
been achieved. Glycemic control should be optimized. Thus,
hypertensive patients with diabetes can expect to be pre-
scribed seven or more drugs, as well as strict lifestyle changes.
It is little wonder that compliance is often poor.

Chronic Kidney Disease
Strict blood pressure control is essential to retard progression
of renal impairment, but the precise blood pressure goal for
optimal renoprotection is uncertain.26,50,51 The evidence for
preferential use of drugs that block the renin-angiotensin sys-
tem3 in patients with chronic kidney disease is restricted to
trials in African Americans.51,52 In patients with overt protein-
uria, the data in favor of blockade of the renin-angiotensin
system is more compelling.6,53-54 Because of high cardiovascu-
lar risk, statins and aspirin are usually indicated.3,6

Cardiovascular Disease
In these high-risk individuals, antihypertensive therapy is
indicated even if blood pressure is only marginally elevated.
Tight blood pressure control is critical. The guidelines provide
advice on appropriate agents.

Cerebrovascular Disease
In the absence of evidence, it is reasonable to recommend a
cautious approach after acute stroke until the patient and the
blood pressure are stabilized.1 Little additional advice is pro-
vided despite recent findings that strongly support rigorous
control of blood pressure beyond the acute phase of stroke or
transient ischemic attack.16

Age
The guidelines give special consideration to hypertension in
the elderly, because absolute risk is much greater than in
younger people. Initiation of therapy beyond 80 years of age
depends on the presence of comorbidities. If the individual is
generally fit and especially if there are hypertensive complica-
tions or target organ damage, treatment should not be
denied.55 JNC 7 recommends treatment of systolic blood pres-
sures of 140 to 159 mm Hg.1 No consideration is given to the
relative benefits and resource implications of treating all those
older than 60 years of age with systolic blood pressure in this
range. To avoid cognitive dysfunction, the optimal blood pres-
sure appears to be particularly low (135-150/70-79 mm
Hg).56,57 Posthoc analysis of the Systolic Hypertension in the

Elderly Program (SHEP)58 suggests that it is advisable to avoid
reducing diastolic blood pressure below 70 mm Hg or 60 mm
Hg at the lowest.

In contrast, very little guidance is provided about man-
agement of hypertension in young individuals. Secondary
hypertension is more common in the young but is still rare.
In the absence of clinical clues or very high blood pressure,
management should follow the usual protocol with further
investigation if there is a poor response to therapy.
Guidelines that advocate treatment based on short-term
(usually 10-year) cardiovascular risk3,5,6 lead to undertreat-
ment of the young, who are left to develop increasing blood
pressure and a lifetime risk of cardiovascular events far
greater than that in the elderly.

Minority Groups
Blacks respond particularly well to diuretics and calcium
channel blockers that should form the basis of drug therapy.
However, there is evidence of preferential renal protection
with drugs that block the renin-angiotensin system in Black
patients with renal impairment.51 Individuals of South Asian
origin are at high risk of the metabolic syndrome and require
an aggressive multifactorial approach.6 In ethnic subgroups,
socioeconomic and lifestyle factors may be barriers to accept-
ance of treatment. People from African and South Asian com-
munities are less willing to accept the disease label of hyper-
tension, and the cost of management can be a disincentive.

Resistant Hypertension
The guidelines do not deal adequately with the frequent clin-
ical problem of the patient whose blood pressure falls short of
the accepted target. More-complex treatment and specialist
referral is suggested,1, 3,56 without indicating how the specialist
should deal with the issue.

SUMMARY

Current guidelines emphasize the importance of risk assess-
ment in identifying individuals who merit antihypertensive
treatment. Patients with established cardiovascular disease
readily identify themselves to medical services, are at high risk,
and gain considerable benefit from treatment. However, doc-
tors are very poor at identifying high-risk individuals from
clinical clues in the general “healthy” population, as can be
seen from the continued failure to recognize and treat those at
high risk.

A staged approach may be appropriate where resources are
scarce. Priority is given to those with established vascular dis-
ease. Thereafter, intervention focuses on those with high car-
diovascular risk, including patients with diabetes, target organ
damage, and absolute cardiovascular risk above an agreed
threshold.

Algorithms to initiate treatment on the basis of the level of
risk rather than the level of blood pressure in individuals with
the mildest hypertension represent an important new direc-
tion. This approach will require evaluation because it alters
fundamentally the way in which doctors are encouraged to
think about the treatment of hypertension. The future cannot
be predicted with any real certainty for asymptomatic indi-
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viduals. For 1000 persons with 20% cardiovascular risk,
neither the 200 potential losers nor the 800 potential winners
can be anticipated.

Short-term risk assessment favors treatment of older indi-
viduals, but older individuals without symptomatic disease
can be classified among the winners, because they have toler-
ated risk factors for many years. Younger people with risk fac-
tors have relatively low short-term absolute risk yet stand to
gain the most benefit in the long-term and are at increased
risk of premature disease.

Costs of treatment are assuming greater importance as larg-
er populations are being treated in healthcare systems that
work within limited budgets. Even nonpharmacologic man-
agement may carry a heavy cost in advice and monitoring and
may actually prove more expensive than drug therapy.59

Thoughtful drug selection, even when the cost at first may
seem painfully high, makes economic sense when compared
with the expense of hospitalization or other major interven-
tions for the serious consequences of inadequate management.

In developing countries, costs may make it difficult to
afford diagnostic procedures and drug therapies. Some might
be considered a luxury when healthcare systems are inade-
quate. For instance, countries in sub-Saharan Africa may
spend only USD 10 per citizen annually on health. Despite
those deficiencies, key recommendations of international
guidelines1,3,5 are accepted. However, concepts such as pre-
hypertension are of questionable significance when healthcare
is tightly constrained. The obstacles facing practitioners in
developing countries should not be underestimated. These
challenges appear beyond the capacity of authors of interna-
tional guidelines.

The impact of guidelines in changing practice has been
small.60 There is little evidence that clinical practice has
improved based on guidelines that are widely acknowledged
but largely ignored. Most practitioners can hardly keep pace
with advances in healthcare. They would have to read 20 arti-
cles every day to maintain present knowledge.61 Although
guidelines reduce the need to read original papers, it is still
difficult to keep up.62 Even if practitioners are aware and will-
ing, change is difficult, particularly if the environment is non-
conducive to improving standards of care.

To date, it may be argued that the major beneficiaries of
guidelines are their authors, administrators/managers, and
lawyers. The authors gain prestige, administrators and man-
agers gain control over practitioners, and lawyers can sue
those who do not follow the guidelines. Benefits do not neces-
sarily extend to clinicians or, most importantly, to patients.

Management guidelines presume a simple algorithm in
which clinical evidence is distilled into guidelines that will fil-
ter down into clinical practice. However, the flow is unlikely to
be successful without efforts to improve implementation.
Traditional approaches have focused on improving availabili-
ty and presentation by producing “glossy” summary guide-
lines, reviews in clinical journals, and continuing medical
education (conferences). Practitioners value management
guidelines but consider those available to be too scientific,
excessively demanding on resources and of impractical com-
plexity, of limited local applicability, and also having a short
shelf-life. Revised guidelines may be published before the gen-
eralist has come to terms with the earlier version. Guidelines
appear to be updated every few years to follow contemporary
fashion rather than to reflect important new evidence. Often,

the data supporting the revision appear marginal at most and
may simply reflect expert opinion qualified by prejudice.

In addressing the problems of implementation, most guide-
lines are long on rhetoric but short on practical advice.
Various strategies are needed to target obstacles to change.63, 64

Change in practice is only partially within the doctor’s
control.

Hypertension guidelines are unlikely to be successful unless
concerted efforts are made to address public health issues.7

The American Public Health Association has led the way in its
resolution that food manufacturers and restaurants should
reduce sodium in food by 50%. This important primary pre-
vention initiative is endorsed by JNC 71 and echoed in other
guidelines.3, 5, 6
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400 Chapter 37

That clinical decisions should be rational and based on the
best evidence possible is the keystone of modern scientific
medicine. Finding reality wanting, however, opinion leaders
have increasingly called for a more determined effort to
ensure that actual practice meets this standard. Criteria that
have been proposed for the selection of studies that will pro-
vide this evidence emphasize the randomized clinical trial as a
gold standard.1,2 A physician faced with a common—and very
well studied—condition such as hypertension is expected to
turn to randomized trials (or corresponding meta-analyses),
and the guidelines based on these, for information on which
to base treatment choices.3-9

The sixth report of the Joint National Committee on
Prevention, Detection, Evaluation, and Treatment of High
Blood Pressure (JNC VI), published in 1997,3 recommended
that a diuretic or β-blocker be selected as first line pharma-
cologic therapy in the absence of special patient characteris-
tics that indicate use of a specific drug. Moreover, it was
suggested that a series of steps be followed, including adding
or switching medications, if the response to the initial treat-
ment was insufficient.3 Published in December 2002, results
of the landmark Antihypertensive and Lipid-Lowering
Treatment to Prevent Heart Attack Trial (ALLHAT),10 the
first and only trial to compare, longitudinally, three classes of
antihypertensive drug therapies with conventional thiazide
therapy, validated the recommendation to initiate antihyper-
tensive therapy with older versus newer medications. More
specifically, in a clinical trial of 33,357 patients over a mean
follow-up period of 4.9 years, it was observed that although
each class of medication substantially reduced blood pressure
(BP) and served equally well to decrease the risk of combined
fatal coronary heart disease (CHD) or nonfatal myocardial
infarction (MI; the primary trial endpoint), thiazide-type
diuretics, the least expensive of the antihypertensives, were
superior to either angiotensin-converting enzyme (ACE)
inhibitors or α-blockers in the prevention of one or more
major forms of cardiovascular disease (CVD). Although these
results appear to have achieved mainstream acceptance, many
have publicly refuted these findings, citing design-related
biases that may be associated with better outcomes for the
diuretic group, an apparent lack of concern on the part of the
ALLHAT investigators for the higher rate of diuretic-related
adverse events observed in the trial and the potential long-
term clinical and economic sequelae of these events.11-14

Given the flurry of editorials and publications related to both
the merits and weaknesses of ALLHAT, it is anticipated that
debate will continue for quite some time. One wonders if the
ALLHAT trial raises more questions than it answers.14

Primarily as a result of the ALLHAT trial10 and a published
meta-analysis of clinical trials of antihypertensive treat-
ments,15 a seventh set of guidelines by the Joint National
Committee on Prevention, Detection, Evaluation, and
Treatment of High Blood Pressure (JNC 7) has been issued.16

Consequently, it is now recommended that pharmacologic
treatment for uncomplicated hypertension always begin with
a thiazide-type diuretic with the addition of a second drug
from a different class if the BP goal is not achieved. Marking a
major change from previous guidelines, β-blockers have now
been relegated to second-line therapy. In contrast, the most
recent set of European Society of Hypertension guidelines17

do not recommend a specific class of antihypertensive drug as
first-line therapy for uncomplicated hypertension. These
guidelines, instead, encourage the practitioner to consider, at
his or her own discretion, each patient and his/her optimal
therapy on a case-by-case basis.

Although it will take some time before the full impact of
studies like the ALLHAT trial and recent guidelines on physi-
cian prescribing practices can be observed, in this chapter we
review recent hypertension treatment patterns from actual
practice in several countries and examine how they have
accorded with earlier guidelines. We also provide comment on
the generalizability of clinical trial results, the gold standard
upon which treatment guidelines are based, to the real world
and reasons to start treatment for uncomplicated hypertension
with drugs other than diuretics or β-blockers (in this chapter,
referred to as group 1 to connote “older” drugs). Only data
from articles published since 1988 are included.

INITIAL TREATMENT CHOICES

United States
In the United States, antihypertensive treatment practice
appears quite varied. For example, in a study of 377 newly
diagnosed patients carried out in the Midwest over an 18-
month period (1991-1992),18 55% received monotherapy, but
only about a third started on a diuretic or β-blocker. The most
common initial therapy was a calcium channel blocker given
to 30%, followed by an ACE inhibitor in 22%. Sequential
monotherapy was used in 18% of the patients, and stepped
therapy (with more than one class of drug given at some
point) in 22%; 5% were started on more than one drug. The
picture was very different in patients beginning antihyperten-
sive therapy who were part of a cohort of approximately 1700
patients examined annually between 1989 and 1993.19

Consistently, about half started with regimens that incorpo-
rated a group 1 drug (55% of the 157 patients seen in 1989-
1991; 49% of the 142 seen in 1990-1992; and 56% of the 120
seen in 1991-1993). Calcium channel blockers slightly led
ACE inhibitors among the rest.

In contrast to these studies of actual practice, surveys of
U.S. physicians find that they report much greater adherence
to published treatment guidelines. For example, 69% of 128
family physicians and primary care internists in Iowa in 1988
reported choosing a group 1 drug as initial therapy for
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patients younger than 40 years of age.20 Most of the rest (27%)
would choose an ACE inhibitor. Similar results were obtained
for older patients in a survey of more than 1000 New Jersey
physicians in 1985: 78% reported choosing a group 1 drug as
the initial treatment for patients older than 60 years with iso-
lated systolic hypertension (ISH).21 Even greater adherence to
official guidelines was reported in a survey of 274 physicians
in Minnesota in 1987,22 where 91% stated that a group 1 drug
was their first choice of medication.

Factors such as age and gender of the patient can influence
the choice of antihypertensive treatment in the United States.
Among 183 Minnesota physicians surveyed about initial ther-
apy in 1992,23 no drug class predominated as first choice, but
group 1 drugs were more frequently selected for a 48-year-old
man (30%) than for a 65-year-old (25%). Choice of a calcium
channel blocker was much less common for the younger man
(16% vs. 36%), whereas ACE inhibitors were more common
(44% vs. 37%). For older women, however, the preferences
were evenly distributed.

Studies have revealed changes in the level of adherence to
the guidelines over time. A review of 8428 people aged 65
years and older, whose records were in the New Jersey
Medicaid and Medicare databases from 1982 to 1988, found
that the proportion starting treatment with a group 1 drug
dropped from about 70% to 45%—most of the decline occur-
ring in diuretic prescriptions.24 Use of a calcium channel
blocker increased from 7% to 28%, and of an ACE inhibitor
from 0.3% to 16%, during the same 6-year period. Diuretic
use was more common in patients older than 85 years,
women, and African Americans.

Similar declines in preference for group 1 drugs were found
among 241 primary care physicians in the Midwest surveyed
in 1987 and again in 198925—from 90% to 62%. In the latter
survey, 30% chose an ACE inhibitor and the rest, a calcium
channel blocker or other class. Physicians were also asked for
their preferences for a group 2 medication. In 1987, 84%
stayed within group 1, whereas only 60% did so by 1989, with
ACE inhibitors chosen by about one quarter of physicians.

In a structured care setting, changes in preferences appear to
parallel treatment guidelines more closely. This is evident in a
study of 550 union members during the first year of a union-
sponsored hypertension screening and follow-up program car-
ried out between 1986 and 1992.26 In the period before JNC IV
guidelines, physicians treated 87% of their patients with group
1 drugs. After JNC IV (which recommended all four classes),
90% of patients were started with a calcium channel blocker or
an ACE inhibitor, whereas publication of JNC V (which rec-
ommended group 1 drugs for initial treatment) saw practice
even out to about 25% for each major class.

Canada
Evidence from Canada also reveals much variation in antihy-
pertensive prescribing practices and a tendency to disregard
practice guidelines. In a review of the medical records of 711
newly diagnosed hypertensive patients seen in Edmonton,
Alberta, between 1993 and 1995,27 less than one third (31%)
of those receiving medicines (531) were started on a group 1
drug. This remained less than 50% even when patients with a
documented contraindication to one of these drugs were
excluded. ACE inhibitors were the most common first choice
(44%), whereas only 23% used a calcium channel blocker.

These prescribing patterns were reported to be very similar
among physicians in many different types of practice.
However, family physicians were found to choose the recom-
mended classes of medication more often than did internists.

In a study of the records of more than 27,000 new patients
in the neighboring province of Saskatchewan, carried out
from 1990 through 1994,28 nearly half (48%) were found to
have started on a group 1 drug. Indeed, among the 24 differ-
ent drugs prescribed initially to at least 100 patients each, the
combination of triamterene and hydrochlorothiazide in a sin-
gle tablet was more than three times more common than any
given ACE inhibitor or calcium channel blocker. ACE
inhibitors, however, were the second most frequent initial drug
class, whereas only 13% of new patients began on a calcium
channel blocker. The initial choice of drug among new patients
varied according to the age and gender of the patient (Table 
37-1). In females and older males, group 1 drugs remained the
most common choice, with diuretics predominating. By con-
trast, in younger men, an ACE inhibitor was as common as a
group 1 drug. Although choice of a β-blocker was infrequent in
all groups, it was relatively more common in younger patients.

There was little variation over the 5 years of the study, how-
ever, with group 1 drugs consistently representing the initial
choice in about 45% of new patients. ACE inhibitors also
remained the second most common initial choice throughout
the study period. Use of calcium channel blockers, other sin-
gle drugs, combination drugs, and multiple drugs also
remained stable during the study period.

These data on actual practice confirm the results of a
Canadian survey of physicians’ preferences in the province of
Alberta in 1995.29 In that study, physicians were asked for their
choice of initial therapy for several hypothetical cases. In the
case of a lower-risk patient, group 1 drugs were prescribed by
44% of physicians, ACE inhibitors by 46%, and calcium chan-
nel blockers by 5%. As risk factors increased, group 1 drugs
dropped to 20%, ACE inhibitors increased to 67%, and cal-
cium channel blockers increased to 10%. Only in the case of a
patient with target organ damage, left ventricular hypertrophy
(LVH), and previous MI did the preference shift to group 1
drugs (62%), primary β-blockers (56%).

The choice of medication can vary, as expected, with the
clinical condition.30 When ISH was the issue, the majority of
281 physicians surveyed in 1995 in Edmonton, Alberta,
reported their choice of antihypertensive treatment to be a
diuretic—74% among internists and 58% among family
physicians; only 10% of internists and 26% of family physi-
cians would choose an ACE inhibitor first in this situation.

New Zealand
Physicians in New Zealand also reported less preference for
group 1 drugs. In a 1992 survey of 100 physicians, only 48%
would choose a group 1 drug for a 60-year-old man with
essential hypertension and no contraindications.31 Most of the
remainder (39%) would choose an ACE inhibitor (9% chose a
calcium channel blocker).

Actual practice data do not clearly address the issue of ini-
tial treatment choices, because they do not distinguish
between new and established patients. For example, a 1988
survey of 37 general practitioners that included information
on 2 months of prescriptions32 found that nearly half of
patients (44%) were receiving more than one drug. Thus,
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although diuretics were used in 47% and β-blockers in 48%, it
is uncertain what their first prescription was. This problem
applies as well to surveys in 1982 and 1987,33 in which the use
of diuretics was high initially but dropped between surveys
(64%-47%), whereas β-blocker use remained constant (52%-
55%), and use of calcium channel blockers (3%-13%) and
ACE inhibitors increased (0%-13%).

United Kingdom
In the United Kingdom, actual practice has conformed to
guidelines—at least, according to surveys of physicians’ opin-
ions. In one survey of 360 general practitioners in
Leicestershire, England, in 1991,34 62% reported they would
start treatment with a thiazide diuretic in a 70-year-old hyper-
tensive patient without target organ damage. Among the
remainder, 17% reported they would use nonpharmacologic
treatment. Another survey of 200 physicians in England (East
Anglia) in 1993 found similar results: 85% of the respondents
indicated that in the absence of contraindications, they would
start therapy with a group 1 drug—nearly two thirds of these
with a diuretic. Only 10% chose an ACE inhibitor and 5% a
calcium channel blocker.35 The tendency to favor a diuretic
was even more pronounced among 92 physicians surveyed in
Northamptonshire in 199336: 83% reported that a thiazide
diuretic would be their initial choice for a 70-year-old patient
with no end-organ damage; another 5% reported choosing a
β-blocker first.

Although there are some differences according to the type
of physician, the preference for group 1 drugs persists. For
example, a 1992 survey of 214 general practitioners and 127
hospital physicians in the northern region of England found
that the former would choose a group 1 drug for an otherwise
well, 75-year-old male nonsmoker 79% of the time, whereas
the latter would do so only 62% of the time.37 For the remain-
der, the split was similar, with a calcium channel blocker cho-
sen almost three times as often as an ACE inhibitor.

These reported preferences for group 1 drugs are supported
by actual practice data, although they are not specific to new
patients. In a review of the database records of more than
37,000 hypertensive patients seen in 1992 to 1993, new
courses of treatment were analyzed.38 Among the 10,222

patients starting a new type of treatment, 86% received a
group 1 drug, 32% a calcium channel blocker, and 27% an
ACE inhibitor. The numbers add to more than 100%, because
more than a third of patients received multiple new drugs.

Australia
Survey data published in 1992 on 132 randomly selected gen-
eral practitioners in South Australia indicate similarly high
adherence to the guidelines: About three quarters would
choose a group 1 drug for treating an uncomplicated moder-
ately hypertensive patient.39 Although this preference varied
little with the age of the hypothetical patient, the balance
between diuretics and β-blockers did. In a 75-year-old patient,
the diuretics were heavily favored (68% vs. 9%) compared
with a more even distribution for a 45-year-old patient (41%
vs. 31%). Most of the physicians surveyed in Australia (80%)
also indicated that if they failed to achieve control with the
initial therapy, they would add another drug rather than
switch therapies.

These reported preferences differ from the findings of an
analysis over an 11-year period of the Commonwealth
Department of Community Services and Health database,
which covers 80% of community prescriptions (not includ-
ing hospital dispensings or those paid by private insurance).
According to these data, the use of diuretics decreased by
nearly one third from 1982 to 1987, whereas the use of ACE
inhibitors increased dramatically.40 Unfortunately, as in the
United Kingdom, the analysis did not distinguish new from
established patients, and thus it is impossible to say whether
this change in prescription patterns reflects a shift in the
choice of initial medication or in the drugs used subse-
quently.

In an analysis of the Australian Pharmaceutical Benefits
Scheme (PBS) and Repatriation Pharmaceutical Benefits
Scheme (RPBS) data from 1994 to 1998, it was observed that in
1998, the most frequently prescribed antihypertensive medica-
tions were those acting on the renin-angiotensin system (RAS),
followed by calcium channel blockers, and then group 1 drugs.41

Results show a trend of decreasing rates of prescriptions to
group 1 medications over this 5-year period, and the opposite
for RAS agents and calcium channel blockers. Authors also note

Table 37–1 Distribution of Initial Drug Regimens in Newly Diagnosed Hypertensives*

Male (%) Female (%) Overall (%)

Younger than  60+ years Younger than  60+ years
Drug Class 60 years (n = 5262) (n = 6653) 60 years (n = 6046) (n=9403) (n = 27,364)

Diuretics 23 36 41 45 38

β-Blockers 15 8 13 8 10

ACE inhibitors 38 28 25 25 29

Calcium channel blockers 14 16 11 13 13

Other single agent 3 4 5 3 4

Combinations 3 3 3 2 3

Multiples 4 5 3 4 4

*Differences in distribution within gender and age group p <.001.



that this lack of adherence to guidelines has cost the Australian
government $1.45 million annually due to the significantly
higher cost of the newer medications.

Germany
Physicians in Germany also reported remarkable adherence to
published guidelines in the choice of initial therapy. In a 1988
survey of 315 general practitioners, 93% reported choosing a
group 1 drug for a 45-year-old man; in contrast to the United
Kingdom and Australia, nearly all (92%) would select a β-
blocker.42 Only 3% chose a calcium channel blocker and 1%
an ACE inhibitor. For a 65-year-old man, a group 1 drug was
chosen 71% of the time; most, however, chose a diuretic. A
calcium channel blocker was chosen by 21%; an ACE inhibitor
by 2%. The overall pattern of prescribing was very similar for
internists and was not affected by the physician’s age.

Again, these reported preferences are somewhat at odds
with actual data—this time gathered in the Monitoring of
Trends and Determinants of Cardiovascular Disease
(MONICA) Augsburg project, which surveyed 3324 hyper-
tensive men and women in 1984 to 1985 and again in 1987
to 1988.43 There were 167 patients treated for hypertension
in the second survey who were untreated in the first.
Although these patients were considered “newly treated” by
the authors, it is unlikely that the prescription information
obtained consistently represented the first medication used.
Thus, by the time they were surveyed, only 25% of these
patients were on a β-blocker and just as many were on
triple-agent therapy. Among men, calcium channel block-
ers, singly or in combination with another agent, accounted
for one third of prescriptions, whereas among women,
diuretics and diuretic combinations accounted for one third
of prescriptions reported.

Sweden
β-Blockers were reported to be the favorite in a survey of 126
general practitioners and specialists in the Uppsala-Orebro
region in 1991.44 The physicians were asked for their first
choice of therapy for each of six hypothetical hypertensive
patients. For a healthy, nonsmoking, 44-year-old man with a
family history of diabetes and BP of 180/100 mm Hg, 40%
indicated that they would choose a β-blocker, whereas less than
1% chose a diuretic. ACE inhibitors were the second most
common choice (24%), but more so among specialists (34%
vs. 18%). Calcium channel blockers were the choice of 18%,
and 17% would not choose pharmacotherapy. In only two of
the six hypothetical cases did diuretics account for more than
10% of the choices, and neither of these was a new patient.

This preference for β-blockers was reported to be even
stronger in a 1991 survey of 236 physicians.23 For an otherwise
healthy 48-year-old man, 72% chose a β-blocker. The prefer-
ence for a β-blocker was less pronounced for older patients
and women: 57% of physicians chose a β-blocker for a 65-
year-old man, but only 52% did for a 65-year-old woman.
Preference for diuretics increased from less than 5% for a 48-
year-old man to 20% for a 65-year-old man and 27% for older
women. Physicians were surveyed about the hypothetical 48-
year-old man again in 1993, and treatment preferences were
found to have changed little.45

More data from Swedish actual practice46 reveal that from
1981 to 1998 in patients who attended their annual follow-up
visit to an outpatient hypertension clinic, rates of prescrip-
tions of thiazides declined from 61% to 10%, whereas pre-
scriptions of calcium channel blockers increased from 4% to
30% and ACE inhibitors from 0% to 23%. It was also reported
that prescriptions of both calcium channel blockers and ACE
inhibitors increased during 1990 to 1995, but that the former
decreased significantly from 1996 to 1998 when concerns
related to their safety emerged.

Norway
Preferences for β-blockers did not hold in Norway. A 1989
survey of 235 Oslo physicians found that 51% would choose
diuretics for an asymptomatic 75-year-old hypertensive
man47; calcium channel blockers were a second choice at 25%.
ACE inhibitors accounted for only 13%, and β-blockers and
others accounted for the remaining 11%. Physicians older
than 50 years of age were more apt to prescribe a diuretic,
whereas a calcium channel blocker was more commonly cho-
sen by physicians younger than age 40 years and by specialists.
Female physicians were significantly less apt to choose an ACE
inhibitor than were males.

Italy
A physician preference for newer antihypertensive medica-
tions instead of group 1 drugs was observed in an Italian data-
base analysis of data from 5061 elderly patients with
hypertension from 1988 to 1997.48 Group 1 drugs were pre-
scribed to a minority of patients despite a significant increase
in their use over time. ACE inhibitor prescriptions also
increased over time and by 1997 became the most common
class of antihypertensive prescribed (50%). With respect to
diuretics, their use dipped between 1988 (3%) and 1991(3%)
following publication of the JNC IV guidelines,49 but over
time reached rates of 4% in 1997, second only to ACE
inhibitors. According to these authors, evidence-based medi-
cine has had little impact on the hypertension management
practices of Italian physicians.

India
Two studies conducted in India50,51 suggest that physician
practice is more in accord with guideline recommendations
than most other countries. In the first,50 survey data of 1076
prescriptions written to patients attending an outpatient
hypertension clinic (validated by medical records and patient
interviews) revealed that β-blockers were the most frequently
prescribed (51%), followed by calcium channel blockers
(47%), and ACE inhibitors (46%). This study did not differ-
entiate between patients with new versus chronic hyperten-
sion nor single and combination therapies.

The same pattern emerged in a second study51 of 300
patients attending an internal medicine clinic: β-Blockers
were the most frequently prescribed (46.7%), followed by cal-
cium channel blockers (34.3%), and then ACE inhibitors
(30%). Diuretics were prescribed only 13.2% of the time,
which prompted a call by the authors for more frequent use
of these agents given their low relative cost.
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Other Countries
Marked differences between countries were reported in a 1992
survey of general practitioners in Indonesia, Italy, United
Kingdom, Croatia, Panama, France, and Belgium (each repre-
sented by at least 18 physicians).52 Asked for their first choice
for treating mild hypertension in the absence of contraindica-
tions, 63% of Italian physicians and 93% of Croatian physi-
cians chose diuretics, compared with Indonesia and Belgium,
where 40% and 94%, respectively, chose β-blockers.

EFFECTS OF INITIAL TREATMENT
CHOICES

The recommendations to choose group 1 drugs as initial ther-
apy depend, at least in part, on two key assumptions: One is
that at the start of therapy there is no reason to expect that any
one therapy will do better than others. The second is that the
initial treatment choice is not so important because, if it is not
successful, changes can be made to optimize the regimen for a
given patient and these modifications will have no detrimental
effects. If these two assumptions hold, it makes sense to choose
a drug from a class proven to reduce cardiovascular risk and
with a lower acquisition cost. If they prove untenable, how-
ever, the appropriate first choice might turn out to be quite
different. This might be the case if the likelihood of patients
remaining compliant—and, thus, benefiting from treat-
ment—differs according to the class of drug chosen initially.
This could happen if the side effect profile of a class were less
well tolerated by patients who, in the context of an otherwise
asymptomatic condition, tend to stop treatment or if the ther-
apeutic “turbulence” generated by changes in the regimen to
deal with side effects or to achieve BP control bothers the
patient in excess of the perceived benefits. The patient may
ask, why put up with what appears to be troublesome trial and
error to treat a condition with nebulous menace?

The assumptions underlying the choice of group 1 drugs as
initial therapy for uncomplicated hypertension may seem
reasonable to the physician, but they have been implemented
virtually without testing in routine actual practice. The evi-
dence for equivalent expectations has been based on con-
trolled clinical trials and the evidence that treatment
modifications, or therapeutic turbulence, will have no detri-
mental effects is actually quite scant. Even clinical trials as
high profile as the ALLHAT study, which was designed to
assess efficacy, are unable to address these assumptions
because the very procedures implemented to ensure valid
efficacy data so alter compliance that the trial no longer
reflects true routine practice.

The essence of these two assumptions—that the drug
classes are equivalent in the proportion of patients who can be
expected to stay on therapy and thus achieve BP control—was
tested in a study using the healthcare databases of
Saskatchewan.28,53 Saskatchewan Health funds the healthcare
system of the province, including a prescription drug plan.54

The records were examined of 27,364 Saskatchewan residents
with a diagnosis of essential hypertension who received at
least one antihypertensive agent listed in the Saskatchewan
formulary between November 1, 1989, and December 31,
1994, but had no record of treatment in the preceding year.
Men and women older than age 40 years without a diagnosis

of malignant hypertension of hepatic, renal, or cardiovascular
diseases other than hypertension were eligible.

The outpatient prescription drug plan database yielded all
dispensings of an antihypertensive drug identified by its
generic name, as well as the dispensing date, quantity,
strength, and drug form. The database did not include infor-
mation on the actual prescription nor on BP. A patient was
considered persistent with therapy if it was estimated, based
on a priori algorithm used to assess the dispensing records
that he or she still had antihypertensive medication to take on
the last day of follow-up. Whether the patient actually took
the medication, or if it had been discontinued following
physician’s advice, could not be determined.

Persistence was analyzed for the 22,918 patients who were
observed in the database for at least 6 months and who began
treatment with one of the four major classes of medication.
Almost one quarter of patients had discontinued all antihy-
pertensive therapy within a year of starting it. The rate of per-
sistence varied with class of drug: 74% of patients who started
treatment with a diuretic were persistent at 1 year; the persist-
ence rate among patients starting on a β-blocker was 78%,
81% for those starting on a calcium channel blocker, and 84%
for those starting on an ACE inhibitor. At 2 years, persistence
rates were even lower: 64% for a diuretic, 69% for a β-blocker,
71% for a calcium channel blocker, and 74% for an ACE
inhibitor. Four years after starting antihypertensive therapy,
only 46% of those starting on a diuretic were still on antihy-
pertensive therapy; this figure was 54% for a β-blocker, 53%
for a calcium channel blocker, and 58% for an ACE inhibitor.
The increased persistence over time associated with ACE
inhibitors compared with group 1 drugs remains significant,
even when controlling for differences in age, gender, and use
of healthcare resources in the prior year.

A higher frequency of changes in the therapeutic regimen
was also significantly associated with decreasing persistence in
each of the first 3 years of therapy (p = .05). For example, sub-
jects who had two or more changes to their therapeutic regi-
men in any 6-month interval were 25% less likely to persist
with medication in the next 6 months, and even a single
change decreased persistence by 7%. These data indicate that
the choice of first antihypertensive agent is an important
determinant of the likelihood that the patient will continue
with therapy.

These results from actual practice have been replicated. A
comprehensive review that included the Saskatchewan analy-
ses53 and other similar database studies revealed that all stud-
ies of initial hypertension treatment in newly diagnosed
patients reported very poor adherence in actual practice with
observed rates of nonadherence ranging from 12% to 57%
depending on the definition of nonadherence and time hori-
zon employed.55 It was also evident from this same review that
initial treatment with newer classes of drugs in newly diag-
nosed hypertension patients was a significant factor favoring
treatment adherence. More specifically, when the results by
initial drug class for each of the 10 studies reviewed were rank
ordered (i.e., lowest to highest rate of nonadherence), the fol-
lowing pattern emerged without exception: Adherence in the
first year was greatest for patients initially prescribed ACE
inhibitors, followed in descending order by those treated with
calcium channel blockers, β-blockers, and diuretics. Results of
more actual practice database studies, which include ad-
herence profiles for the newest class of antihypertensives, the
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angiotensin II (Ang II) receptor antagonists, are consistent
with earlier studies and reveal even higher rates of persistence
for this class.56-59

The interpretation of these persistence data from actual
practice has been hotly debated, with critics citing selection
bias and effective marketing as factors to explain the observed
results.60,61 Although it is not possible to determine the valid-
ity of these arguments, in light of the international scope and
replicability of these studies, at the very least this evidence
from actual practice should not so easily be dismissed. The
underlying premise of therapeutic guidelines, which suggests
that drug classes are equivalent in terms of effectiveness out-
comes and that changes in medication can be made without
detriment, therefore, must be questioned. Evidence from
actual practice also suggests that side effects associated with
diuretics and other older drugs can lead to therapeutic ineffi-
ciency and nonpersistence, which dramatically diminish dif-
ferences in treatment costs between older and newer agents.62

The issue is not that observational data should replace data
from clinical trials, but simply that results from studies in
actual practice are also worth considering when weighing all
of the evidence for the selection of a first-line therapy.60

Curiously, neither JNC VI nor 7 make reference to this grow-
ing volume of data from actual practice.3,17

SUMMARY

When physicians are surveyed about their hypertension
treatment practices, adherence to guidelines is typically
reported. Consistently, however, data from actual practice in
numerous countries with diverse healthcare systems reveal
that drugs other than diuretics or β-blockers are nevertheless
being prescribed as first-line therapy in the majority of
newly diagnosed cases of elevated BP. Whereas in some
countries, such as Germany, India, and the United Kingdom,
a diuretic or β-blocker is frequently used; an ACE inhibitor
or calcium channel blocker is more common in others
(United States, Canada, Sweden, and Italy). The choice of
initial medication for treatment of hypertension in actual
practice varies by country and by practitioner.

Although a general discussion of the full range of possible
reasons why physicians do not adhere to guidelines is outside
of the scope of this chapter,63-65 some potential guideline-
related barriers to such adherence have been hypothesized.64

In a published critique of three current guidelines for hyper-
tension treatment,3,4,65 numerous shortcomings are high-
lighted that could account for the limited impact on physician
practice that has been observed. The most significant of these
reported were dissidence among guidelines, failure to address
clinically relevant issues, format deficiencies, lack of imple-
mentation strategies, poor methodologic quality, and failure
to incorporate patient-clinician values.

Generally, for patients without comorbidities, known drug
sensitivity, or other factors that drive the decision, results from
key clinical trials10 and current guidelines suggest that treat-
ment be started with a diuretic and that changes be made
thereafter as needed. Data from actual practice studies, such as
the Saskatchewan analysis,28,53 indicate that there may be dis-
advantages to this process.55 Although the interpretation of
these data have been debated60,61 and largely excluded from
the pool of evidence drawn upon for the creation of treatment

guidelines, physicians, nevertheless, should weigh all the evi-
dence. An increased probability of achieving BP control by
ensuring that patients remain on medication could justify the
initial choice of one of the newer agents, such as an ACE
inhibitor Ang II receptor blocker.
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408 Chapter 38

Calcium channel blockers (CCBs) are powerful antihyperten-
sive agents. Until relatively recently, however, there have been
no trials showing long-term efficacy and safety of CCBs in
reducing outcome measures such as stroke and heart disease.
Efficacy of any group of drugs does not necessarily equal
safety. The latter may be defined as the absence of significant
adverse effects when the drug is used with due regard for its
known contraindications.1 In the case of CCBs, concerns have
been expressed that these agents may have inherent safety
problems, such as increases in myocardial infarction (MI),
cancer, and gastrointestinal bleeding. The latter two fears have
largely been discounted,1 but the possible relationship of CCB
use to acute myocardial infarction (AMI) has remained con-
troversial2 until recently. Results of three medium-sized
(between 1000 and 10,000 participants) randomized con-
trolled trials, STOP-2,3 NORDIL,4 and INSIGHT,5 and three
mega-trials, ALLHAT, CONVINCE, and INVEST (Table
38–1), have swollen the total number of subjects persons stud-
ied to more than 100,000 to allow an objective reappraisal of
the role of CCBs in hypertension therapy based on solid trial
data in more than 100,000 hypertensives. These extensive trial
data weaken the conclusions of an earlier negative meta-
analysis.6 As summarized in Table 38–2, AMI is not increased
with CCB treatment.7 This chapter reevaluates the safety and
efficacy of CCBs as antihypertensives with special emphasis
on the randomized controlled trials and updates the informa-
tion in the author’s previous meta-analysis8 and review.9

HISTORICAL BACKGROUND 
TO CONTROVERSY

CCBs were initially hailed as very effective antianginal agents
at a time when the coronary spasm theory of unstable angina
held sway. The HINT (Holland Inter-university Nifedipine
Trial) study was one of the first to test the safety and efficacy
of a CCB in this condition.10 Patients with unstable angina
were allocated to one of several groups: placebo, CCB (short-
acting nifedipine), β-blocker (metoprolol), or the combina-
tion (nifedipine plus metoprolol). The trial was stopped
because nifedipine capsules doubled the rate of AMI within
48 hours of beginning therapy, the mechanism presumably
being adrenergic activation because the addition of the CCB
to preexisting β-blocker therapy gave benefit. By combining a
number of trials using very high doses of short-acting nifedip-
ine given to patients with largely unstable coronary disease,
Furberg linked use of this agent to increased mortality in a
widely cited meta-analysis.11 Although his results have been

disputed by many, including myself and Messerli,12 and
although there were serious errors in the calculations,
nonetheless Furberg correctly pointed out the need for large
randomized controlled trials with the CCBs. In the case of
hypertension, many adequate trials have now been under-
taken, all with long-acting rather than short-acting CCBs,
which is important because sustained blood levels of an anti-
hypertensive agent are required for maximal antihypertensive
effects over 24 hours. The results of these trials indicate that
CCBs can be used in hypertension with reductions in cardio-
vascular mortality similar to those with conventional agents
such as diuretics and β-blockers, and without evidence of
increased cardiovascular risk (see Table 38–1). Going back to
1995,13 observational studies have pointed to potential nega-
tive effects of CCBs, specifically the short-acting dihydopy-
ridines (DHPs). The claimed adverse events included increased
mortality, cardiovascular events, gastrointestinal bleeding, and
cancer. These have often been reported in major U.S. newspa-
pers, magazines, and even leading medical journals. Many
other articles denied these claims. The result has been confu-
sion that should now be dispelled by outcome and safety data
on more than 100,000 patients. This chapter evaluates the con-
troversies, the lessons that can be learned, and the outcomes.

CONTROVERSY 1: DO CALCIUM
CHANNEL BLOCKERS DECREASE
MORTALITY IN HYPERTENSION?

To achieve a decrease in mortality with any antihypertensive
requires either a very large trial, a very high-risk population,
or a meta-analysis of several trials.14 A number of nonran-
domized cohort studies, available in the year 2000, tested the
hypothesis that CCB therapy could increase mortality.1

There was suggestive evidence for a mortality increase
related to short-acting agents, chiefly nifedipine. However, in
13 placebo-controlled trials, there was a trend to reduced
mortality rates. Currently there is much stronger evidence
for the hypothesis that CCBs can reduce mortality in hyper-
tension. Proof of this supposition comes from four trials—
STOP-2,3 NORDIL,4 INSIGHT,5 and ALLHAT15 (see Table
38–1). In each case, the mortality in the CCB group equaled
that of conventional therapy. When considering the elderly
population, in the only trial that gave a clear-cut mortality
reduction vs. placebo,16 two thirds of the patients received
combined β-blocker plus diuretic therapy after starting on
one of these agents. The conventional therapy group in
STOP-2 and NORDIL was similarly treated. In INSIGHT
and ALLHAT, the CCB group gave similar mortality results
to diuretic-based therapy. If conventional antihypertensive
therapy reduces mortality,16 then CCBs do likewise.
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CONTROVERSY 2: ARE CALCIUM
CHANNEL BLOCKERS SAFE?

In a comprehensive review of 100 studies available in the year
2000, the safety and efficacy of CCBs were evaluated in evi-
dence coming from a variety of types of studies, including
case series, case control studies, cohort studies (both prospec-
tive and retrospective), randomized controlled trials, and
meta-analyses.1 Eighty-four of these studies gave enough
detail to allow evaluation of adverse or beneficial effects. Of
these, 25 studies claimed adverse effects, 37 studies showed a
lack of adverse effects, and 22 showed beneficial effects. Two
additional epidemiologic studies, one with 3511 partici-
pants followed for 6 years17 and the other with 11,663
participants followed for 16 years,18 showed no impact of
CCBs on cancer. In the case of hypertensives treated with
CCBs, data from randomized controlled trials show no
increase in AMI, cancer, GI bleeding, or depression. Only
increased heart failure remains a problem, as will be discussed.

Overall safety does not mean that CCBs can be used with
impunity. Clear contraindications such as the use of dihy-
dropyridines (DHPs) without β-blockers in acute coronary

syndromes (unstable angina), cannot be ignored. In the case
of the non-DHPs, sinus bradycardia and/or an excessively pro-
longed PR-interval are relative contraindications, and com-
bined therapy with β-blockers is generally contraindicated.

LESSONS FROM META-ANALYSES

Blood Pressure Lowering Treat-
ment Trialists’ Collaboration (BPLTTC)
This meta-analysis compared results of treatment with differ-
ent antihypertensives in 162,341 patients in 29 trials (see Table
38–2).7 Trials comparing ACE inhibitors and CCBs with
placebo, included much smaller numbers: 18,229 in five
ACE inhibitor trials and only 6656 in four CCB trials.
Nevertheless, this analysis provides strong evidence of benefits
of each type of drug on stroke and major cardiovascular
events, including coronary heart disease (CHD). When com-
pared with placebo, CCBs reduced stroke by 38% (confidence
intervals [CI], 0.47-0.82), and major cardiovascular events by
18% (CI, 0.71-0.93). Furthermore, CCBs, when compared

Table 38–1 Key Features of Recent Large Outcome Trials, Each in More than 10,000 Personas, Comparing Calcium Channel
Blockers (CCBs) with Other Agents in 82,355 Hypertensives

ALLHAT15 CONVINCE49 INVEST40 ASCOT50

Comparators CCB (amlodipine); CCB (verapamil); CCB (verapamil ± ACEi); CCB (amlodipine 
diuretic diuretic or β-B β-B ± diuretic ± ACEi); β-B ±

diuretic

Numbers in trial, 9048; 15,255 8179; 8297 11,267; 11,309 >19,000
CCBs vs. non-CCBs respectively respectively respectively

Mean age at start 67 years 66 years 66 years To come

Trial design Double-blind, Double-blind, PROBE, randomized PROBE; randomized 
randomized randomized open; blinded for open; blinded for 

endpoint endpoint

Strong points Patients at high Older than 55 100% of patients 1, 2, and 3 
of study risk for MI years, high risk had CAD endpoints; 

including obesity event driven

Weak points Low initial BP; Stopped after 3 Not blinded for Not blinded for
of study practice-based years instead of drugs drugs

endpoints planned 5

Mean initial BP 146/84 mm Hg 150/87 mm Hg; 150/86 mm Hg; Not known

Mean final BP 135/75 mm Hg; 137/79; mm Hg; 131/76 mm Hg; Not known
134/75 mm Hg; 137/78 mm Hg;

Duration 4 to 8 years 5 years; forced Mean, 2.7 years Up to 5 years
(approximate) early stop

Primary Combined fatal Nonfatal MI, All cause mortality, Nonfatal MI, 
endpoint(s) CHD or nonfatal MI nonfatal stroke, nonfatal MI, fatal CHF

CV-related death nonfatal stroke

Major results Similar Similar Similar Not known

ALLHAT, Antihypertensive and Lipid-Lowering Treatment to Prevent Heart Attack Trial; CONVINCE, Controlled Onset Verapamil
Investigation of Cardiovascular Endpoints; INVEST, International Verapamil SR/Trandolapril Study; ASCOT, Anglo-Saxon Cardiac
Outcomes Trial; β-B, beta-blocker; MI, myocardial infarction; BP, blood pressure; CAD, coronary artery disease; CHD, coronary heart
disease; CV, cardiovascular.
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with “conventional” (diuretic- or β-blocker–based) therapy,
gave the same incidence of coronary mortality, cardiovascular
death, and total mortality. However, as will be discussed, heart
failure increased by 33% (CI, 1.21-1.47) with CCB treatment.
The specific virtue of this meta-analysis is that it was prospec-
tively started in 1995 by the principal investigators of the major
trials then in progress. This procedure avoided one of the
major problems of a retrospective meta-analysis, namely selec-
tion bias, resulting from the subjective judgment of which tri-
als to include and which to exclude. This study also has the
support of the World Health Organization–International
Society of Hypertension. The major defect of the analysis is the
grouping together of trials with totally different cardiovascular
inclusion criteria, for example hypertension and coronary
artery disease or diabetic nephropathy. This incongruity does
not affect the comparison of CCBs with conventional agents in
hypertension.

Pahor-Furberg Meta-Analysis
The Pahor-Furberg meta-analysis of 27,743 individuals in
nine trials compares longer acting CCBs with all other antihy-
pertensive drugs, not only in the three major trials shown in
Table 38–1, but also in several smaller trials.6 Strength of this
analysis include its comprehensive nature and the viewpoint

of a group experienced in meta-analytic techniques. Several
important points emerge. First, this meta-analysis agrees with
that of the BPLTTC in that CCBs as a group do not alter total
mortality when compared with other agents (see Table 38–2).
This conclusion is in contrast to the influential meta-analysis
of Furberg in 1995 that linked short-acting nifedipine to
increased mortality in patients with CHD.11 Second, when
compared with all other agents, including ACE inhibitors,
CCBs give a 26% (CI, 1.11-1.43) increase in AMI and very
similar increase in heart failure.

There are also some problems with this meta-analysis. The
first, as in any other retrospective study, is the difficulty of
eliminating selection bias. Second, as Psaty and Furberg
emphasize elsewhere,19 the quality of a meta-analysis critically
depends on the quality of the studies deemed to be eligible for
that meta-analysis. “Trials with major design flaws carry little
or no weight.” If the major issue is the effect of different anti-
hypertensives on outcome measures, then it is crucial that
these should be clearly defined. In STOP-2,3 NORDIL,4 and
INSIGHT5 there were exact and detailed definitions of stroke,
AMI, and heart failure. In INSIGHT, an independent critical
events committee assessed all endpoints according to prespec-
ified criteria. These therefore become the major studies, con-
stituting a total of 21,611 patients versus 27,743 in the Pahor
meta-analysis. The minor studies included by Pahor6 cover

MI, myocardial infarction; CHF, congestive heart failure; CV, cardiovascular; NS, nonsignificant; CI, confidence intervals; ↑, increase;
↓, decrease; ACEi, ACE inhibitor; ARB, angiotensin type 1 receptor blocker.

Table 38–2 Major Differences Between Four Meta-Analyses Comparing Calcium Channel Blockers (CCBs) with Other
Therapies in Hypertension

Pahor et al., 20006 Opie and Schall, 20028 BPLTTC, 20037 Staessen, 200324

Authors Seven academics from Dual authorship Committee of 48 under Three academics from 
three U.S. universities the aegis of the WHO- one Belgian center

International Society of 
Hypertension

Type of study Retrospective Retrospective Prospective Retrospective

Entry point All trials on hypertension All high-quality trials All trials from All BP-lowering 
meeting criteria on hypertension initiation of study trials with no heart 

failure at start

Comparators All non-CCB CCBs with conventional; Separate comparisons New (CCBs, ACEi
results taken together separate comparison with of CCBs with placebo, or ARB) vs. old drugs 

ACEi in diabetics conventional therapy, (diuretics, β-blockers)
and ACEi

Number of 9 6 18 7
trials

CCB numbers 12,699 vs. 12,116 CCBs vs. 31,031 CCBs vs. 32,864 CCBs vs.
in study non-CCBs conventional; 1965 conventional; 12,541 conventional

vs. ACEi in diabetics CCBs vs. ACEi

Major result Mortality unchanged Mortality unchanged Mortality unchanged Mortality unchanged

CV outcomes  ↑MI 26% (CI = 1.11-1.43); ↓stroke 12.7% CV mortality and ↓stroke 10%; CV
vs. ↑CHF 25% (CI = 1.07-1.46); (CI = 0.77-0.99); MI unchanged; mortality, MI 
conventional stroke unchanged ↑MI 18% CHF↑ 33% unchanged; 

(CI = 1.04-1.35); (CI = 1.21-1.47) CHF ↑ 33%
NS↑ CHF15% 
(CI = 0.97-1.36)
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6132 individuals. In MIDAS (Multicenter Isradipine Diuretic
Atherosclerosis Study)20 clinical endpoints were not
predefined. In CASTEL (Cardiovascular Study in the
Elderly)21 the only predefined endpoints were total and car-
diovascular mortality, with others not listed in the trial proto-
col. The outcome results of these other endpoints were not
published. CASTEL has other defects. According to data given
to the present author, nifedipine tablets were given once daily
(correct dosage interval twice daily) and compared with two
other agents given together, namely high-dose atenolol plus a
diuretic. Thus it is inevitable that 24-hour blood pressure (BP)
reduction would have been better in the double-dosed
patients, thereby explaining the better outcome.

The Pahor meta-analysis6 also relies on ABCD (Appropriate
Blood Pressure Control in Diabetes), in which the outcome
data have had to be revised22 and on FACET (Fosinopril ver-
sus Amlodipine Cardiovascular Events Trial),23 an open-label
study without clearly predetermined outcome endpoints. This
meta-analysis also includes clonidine in the non-CCB drugs,
although clonidine was used only in the small CASTEL study
(61 patients given clonidine of a total of 27,743 in the meta-
analysis as a whole).21

Opie-Schall Meta-Analysis
Based on the same data as the other meta-analyses, the Opie-
Schall8 approach differed in that the primary studies were sub-
jected to quality control and divided into grade A (such as
those in Table 38–1) and others. The statistical quality was
increased by introducing the Bonferroni criteria for multiple
comparisons. As the other meta-analyses had concluded that
total and cardiovascular mortality was unchanged by CCBs
compared with conventional treatment, we reasoned that the
prime differences must lie in nonfatal events. We proposed
that diabetics treated by ACE inhibitors were likely to be dif-
ferent from nondiabetics, because of the known hemodyamic
effects of ACE inhibitors on the kidneys. The study concluded
that CCBs balanced a relatively small increase in AMI by a
very similar decrease in stroke.

Staessen Meta-Analysis
Using virtually the same studies as the other meta-analyses,
but updated to March 2003, Staessen et al.24 set out to com-
pare the “old” agents, diuretics and β-blockers, with the
“new” therapy, namely ACE inhibitors and CCBs. They pro-
posed that all the agents had roughly similar effects for the
same BP reduction and outcomes, and that most of the ben-
efit came with a fall of about 5 mm Hg in systolic blood pres-
sure (SBP). The CCBs reduced stroke by 10%, whereas heart
failure increased by 33%. The latter value is heavily depend-
ent on the large numbers in ALLHAT, in which the criteria for
heart failure were one symptom and one sign, hence open to
criticism.24

Pstay Meta-Analysis
In the Pstay meta-analysis25 a network system was used to
incorporate both direct comparisons and indirect evidence
from trials that had one treatment in common. This meta-
analysis showed that low-dose diuretics reduced heart failure
by 26% versus CCBs. Although the indirect methodology is

open to question, this effect on heart failure is in accord with
direct comparisons as in ALLHAT15 and INSIGHT.5

LESSONS TO BE LEARNED FROM 
META-ANALYSES

Four major lessons may be learned from these meta-
analyses. First, the much-publicized large percentage
increase in AMI found in the CCB group by Pahor and
Furberg could not be confirmed in the better and larger
mega-trials with CHD as a primary endpoint (see Table
38–1). Due caution must be exercised in interpreting any
meta-analysis, especially when it is at least in part based on
imperfect trial data. Although the result of a meta-analysis
may look very impressive, more and better trial data can
and do change the picture. Second, all the meta-analyses
showed that there are no differences in mortality between
CCB and conventional therapy, by far the most important
endpoint. This point of concordance, which is very seldom
emphasized, means that it is BP reduction and little else that
determines mortality,24 apart from some special situations
to be considered later. Third, it is very important to publi-
cize both the relative and absolute changes thought to be
due to any specific therapy. Percentage changes make small
absolute changes seem much larger. Last, a meta-analysis is
not infallible. There have been obvious statistical mistakes
in at least two of meta-analyses.8,11

BENEFITS AND DEFECTS OF CALCIUM
CHANNEL BLOCKER THERAPY

Benefits of Calcium Channel Blocker
Therapy
CCB therapy has several benefits in addition to favorable
effects on outcome. First, CCBs act within hours or days,
which is useful to convince the patient that the BP can be
controlled, thereby gaining the patient’s confidence. Second,
they often bring down the BP in otherwise refractory
patients. Third, they may be used as initial therapy in salt-
sensitive Black patients26 who may not respond to initial
therapy with a β-blocker or ACE inhibitor (for reservations
emanating from the AASK study, see later). Fourth, CCBs
may be especially useful in selected patients with stable
effort angina, often giving a better quality of life than 
β-blockers.27 Fifth, they are often required in combination
therapy to reduce BP to the new goals now being sug-
gested,28 especially in diabetics.29,30 Sixth, they have antihy-
pertensive effects that are less influenced by indomethacin
than in those of ACE inhibitors.31 Seventh, they lessen the
risk of new diabetes when compared with diuretic/β-
blocker therapy.15,32

Known Defects of Calcium Channel
Blockers
What are the disadvantages of CCB therapy? These agents,
especially the DHP group when given in high doses, often
have nuisance side effects such as headache and ankle swelling
that make it relatively common for patients to discontinue
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them. Nonetheless, in the Treatment of Mild Hypertension
Study33 amlodipine in a low dose of 5 mg was the best toler-
ated of the five types of agents used, including a β-blocker and
a diuretic.33 There are some important situations in which
CCBs should not be used as initial antihypertensive therapy. In
post-MI patients, there are no trials favoring the use of DHPs.
Non-DHPs may be different, with good data for verapamil34

and lesser data for diltiazem. In heart failure, there are no data
favoring CCBs. In fact, in INSIGHT5 and ALLHAT15 the long-
acting DHP used increased heart failure, as will be discussed.
In renal disease and in diabetics with nephropathy, ACE
inhibitors or angiotensin receptor blockers (ARBs) are gener-
ally preferred as initial therapy (see next section).

OUTCOMES: CALCIUM CHANNEL
BLOCKERS IN SPECIFIC SUBGROUPS 
OF PATIENTS

Isolated Systolic Hypertension
There have been only a few trials with clearly defined isolated
systolic hypertension (ISH) as the entry criterion. A long-act-
ing CCB, nitrendipine, was used in the Syst-Eur study, a
placebo-controlled double-blinded trial in the elderly that was
stopped early because of the marked reduction in stroke.35

Although very similar results were obtained in a diuretic-
based trial, Systolic Hypertension in the Elderly Program
(SHEP),36 it is often forgotten that hypokalemia was relatively
frequent in SHEP and, when it occurred, took away the car-
diovascular benefit of treatment.37 In the diabetic subgroups
of these studies, the CCB was overall more effective (e.g., with
a reduction in total mortality).38 In the Syst-Eur study, the
development of dementia was lessened by the CCB.24

Furthermore, in the Systolic Hypertension in China (Syst-
China) study,39 nifedipine tablets gave a clear reduction in
overall mortality, again in an elderly population.

Coronary Heart Disease
Although earlier meta-analyses suggested increased CHD
with CCB therapy,6,8 two large trials with this primary end-
point showed no difference between CCB and diuretic or 
β-blocker therapy.15,40 The updated meta-analysis of the
BPLTTC7 and Staessen24 also showed no differences.

Renal Disease
Regarding hypertensives with overt proteinuria, there is a cau-
tion in African Americans (and probably Black patients
elsewhere) on the basis of results of the AASK Study (African-
American Study of Kidney Disease and Hypertension).41 The
amlodipine arm of this study was stopped because of worsen-
ing renal function, but the ACE inhibitor and β-blocker arms
continued in those with proteinuria >1 g per day. Here there
is a pathophysiologic basis for preferring ACE inhibitors,
which reduce both afferent and efferent arteriolar tone,
whereas the DHPs tend to reduce only afferent arteriolar tone,
with risk of increasing intraglomerular hypertension and
worsening proteinuria. Nonetheless, there is no evidence for a
blanket contraindication to DHPs in hypertensives with pro-
teinuria. Of note, in INSIGHT, proteinuria of 0.5 g or more

per 24 hours was one the possible entry criteria to the trial.5 It
was the diuretic group rather than the CCB group that had the
greater withdrawal rate because of impaired renal function
(4.6% withdrawal in the diuretic group, 1.8% in the CCB
group, p <.0001). CCBs are often combined with other anti-
hypertensive agents such as ARBs or ACE inhibitors in the
treatment of advanced renal disease, including diabetic
nephropathy,42 with the aim of achieving current standards
for optimal BP reduction.

Diabetic Hypertensives
In diabetic hypertensives with nephropathy, similar hemody-
namic arguments indicate a preference for the use of ACE
inhibitors or ARBs. A direct comparative study of the CCB
amlodipine versus the ARB, irbesartan and a placebo has been
carried out in patients with diabetic nephropathy.43 The ARB
gave better renoprotection than the CCB or placebo, without,
however, altering overall mortality. In elderly diabetics with-
out overt nephropathy, CCB and conventional therapy could
not be distinguished in STOP-2.44 Likewise, in the diabetic
subgroups of the NORDIL and INSIGHT studies, no signifi-
cant differences emerged between CCBs and conventional or
diuretic-only therapy.4,5 With new BP goals as low as 128/75
mm Hg30 or even 120 mm Hg SBP emerging,29 combination
therapy including a CCB will almost always be required.

FEWER NEW DIABETICS THAN WITH
DIURETICS, BUT MORE HEART FAILURE

The INSIGHT study5 compared long-acting nifedipine in an
initial dose of 30 mg daily with a thiazide-potassium retaining
combination diuretic in an initial dose of 25 mg
hydrochlorothiazide plus 5 mg amiloride daily (equivalent to
half a tablet of Moduretic [amiloride and hydrochloroth-
iazide]). Doses could be doubled if needed. The diuretic
group showed increased blood sugar and uric acid, matched
by increased development of diabetes and gout. In INSIGHT,
the diuretic treatment group also had more hypokalemia,
hyponatremia, hyperuricemia, hypoglycemia, and renal
impairment than the CCB group. Hypokalemia occurred in
6.2% of the diuretic-treated group and 1.9% of the nifedipine
group, even though a potassium-retaining agent was used.
Even mild hypokalemia may be more serious than previously
thought. In the INSIGHT study the thiazide dose was allowed
to go up to 50 mg, “high” by current standards. In the meta-
analysis that separately considered low-dose and high-dose
diuretic versus β-blocker therapy, only low-dose diuretics
clearly reduced mortality.45 Thus, the metabolic advantages of
the CCB versus the diuretic found in INSIGHT would proba-
bly be less obvious if the thiazide dose had been limited to
25 mg daily or lower.

In the ALLHAT study, the diuretic chlorthalidone, started
in a low dose of 12.5 mg daily and titrated up to 25 mg had
similar effects as amlodipine on total mortality and AMI, but
with a small advantage to the diuretic in heart failure, a sec-
ondary endpoint. Concern remains about adverse metabolic
effects of the diuretic, especially on potassium and blood
sugar. In ALLHAT 12.7% and 8.5% of participants random-
ized to chlorthalidone developed low potassium values (K <
3.5 mmol/L) after 2 and 4 years, respectively. Furthermore,



other metabolic changes in ALLHAT were in the same direc-
tion as in INSIGHT, with increased blood glucose and cho-
lesterol levels in the chlorthalidone group. Particularly
serious in ALLHAT was the increase in new diabetes from
9.8% at 4 years with the CCB to 11.6% with the diuretic.
Because antihypertensive therapy is often lifelong, these
metabolic changes cannot be ignored. On the contrary, and
perhaps unexpectedly, the CCB nifedipine may improve
insulin sensitivity.46,47 Overall, four studies in 25,529 patients
show that CCBs reduce new diabetes by 16% (CI, 0.78-0.91)
versus conventional therapy.32

Heart Failure
Compared with diuretics, DHPs increase heart failure. In the
INSIGHT study heart failure was carefully defined and expe-
rienced observers individually confirmed each case.5 The inci-
dence was low (0.82% in the CCB group) and the absolute
increase only 0.38%, although the relative increase was large
(220%) compared with the diuretic. Diuretic therapy is
known to benefit heart failure, whereas CCBs are contraindi-
cated, in part because of their negative inotropic effects.
Therefore, incipient heart failure is less likely to develop in a
patient treated with a diuretic. In ALLHAT, the incidence of
heart failure was inexplicably much higher in both the diuretic
(5.7%) and the CCB (7.8%) groups. There are several other
points of concern. First, ACE inhibitors, agents known to be
effective in the treatment of all stages of heart failure,
increased heart failure in ALLHAT by 19% (p <0.001) com-
pared with the diuretic. Second, the diagnosis of heart failure
was chiefly made by primary care physicians, and it is not sure
how the ankle edema, known to be a side effect of DHP ther-
apy, was dealt with diagnostically. Therefore, while noting the
findings of ALLHAT, those of INSIGHT seem to be based on
more reliable clinical observations and data. Nonetheless,
both studies showed increased heart failure with a DHP. To
prevent heart failure, combination of a CCB with an ACE
inhibitor is likely to be successful.40

INDIVIDUALIZED AND PATIENT-GUIDED
CHOICE

Although the diuretic appeared to be the clear winner in ALL-
HAT, in reality there was overall equality of the primary out-
come, fatal CHD and nonfatal AMI, between the CCB and the
diuretic. Apart from the problematic heart failure issues, the
CCB has advantages. In contrast to the diuretic, there are no
metabolic side effects. Furthermore, an earlier Veterans Affairs
study showed little or no BP response to diuretics in whites
aged younger than 60 years.48 In ALLHAT, the initial mean age
(67 years) was well into the elderly category. The choice
between CCBs and conventional treatment with a β-blocker
or diuretic or other therapies such as ACE inhibitors should be
carefully considered for each individual patient. In the elderly,
a low-dose diuretic may be the first choice,25 but a CCB has
equally strong arguments.24 A small reduction in stroke and a
better metabolic profile with CCBs may be balanced by an
increase in heart failure when compared with the diuretics. In
many patients, combination therapy must be used to achieve
current low BP goals, especially in diabetics and those with
renal disease. In some cases CCBs are contraindicated, in oth-

ers they will be among the agents of first choice. The latter cat-
egory includes those with effort angina or more severe hyper-
tension, or the elderly with ISH.35,38

SUMMARY

This chapter evaluates the current position of CCBs in antihy-
pertensive treatment in the light of three mega-trials and five
extensive meta-analyses. CCBs are equivalent to conventional
(initial diuretic, diuretic/β-blocker, or β-blocker) therapy when
total and cardiovascular mortality are the endpoints. With the
mega-trial data, increased AMI can with confidence be elimi-
nated as an unwanted effect of CCB therapy. Prior findings,
largely from observational studies and mostly focused on short-
acting capsular nifedipine, suggesting increases in cancer, gas-
trointestinal bleeding, and suicide can now be discounted by the
results of randomized trials. When evaluating a CCB versus con-
ventional treatment for first line therapy, β-blockers are pre-
ferred in postinfarct patients or in those with heart failure or
unstable angina (a contraindication to DHPs in the absence of
β-blockade). (See Chapter 54 for complete discussion of antihy-
pertensives in the patient with ischemic heart disease.) CCBs are
particularly useful when hypertension is accompanied by effort
angina or when β-blockade is not likely to work well, as in
African Americans or the elderly. Reductions in new-onset dia-
betes (by 16%) and stroke (by about 10%) with CCBs balance
the increase in heart failure (versus thiazides). This increased
risk of heart failure can probably be avoided by combining the
CCB with an ACE inhibitor. Such choices should be individual-
ized for each patient. Thus an open mind should be kept about
the place of CCBs in current hypertension therapy. CCBs are
neither better nor worse than conventional therapy, but act dif-
ferently to achieve combined vasodilation and antianginal
effects. CCBs remain a very valuable component of the antihy-
pertensive armamentarium.
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Nearly one in four Americans has hypertension. It is the sin-
gle most common reason for a medical office visit.1 While
awareness and treatment of hypertension have improved over
the past two decades, control rates have lagged far behind,
leaving only one third of hypertensive patients achieving
blood pressures (BPs) of less than 140/90 mm Hg.2

As we move into the twenty-first century, several impor-
tant insights compel us to recognize the importance of
hypertension as a major public health and medical problem.
First, the lifetime risk of developing hypertension is very
large. Investigators from the Framingham Heart Study3 have
reported the lifetime risk of hypertension to be 90% for
men and women normotensive at 55 or 65 years, who sur-
vive to age 80 to 85. Moreover, there is a linear risk of
ischemic heart disease and stroke mortality associated with
increasing BP beginning at 115 systolic (SBP) and 75 mm
Hg diastolic (DBP).4 A doubling of mortality occurs for
every 20–mm Hg and 10–mm Hg increase in systolic and
diastolic pressures, respectively. Secondly, environmental
factors associated with high BP in the United States and
globally require us to acknowledge the impact of this public
health problem. These include an obese population (50%
are overweight or obese),5 a high-sodium intake of 4100
mg/day for men and 2750 mg/day for women,6 fewer than
20% of the population engaging in recommended physical
activity of 30 min/day,7 and less than a quarter of the popu-
lation consuming five or more fruits and vegetables per
day.8 In addition to traditional clinical care of ambulatory
patients with hypertension, population strategies may help
to reduce BP in the population. These strategies include
health education, professional education, and partnerships
with national organizations, such as the food industry.
Finally, important at-risk and high-risk populations,
including those with multiple risk factors, diabetes, older
age, and renal impairment, require meticulous BP control to
lower risk of morbidity and mortality and the associated
economic costs of hypertension care.

During the past three decades, nurses and other health-
care providers have played important roles in screening and
managing patients with hypertension in inner-city areas,
academic and community centers, multicenter research tri-
als, and hypertension care management programs.
Recognizing the enormity of the problems associated with
hypertension today, their efforts to screen, identify cases,
refer, follow-up, and educate patients is paramount.
Moreover, their success in following protocols to achieve
more timely and persistent BP control is significant. This
chapter will focus on the success of nurses managing hyper-
tension in a variety of healthcare settings.

IMPLEMENTATION OF NURSE-RUN
CLINICS

Management of an asymptomatic condition such as hyper-
tension is challenging. Once individuals with hypertension are
aware of their high BP, the first challenge is having them enter
into and remain in treatment after initial screening and diag-
nosis. Many patients never make a first appointment after ele-
vated BP is identified with screening or return for follow-up
appointments after the initial diagnosis is made. Others do
not undertake the lifestyle changes that could improve BP
control or remain on medications. Moreover, it is well known
that lifestyle changes cannot be adequately achieved without
ongoing support during both the adoption and maintenance
of these behaviors. The reasons for these patterns of medical
care are many and discussed in other chapters.

Early efforts to involve nurses in hypertension management
sought to offer more convenient options for supporting indi-
viduals with hypertension by bringing hypertension care to the
home, local community, and work environment. In a landmark
study by Runyan,9 patients with hypertension, diabetes, or car-
diac disease could choose to be followed by specially trained
nurses in decentralized clinics close to their homes or in a hos-
pital outpatient clinic for chronic disease staffed by internists.
Patients in both groups were similar with regard to sociodemo-
graphic and clinical characteristics. At the end of 2 years,
patients treated by nurses had lower BPs in all age groups except
those aged 30 to 39 and older than 80 years of age. Moreover, by
the end of the treatment period, patients treated in the nurse
clinics had utilized approximately 50% fewer hospital admis-
sion days, while those treated in the outpatient clinics staffed by
physicians showed an increase in hospital days for each of the
disease categories. The authors attributed the success of the
nurse-run clinics to the greater follow-up and greater time
devoted by nurses to helping patients manage their condition.

In another study by Alderman et al.,10 nurses played the cen-
tral role in the screening and follow-up of patients in a worksite
setting in New York City. In this successful program, nurses per-
formed screening and enrollment in a New York department
store. Hypertensive individuals who elected to participate in the
program were followed by a nurse for 1 year. Nurses were
responsible for taking the initial medical history, drawing pre-
liminary laboratory data, and obtaining an electrocardiogram
(ECG) upon entrance into the program. Approximately 1 week
later, the medical director obtained a history, performed a phys-
ical exam, and reviewed laboratory data. Working closely with
the medical director and using treatment algorithms, nurses
initiated drug therapy and increased treatment in a step-wise
fashion until the BP was <140/90 mm Hg. Diuretics were used
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as first-line therapy. The number and frequency of follow-up
visits to the nurse were individualized based on patient’s needs
and control of BP. At these visits, which decreased in frequency
to one every 3 months once BP was controlled, nurses moni-
tored the BP, reviewed therapy and potential complications,
checked medication and diet compliance, and helped to moti-
vate patients to assume greater participation in and responsibil-
ity for their care. At the end of 1 year, the nurses’ provision of
care did not compromise program acceptability. In this work-
site, 84% of the 1850 employees were screened, two thirds of
those eligible for the hypertension treatment program sought
care through the nurse program, and 97% of accepted patients
remained in therapy, with 81% achieving acceptable BP reduc-
tion. Moreover, the direct annual per patient cost of $100 offset
the costs associated with hypertension, including time lost from
work, and allowed the health payer to offer this program as a
union membership benefit.

In a study similar to that of Alderman, Logan et al.11 found
that hypertensive patients who were randomly allocated to
receive care at work compared with those receiving standard
care were significantly more likely to be put on antihyper-
tensive medications (94.7% vs. 62.7%), to reach goal BP in the
first 6 months of therapy (48.5% vs. 27.5%), and to take pre-
scribed medications (67.6% vs. 49.1%). The authors claimed
that the improvement in BP control was due to the fact that
long-term care was more convenient, therapy was more vigor-
ously applied, and compliance with therapy was more strongly
encouraged by nurses.

Nurses have also made a major contribution to the man-
agement of hypertensive patients in national multisite clinical
trials, many of which began in the late 1970s. The
Hypertension Detection and Follow-up Program (HDFP)12

and the Systolic Hypertension in the Elderly Program
(SHEP)13 are just two examples of large clinical trials con-
ducted in the United States in which nurses provided screen-
ing, counseling, and medication management of hypertensive
individuals. Most recently, nurses were part of the inter-
vention team of the Antihypertensive and Lipid-Lowering
Treatment to Prevent Heart Attack (ALLHAT) study.14

Evaluations of nurse-run clinics in which nurses saw
patients alone or in collaboration with physicians show a level
of BP control comparable with that achieved by physicians.15

Similar results are seen where case-mix adjustment indicates
nurses care for patients as complex as those seen by physi-
cians.16 Pheley et al.17 reported on the screening, outcomes,
and management of patients enrolled in a nurse-run hyper-
tension management program in a large multispecialty prac-
tice in Minnesota. One year after entry into this program the
proportion of patients who had their BP controlled to 140/90
mm Hg or less increased from 17% to 44%.

Nursing case management involving the use of telecommu-
nication holds promise as an application for managing hyper-
tensive individuals. In a study by Miller,18 78 patients were
managed in a single face-to-face encounter and then systemat-
ically followed by telephone. During the initial encounter
patients were educated about lifestyle changes and taught to
measure BP using a home device. This session was followed by
biweekly nurse-initiated telephone encounters of 10 minutes
duration over a 6-month period, at which time SBPs and DBPs
had declined by 10% and 8%, respectively, or 15 mm Hg and
7 mm Hg in absolute terms. The proportion of patients reach-

ing a goal BP increased from 22% to 48%. Importantly, the
mean weight loss of patients enrolled in the study was 3.5 kg.

A similar pilot study conducted by Artenian et al.19 high-
lights the value of a nurse-managed home telemonitoring sys-
tem. Using a telephonic management system (Lifelink
Monitoring, Inc.) to download BPs taken three times weekly
at home by patients, nurses followed up with patients weekly
through telephone calls to provide feedback on BP and coun-
sel about lifestyle modification and adherence to medication
regimens. This home-based nurse treatment intervention was
compared with usual care and an intervention consisting of
home BP measurement three times per week in a community
center and feedback about lifestyle education by nurses. At the
end of 3 months those in the home-based nurse treatment
arm had the greatest improvement in BP.

More recently, Hill et al.20,21 showed the benefit of incorpo-
rating a multidisciplinary team including a nurse-practitioner,
community health worker, and physician in controlling BP in
a high-risk population. Three hundred nine hypertensive
African American males, mean age 41 ± 6 years, were ran-
domly allocated to an intensive intervention consisting of
nurse practitioner visits every 1 to 3 months for medications,
and at least an annual visit by a community health worker ver-
sus a less intensive intervention. For those assigned to the
intensive intervention, a community health worker provided
referrals to social services, and offered job training and local
housing resources. The physician offered consultation to the
nurse practitioner about management and participated in case
consultation. Those randomized to the less intensive interven-
tion received education about the benefits of hypertension
control, and referrals to hypertension care in the community.
Men in both groups received an annual hypertension evalua-
tion and a 6-month telephone call to assess health status and
healthcare utilization. At 36 months, the mean change in SBP
and DBP was −7.5/−10 mm Hg for the more intensive group,
compared with +3.4/−3.7 mm Hg for the less intensive group
(p = .01 and .005 for SBP and DBP, respectively). Moreover, the
proportion of men reaching a controlled BP of <140/90 mm
Hg was 44% in the intensive group compared with 31% in the
less intensive group (p = .45), figures surpassing the national
control rate. The authors suggest that, especially in high-risk
populations, the traditional one-on-one physician-patient visit
in an office practice setting needs to be supplanted by a more
systematic patient-centered team approach.21

NURSE MANAGEMENT—CLINICAL
SETTINGS

Roles and Responsibilities
The goals of managing hypertensive individuals are the same,
whether the care is given in specialty clinics, private practice
offices, worksite settings, primary care clinics, or neighborhood
clinics. A team approach, bringing together physicians and
nurses as well as community health workers, often produces
better outcomes than a traditional medical approach. If nurse
practitioners are caring for the patients, they practice quite
independently, using protocols based upon guidelines and
modified jointly with the physicians with whom they collabo-
rate.22 In settings in which the nurses do not have advanced
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practice credentials, physicians are responsible for making the
diagnosis of hypertension and for determining secondary
causes and comorbidities, which may influence decisions about
appropriate treatment. Physicians help to formulate a treatment
plan and provide consultation to nurses in managing complex
cases. This shared collaborative practice arrangement allows
physicians to use their time caring for sicker patients.

Nurses have shown that they can demonstrate critical clin-
ical judgment in the management of patients within a hyper-
tension clinic. In the worksite setting, they are often respon-
sible for conducting screening programs to identify and refer
hypertensive individuals. In programs to verify sustained
elevated BP, nurses are responsible for determining the
appropriateness of patients’ ongoing management. For
example, in the hypertension management program des
cribed by Pheley et al.,17 more than three quarters of all
patients referred for management of hypertension were
deemed normotensive on the basis of a BP readings <140/90
mm Hg documented over three consecutive weekly screen-
ings. Within this program nurses were responsible for seeing
patients weekly to determine their level of BP and to provide
the appropriate education for individuals with or at risk for
hypertension. Screening and verification programs con-
ducted by nurses enable them to identify individuals with
sustained hypertension using standardized BP measurement
techniques and to establish a database of individuals who
can be followed for appropriate rescreening, as necessary.
Such programs also help nurses identify patients who, based
upon the multiple BP measurements, need lifestyle modi-
fication to lower high-normal pressures. By having nurses
measure BP on multiple occasions, false positive diagnoses
of hypertension and unnecessary treatment can be
avoided.23 This is important because previous studies have
shown that physicians may base their treatment on a single
measurement rather than making the diagnosis on at least
two occasions with the appropriate attention to technique.24

Moreover, having nurses use home BP measures taken by the
patient or multiple measures more frequently in the clinic
may obviate the “white coat” hypertension effect found by
the physicians in office settings.23

In managing a cohort of patients within a hypertension
clinic the nurse is responsible for taking a thorough medical
history and for ordering appropriate blood chemistry tests
such as sodium, potassium, creatinine, blood urea nitrogen,
cholesterol, and a complete blood cell count; a urinalysis; and
an electrocardiogram. This preliminary data collection allows
physicians to devote their efforts either later in the visit or
during a subsequent visit to performing the physical exam and
formulating an appropriate treatment plan based upon the
information and laboratory data provided by the nurse.

In the majority of hypertension clinics, nurses provide the
education and counseling necessary to ensure that individuals
are undertaking lifestyle changes that may favorably influence
BP. Weight loss, the most successful nonpharmacologic tech-
nique to lower BP, requires behavior change for both eating
and physical activity patterns. In addition, patients need help
to limit calorie and sodium intake (to 100 Mmol/day) and
alcohol consumption (to 1-2 drinks* per day).22 In addition,

many hypertensive individuals present to the clinic with mul-
tiple risk factors for cardiovascular disease. The nurse can pro-
vide education and counseling for smoking cessation and dys-
lipidemia to help patients lower their overall risk of
cardiovascular disease.

Why is the nurse’s role so critical? Modifying lifestyle behav-
iors requires many clinical interventions: assessment of an
individual’s baseline behaviors, education about how to make
the appropriate changes, counseling to develop strategies such
as setting short-term goals and self-monitoring that will ensure
the maintenance of the changes, constant rechecking with the
individual to determine whether compliance is a problem and
to resolve barriers, and reinforcement about progress toward
the goal of change in behavior.25 Success with any of these
changes requires frequent interaction with the patient.
Additional exchange of information to assess progress toward
goals and provide feedback and reinforcement can be done by
telephone, facsimile, e-mail, home visit, and face-to-face clinic
visits. This is often best accomplished by a healthcare provider,
such as the nurse, who has the requisite time for the education
and counseling necessary to change behavior. Moreover, it has
been shown that individuals who receive education and coun-
seling on hypertension management exhibit increased adher-
ence.26 The important aspects of education and counseling
that should be incorporated into the management of individ-
uals with hypertension are noted in Box 39–1.

In many settings, nurses are also responsible for the phar-
macologic aspects of hypertension management. Using well-
defined protocols based upon national guidelines such as the
seventh report of the Joint National Committee on
Prevention, Detection, Evaluation, and Treatment of High
Blood Pressure (JNC 7),2 advanced practice nurses and spe-
cially trained nurse case managers can prescribe and titrate
medications and help patients to manage the numerous
steps in taking medications required for BP control. The
ability to attain greater control of BP than is achieved with
standard care has been demonstrated in numerous set-
tings.9,11,17,20 In many cases the improved outcomes have
resulted from nurses placing a greater number of patients on
medications, altering drug regimens more frequently in
response to inadequate BP control, and prescribing more
effectively. In some studies nurses have also been noted to
place a higher proportion of patients on multiple drug regi-
mens to achieve greater BP control.16,27 Although changes
may produce higher costs initially, as noted by Logan,28

obtaining the best regimen for the patient must be para-
mount if patients are to remain in treatment and achieve
greater adherence and BP control rates.

The effective development and implementation of proto-
cols for medication management allow achievement of BP
control, a significant factor in helping to offset some of the
costs of providing a clinic. For example, more than 20 years
ago more than 6000 treated patients within the Veterans
Affairs Clinics,27 were managed by nurses who used a success-
ful combination of a thiazide diuretic and other agents, such
as methyldopa and reserpine. At the end of five treatment vis-
its, half of all patients had DBPs below 90 mm Hg, and two
thirds of those who began treatment remained in treatment
for at least 2.5 years. The total yearly cost for treating one
patient was $221. Nurses have been shown to effectively man-
age other risk factors, such as dyslipidemia, using multiple
drugs at lower cost than usual care.29

*A drink is defined as 1 oz of ethanol (e.g., 24 oz of beer, 10 oz of wine,
or 2 oz of 100-proof whiskey).



Another role of the nurse is to direct and coordinate the
efforts of other team members who provide consultation or
are practicing in the clinic. Whereas collaborative teams of
physicians and nurses provide care in a typical outpatient
setting, other healthcare providers such as nutritionists, phar-
macists, and community healthcare workers also practice in
some clinics. The role of community healthcare workers
involved in underserved communities is discussed in
Chapter 40. The nurse may also be responsible for training
and supervising office personnel such as office assistants and
the receptionists. The ability of office assistants to take BPs
accurately can be helpful in screening and can also decrease
costs. Receptionists also play a very helpful role by scheduling
appointments, making reminder telephone calls, obtaining
laboratory results, entering data to support evaluation of clin-
ical outcomes, and ensuring that referring physicians receive
timely correspondence about their patient’s management.

Clinic Needs and Setup
Most ambulatory settings, whether physician offices or clinics,
in which nurses may provide hypertension management
require no additional specialized equipment or space. An
examination room and/or clinic office can be used to see
patients and their families for education and counseling as
well as patient care, thus avoiding additional space costs.
Setting up neighborhood clinics, especially in underserved
communities, minimizes the burdens of transportation,
enabling many individuals to remain in care who might not
otherwise do so. Although this may require additional
resources for rental space in a neighborhood, improved
hypertension care in high-risk individuals reduces hospital-
izations and chronic illness management for heart failure,
stroke, and renal failure.

Clinic staff must use equipment that is appropriately cali-
brated to ensure adequate measurement of BP. The clinic must
be structured with a variety of cuff sizes and furniture that per-
mits taking BPs appropriately. In addition, if a clinic provides
patients with BP monitors for home use or access to a service
for home monitoring, patients whose BP needs tighter control
will benefit. Computers are necessary to track appointments
and telephone contacts; collect medical, demographic, and
billing information; and generate reports to physicians, payers,
and patients. Moreover, documentation of clinical outcomes is
increasingly important and necessary. Tracking the frequency
of visits, medications, compliance, hospitalizations, and BPs
through a computer program enables rapid evaluation of clin-
ical outcomes and the costs incurred in providing antihyper-
tensive treatment. A simple checklist for use in starting up a
hypertension clinic is shown in Box 39–2.

Caseload Size
Several factors influence the capability of nurses and others to
manage a caseload of patients within a clinic setting. Caseload
size is strongly influenced by the characteristics of the patient
population. Patients with more severe hypertension often
require more frequent and/or longer visits to regulate medi-
cations and manage target organ complications. Those with
mild hypertension may require less frequent monitoring and
reinforcement of education and counseling. Experience of a
large clinic in Glasgow suggests that a single nurse practitioner
working with a physician can manage up to 700 to 900
patients per year.30 Within a worksite clinic, Alderman et al.
observed that a nurse can see an average of 16 patients per
day.10 Nurses and other personnel may be able to shorten the
length of clinic visits by increasing office efficiency. Efficiency
also can be increased if staff order fewer unnecessary blood
chemistry tests, lower the cost of medications, and provide
education creatively within the clinic by offering education
and counseling through videotapes, written materials, and
other vehicles in the waiting rooms. Additional support can
also be obtained by using volunteers to provide services that
do not require the expertise of the nurse or physician.

Reimbursement for Services
Reimbursement issues need to be understood by nurses and
physicians wanting to establish a collaborative hypertension
management program. Much of what has been learned in the
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Box 39–1 Strategies for Patient Education

Identify knowledge, attitudes, beliefs, and experience
● Assess readiness to achieve blood pressure (BP)

control
● Correct misinterpretations

Educate about condition and treatment
● Inform patient of his or her BP level
● Identify alternative treatment plans
● Provide simple oral and written information
● Teach self-monitoring skills

Tailor the regimen to the patient
● Include patient in decision making
● Agree on BP goal
● Incorporate treatment into patient’s daily lifestyle
● Simplify the regimen
● Prioritize critical aspects of the regimen
● Implement the treatment plan in stages
● Encourage self-monitoring of BP in selected patients
● Encourage discussion of medication, side effects, and

concerns
● Modify dosages or change medications to avoid side

effects
● Minimize cost of therapy
● Schedule frequent visits for nonadherent patients

Provide reinforcement
● Hold exit interviews
● Arrange home visits
● Use appointment reminders
● Contact patients who miss appointments
● Consider clinician-patient contracts

Promote social support
● Include family and others in care
● Suggest group sessions

Collaborate with other professionals
● Recognize shared practice goals
● Draw upon the skills and knowledge of other

providers

From Hill MH. Strategies for patient education. Clin Exp Hypertens
A11(5&6):1187-1201, 1989. Courtesy of Marcel Dekker, Inc.
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establishment of lipid clinics, anticoagulation monitoring serv-
ices, and diabetic education programs applies to obtaining cov-
erage for services provided within a hypertension clinic.31

Although a hypertension management clinic is not a covered
service per se, many of the services provided within the clinic
are covered under the Medicare and Medicaid guidelines set
forth by the Centers for Medicare and Medicaid Services
(CMS), formerly called the Health Care Finance Administra-
tion (HCFA), under Medicare. Hypertension clinic personnel
should establish a fee structure using guidelines set forth by the
CMS in Health Care Finance Administration Medicare Carriers
Manual, Section 2050.32 Because the “incident to” guidelines
under Medicare are nationally recognized, many insurance car-
riers follow the rules developed by CMS. The guidelines indi-
cate that nurses and other licensed personnel may provide fol-
low-up services such as conducting physical examinations,
taking medical histories, and providing medical decision mak-
ing as long as the service is provided under the direct supervi-
sion of a physician or nurse practitioner. The physician or nurse
practitioner must be in the same office setting, and must be
immediately available to provide assistance. In these instances,
the physician employs or contracts with the nurse and directly
supervises the healthcare professional who provides the serv-
ices. Some of the important issues that should be noted about

following the “incident to” ruling under Medicare are noted
in Box 39–3. Clinic personnel should recognize that each
CMS representative within a state may interpret the guidelines
differently; therefore obtaining clarification through written
guidelines is important to ensure that rules are followed and
adequate coverage is obtained. When the registered nurse or
other licensed personnel bills under the physician provider
or nurse practitioner, the maximum billing code that may be
used is a level I (99211).32

Several innovative mechanisms of payment may also pro-
vide a way to cover the costs incurred in running a hyperten
sion clinic. Contracting to provide these services with a man-
aged care organization may be a viable option. Developing
relationships with pharmaceutical companies (e.g., to conduct
small research projects) may offset some of the costs. Providing
multiple services for cardiovascular disease management for
patients with heart failure, lipid disorders, hypertension, and
diabetes may also expand the scope and opportunities for suc-
cess of specialized clinics. Additionally, if physicians or nurse
practitioners spend more than half of their time in the visit
educating or coordinating care, they may bill for a higher level
of service even if a physical examination is not performed. This
time must be actual time spent face-to-face with the patient
and provider.33

1. Establish need and cost benefits
2. Assess and establish staff support and

qualifications
3. Designate physician medical director and

coordinator
4. Ensure efficient assessment and educational

physical space
5. Develop written policies and procedures

● Entry and referral criteria
● Treatment algorithms
● Exit criteria
● Laboratory standards
● Pricing
● Fee-for-service schedule
● Compute capitation rate or contribution to

global rate for managed care contracts
● Billing and corrections policy
● Operational budget and proforma outcomes

measures (JNC 7 goals)
6. Develop standard forms

● Patient information (medical history, lifestyle)
● Initial assessment and treatment plan
● Return visit and progress report
● Drug descriptions and patient administration

instructions
● Individual lifestyle counseling prescription

(dietary, exercise, stress management)
● Dietary and body fat assessment (BMI)

7. Determine sequence and pathway of patient visit flow
● Schedule for new and return visit
● Physician consultation schedule with new

patients
8. Develop patient data storage and tracking system

● Assess existing patient tracking software
packages

● Determine relevant patient data
● Develop protocol for monitoring clinical events

and associated costs
9. Acquire and maintain patient education materials

● Pharmacologic information
● Lifestyle information

Other resources
10. Marketing and promotion plan

● Internal marketing and promotion: medical and
ancillary staff

● Patients
● Referring physicians, PPOs, and HMOs
● Business and industry
● Alliances with hospitals, PPOs, and drug

companies to form organized and efficient
disease management programs

11. Develop continuing education schedule for clinic staff
● New research funding
● New reimbursement guidelines and legislation

12. Develop link and network with national
hypertension organizations

Box 39–2 Outpatient Hypertension Clinic Start-up Checklist

Revised and adapted with permission from LaForge R, Thomas T. Outpatient management of lipid disorders. J Cardiovasc Nurs
11(1):39-53, 1996.
JNC 7, the seventh report of the Joint National Committee on the Prevention, Detection, Evaluation, and Treatment of High Blood
Pressure; BMI, body mass index; PPOs, preferred provider organizations; HMOs, health maintenance organizations; BMI, body mass
index.



MODIFICATION OF GLOBAL RISK
AS PART OF NURSE MANAGEMENT
OF HYPERTENSION

The magnitude and significance of multiple risk factors in the
American population and globally is noteworthy. Treating
hypertension is especially critical in the diabetic population,
who are at high risk for coronary heart disease (CHD) and kid-
ney failure. Importantly, a BP goal of <130/80 mm Hg for the
diabetic population has been shown to be more difficult to
achieve than a BP goal of <140/90 mm Hg.33 Nurses can have a
major impact on this population and positively influence their
risk. In a study conducted in the United Kingdom where nurses
have gained widespread acknowledgement for their efforts to
reduce CVD risk, Denver et al.34 followed 120 hypertensive men
and women with type 2 diabetes and a BP >140/90 mm Hg,
71% of whom had increased urinary albumin excretion (UAE).
Patients were randomized to conventional primary care
whereby physicians received a letter stating the measured and
target BP as well as recommendations for treatment according
to guidelines or to a nurse-led hypertension clinic. Patients
assigned to the nurse clinics saw nurses monthly for 3 months
and then every 6 weeks for 3 months. At these visits BP was
measured, compliance was reviewed, nonpharmacologic thera-
pies were discussed, and medication changes were initiated
based on physician orders through standing protocols. At 6
months of follow-up, the proportion of treatment changes was
88% in the nurse-led group compared with 15% in primary
care; p = .000. While SBP and DBP fell in both groups, the fall
in SBP was far greater (12.6 mm Hg, p = .000) in those assigned
to the nurse clinics. No changes in CHD or stroke risk were
noted in those assigned to primary care, while the reductions
in 10-year CHD and stroke risk were significant in the 
nurse-led group (p = .004 and .000). These risk reductions
were entirely due to the six times greater changes in medica-
tions in the nurse clinics compared with conventional care.
Further studies are needed to support the approach of
nurse-managed clinics and case management for populations
at greatest risk of morbidity and mortality from CHD and
stroke.

SUMMARY

In two separate editorials in the mid-1970s,35,36 Finnerty sug-
gested that asymptomatic patients would not remain under
care and on medication without proper motivation. He noted
that once the initial diagnosis of hypertension was made, the
care of the patient was an issue primarily of education. He fur-
ther suggested that we should recognize the value of specially
trained nurses in managing hypertension, just as we have
relied on nurses’ expertise in the coronary care unit. His sug-
gestion was based on the reality that most physicians have
been trained as diagnosticians responsible for managing com-
plicated illness or treating the patient in an emergent situa-
tion. Today, recognizing that close to one third of hypertensive
patients drop out of care and that only a third of all patients
treated with hypertension achieve a goal BP of <140/90 mm
Hg,2 we should focus on the need for what Finnerty advocated
and what we know improves patient care and outcomes. In a
system that is highly focused on medical care of acute illness
and on reducing costs, nurses practicing collaboratively with
physicians in the outpatient setting can benefit large numbers
of patients with hypertension and other chronic asympto-
matic conditions, as well as the healthcare provider and the
healthcare system.
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Box 39–3 Medicare “Incident To” Billings (What Is
Important)

Service must be
● Integral part of physician’s professional service
● Commonly included in physician’s bill
● Furnished in physician’s office or clinic under direct

supervision
● Furnished by individual qualifying as an “employee”

acting under scope of state licensure laws
Services are billed
● Under supervising physician’s provider number using

same CPT codes
● As one service per patient per day unless there is

documentation of need
Documentation in the patient record to support level of
service/coding is absolutely essential.

CPT, Current Procedural Terminology.
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Community outreach is an essential component of compre-
hensive programs to promote health, as well as prevent and/or
control disease and related risk factors. It complements other
strategies and is especially effective in reaching individuals
and populations who do not have access to healthcare and
related human services and those who have discontinued care.
Community outreach improves care and outcomes by provid-
ing state-of-the-art prevention and treatment interventions to
the populations, as well as to individuals and families.
Outreach has been utilized successfully to impact positively on
a wide variety of health problems, including prenatal care,
immunizations, hypertension, HIV/AIDS, tuberculosis,
chronic obstructive pulmonary disease (COPD), asthma, dia-
betes, and mental health.

Effective hypertension control requires a comprehensive
approach that integrates social, psychological, behavioral, and
economic, as well as medical, strategies. Community outreach
improves hypertension control by linking health profession-
als, healthcare organizations, and current or potential patients
with resources in patients’ communities. Clinical hyperten-
sion care and control programs, which include community
outreach provide three important lessons:

1. Clinicians can use resources in the community to directly
enhance their care of patients, thus improving long-term
control of hypertension and reducing associated target
organ damage.

2. Community programs provide reinforcement of the clini-
cian’s recommendations and teaching efforts.

3. Physicians, nurse practitioners, and other clinicians can
provide community service and leadership by accepting
referrals, promoting outreach programs, and acting as con-
sultants.

DEFINITION OF COMMUNITY
OUTREACH

Community outreach is a health services, health education,
and health promotion strategy directed to entire populations,
as well as to specific high risk and underserved groups and
individuals. It is an activity at the interface of medicine and
public health, an area that is the focus of community nursing.
It seeks to mobilize health and human resources at local, state,
and national levels. Outreach can be defined differently
depending on a program’s purpose. Its goal, however, is to
reach those who are not reached by usual methods for the
purpose of increasing knowledge, information, and access to
and utilization of health services. It inevitably has to address

issues of health services availability, accessibility, acceptability,
and affordability focusing on removing geographic, cultural,
linguistic, administrative, and financial barriers to health-
care.1 Outreach has been an integral part of public health for
more than the past century. Traditionally, it has targeted meet-
ing the needs of the underserved. In the past few decades,
however, hospitals and academic health centers have begun to
extend of medical and nursing care to patients’ homes and
communities, in part to respond to needs identified by sur-
rounding communities. Outreach has thus become a way of
providing community service to meet patient and population
needs, health promotion and disease prevention objectives
and marketing and public relations goals.

Key principles of community outreach are active commu-
nity participation and/or partnership, careful diagnosis and
planning program implementation, and evaluation. A needs
assessment and definition of goals, aims, strategies, and
resources are essential for success. The types of outreach pro-
grams vary widely and include screening, case finding, referral,
education, and monitoring. Effective interventions combine
persuasive communications, interpersonal relationships, skills
training, and community organizing. Mass media can be used
to deliver informative messages through local radio, television,
and newspaper public service announcements; talk shows;
celebrity guest features; and other methods. Additional out-
reach strategies include person-person contact, mailed post-
cards and letters, telephone calls, street contact, home visits,
mobile units, and hot or warm lines. Outreach also can be pro-
vided at community events such as health fairs or in sites such
as churches and recreation centers.2

Community participation and partnership are essential
ingredients for productive sustained outreach programs.
Organizing a group of respected community leaders as an
advisory or coordinating committee can be constructive.
Community organizers, politicians, physicians, clergy, and
others with an interest can help design, implement, evaluate,
and sustain an outreach program that will be acceptable and
responsive to the community and directed at meeting their
needs. Uncommon partners (e.g., dental school faculty) have
joined outreach collaborations to help reduce health dispari-
ties.3 Community involvement is invaluable in deciding who
should participate, what they should do, and how they should
be recognized for their contributions. While the good will and
community service produced by many outreach activities is
evident, it is important to evaluate the efficiency and cost
effectiveness of such activities to compare various approaches
prior to replication. Particularly in a time of scarce resources,
outreach programs need to demonstrate achievement of
objectives and impact on clinical outcomes.

Community Outreach
Martha N. Hill, Lee R. Bone, David M. Levine



HISTORY OF OUTREACH PROGRAMS
TO CONTROL HYPERTENSION

During the 1960s and the War on Poverty, outreach services
became an integral part of many health and social service pro-
grams.4 Grass roots organizing, community development and,
more recently, economic development were seen as mecha-
nisms to improve quality of life including social, emotional,
and physical well-being. In an effort to reduce disparities in
health status and outcomes, many hypertension outreach pro-
grams targeted African Americans whose high blood pressure
(BP) was detected, treated, and controlled at rates that lagged
behind rates of whites.5-8

The value of finding undetected cases of hypertension
through community outreach was first demonstrated in the
late 1960s. The purpose of these outreach programs was to
motivate people to have their BP measured at a familiar and
convenient site for little or no cost. Organized BP screenings
found that an accessible location, community participation,
referrals to care, and follow-up of referred people contributed
to improved care and control of hypertension. Community-
based screening programs became common place at sites
where people congregate and space was available for staff or
volunteers to measure BP and provide education and counsel-
ing. Firehouses, churches, barbershops, and work sites were
frequently used.

In the early 1970s, household, community, and clinic sur-
veys documented low rates of hypertension awareness, treat-
ment, and control in Georgia, Virginia, Maryland, and
Washington, DC.9-13 In an effort to screen for undetected
hypertension in inner city Washington, D.C., Finnerty et al.
found house-to-house canvassing by trained interviewers to
be ineffective, time consuming, and dangerous. Encouraged
by civic leaders, trained allied personnel held screenings in
churches and supermarkets, identified large numbers of
hypertensive individuals, and referred them to care. In several
care settings, low rates of appointment attendance and BP
control and high rates of clinic dropouts were documented.
Interviews with patients revealed three key findings affecting
patients’ attitudes about remaining in care: amount of time
expended to receive care (transportation and waiting),
understanding of all aspects of the disease, and
“doctor/paramedical/patient” relationship. A new patient-
centered hypertension care program was designed, including
health aides trained to (1) serve as patient advocates; (2)
deliver preappointment reminders by telephone, mail or in
person (which led to a doubling of attendance); and (3) help
resolve difficulties affecting compliance with visits and med-
ication.12,13

The Hypertension Detection and Follow-up Program
(HDFP) was designed to test the effectiveness of a comprehen-
sive treatment program to control high BP and reduce its com-
plications compared with usual care in the community.14,15

Clinic-based care, community outreach, free transportation
and medication, a multidisciplinary team approach to care,
and a very committed staff, in addition to pharmacologic ben-
efits of hypertension control, were demonstrated to be very
effective in improving BP control, as well as morbidity and
mortality rates. These methods, which were first published in
the 1970s, have been generalized to the community and incor-
porated into all major multisite hypertension treatment and

prevention clinical trials since the conclusion of, for example,
MRFIT, TOHMS, and TOPH.16-19 In a classic health education
clinical trial designed to develop ways to improve physician
care of hypertension, Green, Levine, and colleagues used a fac-
torial design to test three supplementary interventions: physi-
cian visit exit interview with the nurse, home visits to a person
identified by the patient as a source of social support with
health matters, and group classes.20,21 The home visits, which
were found to be an effective outreach strategy, were con-
ducted by nurse-supervised high school students from the
community. Work-site programs—an additional type of out-
reach—were found to be very successful in improving rates of
hypertension care and control. Schoenbaum et al., working
with a labor union for department store employees, docu-
mented the high standard of care provided on site by nurse
practitioners22; Foote and Erfurt documented the value of
work-site interventions at Ford Motor Company.23

A broad definition of community outreach encompasses
many of the efforts of the National Heart, Lung, and Blood
Institute’s (NHLBI) National High Blood Pressure Education
Program founded in 1972. These outreach activities were
directed to the public (through mass media campaigns),
healthcare practitioners, professional societies, voluntary
health organizations, industry, and individual patients. In the
1970s and early 1980s, seven state programs supported by
NHLBI demonstrated the value of mobilizing and coordinat-
ing community-wide resources to increase the rates of hyper-
tension awareness, treatment, and control. 24-27 In Maryland, a
coordinating council served as the hub for the collaboration
of professional groups, academic health centers, voluntary
nonprofit organizations, and others who wanted to improve
hypertension care and control. Committees were formed to
carry out the project aims of the NHLBI funded program by
providing outreach into many communities. The projects
were numerous, varied, and included professional education;
public information and communication; screening and mon-
itoring at health departments, work sites, churches, and bar-
bershops; and demonstration projects in inner city and rural
areas of the state.28,29,30 Professional education, which can dis-
seminate consensus recommendations to improve practice
and patient care, has been a national priority since the High
Blood Pressure Education Program began. Over the following
decades, the Joint National Committee reports have focused
increasingly on diagnosis, evaluation, and initial medical
treatment of hypertension and other risk factors with lessen-
ing emphasis on community programs, multidisciplinary
approaches, and adherence strategies.31 Outreach information
is available in separate documents that have been dissemi-
nated primarily to the public health community.32

In the 1980s, the following comprehensive community-
based cardiovascular risk reduction studies were conducted:
The Stanford Five-Cities Project,33 The Minnesota Heart
Health Program,34 and The Pawtucket Heart Health
Program.35 These major community-based programs to
reduce cardiovascular and stroke risk utilized state-of-the-art
communication and education strategies in combination with
community organization, outreach, and social support.36 This
application of knowledge drew from the social and behavioral
sciences complementing and supplementing knowledge from
the biomedical sciences.37 These programs demonstrated the
complex challenges in improving outcomes through risk
reduction at the community level.
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Today, telecommunication technologies, including hand-
held and personal computers, telephone, facsimile (FAX),
and electronic mail (e-mail) are being used to collect, trans-
mit, and store data. These technologies provide opportuni-
ties for creative models of outreach for diagnosis and
treatment. These tools facilitate patient self-monitoring of
BP and communication of information among patients in
their homes, community laboratories, nurse case managers,
primary care physicians, and specialist physicians, improv-
ing the diagnosis and management of hypertension.38 In
addition, home BP monitoring by the patient and review of
the progress toward goal BP by the health provider with
feedback by email, mail, or telephone, improves adherence
by tailoring therapy promptly without office visits. Programs
incorporating telecommunications, such as MULTIFIT, have
earned high levels of patient and provider satisfaction and
improved outcomes.39-41

THE GAP BETWEEN RESEARCH 
AND PRACTICE

It is clear from these and other studies that a combination of
lifestyle and pharmacologic interventions can control hyper-
tension and reduce associated morbidity and mortality.
These interventions are significantly more effective when
based on an assessment of the education and skill building
needed by patients, providers, and the public. The unmet
challenge in hypertension control is to extend the health
benefits of these interventions to the population at large and,
in particular, to groups that are more diverse, less select, and
at higher risk than those studied in the clinical trials that
demonstrated the efficacy of the interventions. Despite our
increased knowledge and subsequent improvements in the
control of hypertension, national data indicate that the
majority of Americans with hypertension do not have con-
trolled BPs and that awareness, treatment, and control rates
have not increased as much as had been assumed.31,42

Community outreach that includes grassroots advocacy and
education by voluntary health organizations, such as the
American Heart Association, is necessary to eliminate the
gap in the care and control of hypertension between major-
ity and minority populations.43 Evidence supports the value
of community outreach activities designed with an under-
standing of the sociocultural context of patients’ lives.
Significant improvement in national hypertension control
rates will require renewed commitment, a more comprehen-
sive approach, and more clearly and strongly stated policy
recommendations for effective culturally relevant commu-
nity outreach.

HOW COMMUNITY OUTREACH WILL
MOVE US FORWARD TO ELIMINATE
HEALTH DISPARITIES

Community-Health System Partnership
Community outreach has contributed importantly to the
detection and control of prevalent chronic diseases by incor-
porating the priorities and strategies of health professionals
and those of the community.44 This shared approach reflects a

broader definition of health and its determinants, including
the social, cultural, and economic context within which health
is promoted. Community-health system partnerships allow
for individual and collective empowerment. These partner-
ships also allow the community to participate in identifying
health problems and strategies for addressing those problems
at interpersonal, health care organization, community, and
policy levels.45 This partnership approach is recommended by
the Task Force on Community Preventive Services and The
Institute of Medicine’s Committee on Capitalizing on Social
and Behavioral Research to Improve the Public’s Health.46,47

Such partnership strategies are also important for addressing
the Healthy People 2010 national objectives to enhance access
and care management.48

Advocacy is one such important partnership effort.
Recognizing needs, identifying solutions, securing resources,
and influencing policy makers have been shown to improve
national and local hypertension control activities. For exam-
ple, securing the availability of malls and high school tracks
for people to walk and providing more low fat, low calorie,
and low sodium foods in grocery stores are examples of
advocacy outcomes. “Lose Weight and Win,” a church-based
weight loss program for BP control among African American
women, is an example of a successful community-based out-
reach program that operated independently from health care
providers, systems, and settings with the goal of modifying
lifestyle to complement, enhance, and reinforce medical
recommendations.49

Academic health centers and their neighboring communi-
ties are increasingly investing in health by forming partner-
ships to address local environmental and social needs and
maintain cohesive neighborhoods.50 These partnerships also
are one solution to the national health care issues concerning
underserved minority populations.51 Opportunities abound
for integrating critical care, education and research and for
translating best practices while providing patient care targeted
to community health priorities.47 Such initiatives further
advance both institutional and community capacity to build
meaningful partnerships and collaborative community health
programs.52

Ecological Multidisciplinary Approach
Hypertension care and control are complex challenges.
Comprehensive multifactorial and multidisciplinary
approaches are needed to eliminate the gap between what has
been shown to be beneficial in clinical trials and what occurs
in practice and in patients’ daily lives.43 The five-level
Ecological Model (intrapersonal, interpersonal, organiza-
tional, community, and societal) is a useful way to organize
responses to these challenges.53 At the societal level, for exam-
ple, more people are without health insurance or are underin-
sured than ever before. Those who do have health insurance
are finding that their benefits are covering fewer services,
including preventive services such as screening and risk factor
management. Community outreach programs can provide
information about available affordable services to uninsured
and underinsured individuals. In addition, staff in outreach
programs can advocate influencing policy makers to support
the provision of effective hypertension care, if the dispropor-
tionate burden of hypertension among the lower socioeco-
nomic groups is to be addressed.
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At the level of the health care organization and the individ-
ual provider with responsibility for the care of hypertensive
patients, the delivery of care needs to be culturally competent
as well as evidence- and guideline-based. If desired patient out-
comes are to be achieved long-term, administrators and clini-
cians need to invest their expertise wisely. By joining with
others in a multidisciplinary team and including community
health workers reaching out across geographic settings, physi-
cians can maximize use of their medical expertise. We cannot
afford to ignore the evidence supporting the important contri-
butions of nurses, nurse practitioners, physician assistants,
pharmacists, nutritionists, health educators, and outreach
workers.54 The compliance challenge is multileveled, and im-
proving outcomes requires us to address behavior not only at
patient level, but also at the provider and health care organiza-
tion levels.55 The fields of medicine, nursing, and public health
have unique contributions to make and together can compli-
ment one another to eliminate the gap between what we know
controls hypertension and reduces its complications and what
is happening daily in practice and patients’ daily lives.43

Use of Community Health Workers
A particularly important aspect of community-outreach and
community-based team approaches is the inclusion of com-
munity health workers. Also called health aides, lay advisors,
natural helpers, or peer educators, these members of the same
cultural group as the patient population of interest, are receiv-
ing growing acceptance as valued members of the health care
team.56-58 Often working closely with nurses, community
health workers provide basic primary care services in commu-
nity settings, including the home.59-64 Their role focuses on
improving access to and continuity of care, educating patients
and families, reinforcing adherence to treatment, and address-
ing needed human services, as well as promoting self-care
skills and confidence. Additionally, they are advocates for the
communities they serve. In research, as well as service delivery,
community health workers strengthen community under-
standing and acceptability of medical care, and thereby the
effectiveness of many outreach activities, including hyperten-
sion care programs.65-68 The members of the healthcare team
are trained to (1) provide health information to improve
knowledge and skills with appointments and recommended
treatment; (2) assist with referrals to community resources,
including assistance with financial problems; (3) monitor BP
and communicate with care providers in clinical settings; and

(4) facilitate the identification and involvement of a key sup-
port person to whom the patient turns to for help with health
matters. Crucial qualifications include a desire to help others
and to improve the health of the community and its residents.
The worker, often a member of the neighborhood, under-
stands the community’s language, culture, and socioeconomic
conditions and is able to help providers and patients better
understand each other’s expectations. This insight and linking
function facilitates the development of an individualized plan
for hypertension care that the patient can adhere to within the
context of his/her daily life.

In inner city Baltimore, a program of research was devel-
oped to test the effectiveness of a nurse practitioner–
community health worker–physician team approach to
improving hypertension care and control in young African
American men. Lack of health insurance, a primary care
physician, and compliance with antihypertensive treatment, as
well as dependence on emergency departments for episodic
care, contributed to low rates of hypertension care and control
in this underserved high-risk population.65,69-71 Planning for
the 5-year clinical trial was guided by an eclectic conceptual
framework that represented an integration of models, partic-
ularly the PRECEDE-PROCEED model72 This approach,
which is presented in Figure 40–1, integrated health educa-
tion, behavioral change and health maintenance principles,
culturally sensitive strategies, social action, and social learning
theory. It is essential that the conceptual approaches to hyper-
tension control incorporate economic, psychosocial, and
behavioral factors (individual lifestyles, self-management
practices, and long-term adherence to treatment) in elegant
ways. The PRECEDE-PROCEED model incorporates predis-
posing, reinforcing, and enabling factors for behavioral
change. Predisposing factors are those antecedents to behavior
that provide the rationale or motivation for the behavior, such
as knowledge, beliefs, attitudes, or values. Enabling factors are
those that allow a predisposition to be translated into behav-
ior, such as accessing health care resources or acquiring appro-
priate skills. Reinforcing factors, such as family, peer, or health
provider/community health worker support, and supportive
services are subsequent to a behavior and provide the contin-
uing reward or incentive for the behavior as well as contribute
to its maintenance. The conceptual framework used in this
trial emphasized adherence with treatment recommendations
in the More Intensive Intervention Group in comparison with
the Less Intensive Intervention Group with the intent of im
proving health outcomes (Figure 40–2). A team approach to
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care, in which a community health worker provided outreach
services led to better BP care and control compared with tra-
ditional medical care over a 5-year period.73,74

An additional program in another area of inner city
Baltimore focused on testing the effectiveness of nurse-
supervised community health workers delivering home-based
interventions.71,74 Trained health workers were helpful mem-
bers of the investigative teams in improving hypertension care
and control in these programs. These individuals contributed
their community perspective and experience, which helped
balance the inevitable tension between standardizing an inter-
vention to meet protocol needs and providing individualized
culturally salient patient care and service. The training and
employment of residents from the community strengthened
the academic-community partnerships and provided excel-
lent career opportunities for the community members.

SUMMARY

We must redouble our efforts to improve U.S. rates of hyper-
tension awareness, treatment and control. Community out-
reach offers proven strategies for complementing office- and
clinic-based medical care of hypertension. Community out-
reach also offers strategies that increase entry into and
remaining in continuous care, as well as adherence to treat-
ment recommendations. For these reasons, one of the three
major areas of focus in the NHLBI’s plan to address health
disparities is outreach and education. Of special importance,
community-based participatory research is needed to further
investigate the most cost-effective and efficient strategies in
diverse populations with disproportionate burdens of hyper-
tension and its complications.
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430 Chapter 41

Hypertension remains a powerful contributor to cardiovascu-
lar diseases, which are the most common cause of death in the
United States. Calculated to be the fourth largest risk factor
for mortality, hypertension may predict 6% of all deaths
worldwide.1 Over the past four decades, the prevalence of
hypertension has changed little (~24% of the U.S. population)
despite improvements in its detection and treatment.2 The
importance of optimizing treatment adherence rises in pro-
portion to the potential benefit from therapy. With successful
treatment, the relative risks of fatal events fall by 40% for
stroke and 26% for coronary heart disease (CHD).3

These promising results are not guaranteed. The benefits
largely depend on achieving high rates of blood pressure
(BP) control. National data, displayed in Figure 41–1, sug-
gest the need for continued efforts and improvement, since
less than 30% of American hypertensive patients are diag-
nosed, under treatment, and at goal BP. This leaves more
than 30 million hypertensives in this country who remain
suboptimally controlled.4

One of the critical factors that determines BP control is the
patient’s adherence to the prescribed regimen, also called com-
pliance. In general, patient compliance refers to the willingness
and ability of an individual patient to follow health-related
advice, take medication as prescribed, attend scheduled clinic
appointments, and complete recommended tests and consul-
tations.5 The sizable investment in diagnosing, evaluating, and
prescribing treatment for individual hypertensive patients
achieves value in proportion to how well they follow the pre-
scription: taking medications, modifying diet and activity, and
making other lifestyle changes.

THERAPEUTIC PARADIGM

The path to improving BP control begins with steps taken by
the clinician in evaluating, treating, and reassessing the
patient’s hypertension. Most clinicians titrate their patients’
BP to a therapeutic goal level, which is most commonly
≤140/90 mm Hg and recently revised to ≤135/85 mm Hg6 for
uncomplicated hypertensives. The clinician has multiple
tasks: deciding whom to treat, when to treat, how to treat,
and how to adjust treatment to optimize the benefit/risk
ratio. More than two decades ago, Sackett et al.7-9 focused on
the adjustment process. They formulated the clinician’s
dilemma as having to categorize the returning patient as
falling into one of four mutually exclusive clusters, illustrat-
ed in Figure 41–2.

The clinician must decide whether to continue the current
regimen, augment it, attenuate it, or withhold it altogether.
For the busy clinician, the decision may appear deceptively

simple. If the clinician considers only two possibilities (the
regimen is satisfactory or the regimen needs to be augment-
ed), he is following a simplified strategy. At least two other
conditions may escape detection: (1) the patient has achieved
goal BP despite not having fully complied with the prescrip-
tion, and (2) the patient may have failed to achieve goal BP (in
part) because of imperfect adherence. To be comprehensive,
the clinician must consider all four possibilities.

Very limited data exist about the relative frequency distri-
butions of the four groupings among ambulatory hyperten-
sive patients. The McMaster group reported data from male
steelworkers assessed by pill counts and home BP assess-
ments.8-10 Silas et al.11 used quantitative urinary assays after
calibration for the adherence measure. Their data appear
together in Table 41–1.

Despite different methodologies, the two studies display
remarkably similar patterns. Only a minority of studied
patients achieved both goal BP and optimal adherence at the
same time. Indeed, only about half of each group achieved sat-
isfactory BP control. Perhaps most critically, more than half of
those patients who failed to achieve goal BP exhibited subop-
timal medication compliance. Finally, a small but definable
minority achieved goal BP despite less than full adherence,
perhaps because of overzealous diagnosis or prescription.

Box 41–1 enumerates some implications of these distribu-
tions. The first implication is that optimal compliance with
prescribed antihypertensive medications should not be
assumed, since it seems not to occur about half the time.
Second, the clinician should resist automatic escalation of
the drug regimen if the patient fails to achieve goal BP. About
half the time, the reason for failure reflects suboptimal 
medication-taking behavior rather than the biology of the
disease or the pharmacology of the regimen. Third, an
important minority on chronic antihypertensive medication
succeeds at combining full compliance without special inter-
ventions to attain goal BP levels. Finally, a small group
achieves goal BP despite poor compliance but needs special
assessments for detection.

There are consequences if the clinician misclassifies the
patient, both in terms of risking toxic levels of drug exposure
when full compliance occurs and in failing to achieve consis-
tent BP reduction with imperfect cardiovascular risk reduc-
tion. The data indirectly support the conclusion that the
impact of treatment, both positive and negative, is propor-
tional to the amount of treatment actually received rather
than to the amount prescribed.12 Urquhart has phrased the
matter succinctly: “The quality of execution of drug prescrip-
tion is a patient attribute, not a drug attribute.” (John Urquhart,
MD, FRCP [Edin], Pharmaco-epidemiology Group, Maastricht
University, Maastricht, NL, personal communication.)

Medication Adherence for Antihypertensive
Therapy
Lars Osterberg, Peter Rudd
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FFigure 41–2 Clinicians must decide when and how to
respond to returning patients prescribed antihypertensive
medication. A simplified strategy, A, uses regimen
escalation when patients fail to achieve goal blood pressure
(BP). B illustrates a more complex strategy, acknowledging
the role that both patient and clinician play in achieving
therapeutic goals. (Adapted from Sackett DL, Haynes RB,
Tugwell P. Compliance. Clinical Epidemiology: A Basic
Science for Clinical Medicine. Boston, Little, Brown, 1985;
pp 199-222).

Table 41–1 Distributions of Adherence by Blood Pressure
Achievement

BP Goal BP Goal Not 
Adherence Achieved Achieved Totals

Sackett et al.9

PILL COUNT 43 (32%) 32 (24%) 75 (56%)
≥80%
PILL COUNT 21 (16%) 38 (28%) 59 (44%)
<80%
Totals 64 (48%) 70 (52%) 134
(100%)

Silas et al.11

[Debrisoquine]U 15 (41%) 6 (16%) 21 (57%)
≥11 mg/dl
[Debrisoquine]U 6 (16%) 10 (27%) 16 (43%)
<11 mg/dl
Totals 21 (57%) 16 (43%) 37 (100%)

Adapted from Rudd P. Clinicians and patients with hypertension:
Unsettled issues about compliance. Am Heart J 130:572-579,
1995.

Box 41–1 Implications of the Adherence Distributions

1. Optimal adherence to the antihypertensive
prescription should not be assumed.
(a) Nonadherence occurs about half the time.
(b) Overprescribing coupled with under-adhering

may still produce satisfactory BP control.
2. Failure to achieve goal BP despite an adequate

regimen and adequate time to respond may result
from biologic, pharmacologic, behavioral factors or
a combination of all three components.
(a) About half the time when goal BP is not

achieved, suboptimal medication-taking may be
present.

(b) Escalating the regimen in such a context will be
incorrect half the time.

3. Only an important minority combines full compliance
without special interventions to achieve goal BP in a
consistent manner.



On the positive side, full compliance brings maximal reduc-
tion of BP and cardiovascular risk. On the negative side, full
compliance also brings maximal drug-related side effects and
other toxicities. All but the most naive patients quickly learn
to carry out their own mini-experiments, seeking to optimize
among positive and negative, short- and long-term, benefit
and risk.13 Not surprisingly, partial or complete nonadherence
is a major contributor to “refractory” hypertension.14

MEASURING COMPLIANCE

These perspectives on adherence and hypertension have
evolved slowly but with increasing rapidity in the last decade
with improved measures of medication-taking behavior. With
better measures, clinicians have learned to broaden their focus
and seize new opportunities.

For centuries, the study of medication-taking was con-
strained by the frailty of its measurements, as illustrated in
Table 41–2.15-20 Allusions by Hippocrates and Plato to nonad-
herence underscore the long tradition but provided few met-
rics except for global patient self-report or clinician opinion.
Both of these techniques are easy and inexpensive but prone
to subjectivity and easy distortion. They are examples of indi-
rect measures, remote in time and space from the actual con-
sumption of prescribed medication. Other measures similar
in stature and similarly subject to error are short-recall patient
self-report, self-monitoring by diary, and therapeutic out-
come. The latter has the hidden complexity that other factors
beside adherence may determine clinical outcomes with little
foundation for teasing out the separate contribution of com-
pliance on its own.

The arrival of pill counts has been a mixed blessing. On the
one side, they appear to bring a degree of precision and quan-
titation to measuring adherence. But, on the other hand, the
parking lots of many clinical study facilities may give evidence
of pill-dumping as patients try to represent themselves as
adherent and cooperative.21 Some cynics have argued that pill
counts have provided job security for a whole generation of
research assistants without adding substantially to our knowl-
edge of true compliance patterns.22

In contrast, several groups have confirmed the relative
accuracy of prescription refill rates, especially when carried
out over several months compared with a home inventory.23,24

Important cautions, however, include discrepancies between
the prescription and the medical record and using refill rates
for periods less than 60 days.25 Even more limiting is the need
for a closed system of pharmacies for all refills and complete,
computerized records. The method may also be distorted by
the sharing of medications by the index patient and others
taking the same drug.

Over nearly 30 years, several investigators have explored the
use of medication monitors, capable of recording vial open-
ings or discrete dispensings.19,22,26-42 For the first time, one
could track the day-to-day dynamics of medication-taking
rather than relying on an imprecise average over days, weeks,
or months and also minimize the likelihood of patients mis-
representing their own report card.43 Lingering problems and
disappointments include relatively high cost, need for vial
returns or transmissions for downloading of data, and limited
discreteness of tracking individual doses with some devices.
Most clinicians and investigators quickly agreed that it was

improbable that anyone would systematically dispense pills
over several months as tracked by the monitor and then dis-
card the doses without actually administering them. These
indirect methods dramatically advanced our sophistication
about the process of medication-taking.44

In contrast, the available direct measures like biologic
assays45,46 or tracer systems47,48 do confirm drug administra-
tion but require collection of body fluids (e.g., blood, urine,
saliva) and performing discrete quantitative assays while mak-
ing assumptions about hepatic and/or renal function. Such
measures still do not permit retrospective review beyond sev-
eral pharmacokinetic half-lives. They further suffer from rela-
tively high cost and difficulties of administration in exchange
for superior sensitivity and specificity over the short periods
reflected by point estimates of drug concentrations.49

EPIDEMIOLOGY OF MEDICATION
COMPLIANCE

Patterns of Medication-Taking Behavior
Constrained by imperfect adherence measures, early studies
concluded that chronic preventive treatments, such as those
for hypertension, exhibit compliance rates approximating
50%.50 More discrete measures, especially electronic medica-
tion monitors, revealed more granularity, clarity, and com-
plexity from the data analysis. Most deviation from the pre-
scription occurs as dose omissions rather than as dose
insertions or misschedulings.51,52 The dose omissions occur
more frequently as the dosing frequency increases, as illustrat-
ed in Figure 41–3. Medication-taking patterns commonly
improve significantly in the 5 days preceding and following
schedule appointments, compared with 30 days after appoint-
ments, generating a “white-coat compliance” pattern.35,53

Although intuitive, the prescribing of very simple regimens
(e.g., one pill once daily) does not ensure consistent adher-
ence,54 even among those with relatively frequent, reinforcing
visits with the clinician.36 There remains a core of 10% to 40%
of subjects displaying imperfect dosing. The difference in
compliance between once- and twice-daily dosing tends to be
small in most studies, while adherence declines more dramat-
ically as prescribed dosing frequency exceeds twice-daily.36,54

Electronic monitoring has confirmed that the adherence
varies inversely with dosing frequency. Those on a once-daily
regimen display less dosing variability than with twice-daily
dosing among 198 Canadian hypertensives randomized to dil-
tiazem twice-daily vs. amlodipine once-daily.55 Among diabet-
ics on oral agents, the compliance rate fell from 79% on once-
daily to 38% on three-times daily dosing.51

Similar patterns appear in adherence data from diverse
medical conditions, whether compliance distributions come
from patients with hypertension,32,36,38,56 seizure disorders,22,35

glaucoma,33,40,57 or other clinical scenarios like hormone ther-
apy and lipid-reducing agents.58-60 Most of the available data
come from settings of chronic therapy to prevent long-term
negative consequences. Figure 41–4, although a hypothetical
composite, reflects the similar J-shaped distributions reported
by the respective investigator groups.

Closer inspection of Figure 41–4 reveals three principal
subgroups. On the positive side, 50% to 60% of the patients
are full compliers with trivial deviations from the prescription
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and remarkably consistent medication-taking behaviors from
day to day. At the other extreme, the noncompliers exhibit
extremely imperfect adherence, although sometimes misrep-
resenting their usual behavior by pill-dumping just before
scheduled visits. In the middle are the partial compliers. Rather
than a simple intermediate point, the partial compliers show a
complicated mixture of nearly perfect pill-taking interspersed
with periods of marked deviation from the prescription. Such
a pattern suggests that they understand what they are sup-
posed to do but have difficulty in performing the tasks in a
consistent manner.61 Although not a bell-shaped distribution,
the average compliance for such groups approximates 60% to
75%, consistent with other reports.62 Seeking more detail,
Urquhart summarized the compliance distribution of a
patient cohort as follows:

1. One sixth of the patients take their medications exactly as
directed.

2. One sixth take nearly all the medications with some fluctu-
ations in dose timing.

3. One sixth occasionally omit a single daily dose.
4. One sixth have a drug holiday (the sequential omission of

3 or more days’ doses) 3 to 4 times per year, together with
occasional omissions of 1 to 2 days’ doses.

5. One sixth of the patients have a “drug holiday” monthly,
together with frequent omissions of 1 to 2 days’ doses.

6. One sixth take few or no doses while giving the impression
of being completely compliant. (See Figure 41–5.)63

All but the full compliers display important gaps in 
medication-taking. The consequences of such nonadherence

Table 41–2 Available Measures of Medication Adherence

Approximate*
Related to “Gold Standard”

Marginal 
COMPLIANCE MEASURE Cost Difficulty of Use Sensitivity Specificity Comments

Patient Investigator Noncompliance Compliance

INDIRECT
1. Self-report + + + 20%-55% 80%-95% Unspecified versus

short (1-2 day) 
recall

2. Self-monitoring + ++ ++ 40%-70% 80%-95% Prospective logging
of drug-taking

3. Clinician opinion + + 50%-65% 40%-80% Point estimates of 
dynamic process

4. Pill/packet count ++ ++ +++ 60%-90% 75%-90% Pill vial return 
issues: nontrivial

5. Prescription refill ++ +++ 60%-90% 60%-90% Central pharmacy 
or comprehensive 
records are critical

6. Therapeutic outcome + + 20%-40% 40%-80% Implicit versus 
explicit criteria 
should be prede-
fined

7. Medication monitor +++ ++ +++ 85%-95% 85%-95% Often needs supple-
mental pill count as 
well

DIRECT
1. Direct supervision ++ + +++ 85%-95% 85%-95% Parenteral adminis

tration versus oral
drugs

2. Bioassay of drug +++ ++ +++ 60%-90% 80%-95% Bioassays not 
always feasible or
available

3. Pharmacologic marker +++ ++ +++ 60%-90% 80%-95% Combination of 
marker and primary 
drug may need
FDA approval

Adapted from Hasford J. Compliance and the benefit/risk relationship of antihypertensive treatment. J Cardiovasc Pharmacol 20:S30-
S34, 1992.
Arbitrary scale of degree: + = small; ++ = moderate; +++ = large
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include subtherapeutic drug concentrations; imperfect BP con-
trol; submaximal cardiovascular risk reduction; unnecessary
and potentially dangerous treatment escalation; avoidable tests,
procedures, and hospitalizations; and threats of withdrawal,
rebound, and first-dose phenomena.64 None of these bad out-
comes should be surprising if one acknowledges that drugs act
episodically in patients who dose episodically, inadequately or
not at all in patients who underdose, and hazardously when
dosed in intermittent patterns.65 At a more extreme level, drugs
cannot work if (1) they are never prescribed, (2) the prescrip-
tion is written but never filled, (3) the drug is never taken by the
patient, or (4) the drug is taken but not absorbed. Overall, the
pharmacologic impact, whether beneficial or toxic, is propor-
tional to the drug exposure and the dose received.

Predictors of Noncompliance
Given the high stakes, many groups have begun searches for
predictors of noncompliance, so as to concentrate remedial
resources on the groups most needy of change. Early efforts
quickly concluded that no simple, nonadherent, personality
profile existed. At the extremes of age, poverty, social isolation,
and psychiatric dysfunction, increased noncompliance was
observed. Symptom level, educational level, and objective seri-
ousness of the medical condition provided little predictive
value.66 In contrast, Hill et al.,67 focusing on disadvantaged,
inner city populations, encountered high rates of no current
antihypertensive care (49%), use of illicit drugs (45%), social
isolation (47%), unemployment (40%), and lack of health
insurance (51%). Low alcoholism risk and employment were
identified as significant predictors of compliance with antihy-
pertensive medication-taking behavior. Men currently using
illicit drugs were 2.6 times less likely to have controlled BP
compared with their counterparts who did not use illicit drugs.
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FFigure 41–3 Compliance rate by dosing schedule. Compliance rates tend to fall as the frequency of daily doses increases.
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(B) Eisen and coworkers employed an electronic medication monitor among hypertensive patients. Both studies support an
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hypertension, seizures, glaucoma, congestive heart failure
(CHF). Several investigators have reported remarkably
similar patterns of compliance among ambulatory patients
monitored electronically for medication-taking behavior
despite dissimilar diseases like hypertension, seizures,
glaucoma, and CHF (see text for references). All the
conditions exhibit three clusters: (1) full compliers (50%-60%
of total) with negligible deviations from the prescription; (2)
partial compliers (30%-40%) with periods of excellent
adherence interspersed with poor adherence or “drug
holidays”; and (3) noncompliers (5%-10%) with low levels of
compliance. (Adapted from Rudd P, Hagar RW:
Hypertension: Mechanisms, diagnosis, therapy. In Topol E
(ed). Textbook of Cardiovascular Medicine, 1st ed. New
York, Lippincott-Raven, 1997; pp 109-143.)
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Despite limited success to date in finding predictors, the
obvious broad areas for future focus include characteristics of
the individual patient, the disease, the prescribed treatment,
the patient-provider relationship, and the clinical setting.68

Among patient characteristics, consistent patterns of superior
adherence with electronic monitoring emerged from older
rather than younger patients69-72 except for the “old-old” up to
age 87.71 Among an ambulatory, hypertensive, Medicaid pop-
ulation, Bailey et al. reported that prescription refill compli-
ance varied by drug class (α-blockers > ACE-inhibitors > cal-
cium channel blockers > diuretics),69 although others have
recently reported no difference in the discontinuation rate of
the various drug classes.73 Independent predictors of nonad-
herence as measured by medication refill rates include
younger age, multiple daily doses, fewer provider visits, and
depressive symptoms.69,74 In contrast, patient gender and reg-
imen complexity hold little predictive value.69

Knowledge about the disease and familiarity with the regi-
men are necessary but not sufficient to ensure high levels of
adherence.7,75 Indeed, health professionals themselves are
often cited to demonstrate that knowledge and education are
no guarantee of compliance. Each individual, whether or not
sophisticated about the medical condition and its management,
must make hard choices to optimize among risks and benefits,
hardships and conveniences, costs and rewards. Commonly
cited barriers include simple forgetfulness, drug side effects,
financial costs, confusion about the regimen, and interference
with daily schedules.76-78

Some patients, especially the elderly, construct elaborate
systems of locations and cues to facilitate remembering and
adhering to the prescribed regimen.76 Still others struggle with
childproof vials, which functionally become person-proof.79

Most of these coping mechanisms are highly personal and
rarely emerge from routine clinical surveillance. Some advo-
cates of patient self-management80,81 have argued that three
issues are key to improving adherence: (1) defining the key
behaviors to be mastered and implemented, (2) providing
consistent guidance and reinforcement, and (3) linking the
behaviors to the desired clinical outcomes.

There appears to be something beneficial associated with
compliant behaviors in general, even when they consist of
taking placebos in clinical trials. Three of 12 studies comparing

rates of hospitalization and mortality for chronic heart disease
revealed better clinical outcomes with adherence versus non-
adherence to placebo, suggesting that adherent behavior may be
a marker for other behaviors with protective effects or otherwise
confer an improved prognosis.82

On the other side, there are some definite negative conse-
quences for nonadherence. Interruptions in antihypertensive
prescription refills among California Medicaid patients greater
than 40 years old were associated with higher costs, especially
for hospitalization.83 Among 602 women enrolled in the Beta
Blocker Heart Attack Trial, nonadherence by appointment and
medications conferred a 2.4-fold (95% CI 1.1-5.6) increase in
postmyocardial infarction (post-MI) death rates Those who
complied had a 2.4-fold reduction in mortality, whether or not
they were randomized to receive propranolol as the active
drug.84

APPLICATION TO HYPERTENSION

Treatment of hypertension almost never occurs in isolation but
arises as part of a more comprehensive strategy to reduce over-
all cardiovascular risk, such as from dyslipidemia, cigarette
smoking, glucose intolerance, and obesity.2 Unfortunately, the
multiplicity of factors and resultant interventions may dimin-
ish rather than enhance some patients’ motivation. The adher-
ence burden rises when clinicians seek to have patients reduce
salt, saturated fat, and alcohol intake at the same time as they
have patients decrease stress and increase regular physical exer-
cise. The sheer number of things to change may overwhelm all
but the most focused, trusting, and dedicated patient.

Interactions among the treatments may create extra dilem-
mas and opportunities. As data emerge indicating circadian
variation in cardiovascular risk, selection of specific antihyper-
tensive agents and their optimal administration time becomes
more complex.85 The clinician must learn to choose drugs on
the basis of their ability to reduce overall cardiovascular risk as
well as to optimize antihypertensive efficacy, safety, quality
of life, and adherence.86,87 Partially abandoned, the old concept of
“stepped care” has been largely replaced by evolving notions
of more personalized, nearly customized treatment plans.88

Part of the rationale for more aggressive and presumably
more effective treatment strategies is the growing appreciation
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Figure 41–5 Dose-taking distribution
from unpublished series of diverse
patients on chronic medications by
electronic monitoring of dose
dispensings. (Adapted from Urquhart J.
The electronic medication event monitor.
Lessons for pharmacotherapy. Clin
Pharmacokinet 32:345-356, 1997.)



of lost benefits and increased risks for poor antihypertensive
management. Suboptimal compliance carries increased prob-
abilities of extra hospitalizations,89 sudden death,90 and other
cardiovascular morbidity, even when the elevated pressures
are linked to white-coat phenomena.91

Several features about treating ambulatory hypertension pose
special challenges to the treating clinician. Most day-to-day
responsibilities for following the regimen rest squarely on the
patient’s shoulders, regardless of the amount of instruction,
guidance, and support provided by physician, nurse, pharma-
cist, or family members (see Figure 41–6). Although many fac-
tors can contribute to a patient’s nonadherence to medications,
the patient is still the main player in attaining full compliance.

FOCUS ON COMPLIANCE
IN HYPERTENSION

The Patient
There is a diverse array of problem areas for the hypertensive
patient. Some investigators classify patients according to their
readiness to accept the diagnosis and undertake active partici-
pation: deniers versus acceptors versus pragmatists.92 Others
focus on the perceived “net” barriers to full adherence, especial-
ly relevant and prevalent among younger patients and those
most recently initiating treatment.93 An unpublished telephone
survey by the Angus Reid Group among 301 Canadian hyper-
tensives reported that 62% of respondents admitted to not tak-
ing their prescribed antihypertensive medication as prescribed
(cited in Ontario Medicine, June 1994, p. 19). Fully 47% of
respondents acknowledged side effects from these drugs, and
only 41% were aware that stroke was a major risk of hyperten-
sion. Perhaps most intriguing were the types of magical think-
ing among some respondents, who believed they could skip
doses and remain protected, who rewarded themselves with
drug holidays for good behavior, and who tended not to refill
medications promptly because they were too busy.

Early studies on the effect of labeling patients as hyperten-
sive demonstrated decreased perceived health, increased
absenteeism from work, increased depressive symptoms, and
a decreased quality of life, even when the “label” of hyperten-

sion was incorrect and when no antihypertensive therapy was
given.94 The principal factors associated with increased absen-
teeism reflected patients’ becoming aware of their condition
and low medication compliance.94,95 Even in an academic
family practice clinic, patients estimated that their recovery
from an upper respiratory tract infection, urinary tract infec-
tion, or ankle sprain was about twice as long since the diagno-
sis of hypertension compared with those who had never had
the diagnosis.96 The adverse psychosocial impact may be tem-
pered or even eliminated by avoiding forced screenings for the
condition, providing reassurance, and offering a supportive
work environment.97,98

The Physician
Enlarging the focus of concern to include prescribing physi-
cians has challenged several existing myths.79 Many clinicians
accept little if any responsibility for the complexity of the reg-
imens they prescribe or for assisting their patients in mini-
mizing drug-related side effects. They may overestimate their
skill in detecting or preventing suboptimal adherence among
their own patients and underestimate the several barriers
which patients face in trying to comply.99

Surprising to some has been the correlation of patients’
adherence to recommendations of lifestyle changes and the
prescribing physician’s own style. Predictors of patients’ adher-
ence include the physician’s job satisfaction, the number of
patients seen per week, the scheduling of follow-up appoint-
ments, and the tendency to answer patients’ questions.100

Physicians Adherence to Clinical Guidelines

Physicians may themselves fail to adhere to evidence-based
guidelines of diagnosis and treatment for hypertension. Such
clinical guidelines arise from domain experts and opinion
leaders and receive considerable emphasis and distribu-
tion.72,101,102 Although existing clinical guidelines define
explicit BP targets, physicians often display misinformation
about the recommended BP goals for their patients.103 Even
more problematic is the clinical inertia or “knowledge-practice
gap” when clinicians know guideline recommendations but
fail to initiate or intensify treatment when indicated in their
patients.104,105 Such inertia may be particularly prevalent in
treating conditions that are common and without limiting
symptoms. As a consequence, prescribing clinicians may settle
for BP levels above the recommendations rather than pushing
themselves and their patients to attain the target range.104,106

One model of physician behavior outlines five necessary and
sequential steps for successful adherence to practice guidelines:
awareness, agreement, self-efficacy, outcome expectancy, and
presence of a cueing mechanism.107-109 Failures at any of these
steps may lead to physician nonadherence to a guideline. By
overcoming any of the barriers to achieving the five steps, physi-
cians can attain improved guideline adherence.110

Effective Physician-Patient Communication

Still another physician-based opportunity arises in optimizing
communication to and from patients.78,111,112 The compo-
nents may include identifying and problem solving about bar-
riers to full adherence, using education about risks and 
benefits to increase motivation, and employing active listen-

436 Treatment: General Considerations

Clinical
visit

Clinician

Patient

Pharmacist

Clinical
visit

Medication
refill

Medication
refill

Medication
refill

FFigure 41–6 Relative contribution to adherent behaviors. The
clinician, patient, and pharmacist all contribute to the
frequency, consistency, and degree of adherence to the
clinical prescription for ambulatory hypertensive patients.
The relative contribution of the patient is the greatest, both
overall and on a daily basis, despite the frequency of
clinical visits and medication refills.
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ing to patients’ concerns for teasing out remaining problems
of adherence. Optimizing communication among the patient
and provider team provides the essential foundation for
patient compliance.52,78,112-114

The Healthcare System
On a larger scale, the American healthcare system introduces
other problems. At least 42 million Americans remain without
medical insurance.115 The absence of insurance alone or fail-
ure to link care with a principal provider does not in itself pre-
vent good BP control. In fact, the multiplicity of influences
obscures any simple correlation of poor access to health care
to inadequate BP control.116,117 Improved access to medica-
tions, in contrast, has been associated with improved adher-
ence.118 The growing dominance of managed care has brought
pharmacy benefits management in an array of forms and for-
mats that are sometimes helpful yet sometimes a barrier to
patient compliance. The forced use of restrictive formularies,
generic substitutions, and mail-away prescription-filling may
exacerbate the hurdles to full adherence.119,120

Opportunities for Collaboration
By defining adherence as the responsibility of several parties,
new opportunities for collaboration and synergy emerge.
The thoughtful clinician, concerned about optimizing a
patient’s BP, can bring skills, focus, and perseverance to the
challenge of prescription adherence beyond proper diagnosis
and evaluation. The health plan administrator, in turn, seeks
to optimize outcomes for both the individual patient and the
group of patients with similar characteristics and conditions.
Pharmaceutical manufacturers wishes to differentiate their
products from competitive medications for the optimal com-
bination of therapeutic efficacy and quality of life, while
minimizing symptomatic and biochemical toxicity.121 Each
constituency (patient, clinician, administrator, manufacturer)
has its special priorities. Enhancing medication-taking for
better outcomes will require a higher degree of sensitivity
and collaboration among the principal parties than has exist-
ed in the past.122

EVOLVING STRATEGIES FOR
COMPLIANCE IMPROVEMENT

Guiding Principles
The field of medication compliance has shown repetitively that
a one-size solution does not fit all. Just as there is no single cause
for suboptimal compliance, so there is no single fix. The reasons
underlying noncompliance are multifaceted and therefore so
must be the solutions.123 As the field evolves, it has come to
incorporate ethnocultural and psychosocial perspectives, as well
as traditional sociodemographic, clinical, pharmacologic, and
medical system issues. At the core of the broadened perspective
is a realization that the patient with a chronic condition, even
one with few symptoms such as hypertension, has special kinds
of “work” to accomplish in living with the condition. The prob-
lem solving by physicians, nurses, pharmacists, and other health
professionals must go beyond the simplistic sender-message-
receiver communication model used as a default. As an alterna-

tive, the patient should actively participate in the selection of
therapeutic ingredients and the pace of treatment.124,125

New Skills and Collaboration

The effective prescriber-clinician should ask, simplify, tailor,
and reinforce. Asking the patient for input early in the process
immediately sets up a different and potentially far more useful
dynamic than the traditional, autocratic stance. Minimizing
the total number of daily doses usually arises as a priority.
Selecting the most useful cues and location for the particular
patient’s life and lifestyle provides an added “fit.”126

Optimization still requires a melding of patients’ personal
preferences with clinical and pharmacologic realities. Several
recent reports emphasize the importance of effective 24-hour-
a-day BP control, smooth antihypertensive effect with
decreased variability in diurnal variation in BP, reduced early
morning surge in BP, and minimal reflex activation of the
sympathetic nervous system.127 These characteristics assume
even more prominence if medication-taking is imperfect and
highly variable.

Pharmacokinetics as a Guide for Adherence

A lively debate has arisen about the value and relevance of
trough-to-peak variability in BP in comparing one antihyper-
tensive agent with another. Some have argued that the optimal
drug is one with a smooth concentration-time profile and
long elimination half-life to maintain stable drug concentra-
tions and stable antihypertensive effect despite imperfect
medication-taking.128 In this context, the trough-to-peak ratio
reflects the duration of drug’s action relative to its dosing
interval, avoiding the use of inappropriately large drug doses
simply to extend the apparent duration of action. At least two
different clusters of drugs have been identified. In the first
group, the concentration–effect relationship is essentially
linear, and the trough-to-peak ratio is almost invariably dose-
independent and therefore more stable. In the second group-
ing, the concentration–effect relationship is sigmoid-shaped,
and the trough-to-peak ratio becomes dose-dependent and
highly affected by compliance.129 The data from Meredith and
Elliott, shown in Figure 41–7, illustrate some interdrug differ-
ences among several antihypertensive agents.130

Drugs with linear relationships are more forgiving of
imperfect adherence. They achieve therapeutic sufficiency
with desirable and sustained reductions in BP in spite of vari-
able pill-taking.131 Using ambulatory BP monitoring, Leenen
et al. confirmed that once-daily amlodipine provided more
effective and consistent antihypertensive effect than twice-
daily diltiazem in the face of interrupted therapy.132 Some
authors have used the same arguments in support of newly
introduced combination products, when one of the compo-
nents is especially long-lasting.133,134

The New Paradigm: Challenges for the Decade

Ultimately, the clinician is the expert on the disorder and its
treatment in general, but the patient remains the expert in his
or her own disorder and his or her own experience with the
treatment.135 The principal challenges for the next decade will
be to (1) forge strong foundations for collaboration among
patient, clinician, and healthcare system; (2) reassess the
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traditional wisdoms about predictors of nonadherence and
effective interventions; and (3) establish thresholds of thera-
peutic sufficiency for optimizing cardiovascular benefit to
hypertensive patients despite sometimes imperfect adherence.

Compliance-Enhancing Strategies for the
Clinician
There are a cluster of discrete, effective, and feasible steps to
detect, evaluate, and intervene among partial and noncompliant
hypertensive patients, summarized in Box 41–2.9 The remedial
steps represent challenges because few clinicians have received
training in how to be educators, motivators, and coaches. For
their part, many practices and medical institutions have not
readily accepted responsibility for these critical efforts.136

1. Watch for nonattenders.
Those patients who fail initial or follow-up appointments
are most at risk for dropping permanently out of care. This
is especially likely to occur in the first year of treatment but
may occur at any time.137 Once detected, such patients
should receive special handling to maximize the likelihood
of their resuming regular visits and progress to goal.

2. Watch for nonresponders.
Most patients will respond to antihypertensive medica-
tions with a relatively prompt and sustained reduction in
BP, assuming selection of a rational and suitably aggressive
regimen. Initial or secondary “resistance” to treatment car-
ries its own differential diagnosis: secondary hypertension,
interfering substances, biologic factors, suboptimal regi-
men, and medication nonadherence.14 Retaining a low
threshold for these possibilities helps promptly detect,
address, and hopefully resolve any noncompliance.

3. Inquire without confrontation about compliance barriers.
When exploring for nonadherence, the art may lie in estab-
lishing collaboration rather than confrontation. Few
patients will openly admit to noncompliance if the clini-
cian asks, “You’re taking all your pills, aren’t you?” More
useful phrasings might include the following: “Many peo-
ple have difficulty taking their medications as prescribed.
What kinds of problems have you had in taking the pills?”
In one study of a community pharmacy, 549 submitted
prescriptions were never picked up over a 9-month inter-
val. The stated reasons included transfer to another phar-
macy, forgotten prescription, patient still had medication
left over, or patient no longer needed the medication.138 In
another survey of general practice patients, prescribing
physicians and assisting nurses, imperfect knowledge of the
medications occurred in up to 60% of patients.139 After a
suitable open-ended inquiry, the clinician may use some
follow-up questions:
(a) “Some people experience awkward or embarrassing

side effects, like leaking urine or having sexual prob-
lems. These problems may be hard to discuss.140

Sometimes we can reduce or eliminate these problems
if we know about them. Have you had any problems
like these?”

(b) “Other people have trouble remembering the pills or
find that pill-taking interferes with their normal sched-
ule. What kind of system do you use at home or work
to stay on track with your pills?”
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Box 41–2 Compliance-Enhancing Strategies for Clinicians

1. Watch for nonattenders.
2. Watch for nonresponders.
3. Inquire without confrontation about compliance

barriers.
4. Encourage the development and use of a

medication-taking “system.”
5. Provide simple, clear instruction.
6. Simplify the regimen as much as possible.
7. Provide substitutive and sequential steps.
8. Monitor progress to goal, both in blood pressure

(BP) and in compliance.
9. Reinforce desirable behaviors and outcomes

whenever possible.
10. Apply useful, relevant information and help from all

possible sources.
11. Make explicit the potential value of the prescribed

regimen and the impact of compliance.
12. Emphasize the importance of dose timing when

appropriate.
13. Seek to customize the regimen to the patient’s

needs and preferences.

Partially adapted from Sackett DL, Haynes RB, Tugwell P.
Compliance. Clinical Epidemiology: A Basic Science for Clinical
Medicine. Boston, Little, Brown, 1985; p 218.



(c) “I once had a patient who came to see me regularly but
never mentioned that he could not afford the medica-
tions I prescribed. As soon as I gave him sample drugs,
his blood pressure was promptly controlled. Have you
had any problems filling the prescription, opening the
vials, or swallowing the pills?”

4. Encourage the development and use of a medication-taking
“system.”
Cramer has called for compliance enhancement by asking
every patient at every visit about how the prescribed med-
ications are taken.126 The clinician may then encourage the
selection of location, time, and/or activity cues, consistent
with the patient’s personal, daily routine. At each follow-up
visit, the discussion may review how the selected method is
working and lead to selective changes. In a survey of out-
patients, Rudd and Marshall reported that the majority of
patients had one or more systems of locations and cues for
this purpose.76

5. Provide simple, clear instructions.
Learning theory indicates that patients will often recall the
first and last things they are told but retain little of what
comes in between. Uncomplicated, unambiguous direc-
tions are important, even when reinforced in writing or by
review in the presence of the patient’s significant other.
Reliance on the pharmacist to provide more patient
instruction, reinforcement, or reassurance may not always
be realistic. On occasion, the addition of a pill dispenser
aid facilitates following the instructions and highlights any
missed doses.

6. Simplify the regimen as much as possible.
The number of dosings appears to be more of a stumbling
block than the number of pills taken at any one time. In the
elderly, such simplification may be particularly difficult but
important when the reality is “polymedicine” for multiple,
concurrent conditions rather than avoidable polypharma-
cy.141,142 One useful strategy involves selecting, whenever
possible, one drug to serve more than one function, such as
using an α1-blocker for both prostatism and hypertension
or an ACE-inhibitor for both congestive heart failure
(CHF) and hypertension.

7. Provide substitutive and sequential steps.
Too often, the well-intentioned patient may be over-
whelmed by requests to change several medications, mod-
ify diet, and increase exercise all at the same time. In
most cases, urgency is unnecessary. If possible, the clini-
cian should identify one behavior to substitute for anoth-
er rather than add to the large and daunting number of
requests. Well selected, the substitutive behavior takes no
more work than the replaced behavior. The clinician can
further assist by negotiating priorities for change in a
manageable sequence rather than all at once.

8. Monitor progress to goal, both in BP and in compliance.
The clinician should specify the relation between 
prescribed medication and the attainment of goal BP,
laying the foundation for further inquiry about adher-
ence if the goal is not achieved or is not sustained.
Introduc ing electronic monitoring of compliance alone
can enh ance antihypertensive control among patients
with resistant hypertension, unmasking imperfect
adherence.143

9. Reinforce desirable behaviors and outcomes whenever
possible.

The key behaviors to reinforce include keeping appoint-
ments, taking medications as prescribed, avoiding running
out of medication, and remaining willing to work out
medication-taking and other clinical problems in a collab-
orative way. Secret efforts to titrate down one’s medica-
tions to minimize side effects is a double loss: loss of max-
imal cardiovascular protection and loss of the opportunity
to reduce the symptoms by adjusting the regimen. Another
useful strategy is to reinforce desirable behaviors, so that
they produce discomfort or dysphoria when missed, such
as feeling ill at ease when going to bed without brushing
one’s teeth or riding in an automobile when a seatbelt is
not available. Patients may learn both the dysphoria and
how to avoid it by adhering to the prescription.

10. Apply useful, relevant information and help from all possi-
ble sources.
Family members and significant others may provide invalu-
able assistance and reinforcement for pill-taking, especially
for patients with handicaps or cognitive impairment. For
others, visiting nurse services and home health aides offer
structure and support. Sometimes, important clues to non-
adherence appear from failure to request prescription refills
at indicated intervals. Other potential sources of key data
include symptoms, signs, or laboratory test changes link-
able to the specific, prescribed medications.144 On a more
ambitious scale, several successful programs have used
nurse-mediated services with decision support by algo-
rithm and frequent telephone contacts to yield improved
compliance and better cardiovascular control.145,146

11. Make explicit the potential value of the prescribed regimen
and the impact of compliance.
The clinician should emphasize the multiple benefits that
can follow from optimal control of BP, including reduced
risk of stroke, MI, heart failure, kidney failure, and periph-
eral vascular disease. There is a difference between an “aver-
age effect,” based on the mean level of adherence, with that
achievable with maximal compliance.147 Figure 41–8 illus-
trates the difference of lipid-lowering efficacy for cholestyra-
mine at average and maximal levels of compliance.

12. Emphasize the importance of dose timing when appropriate.
Unless told and reminded, many patients will not pay
much attention to the precise timing of doses. For some
medications and some dosing times, electronic monitor-
ing has confirmed the superiority of morning versus
evening dosing.148,149

13. Seek to customize the regimen to the patient’s needs and
preferences.
Most patients and most clinicians appear convinced that
once-daily dosing will always be superior to more frequent
dosing schedules. From a theoretical perspective, Levy has
argued that more frequent dosings reduce the likelihood
of having drug concentrations fall to subtherapeutic levels
when lapses in pill-taking occur.150 Figure 41–9 illustrates
the relationship for a hypothetical drug prescribed once,
twice, three, or four times daily. Empirically with elec-
tronic monitoring, Kruse et al. confirmed that once-daily
dosing was more likely than twice-daily dosing to result in
skipped days without any treatment, especially on week-
ends, and that evening doses were twice as likely as morning
doses to be missed.151 Although combination drug therapy
might on one hand make a patient’s medication regimen
more complicated, it might be more appropriate to use
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lower doses of two drugs in some patients in order to limit
the side effects that might be caused by using a higher
dose of one drug.

Compliance-Enhancing Strategies
for Healthcare Systems
Health care systems themselves offer new opportunities for
enhancing adherence. Two converging trends should assist the
process: the emergence of vertically integrated health care sys-
tems and growing accountability for outcomes. The principal
opportunities consist of reminder systems, technology appli-
cations, and aligning of incentives for patients, clinicians, and
administrators. Among reminder systems, there are both
paper and electronic methods to highlight and alert the
prescribing clinician for missed events, whether appoint-
ments, prescription refills, scheduled monitorings, or aberrant
test results. The use of an electronic medical record and a
closed pharmacy system greatly facilitates the tracking and
reporting functions. Such reminder systems have successfully
improved rates of preventive service utilization.152 Similarly,
automated reminder cards for medication refills help identify
poorly compliant patients and improve medication refill
rates.153,154 Telephone reminder systems can enhance patient
medication compliance as measured by electronic medication
monitors.155,156

Information technology may link traditional clinical prac-
tice with decision support and track progress to therapeutic
goals. Decision-support software integrates disparate data
sources, such as patient history, renal function, serum potassi-

um and most recent antihypertensive drug regimen, to guide
drug and dose selections.157-159 Even with such support, the cli-
nician can often improve clinical outcomes for patients by
specifying target outcomes with regular tracking of progress.
Traditional progress notes and flowsheet tables are useful but
gain impact for patient and clinician alike when data are
graphed against the goals over time, as illustrated in Table 41–3
and Figure 41–10.

The final opportunity arises from aligning incentives
among all the interested parties: patient, significant other(s),
clinician, support staff, administrator, payers, and regulators.
As with all complex issues, there are multiple levels of impor-
tance and relevance, especially in managed care and prepaid
settings, as illustrated in Figure 41–11.

Presumably, all participants would agree on the common
goals of achieving excellent BP control for as many patients as
possible and thereby minimizing cardiovascular morbidity
and mortality at acceptable cost. Beyond this simple agree-
ment, consensus becomes more difficult. For example, does
the clinician remain responsible for all patients eligible to
come for care or only for those who actually present for care?
Does the “acceptable cost” refer to that for the insurance car-
rier (premiums minus expenses), the employer (tax write-offs
and employee benefits), the government (tax credits), or the
patient (out-of-pocket expenses)?

Under the emerging expectation of professional accounta-
bility, payers and regulators will increasingly hold health pro-
fessionals responsible for the medical outcomes they produce,
including the rates of BP control, complications of the condi-
tion and its treatment, and the costs associated with these
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results. The most likely consequences of high expectations and
constrained resources will include larger copayments and
deductibles by patients for needed medical services, as well as
cost- and risk-shifting from employers to insurance carriers
and from insurance carriers to medical groups and provider
institutions. All parties are searching for value rather than
high quality of care regardless of cost. In this context,
patients’ low level of adherence to appointments, monitoring,
and treatments become comparable to prescribing ineffective
therapy.

To date, the validation of many proposed strategies and
tactics to improve adherence for antihypertensive therapy
remains imperfect. Haynes et al.’s review of compliance-
enhancing interventions found 33 suitable randomized

controlled trials in their computerized search of studies from
1967 through August, 2001. Half (19 of 39) of the interven-
tions for long-term treatments were associated with improve-
ments in adherence, and 17 interventions led to improvements
in treatment outcomes. The most useful interventions for
long-term care included complex combinations of more
convenient care, information, counseling, reminders, self-
monitoring, reinforcement, family therapy, and other forms of
additional supervision or attention. Even the most effective
interventions did not lead to substantial improvements in
adherence.160

Even if a small core of effective interventions were identified,
individual clinicians and their medical groups and support
staff would need orientation, training, and reinforcement, so
that all components of the health care team work together in
a seamless and effective manner.161

Several new and promising approaches warrant close
review and consideration. In a population of both psychotic
and nonpsychotic patients, Cramer et al. used simple,
focused steps to simplify drug regimens, scheduling dosings
with tailoring to individual patients’ daily patterns, helping
patients select reminders or cues, and offering systematic
monitoring, feedback, and reinforcement. Over 6 months,
mean compliance by electronic monitoring remained rela-
tively high among 32 intervention subjects (81%→76%),
significantly higher than among 28 control subjects
(68%→57%; p = .008).162 Their intervention principles con-
sisted of education, planning dosing regimens, clinic sched-
uling, and communication.163

In a similar manner, Burnier et al. achieved mean compliance
rates of 94% in refractory hypertensive patients from among a
highly noncompliant subset at baseline.143 Urquhart et al.
described a spreadsheet-based method to summarize patients’
drug dosing patterns, based on electronic medication monitor
data.164 They went on to describe a “measurement-guided med-
ication management” approach that uses electronic medication
monitors to identify noncompliant individuals and then links
them to instruction by clinician, pharmacist, or trained coun-
selor on adherence-enhancing methods.165

The future path for optimizing patient, professional, and
medical care system adherence for hypertension management
remains largely uncharted. Its importance to ensure improved
BP control becomes clearer as we examine the rate-limiting
steps to bring full benefit to all hypertensive patients.

Table 41–3 Treatment to Goal

Patient: John DOE #123-45-67 Drug #1 Drug #2 Drug #3 Serum
SBP DBP Weight HCTZ Lisinopril Atenolol Creatiinine 

Date (mm Hg) (mm Hg) (lbs) (mg/dl) (mg/dl) (mg/dl) (mg/dl)

2/15/00 159 104 212 1.0
3/2/00 164 102 210 25
4/12/00 154 99 209 25 10
6/26/00 148 96 210 25 20 1.2
8/9/00 150 93 209 25 40
10/4/00 144 90 207 25 40 50 1.3

SBP, systolic blood pressure; DBP, diastolic blood pressure.
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SO MANY DATA, SO LITTLE
CONSENSUS

Decades of research have focused on the role of specific
dietary nutrients in blood pressure regulation. Sodium,
potassium, calcium, and magnesium have each been exam-
ined extensively in epidemiologic surveys, in clinical trials,
and in laboratory investigations.1 Yet the debates continue.2

Despite years of investigative effort and volumes of publica-
tions, the effects on blood pressure of these individual dietary
factors remain subjects of scientific controversy and public
confusion.

The most obvious example is sodium chloride, which, for
reasons both rational and otherwise,2 has long been consid-
ered the foremost dietary cause of high blood pressure. This
presumption first received “factual” support from Dahl’s clas-
sic epidemiologic study published in 1960, which included a
graph with very few data points indicating an almost perfect,
linear relationship between the prevalence of hypertension
and salt intake among five separate populations around the
world.3 Although that often-cited study has been discounted
on the basis of severe design and methodologic flaws,4 and
although the vast body of medical literature regarding the
contribution of dietary salt to the worldwide prevalence of
hypertension is plagued with conflicting results, the contro-
versy surrounding the sodium–blood pressure relationship
continues to engage and enrage nutrition and cardiovascular
scientists.2,5-9

Although not at the same magnitude and intensity as for
sodium, studies of other micronutrients in association with
blood pressure control are similarly equivocal. Inadequate
intakes of potassium, calcium, and magnesium have all been
individually implicated in increased hypertension risk in
population studies and in some but not all clinical trials.
Studied in isolation, each of these micronutrients has been
reported to decrease blood pressure, to increase blood pres-
sure, and to have no effect on blood pressure.10,11 The one sim-
ilarity these studies share is that of heterogeneity; that is, mod-
ifications in nutrient intake consistently induce inconsistent
responses in blood pressure.

The lack of consensus regarding the blood pressure effects
of these nutrients, the discrepancies in the results of the stud-
ies, and the heterogeneity of response commonly observed in

clinical trials assessing electrolytes have a number of possible,
related explanations. It is likely that the antihypertensive
effects of single nutrients are small and require large-scale tri-
als for their detection. In contrast, the results of epidemiolog-
ic surveys and of clinical trials that include modifications of
more than one nutrient may reflect larger, more easily detec
ted additive effects, as evidenced by the results of recent stud-
ies assessing overall diet patterns.12-14 Interactions among
coexisting nutrients may also play a major role in the incon-
sistency of results in all studies in which intake levels of one or
more nutrients are manipulated. Additional confounding fac-
tors in dietary studies include the degree to which baseline
intake of the nutrient under study may influence individual
blood pressure responses and the likely possibility that the
supplemental form of nutrients used in many studies does not
have an effect on blood pressure that is comparable to that
seen with nutrients naturally occurring in foods.

NUTRIENT INTERACTIONS

Each of these explanations likely contributes in some part to
the unresolved questions regarding the role of specific nutri-
ents in blood pressure regulation. However, we now have
available both indirect and direct evidence of the paramount
role of nutrient interactions in the prevention and treatment
of high blood pressure. Preliminary evidence comes from ani-
mal and human studies of sodium effects on blood pressure.
Kotchen et al.15 first reported that the hypertensive effect of
sodium chloride in Dahl salt-sensitive rats is preceded by the
emergence of disturbances in calcium homeostasis. Kurtz
et al.16 postulated that the induction of a calciuresis may indi-
cate the mechanism(s) by which sodium chloride raises blood
pressure in humans. In laboratory models of hypertensive car-
diovascular disease known to be salt-sensitive, Tobian et al.17,18

demonstrated the protective effect of dietary potassium on
blood pressure increases. Their data are supported by the clin-
ical observation of Krishna et al.19 that short-term, severe
potassium restriction induces salt sensitivity in normotensive
humans and the epidemiologic data of Khaw and Barrett-
Connor20 indicating that adequate potassium intake protected
against the potential adverse effects of sodium chloride on
blood pressure regulation.
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In the index report that characterized the calciuresis of
essential hypertension, it was noted that this metabolic defect
was more evident at greater levels of urinary sodium excre-
tion.21 This report was strikingly similar to observations
reported in both the Dahl salt-sensitive rat15 and the rat model
of deoxycorticosterone acetate-salt hypertension22 and has
also been demonstrated in humans.23,24 Subsequent studies
have shown that reducing sodium chloride intake does not
eliminate the renal defect. In the spontaneously hypertensive
rat, an animal with well-characterized disturbances of calcium
metabolism including a renal calcium leak,25 the antihyper-
tensive effect of increasing dietary calcium has been shown to
require a normal or high-normal concurrent intake of sodium
chloride.26,27 In humans, Hamet et al.28 have reported that
individuals consuming higher levels of sodium chloride could
fall into the highest or lowest blood pressure group depending
on whether they were consuming inadequate amounts of cal-
cium or amounts that met recommended dietary allowances.

Similar to the relationship between sodium and other nutri-
ents, interactions among calcium, potassium, and magnesium
have also been reported. However, as emphasized by Reed
et al.29 in their analyses of the Honolulu Heart Study, identify-
ing these interactions is complicated by multicollinearity that
makes it inherently difficult to clearly isolate the effects of one
nutrient from the effects of those consumed concurrently. From
the Nurses Health Study, Witteman et al.30 observed that dietary
calcium and magnesium both had strong and independent
inverse associations with hypertension and that adjusting for
calcium and magnesium intake eliminated the observed crude
inverse association of dietary potassium and fiber with hyper-
tension risk. It was reported in the Health Professionals Follow-
up Study that nutrient effects on blood pressure observed when
assessed individually were obliterated when the nutrients were
considered together.31 In the case of calcium specifically, meta-
analysis of randomized controlled trials noted that the effects of
food sources appear to be more effective than calcium supple-
ments,32 likely caused in part by the presence of the other nutri-
ents in food that track with calcium.

Thus numerous studies in recent years have examined rela-
tionships between nutrients and have identified some of the
interdependencies that exist among the major electrolytes. We
now recognize that nutrients function interactively both in
the body and in their impact on blood pressure regulation.
Considering that nutrients are not ingested in isolation but as
combined constituents of a total diet, it is not surprising that
manipulations of a single nutrient would produce inconsis-
tent and often contradictory results. If one accepts the
hypothesis that micronutrients express their physiologic
actions through integrated pathways, it is paradoxical to
expect a uniform benefit in terms of blood pressure control by
altering the intake of any one of them.

DIETARY NUTRIENT PATTERNS

Whenever the consumption of a single nutrient is significant-
ly altered, an entirely new dietary pattern is created. Nutrients
occur in clusters in the typical human diet and may therefore
act synergistically to alter physiologic variables such as blood
pressure. In a study assessing blood pressure effects of calcium
carbonate as compared with increased calcium in the diet, up
to 1500 mg calcium per day, Karanja et al.33 observed signifi-

cant simultaneous increases in consumption of magnesium,
potassium, phosphorus, riboflavin, and vitamin D. In a review
of the effect of sodium restriction on overall nutrient intake,
Morris34 found that most of the published studies did not
address concomitant nutrient changes, but those that did
reported significant decreases in a number of essential dietary
components. Although improvements were frequently
observed in energy and fat intake, these were offset by reduc-
tions in calcium, potassium, fiber, and protein intake.
Interestingly, each of the first three of these dietary compo-
nents has a purported role in blood pressure regulation, and
all three are known to be typically consumed at less-than-
adequate levels in the general population.

COMPREHENSIVE DIETARY CLINICAL
TRIALS

Vanguard Studies
As a result of our increasing awareness of the impact and com-
plexity of dietary interactions, nutrition research has expand-
ed in recent years to include assessment of overall dietary pat-
terns as they contribute to lower cardiovascular disease risk
through the treatment or the prevention of hypertension. The
Cardiovascular Risk Reduction Dietary Intervention Trial was
a 4-year series of multicenter, randomized clinical studies to
evaluate multiple health effects of a complete nutrition pro-
gram on persons at high risk of cardiovascular disease. Free-
living adults with established hypertension, dyslipidemia,
and/or type 2 diabetes mellitus were provided with a prepared
meal plan formulated to include levels of vitamins and miner-
als that meet the recommended dietary allowances (RDA) of
the Food and Nutrition Board35 and the levels of micronutri-
ents and macronutrients recommended by major health
organizations.36-39 The clinical effects of the total nutrition
plan were compared with those of a self-selected diet based on
the exchange list system.39

The results of the first 14-week study in the series demon-
strated significant improvements from both diet plans in blood
pressure, lipid levels, glycemic control, homocysteine levels,
weight, overall nutrient intake, and quality of life, with greater
improvements in most of these measures observed with the
prepared meal plan as compared with a self-selected diet.40 The
second Vanguard study assessed the same endpoints by using
similar dietary interventions for 10 weeks but reduced the
amount of contact with participants to the level more likely to
occur in clinical practice when dietary therapy is recommend-
ed.41 A third trial used a 52-week intervention and reported
similar results.42 These studies demonstrated that consump-
tion of a nutritionally complete and balanced dietary pattern,
which provides appropriate levels of multiple nutrients, can
improve blood pressure as well as multiple other risk factors
for cardiovascular disease, even in persons with high-normal
risk profiles. Subsequent analysis of the Vanguard data identi-
fied highly predictive correlations between various electrolytes
and the hormones controlling them and the observed changes
in blood pressure (Figure 42–1).43

DASH Trial
To specifically address the relationship between total dietary
patterns and blood pressure, the National Heart, Lung, and
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Blood Institute (NHLBI) initiated the multicenter, random-
ized, controlled Dietary Approaches to Stop Hypertension
(DASH) clinical trial.12 This carefully designed and executed
study provides dramatic evidence of the effect and impor-
tance of the dietary pattern of nutrients, as they occur togeth-
er in food, on blood pressure regulation. Three diets were
assessed in the trial: (1) a typical American diet (control), with
four daily servings of fruits and vegetables and half a serving
of dairy products; (2) the fruits-and-vegetables diet, with 8.5
servings/day of these foods; and (3) the combination, or
DASH, diet, which included 10 fruit and vegetable servings
and 2.7 daily servings of low-fat dairy products.

Highly significant blood pressure reductions among all par-
ticipants were achieved with the DASH diet; systolic pressure
was reduced by 5 mm Hg more and diastolic pressure by 3.0
mm Hg more than with the control diet. Blood pressure
reductions with the fruits-and-vegetables diet as compared
with the control were also highly significant, but only about
half (2.8 mm Hg systolic and 1.1 mm Hg diastolic) of those
achieved with the combination diet. The reductions with both
intervention diets were observed within the first 2 weeks of
study and were sustained for the remaining 6 weeks of the
intervention.

Of notable clinical significance, blood pressure reductions
in hypertensive participants on the DASH combination diet
were 11.4 mm Hg systolic and 5.5 mm Hg diastolic as com-
pared with the control diet and 4.1 mm Hg systolic and 2.26
mm Hg diastolic as compared with the fruits-and-vegetables
diet.12 In a subsequent publication, the investigators reported
that the DASH diet was particularly effective in older persons

with systolic hypertension,44 such that in almost 80% of these
participants, blood pressure would have been controlled by
the DASH diet alone. The observed blood pressure reductions
with the DASH diet in hypertensive participants were similar
in magnitude to those reported in pharmacologic trials of
treatment of mild hypertension.45

The diet-related factors most commonly associated with
blood pressure management—sodium, alcohol, and weight—
were held constant throughout the DASH study and were sim-
ilar across the three diets. Thus they were not accountable for
the blood pressure changes observed in this trial and suggest a
protective blood pressure effect of comprehensive nutrient
intake patterns on known dietary blood pressure determi-
nants. As we reported in Science,1 the results of the DASH Trial
are remarkably consistent with the epidemiologic evidence we
published 20 years ago46 that identified a close association of
dietary calcium and potassium in the American diet with
blood pressure control (Figure 42–2). Our 1984 article was the
first to report that a diet rich in dairy foods, fruits, and veg-
etables was the dietary pattern associated with lower levels of
blood pressure in the United States.

DASH-Sodium Trial
The publication of the DASH Trial12 and the Trials of Hyper-
tension Prevention, Phase II (TOHPS II; 47) within a few
months of one another raised the question of whether the
DASH diet alone was more effective than sodium restriction
alone. NHLBI thus initiated a second DASH study, the DASH-
Sodium Trial, in which the blood pressure effects of the DASH
diet alone and in combination with sodium restriction were
assessed in a study population at higher risk for salt sensitivi-
ty, that is, with overrepresentation of overweight, hypertensive
adults of African American descent.13

The DASH-Sodium investigators concluded that the DASH
diet in conjunction with sodium restriction was more effective
than either of the approaches alone in reducing blood pres-
sure in both hypertensive and normotensive persons. They
stated further that their findings “provide a scientific basis for
a lower goal for dietary sodium than the level currently rec-
ommended.”13 These interpretations of the DASH-Sodium
data have been met with controversy and challenge.48-50 The
actual effect of the DASH diet alone in this high-risk popula-
tion was virtually identical to that observed in the first DASH
Trial, supporting the reproducible, generalizable, and benefi-
cial effect across the entire population of a diet rich in low-fat
dairy foods, fruits, and vegetables.

In a subsequent publication of the subgroup analysis of the
DASH-Sodium Trial, the investigators acknowledged that the
effect of sodium restriction on blood pressure was significant
only among hypertensive African Americans ≥45 years of
age.51 Based on those findings and the initial concerns
expressed regarding the interpretation of the DASH-Sodium
Trial,49 it is apparent that a diet that emphasizes low-fat dairy
products, fruits, and vegetables has a significant effect on all
adults regardless of their blood pressure status and that sodi-
um restriction has a minimal effect isolated to older, over-
weight African American patients with high blood pressure.

Although there has not yet been full publication of all the
data that should be made available from the DASH-Sodium
Trial,48 the data that have been shown provide critical evi-
dence of where our priorities should be placed with regard to
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nutritional guidelines to prevent and to manage hypertension.
The DASH-Sodium Trial confirmed that (1) the beneficial
blood pressure effect of the DASH diet is generalizable to the
entire population and not limited to people with hyperten-
sion, (2) the effects of the DASH diet are substantial and sig-
nificantly greater than any that have been reported for sodium
restriction, (3) sodium sensitivity is ablated by the DASH diet
in most people who would otherwise be categorized as salt
sensitive, and (4) recommendation of the DASH diet should
be the first step for high blood pressure management for all
individuals with hypertension.

TOWARD A NEW PARADIGM

Our efforts to understand the blood pressure effects of
micronutrients, as individual components as well as interac-
tive constituents of the human diet, have revealed several
important and easily adopted answers to long-standing ques-
tions in this area. While experts in the fields of nutrition and
blood pressure may continue to argue the merits of altering
the intake of one nutrient or another, we have available to us
today the body of appropriate and definitive data to resolve
the conflicting results and to lay to rest the scientific contro-
versies surrounding the role of dietary nutrients in preventing
and managing high blood pressure. For even the most vit-
riolic debate, that of the sodium–blood pressure relationship,2

the data now exist that could finally produce consensus on
this issue.

Using established analytical standards to assess the “pool
effect” of randomized controlled trials of sodium restriction,
the Cochrane Collaboration52 recently provided a conclusive
statistical evaluation of the clinical trial data addressing the
role of dietary sodium in hypertension. Hooper and col-
leagues concluded that there was not sufficient evidence that
sodium restriction was an effective therapeutic modality in
the hypertensive population and that it was not appropriate as
a preventive measure in the general population. They left open
the possibility that future studies might demonstrate a benefit
in a subset of individuals with hypertension, but no convinc-
ing data exist to support such a recommendation at this time.
Furthermore, these investigators acknowledged that the avail-
able data suggest that broad application of low-sodium diets
to either the general population or hypertensive individuals
may actually contribute to cardiovascular events and mortali-

ty, an issue first raised a decade ago53 that still needs to be
resolved conclusively with properly controlled long-term clin-
ical trials.

The importance of first ensuring that hypertensive patients
improve the overall quality of their diets was recently
addressed by the Seventh Report of the Joint National
Committee on Prevention, Detection, Evaluation, and
Treatment of High Blood Pressure (JNC 7).54 In their recom-
mendations, the National High Blood Pressure Education
Program ranked the DASH diet as a primary nutritional inter-
vention in the management of this common medical disorder.
However, that transition in nutritional guidance for the
patient with high blood pressure leaves several important
issues to be resolved, including whether it is possible for adults
at risk of hypertension and its cardiovascular consequences to
incorporate the DASH diet into the multiple lifestyle adjust-
ments these patients often have to make and whether adher-
ence to the DASH diet will reduce cardiovascular events and
lower mortality rate.

As recently reported,55 the cumulative body of evidence
from randomized controlled trials and prospective observa-
tional studies strongly suggests that, at least with regard to the
dairy component of the DASH diet, the prevalence of several
common cardiovascular risk factors can be reduced by regular
dairy consumption with 3 to 4 servings per day, a range con-
sistent with the DASH diet and current national dietary rec-
ommendations. The risk factors that have been shown to be
improved with adequate dairy consumption include body
weight, insulin-resistant syndrome, blood pressure, and serum
lipids. Incorporating regular dairy food intake into the diets of
at-risk young adults has been demonstrated to also lead to
increased fruit and vegetable consumption56—that is, a nutri-
tional pattern consistent with the DASH diet.

While implementation of dietary and lifestyle changes can
be a challenge for individual patients, the evidence we have
today clearly indicates that improved diet quality can be the
single means of managing blood pressure for many patients
and that, for others, improved diets can reduce their antihy-
pertensive medication requirements. Furthermore, it is now
well recognized that positive diet and lifestyle alterations can
prevent the development of hypertension. As stated in JNC 7,
lifestyle modifications—including improved nutrient intake,
weight loss, and increased physical activity—“are critical for
the prevention of high blood pressure...decrease blood pres-
sure, enhance antihypertensive drug efficacy, and decrease car-
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diovascular risk.”54 Although some patients may require more
aggressive management, for those with mild to moderate
hypertension, as well as for the population at large, improving
the overall quality of the diet should be the primary focus of
nutritional guidance for optimal blood pressure management.
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453Chapter 43

Nonpharmacologic measures have been widely recommended
for the prevention and treatment of high blood pressure (BP).
Weight loss, increased physical activity, moderation of alcohol
consumption, and dietary sodium reduction are discussed in
Chapters 42 and 45 to 47. Several other nonpharmacologic,
nutritional factors are associated with reductions in BP levels.
Epidemiologic data suggest that low BP is associated with high
dietary intake of potassium, magnesium, calcium, fiber, and
protein and with low intake of fat. However, trials of alter-
ations in the intake of individual nutrients or the use of nutri-
ent supplements have led to small, inconsistent, and/or incon-
clusive BP effects. Combinations of nutrients or the dietary
pattern itself may be more important than individual nutri-
ents. Indeed, the Dietary Approaches to Stop Hypertension
(DASH) study demonstrated that adoption of a specific
dietary pattern (the “DASH dietary pattern”) lowers BP as
much as single drug antihypertensive therapy.1,2 The DASH
dietary pattern also enhances the BP-lowering effect of anti-
hypertensive therapy.3 In individuals with prehypertension,
the BP-lowering effect of the DASH dietary pattern is of a
magnitude sufficient to prevent the development of hyperten-
sion. In addition, the DASH dietary pattern has beneficial
effects on other cardiovascular risk factors, such as lipid pro-
files4 and homocysteine.5

These effects of the DASH dietary pattern were established in
feeding studies and a clinical trial addressing the ability of free-
living individuals to adopt the DASH dietary pattern.6 Similar
to other nonpharmacologic interventions, there are no data
directly demonstrating the ability of the DASH dietary pattern
to reduce morbidity and mortality, but favorable effects of
interventions on outcomes in hypertensive patients are pre-
sumed to be due to BP lowering and modulation of other car-
diovascular disease (CVD) risk factors. Consequently, since
1997, national guidelines for the prevention and treatment of
high BP have included the DASH dietary pattern.7 In this chap-
ter we review the rationale, design, and findings of the DASH
studies, consider possible mechanisms of action, and discuss
strategies for implementation. Widespread implementation of
the DASH dietary pattern has the potential to reduce the CVD
burden attributable to BP and to reduce the rising health care
costs associated with the large burden of prehypertension and
hypertension in the United States and around the world.

BACKGROUND

Vegetarian Diet, Nutrients, and Blood
Pressure
Observational studies have demonstrated that vegetarians have
lower BP levels than comparable nonvegetarian populations.8,9

In addition, vegetarian diets seem to blunt the rise in BP

observed with aging.8,10 In a randomized controlled trial, when
nonhypertensive, nonvegetarian volunteers ate a vegetarian
diet, systolic BP (SBP) decreased by an average of 5 to 6 mm
Hg and diastolic BP (DBP) by 2 to 3 mm Hg.9 Similar effects
were seen when a vegetarian diet was eaten by a mildly hyper-
tensive population.11 A slight increase in SBP was found when
strict vegetarians were fed isocaloric amounts of beef, but there
was no change in DBP.12 Animal products are apparently not
the main culprit, however, since a BP-lowering effect is not
seen when they are replaced by starch and sugar.13,14 Specific
dietary components of a vegetarian diet (e.g., plant foods and
dairy products) may be responsible for its BP-lowering effect.
These dietary components include several micronutrients
(namely potassium, magnesium, and calcium) that have been
linked to BP regulation and that are discussed in Chapter 43.
Meta-analyses suggest a relatively consistent BP-lowering effect
of potassium,15 but smaller and less consistent effects of calci-
um and magnesium.16-19 Micronutrients have generally been
tested individually and often in the form of supplement pills,
leaving open the possibility that BP may be influenced by the
micronutrient content of foods. In addition to these micronu-
trients, a vegetarian diet frequently has a macronutrient profile
that is epidemiologically associated with lower BP, namely high
fiber and low fat.

Small epidemiologic studies have found a weak inverse
relationship between fiber intake and BP.20 However, this rela-
tionship may be confounded by the correlation between fiber
intake and intake of other nutrients. When other dietary com-
ponents are held stable, fiber supplementation has no signifi-
cant effect on BP.21 Similarly, epidemiologic data suggest that
low intake of total fat and saturated fat, and a high ratio of
polyunsaturated fat to saturated fatty acids, is associated with
lower BP, but clinical trial evidence, generally from under-
powered and/or confounded studies, does not demonstrate
consistent or clinically significant BP-lowering effects of
decreased fat intake by itself (i.e., without weight loss).20 High
protein has also been associated with lower stroke risk in cer-
tain populations.22,23 However, vegetarian diets tend to be low
in protein,8 and protein supplements have no effect on BP13

even when the protein is from vegetable sources.14

There are several possible reasons that alterations in single
micronutrients or macronutrients have not been associated
with significant BP effects. First, single nutrients may indi-
vidually have small effects on BP that would require a very
large study to be detectable. The small effects of individual
nutrients may be additive and therefore will only be detect-
ed if several nutrient changes are tested simultaneously.
Second, interactions among nutrients may exist that amplify
their effects when eaten in combination. Third, nutrient
supplements may not affect BP in the same manner as the
naturally occurring nutrients found in food, possibly
because of increased bioavailability in naturally occurring
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foods. Finally, the BP effects of a vegetarian diet may be due
to unknown or untested nutrients that are generally found in
this dietary pattern.24

In summary, epidemiologic and interventional evidence sug-
gests that elements in a vegetarian diet lead to lower BP levels,
but studies that alter individual micronutrients or macronutri-
ents have not produced consistent, significant BP effects. This
apparent paradox suggests that there is a complex interaction
between multiple dietary components and BP level.

Development of the DASH Dietary
Pattern
The DASH dietary pattern was developed to contain the
micronutrient and macronutrient profile that had been posit-
ed to be beneficial for BP—high potassium, magnesium, calci-
um, fiber, and polyunsaturated:saturated fatty acid ratio; and
low total and saturated fat. Other goals of the diet were to con-
tain enough animal products to make it palatable to nonvege-
tarians and to contain commonly available foods that were not
supplemented with nutrients beyond what would normally be
added as part of common food manufacturing practice.25

Consequently, it emphasizes fruits, vegetables, and low-fat
dairy products. It includes whole grains, poultry, fish, and nuts
and is reduced in fats, red meat, sweets, and sugar-containing
beverages. Its sodium content is slightly below average U.S.
consumption. For a 2100 kcal diet, 18% of the energy intake
comes from protein, 58% from carbohydrate, 27% from total
fat, 7% from saturated fatty acids, and 10% from monounsat-
urated fatty acids. The DASH dietary pattern includes 31g/day
of fiber, 150 mg/day of cholesterol, 4700 mg/day of potassium,
500 mg/day of magnesium, and 1240 mg/day of calcium.

THE DASH STUDIES

The first DASH study tested the BP effects of the DASH
dietary pattern compared with other dietary patterns.24 By
controlling for energy expenditure and keeping weight and
sodium intake stable, the DASH study was able to observe the
effect of dietary patterns on BP without confounding from
other lifestyle modifications known to influence BP. The sec-
ond DASH study tested the combined effects of the DASH
dietary pattern and reduced sodium intake on BP.26

The Dietary Approaches
to Stop Hypertension Trial
Design

The initial DASH trial was a multicenter, randomized feeding
study that tested the effects of three dietary patterns on BP: a
Control diet, a diet rich in fruits and vegetables (F/V), and the
DASH dietary pattern (Table 43–1). In the Control diet,
micronutrient content approximated the twenty-fifth per-
centile of population intake, and macronutrient content was
set at average American intake.27 The F/V diet was rich in
fruits and vegetables, but similar in macro- and micronutrient
content to the Control diet. The DASH dietary pattern, as
noted above, mimicked the micronutrient and macronutrient
contents found to lower BP in epidemiologic studies, approx-
imating the seventy-fifth percentile of population intake of

potassium, magnesium and calcium. To achieve this nutrient
profile, the DASH dietary pattern contained 9 to 12 serv-
ings/day of fruits and vegetables; 2 to 3 servings/day of low-fat
dairy products; whole grains; less than 2 servings/day of meat,
fish and poultry; and minimal sweets and sugary beverages
(Figure 43–1). In all three dietary patterns, sodium intake was
the same and not restricted (about 3000 mg/day). Energy
intake was adjusted to maintain the baseline body weight of
each participant.

All meals consumed by DASH trial participants were pre-
pared in metabolic kitchens using standardized procedures.
The nutrient content of the meals was confirmed by chemical
analysis.28 Participants ate one meal each weekday, preferably
lunch or dinner, at the clinical center, and carried out all other
weekday meals, snacks, and all weekend meals. Thus all foods
consumed during the study were provided. Each weekday,
body weight was measured, and calorie intake was adjusted if
weight increased or decreased by more than 2%.

The study population consisted of adults with high-normal
BP or stage 1 hypertension who were not taking antihyperten-
sive medication. Specifically, eligibility criteria were DBP 80 to
95 mm Hg and SBP less than 160 mm Hg, based on the average
of readings obtained over three screening visits. Exclusion crite-
ria were use of vitamin or food supplements; alcoholic beverage
intake >14 drinks per week; poorly controlled diabetes mellitus;
severe dyslipidemia; renal insufficiency; recent CVD event;
chronic illness; and body mass index (BMI) >35 kg/m2. Because
of the disproportionate burden of hypertension in African
Americans, the study was designed to include two-thirds
minority participants, predominantly African Americans.

The DASH study consisted of two phases: run-in and inter-
vention. After eligibility was established, participants entered a
run-in phase of 3 weeks during which they were fed the
Control dietary pattern. Participants were then randomly
assigned to one of the three dietary interventions: Control, F/V,
or DASH. The intervention phase began the day after the run-
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Table 43–1 Nutrient Composition of the Experimental Diets
in the DASH Study

Treatment Group

Fruits and
Nutrient Control Vegetables DASH

Fat 37 37 27
Saturated 16 16 6
Monounsaturated 13 13 13
Polyunsaturated 8 8 8
P/S ratio 0.5 0.5 1.33
Carbohydrates (g) 48 48 55
Protein (g) 15 15 18
Potassium (mg) 1700 4700 4700
Magnesium (mg) 165 500 500
Calcium (mg) 450 450 1240
Fiber (g) 9 31 31
Cholesterol (mg) 300 300 150
Sodium (mg) 3000 3000 3000

From Appel L J, Moore TJ, Obarzanek E, et al. A clinical trial of
the effects of dietary patterns on blood pressure. DASH
Collaborative Research Group. N Engl J Med 336(16):
1117-1124, 1997.



in feeding period ended and lasted for 8 weeks (Figure 43–2).
Adherence to the study diet was assessed by observation at the
on-site meal, by self-report of study participants, and by bio-
chemical measurement. As an objective estimate of adherence,
sodium, potassium, calcium, urea nitrogen, and magnesium
were measured in 24-hour urine collections.

The primary outcome was the change in DBP from the end
of run-in to the end of the intervention phase. Secondary end
points included the change in SBP and in 24-hour ambulato-
ry BP. Other outcomes assessed included changes in levels of
serum lipids, calcium, vitamin D, and effects of baseline char-
acteristics on BP response to intervention. All analyses were
performed using the intention-to-treat principle. The study
was powered to detect a difference in DBP between treatment
groups of 2.0 mm Hg (β = 0.15).

Results

A total of 459 participants were randomized in the DASH trial.
The mean age was 44 years; approximately 60% of participants

were African American, 50% were women, and 29% were clas-
sified as hypertensive. Baseline characteristics were similar in
the three diet groups.1 The percentages of participants who
completed the intervention phase in the Control, F/V, and
DASH groups were 95.5%, 97.4%, and 98.7%, respectively.
Dietary adherence was excellent: more than 95% attended the
required meals and ate all the meals. Urinary potassium
increased in proportion to the intended increase in dietary
intake of fruits and vegetables, with significant increases in
both the F/V diet and the DASH diet. Urinary magnesium,
phosphorus, and urea nitrogen also increased significantly in
the DASH diet, reflecting the increased intake of low-fat dairy
products and protein. As intended, urinary sodium excretion
and body weight were unchanged from baseline.

Both intervention diets significantly lowered BP compared
with the Control diet, with greater effects in the DASH diet
group than in the F/V group. (Figure 43–3). The full BP effects
were seen after 2 weeks and were sustained for the subsequent
6 weeks of the intervention. Compared with Control,
the DASH diet reduced SBP by 5.5 mm Hg and DBP by 3.0
mm Hg (p <.001 for both). The F/V diet reduced SBP by
2.8 mm Hg and DBP by 1.1 mm Hg more than the Control
diet (p <.001, .07 respectively). The DASH diet significantly
reduced the SBP (2.7 mm Hg, p = .001) and DBP (1.9 mm Hg,
p = .002) more than the F/V diet. Based on 24-hour ambula-
tory BP measurements, the BP effects of the DASH diet were
also noted throughout the day and night, with retention of the
diurnal pattern.29

Subgroup analysis demonstrated similar improvements in
BP in all groups. The DASH diet reduced BP more than the
Control or F/V diet in subgroups defined by gender, race, age,
hypertension status, education level, BMI, annual family
income, physical activity, family history of hypertension, and
alcohol intake.30 The DASH dietary pattern was equally effec-
tive in men and women. It lowered BP more in participants
with hypertension than in those with high-normal BP
(11.6/5.3 vs. 3.5/2.2 mm Hg) (Figure 43–4). Regardless of
hypertension status, African Americans had a larger BP

455Dietary Approaches to Hypertension Management: The DASH Studies

Meat/fish/poultry
2.5
2.5

1.6

5.3
5.8

2.5

0.3
0.4

0.7

0
0.1

2

5.2
1.6

5.2

3.3
2

4.4

Fats/oils

Regular fat dairy

Low-fat dairy

Fruits

Vegetables

0 1 2 3 4

Number of servings/day

5 6 7

DASH

Control

Fruits/vegetables

FFigure 43–1 Intake of food groups in the DASH
study. (From Vogt TM, Appel L J, Obarzanek E,
et al. Dietary Approaches to Stop Hypertension:
Rationale, design, and methods. DASH
Collaborative Research Group. J Am Diet Assoc
99[8 Suppl]:S12-S18, 1999, with permission
from the American Dietetic Association.)

Control diet

DASH diet

8 weeks

InterventionRun-in

Control
diet

Randomization

3 weeks

Fruits and vegetables diet

FFigure 43–2 DASH study design. (From Vogt TM, Appel L J,
Obarzanek E, et al. Dietary Approaches to Stop
Hypertension: Rationale, design, and methods. DASH
Collaborative Research Group. J Am Diet Assoc 99[8
Suppl]:S12-S18, 1999, with permission from the American
Dietetic Association.)



response to the DASH dietary pattern than did non–African
Americans. The effect in hypertensive African Americans was
a 13.2/6.1 mm Hg decrease in BP.

Among the 459 participants in the DASH trial, there were
72 with stage 1 isolated systolic hypertension (ISH). The
DASH diet proved to be effective as first-line therapy for
stage 1 ISH. Compared with the Control diet, use of the DASH
diet lowered SBP by 11.2 mm Hg in these study participants
(p <.001, 95% confidence interval (CI) –6.1 to −16.2 mm Hg).
The systolic response was highly consistent, occurring in vir-
tually every individual with ISH assigned to the DASH dietary
pattern. Seventy-eight percent of these individuals achieved
SBP goal (<140 mm Hg).31

Conclusions

The DASH dietary pattern lowers both SBP and DBP in a
broad range of individuals with high-normal BP and stage 1
hypertension. DASH is particularly effective in hypertensives
and African Americans. The magnitude of effect is sufficient
to potentially prevent hypertension in those with prehyper-
tension and to serve as first-line therapy in those with stage 1
hypertension.

Given the design of the DASH trial, the effects of this com-
plex dietary pattern on BP could be evaluated, but the specif-
ic dietary components responsible for changes in BP could
not be identified. However, because of the partial efficacy of
the F/V diet, it is clear that the effect of DASH was not simply
attributable to the increase in either dietary potassium or cal-
cium. It is possible that the total macronutrient and micronu-
trient composition of the DASH dietary pattern is necessary
to achieve its full BP-lowering effect.

The Dietary Approaches to Stop
Hypertension-Sodium Trial
Rationale and Design

After the publication of the DASH study results, national
guidelines for lifestyle interventions for preventing and treat-
ing hypertension included the DASH dietary pattern.7

However, the effect of the DASH dietary pattern in combina-
tion with other recommendations was unknown. Of particu-
lar interest was the combined effect of DASH with reduced
sodium intake. Additive effects of these two BP-lowering
dietary strategies would be advantageous. On the other hand,
previous research demonstrated that the effect of potassium
on BP is greatest when sodium intake is high,32,33 suggesting
that, to the extent that the DASH effect was due to increased
potassium intake, its effects might be mitigated by simultane-
ously reducing sodium intake. The DASH-Sodium trial was
conducted to determine the BP effect of three levels of sodium
intake in combination with either the DASH or the Control
dietary pattern. The three sodium levels were defined as high-
er (150 mM/day), intermediate (100 mM/day), and lower (50
mM/day). The higher level reflects the typical American diet,
the intermediate level represents the upper limit of national
recommendations, and the lower sodium level was chosen as
a potentially optimal level that might produce further BP-
lowering effects.

Similar to the DASH trial, the DASH-Sodium study was a
multicenter, randomized feeding trial. Entry criteria and
minority enrollment were also similar. The trial consisted of a
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run-in period during which all individuals consumed the
higher-sodium Control diet. Participants were then randomly
assigned to follow either the DASH diet or the Control diet for
90 days. Within this parallel design, a crossover design provid-
ed participants each of the three sodium levels for 30 consec-
utive days in random order (Figure 43–5).

The primary outcome was SBP at the end of each 30-day
period of dietary intervention, with DBP the secondary out-
come. The study assessed sodium effects within each diet and
the effects of diet at each sodium level, using an intention-to-
treat analysis. The study was powered to detect a 2.1 mm Hg
difference in SBP between sodium levels within each diet and
3.0 mm Hg between diets at a given sodium level (β = 0.1).
Adherence was assessed by the methods described in the
DASH trial above.

Results

Four hundred twelve participants were randomized. Baseline
characteristics were similar in those assigned to the Control diet
and those assigned to the DASH dietary pattern. The mean age
was 48 years, approximately 56% were African American, and
just over half were women. Forty-one percent had hypertension
at baseline. A total of 95% (198 of 208) of the individuals in the
DASH diet group and 94% (192 of 204) of those assigned to the
Control diet group completed the study and provided BP meas-
urements during each intervention period. Analysis of 24-hour
urine collections showed that those assigned to the various lev-
els of sodium intake nearly achieved their goals. Mean urine
sodium averaged 142 mM/day during the higher-sodium peri-
od, 107 mM/day during the intermediate-sodium period, and
65 mM/day during the lower-sodium period. As expected, uri-
nary potassium, magnesium, phosphorus, and urea nitrogen
were higher in the DASH group and were stable across all three
sodium levels. By design, weight remained stable throughout
the intervention phase.

Both the DASH diet and reduced sodium intake led to BP
lowering. BP was lower on the DASH than the Control diet at
each level of sodium intake, and decreasing sodium intake
reduced SBP and DBP in the context of both the DASH and the
Control diets (Figure 43–6). On the Control diet, BP was
reduced by 2.1/1.1 mm Hg going from the higher sodium

intake to the intermediate sodium intake and by 4.6/2.4 mm Hg
when the sodium intake was further reduced to the lower level.
On the DASH diet, reducing sodium intake from the higher
to the intermediate level resulted in a BP-lowering effect of
1.30/0.6 mm Hg. When these participants were fed the lower-
sodium diet, BP was further reduced by 1.7/1.0 mm Hg. The
effect of reducing sodium was not linear: the approximately 40-
mM decrease in sodium from the intermediate to the lower-
sodium diet resulted in a larger decrease in BP than the similar
decrease in sodium from the higher to the intermediate level.

The largest BP effect was observed with the combination of
DASH diet and lower sodium intake, although the effects were
not fully additive. Participants eating the lower-sodium DASH
diet had a BP reduction of 8.9/4.5 mm Hg compared with par-
ticipants consuming the higher-sodium Control diet.
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The DASH-Sodium results were consistent across sub-
groups defined by race, sex, age, and baseline hypertension sta-
tus.2 The effects of sodium were greater in participants with
hypertension, in African Americans on the Control diet com-
pared with non–African Americans on that diet, and in women
on the DASH diet compared with men on that diet. In indi-
viduals with hypertension, the combination of the DASH diet
and the lower sodium intake reduced SBP by 11.5 mm Hg.
This effect was larger in African Americans (12.6 mm Hg vs.
9.5 mm Hg for others). The combination of the two dietary
interventions had similar, but smaller, effects in individuals
without hypertension (7.1 mm Hg), men (6.8 mm Hg), and
women (10.5 mm Hg).2 Older patients appeared to be more
salt sensitive, with lower (vs. higher) sodium intake reducing
BP more in older (>45 years), nonhypertensive participants
fed the Control diet, compared with younger participants.
However, this effect was not seen in hypertensive individuals.34

Conclusions

The DASH-Sodium trial demonstrated that the DASH dietary
pattern reduced BP at all levels of sodium intake compared
with the Control diet, confirming and extending the findings
of the DASH trial. This benefit was seen across subgroups
defined by age, race, and hypertension status. In addition,
sodium reduction alone decreased BP in persons eating a diet
similar to the average American diet. The greatest BP-lowering
effect was seen with the combination of the DASH diet and
reduced sodium intake, leading to BP reductions similar to
single-drug antihypertensive therapy. These findings support
the use of the DASH dietary pattern and reduced sodium
intake for the prevention and treatment of high BP.

OTHER EFFECTS OF DASH

Effects in Patients with More Severe
Hypertension and/or Those
on Antihypertensive Medication

The DASH trials reviewed previously were limited to a study
population with high-normal BP (prehypertension in the
Seventh Report of the Joint National Committee on
Prevention, Detection, Evaluation, and Treatment of High
Blood Pressure [JNC 7]) or unmedicated stage 1 hyperten-
sion. Within that range, participants with higher BP had a
greater BP reduction from the DASH diet30 (Figure 43–7). The
effects of DASH in persons with higher than stage 1 hyperten-
sion and/or those on BP medications is largely unknown.
Conlin et al. randomly assigned participants with stage 1 or
2 hypertension to an 8-week trial of the Control or DASH
diet.3 These individuals were also assigned to the angiotensin
receptor blocker (ARB) losartan or placebo in an embedded
double-blind crossover design. Mean baseline BP in the DASH
group was 151/95 mm Hg. (compared with mean BP of
131.9/83.6 mm Hg in the DASH trial1). During the placebo
phase, the DASH dietary pattern reduced ambulatory SBP by
5.3 mm Hg (p <.05) compared with participants eating the
Control diet, with no significant effect on DBP. Thus, the
DASH diet is effective at lowering SBP in individuals with
stage 1 or 2 hypertension. This study also demonstrated that
the BP-lowering effect of losartan was greater in the setting of
the DASH dietary pattern than when the Control diet was

consumed (Figure 43–8). This trial suggests that the DASH
diet enhances the BP response to antihypertensive medication
that blocks the renin-angiotensin system (RAS) and raises the
possibility that it also will enhance the effects of other classes
of antihypertensive medication.

Effects on Other Cardiovascular Disease
Risk Factors
In the DASH studies, the DASH dietary pattern, in which sat-
urated fats are replaced by carbohydrates, monounsaturated
fats, and polyunsaturated fats, reduced total and LDL-choles-
terol by 13.7 mg/dl and 10.7 mg/dl, respectively4 (Figure
43–9). Triglycerides increased slightly. HDL-Cholesterol
decreased by 3.7 mg/dl, but the total:HDL and LDL:HDL
ratios were improved. These effects were observed in sub-
groups defined by race, sex, age, and baseline lipids. The
implication of decreased HDL levels needs to be further stud-
ied, but the finding was not unexpected given the known
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decrease in HDL levels associated with low-fat diets.35 There
was no effect of sodium level on lipids.36

The DASH diet also lowers homocysteine levels. A substan-
tial body of observational data suggests that homocysteine is
an independent risk factor for atherosclerotic cardiovascular
disease (CVD). The DASH diet is rich in nutrients known to

influence homocysteine metabolism, including folate, vitamin
B6, and vitamin B12. In 118 patients in the DASH trial, prein-
tervention and postintervention serum folate, pyridoxal 5′
phosphate (the coenzyme form of vitamin B6), and homo-
cysteine were measured.5 Compared with the Control diet,
there was a 0.8-μM/L reduction in homocysteine level in the
DASH diet group (p = .03) (Figure 43–10).

Effects on Bone Health
Calcium intake is associated with bone health. In addition,
cross-sectional studies demonstrate that a diet rich in fruits and
vegetables is associated with higher bone mineral density, pos-
sibly related to promotion of a positive calcium balance
from increased intake of potassium and magnesium.37 In con-
trast, high sodium intake is associated with increases in urinary
calcium excretion,38,39 which, in combination with inadequate cal-
cium intake, may result in disturbances in calcium metabolism
and bone loss mediated by a rise in parathyroid hormone
(PTH).40 Therefore, the DASH diet alone would be expected to
improve bone health. Lin et al. studied the effect of the DASH
diet and sodium intake on markers of bone turnover and calci-
um metabolism.41 Bone turnover was assessed using the serum
marker of bone formation, osteocalcin, which is released by the
osteoblast into circulation during the mineralization of newly
synthesized collagen. Bone resorption was measured using the
serum marker of bone resorption, C-terminal N-telopeptide
(CTX), which is released from bone collagen into circulation
following its degradation by osteoclasts. At all three sodium lev-
els in the DASH-Sodium trial, the DASH diet reduced bone
turnover, as indicated by decreased serum osteocalcin (8%-
11%) and CTX (16%-18%). Reduction in bone turnover was
significant in all subgroups regardless of hypertension status,
race, gender, and age. Although there was a higher calcium
intake in the DASH group, urinary calcium was similar to
Control, suggesting greater calcium retention. The suppression
of bone turnover observed in this study appears to be similar to
or greater than that observed with calcium supplementation
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alone. Thus, the DASH dietary pattern, with or without reduced
sodium intake, significantly, reduces bone turnover, which if
sustained, may improve bone mineral status and reduce the risk
of osteoporosis.

MECHANISM OF ACTION

The BP-lowering mechanism of the DASH diet remains
unknown, but there is some evidence for genetic modulation
as well as effects on the RAS and sodium homeostasis.

Genetic modulation of the BP response to dietary interven-
tion has been previously demonstrated. Both reduced sodium
intake and weight loss42 are more effective in lowering BP in
individuals with the AA genotype of the G-6A angiotensin
ogen (ANG) polymorphism compared with other ANG geno-
types. This polymorphism is also associated with the greatest BP
response to the DASH dietary pattern, with an average decrease
of 6.93/3.68 mm Hg (compared with 2.80/0.20 mm Hg
in those with the GG genotype).43 Most of this genetic associ-
ation is explained by data in whites, since African Americans
have a very low prevalence of the GG genotype. The effect of
the DASH diet in relationship to other BP-modulating genes
is under investigation.

In the losartan study by Conlin noted above, the larger BP
response to losartan experienced by non–African Americans
compared with African Americans was substantially neutral-
ized when the African American participants were eating the
DASH diet.3 The fact that BP reduction is comparable in
African Americans and whites on losartan when it is taken in
the context of the DASH dietary pattern is reminiscent of the
racial parity in BP effects of angiotensin-converting enzyme
(ACE) inhibitor or ARBs when combined with diuretics.44,45

Indeed, there is evidence that the DASH diet may have diure-
tic effects. Akita et al.46 demonstrated that the DASH diet
increases the slope of the pressure natriuresis curve, a measure
of the relationship between arterial pressure and urinary sodi-
um excretion, without shifting the curve along the BP axis.
These findings are consistent with a natriuretic action.

The DASH diet is high in potassium and calcium. Previous
studies suggest that these micronutrients play a role in the
function of the renin-angiotensin-aldosterone system (RAAS).
Hollenberg et al.47 showed that a low potassium intake 
(40 mmol/day) reduced renal blood flow and blunted the vas-
cular response to angiotensin II, consistent with an increase in
RAAS function. Potassium supplementation lowers BP and
increases plasma renin activity (PRA).15 A relationship
between calcium supplementation, calcium regulating hor-
mones, and the RAAS also exists.48 Administration of oral cal-
cium significantly increases PRA and suppresses calcium-reg-
ulating hormones. These findings suggest that there is an
interaction between the DASH diet and the RAAS in BP con-
trol. The other micronutrients and macronutrients involved in
BP control could not be identified because of the study design.
Further studies are required in order to understand the precise
mechanisms and the specific dietary components that contri-
bute to the BP-lowering effect of the DASH diet.

IMPLEMENTATION

The DASH and DASH-Sodium trials were relatively short-
term feeding studies. They were not designed to assess either

adherence to the diet among people selecting their own food
or the long-term effects of the DASH dietary pattern. The
PREMIER trial attempted to address the feasibility of imple-
menting the DASH diet along with other established recom-
mendations for lowering BP in free-living persons.6

PREMIER was a multicenter randomized trial that included
810 adults with above-optimal BP or stage 1 hypertension
who were not taking antihypertensive medications. The par-
ticipants were randomly assigned to one of three intervention
groups: (1) the “Established” intervention, a behavioral inter-
vention that implemented long-standing recommendations
(weight loss, sodium reduction, increased physical activity,
and limited alcohol intake); (2) the “Established Plus DASH”
intervention, which also implemented the DASH diet; and
(3) an “Advice Only” comparison group. The main outcome
was BP measurement and hypertension status at 6 months,
with continued intervention and follow-up for a total of
18 months postrandomization. Results demonstrated gradi-
ents in BP and hypertension status across the groups.
The mean net reduction in SBP was 3.7 mm Hg (p <.001
compared with Advice Only) in the Established group and 
4.3 mm Hg (p <.001 compared with Advice Only) in the
Established Plus DASH group. The prevalence of hyperten-
sion was decreased from the baseline of 37% to 26% in the
Advice Only group, 17% in the Established group, and 12%
in the Established Plus DASH group (Figure 43–11). In addi-
tion, the percent of individuals with optimal BP, defined as
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less than 120/80 mm Hg,7 went from 0% to 19% in Advice
Only, 30% in Established, and 35% in Established Plus DASH
(Figure 43–12). The trial demonstrated that free-living adults
can adopt multiple lifestyle changes with improvement in BP
control. Lifestyle modifications were effective in preventing
the development of hypertension and increasing the number
of individuals with optimal BPs.

A potential limitation of the PREMIER study was the unex-
pected reduction in BP in the Advice Only group, making it
difficult to estimate the true effects of the active interventions
(Established and Established Plus DASH). Participants ran-
domized to the Advice Only “control” group made lifestyle
changes similar to (but to a lesser extent than) the active inter-
vention groups, suggesting that the advice that was provided
conferred a less intense but still active behavioral intervention.
A smaller, randomized controlled feeding trial, the Diet,
Exercise, and Weight Loss Intervention Trial (DEW-IT), found
that multiple lifestyle modifications including the DASH
dietary pattern are effective in reducing BP compared with
control (no intervention).49 After a 9-week intervention of a
hypocaloric DASH diet, moderate-intensity exercise program,
and 100 mM/day sodium intake, participants assigned to the
intervention arm had a reduction in mean ambulatory BP of
9.5/5.3 mm Hg (p <.001, p <.002 respectively) compared with
the controls. This feeding trial confirmed the efficacy of mul-
tiple lifestyle interventions but did not address effectiveness.
DEW-IT does provide evidence that the DASH dietary pattern
in combination with other lifestyle modification reduces BP
compared with a true control. Taken together, the PREMIER
and DEW-IT trials show that the currently recommended
lifestyle modifications, including the DASH dietary pattern,
are feasible and improve BP control.

Implementation outside of the research context requires
that the study results be broadly applicable and that the inter-
ventions be feasible. The DASH dietary pattern was tested in a
population that was demographically heterogeneous, consist-
ing of approximately 50% women, and 37% with household
incomes less than $30,000. African Americans were overrepre-
sented in order to ensure that the interventions were effective
in this population at increased risk of BP-related morbidity
and mortality. With the exception of minority composition,
the participants were similar to the U.S. adult population.30

The range of baseline BP in the study populations represents
at least 40% of U.S. adults.50 The feeding trials used common-
ly available foods. However, the DASH dietary pattern, for
daily energy consumption of 2000 kcal, includes 8 to 10 serv-
ings of fruits and vegetables a day, twice the current average
amount consumed by U.S. adults51 and higher than the
U.S. Department of Agriculture’s Dietary Guidelines for
Americans’52 recommended 5 to 7 servings. DASH includes 2
to 3 servings of low-fat diary products, consistent with current
recommendations, but again approximately twice the current
intake.53 Further, to be feasible, the recommended dietary pat-
tern must be reasonably priced. Based on U.S. Department
of Agriculture estimates of food bills for a typical American
family of four in January 1997, the estimated cost of a week of
food for the DASH dietary pattern falls between “low cost”
and “moderate.”30 Adoption of the DASH dietary pattern
may be facilitated by descriptions based on a recommend-
ed number of food group servings per day rather than on
goals for consumption of targeted nutrients. Meal plans
and DASH recipes are readily available on the Internet
(http://www.nhlbi.nih.gov/health/public/heart/hbp/dash/)
and in a book written for the general public.54

IMPLICATIONS

The DASH dietary pattern is an effective nonpharmacologic
treatment for high BP. In the participants with hypertension,
the reduction in BP with the DASH diet is similar in magni-
tude to that observed in trials of drug monotherapy for stage
1 hypertension.55 Further, the DASH dietary pattern improves
the BP response to the antihypertensive medication losartan,
especially in the African American population. It seems rea-
sonable to predict that the DASH dietary pattern would have
similar interactions with other medications that affect the
RAAS. Adoption of the DASH dietary pattern by patients with
hypertension could decrease medication costs by reducing the
amount of medication required to control BP and limiting the
side effects of hypertension treatment due to numerous drugs.

Individuals with prehypertension56 and high-normal BP7

also achieve reductions in BP with the DASH dietary pattern.
Despite nonhypertensive BP, these individuals have excess BP-
related cardiovascular risk.57 In addition, because BP increas-
es with age, it is the population with prehypertension now that
is most likely to develop hypertension in the future.58 Despite
the expected benefits of lowering BP in the population with
prehypertension or high-normal BP, pharmacologic interven-
tions in this very large segment of the population have not
been tested and may not be cost-effective. Widespread adop-
tion of the DASH dietary pattern could prevent the develop-
ment of hypertension in this group and subsequently lower
CVD risk.
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The DASH studies and PREMIER demonstrated a signifi-
cant BP-lowering effect of the DASH dietary pattern.
However, these relatively short studies did not directly assess
the expected consequences of the observed BP changes (i.e.,
reduced cardiovascular outcomes). If applied population-
wide, the DASH dietary pattern could lead to a small decrease
in the population distribution of BP that would result in a
large decrease in the number of cardiovascular events. It is
estimated that a population-wide reduction in SBP or DBP of
the magnitude observed with the DASH diet would reduce
incident coronary heart disease (CHD) by approximately 15%
and stroke by approximately 27%.59

Erlinger et al. used the Framingham risk equation and
data from the Third National Health and Nutrition Survey
(NHANES III) to estimate the number of CHD events that
would be prevented in the United States by a population-
wide adoption of the DASH diet.60 Applying an overall uni-
form SBP reduction of 5.5 mm Hg (the mean reduction in
DASH), there was a predicted reduction of 668,426 CHD
events over 10 years. After accounting for differential BP
effects by race and baseline SBP, there was a predicted
reduction of 416, 514 CHD events (94,828 in African
Americans and 321,080 in whites). This represents a
decrease in CHD events of 9% in African Americans and 3%
in whites. The greatest risk reduction occurred in African
Americans with hypertension. These data imply that adop-
tion of a healthy dietary pattern could have a substantial
impact on the incidence of CHD in the United States, espe-
cially among African Americans.

The DASH dietary pattern may also have health benefits
beyond its role in BP reduction. Several observational studies
suggest that a prudent diet similar to DASH may reduce CHD
events and total mortality. The Nurses’ Health Study identified
two dietary patterns: “prudent” and “Western.”61 The prudent
diet was similar to the DASH diet, while the Western diet was
similar to the Control diet. After 8 years of follow-up, the pru-
dent diet was associated with a relative risk of 0.64 for cardio-
vascular events (95% CI 0.44-0.92) comparing those at the
extremes of either diet. A similar study in men without known
CVD at baseline found a similar decrease in the risk of CVD
events in those eating the DASH-like diet.62 Further, observa-
tional data suggest that a healthy dietary pattern similar to
DASH is associated with a 20% to 30% reduction in total
mortality.63 Based on these observational studies, there may be
additional benefits of the DASH dietary pattern beyond its
favorable effects on BP, cholesterol, and homocysteine levels.
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Obesity and physical inactivity are estimated to cause more
than 300,000 premature deaths each year in the United States,
especially from cardiovascular disease.1 Excess weight gain
increases the risk for cardiovascular disease through multiple
mechanisms, including hypertension, diabetes, dyslipidemia,
atherosclerosis, and chronic renal dysfunction, many of which
are interdependent.2-4 This cluster of disorders is often
referred to as the “metabolic syndrome,” although excess
weight gain is the primary cause in most patients.

Although kidney disease has not, in the past, been widely
recognized as a major consequence of the metabolic syn-
drome or obesity per se, there is little doubt that excess weight
gain is a major cause of hypertension and type 2 diabetes,
which together account for approximately 70% of end-stage
renal disease (ESRD). Accumulating evidence also suggests
that even in nondiabetic obese patients, there is some degree
of renal dysfunction that can lead to more serious renal injury
as metabolic and hemodynamic disturbances worsen with
prolonged obesity.5

The overall impact of obesity on hypertension and kidney
disease is likely to become even more important in the future,
as the prevalence of obesity continues to increase, especially in
children and adolescents. Currently, more than 64% of adults
in the United States are overweight, with a body mass index
(BMI) greater than 25, and almost one third of the population
is obese, with a BMI greater than 30.6 Similar trends have been
reported in most industrialized countries and there appears to
be no abatement of this worldwide “epidemic.” In children
and adolescents the prevalence of obesity is rising even more
rapidly, suggesting that obesity-associated medical problems
are likely to worsen in the future unless these trends can be
slowed or reversed.7,8

OVERWEIGHT AND OBESITY—PRIMARY
CAUSES OF ESSENTIAL HYPERTENSION

Population studies have shown that excess weight gain (as
estimated by BMI, waist:hip ratio, abdominal diameter, and
other indices of adiposity) is one of the best predictors for
development of hypertension.9-11 The relationships between
BMI and systolic blood pressure (SBP) and diastolic blood
pressure (DBP) are almost linear and have been observed in
diverse populations throughout the world.9-12 Moreover, the
association between BMI and arterial pressure occurs not only
for obese hypertensive subjects, but also for nonobese nor-
motensive subjects.9-10 In general, the relationship between
BMI and arterial pressure appears to be continuous, extending
from the range of very lean to very obese.10 The strength of the
association between BMI and blood pressure (BP), however,

may vary in different ethnic groups, possibly because of dif-
ferences in body fat distribution or other factors that influence
the susceptibility of BP to increased adiposity.

The full impact of obesity on hypertension has been diffi-
cult to estimate from cross-sectional population studies
because its effects on BP are likely to worsen as obesity is sus-
tained for many years and as injury to various target organs
develops. Also, nonlinear, synergistic relationships may exist
among the multiple effects of obesity (e.g., hyperlipidemia,
glucose intolerance, and hypertension) in increasing the risk
for cardiovascular and renal disease. Although these complex,
time-dependent effects of obesity are difficult to assess in pop-
ulation studies, risk estimates from the Framingham Heart
Study suggest that approximately 78% of hypertension in men
and 65% in women can be attributed to obesity.11

Clinical studies also suggest that obesity is an important
cause of increased BP in many patients with essential hyperten-
sion, and the therapeutic value of weight loss in reducing BP
has been demonstrated in normotensive as well as hypertensive
obese subjects.9,13-15 (For a comprehensive discussion of the
management of obesity, see Chapter 46.) Even modest weight
loss of 5% to 10% of baseline weight may lower BP and reduce
the need for antihypertensive medication.14 Clinical trials have
also demonstrated the effectiveness of weight loss in primary
prevention of hypertension.15 Weight loss does not always com-
pletely normalize BP in obese hypertensive patients, however.
This is perhaps not surprising in view of the many pathologic
changes that occur as excess adiposity is maintained for long
periods of time. For example, prolonged obesity may lead to
glomerular injury, loss of functional nephrons, and resetting of
renal-pressure natriuresis to higher BPs.4,5

Although some overweight or obese persons may not have
BPs greater than 140/90 mm Hg and are therefore not consid-
ered to be “hypertensive”by the usual standards, weight loss usu-
ally lowers their BP. Excess weight gain shifts the frequency dis-
tribution of BP toward higher levels, increasing the probability
of a person’s BP falling into the hypertensive range. This suggests
that in these “normotensive” obese persons, BP is higher than it
would be at a lower body weight, and that many are likely to be
“prehypertensive,” a term introduced by the Seventh Report of
the Joint National Committee on Prevention, Detection,
Evaluation, and Treatment of High Blood Pressure (JNC 7).16 It
is increasingly recognized that, in prehypertensive persons,
reducing BP may provide protection against future development
of cardiovascular disease,16 especially when additional risk fac-
tors are present, as is the case for most obese subjects.

Studies in experimental animals have provided mechanistic
insights into the cardiovascular and renal changes associated
with excess weight gain. In dogs and rabbits a reproducible
rise in BP is observed with weight gain induced by a high-fat
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diet.17-19 Moreover, the metabolic, endocrine, cardiovascular,
and renal changes caused by diet-induced obesity in experi-
mental animals closely mimic the changes observed in obese
humans3,20 (Table 44–1). Some of these changes are time
dependent, occurring rapidly after weight gain and later
becoming obscured by pathologic changes associated with
prolonged obesity. For example, the glomerular hyperfiltra-
tion, characteristic of the early phases of obesity, may eventu-
ally subside as renal injury and nephron loss occur in associa-
tion with obesity-induced hypertension.

HEMODYNAMIC, CARDIAC, AND
VASCULAR CHANGES IN OBESITY

Increased Heart Rate and Cardiac Output
In experimental animals and humans, obesity induces a rise in
resting heart rate due primarily to withdrawal of parasympa-
thetic tone rather than increased sympathetic activity or
increased intrinsic heart rate.21,22 Obesity also causes extracel-
lular volume expansion and higher blood flows to many tis-
sues.3,17,18 These elevated tissue blood flows summate to raise
venous return and cardiac output.

Part of the increased cardiac output observed with weight
gain is due to additional blood flow required for the excess
adipose tissue. However, obesity also increases blood flow in
nonadipose tissue, including the heart, kidneys, gastrointesti-
nal tract, and skeletal muscles.17,18,23 The mechanisms respon-
sible for increased regional blood flows have not been fully
elucidated but are probably due, in part, to higher oxygen con-
sumption and metabolic rate, accumulation of local vasodila-
tor metabolites, and growth of the organs and tissues in
response to increased metabolic demands associated with
obesity.

Cardiac Hypertrophy and Impaired
Systolic and Diastolic Function
Obesity is associated with eccentric and concentric cardiac
hypertrophy.24,25 Moreover, cardiac hypertrophy is more severe
in obese than in lean subjects with comparable hypertension.26

Because blood volume and venous return are increased, there
is increased preload, cardiac dilation, and development of
eccentric left ventricular hypertrophy (LVH) in obese subjects.

The rise in BP also increases cardiac afterload, leading to
increased left ventricular wall thickness. Thus, when obesity is
combined with increased BP, cardiac workload is greatly
amplified, leading to marked LVH. High sodium chloride
intake, which often occurs concurrently with high caloric
intake, exacerbates obesity-induced cardiac hypertrophy, even
when the high-salt diet does not raise arterial pressure.27

Functional changes in the heart also occur rapidly after
excess weight gain. In animals fed a high-fat diet for 12 weeks,
cardiac filling pressures were increased, and diastolic dysfunc-
tion, associated with decreased left ventricular compliance,
was evident even at this early stage of obesity.28 With more
prolonged obesity, impaired systolic function may also occur.
The mechanisms responsible for cardiac diastolic and systolic
dysfunction in obesity are not well understood, but they prob-
ably involve structural changes in the heart, such as fibrosis, as
well as functional changes, such as impaired β-adrenergic
receptor signaling.29 There may also be increases in intramy-
ocellular lipids that lead to increased formation of reactive
oxygen species, apoptosis, and deposition of collagen.30 All of
these structural and functional changes in the heart combine
to greatly increase the risk for congestive heart failure (CHF)
in obese persons.31

ENDOTHELIAL DYSFUNCTION
AND ARTERIAL STIFFNESS IN OBESE
SUBJECTS

Obesity is associated with impaired endothelial-mediated
vasodilation,32 and weight reduction improves flow-mediated
vasodilation in obese individuals.33 Accelerated arterial stiff-
ening also occurs in elderly, middle-aged, and even young
adults (20-40 years of age) who have excess adiposity, as esti-
mated by increased BMI, abdominal visceral fat, larger waist
circumference, and increased waist:hip ratio.34 Moreover,
higher aortic pulse-wave velocity, a measure of aortic stiffness,
strongly correlates with increases in BMI, waist circumference,
and waist:hip ratio independent of SBP, race, and sex.34

Important effects of excess weight gain that impair vascular
function may be apparent even in children.35

The mechanisms responsible for the deleterious effects of
obesity on the vasculature are likely to be due to interactions
of multiple disorders, including increased BP, inflammation,
“lipotoxicity” caused by excessive non–β-oxidative

Table 44–1 Hemodynamic, Neurohumoral, and Renal Changes in Experimental Obesity Caused by a High-Fat Diet and in
Human Obesity

Renal Renal Renal 
Arterial Heart Cardiac Sympathetic Renin Na+ Tubular 

Model Pressure Rate Output Activity Activity Balance Reabsorption GFR*

Obese rabbits ↑ ↑ ↑ ↑ ↑ ↑ ↑ ↑
(high-fat diet)
Obese dogs ↑ ↑ ↑ ↑ ↑ ↑ ↑ ↑
(high-fat diet)
Obese humans ↑ ↑ ↑ ↑ ↑ ↑ ↑ ↑

*The GFR changes refer to the early phases of obesity before major loss of nephron function has occurred.
GFR, glomerular filtration rate.



metabolism of fatty acids, oxidative stress, and activation of
multiple neurohumoral systems. There is increasing evidence
that adipose tissue itself is an important source of cytokines
and other factors that create a vascular milieu of inflammation
and oxidative stress and may contribute to endothelial dys-
function, vascular stiffening, and eventually atherosclerosis.36

MECHANISMS OF OBESITY
HYPERTENSION—IMPAIRED RENAL-
PRESSURE NATRIURESIS

Excess renal sodium reabsorption appears to play a major role
in initiating the rise in BP associated with weight gain, and
obese subjects require higher-than-normal arterial pressure to
maintain sodium balance, indicating impaired renal-pressure
natriuresis.4,37 With chronic obesity, increases in arterial pres-
sure, glomerular hyperfiltration, neurohumoral activation,
and metabolic changes may cause renal injury, further impair-
ment of pressure natriuresis, and greater increases in BP.

Three mechanisms appear to be especially important in
mediating increased sodium reabsorption, impaired renal-
pressure natriuresis, and hypertension associated with weight
gain (Figure 44–1): (1) increased sympathetic nervous system
(SNS) activity, (2) activation of the renin-angiotensin-
aldosterone system (RAAS), and (3) compression of the kid-
neys by fat accumulation within the kidneys and around the
renal capsule and by increased abdominal pressure. As obesi-
ty is sustained and as metabolic disturbances (e.g., hyperlipi-

demia, glucose intolerance) worsen, renal injury may occur,
resulting in progressive impairment of renal-pressure natri-
uresis and further increases in arterial pressure.

Sodium Retention Caused by Obesity-
Induced Sympathetic Nervous System
Activation
Several observations suggest that increased SNS activity con-
tributes to obesity hypertension3,4,38,39: (1) Obese persons have
elevated SNS activity, as assessed by microneurography, tissue
catecholamine spillover, or other methods; (2) pharmacologic
blockade of adrenergic activity reduces BP to a greater extent
in obese than in lean subjects; and (3) renal denervation
markedly attenuates sodium retention and the development
of obesity hypertension associated with a high-fat diet in
experimental animals.

Obesity-Induced Sympathetic Nervous
System Activation May Be Differentiated

Cardiac sympathetic activity does not appear to be substan-
tially elevated in obese humans,40,41 and the high heart rate
observed in obese persons appears to be related mainly to
decreased parasympathetic activity.21,22 In contrast, SNS activ-
ity is usually increased in skeletal muscle and kidneys of obese
rather than lean subjects.40-42

SNS responses to weight gain may vary depending on eth-
nicity and factors such as fat distribution. In Pima Indians, who
have a high prevalence of obesity but a relatively low prevalence
of hypertension, muscle SNS activity is lower than in whites
and does not track well with adiposity.43 In African American
men, however, the prevalence of increased SNS activity and
hypertension is higher than in white men despite comparable
levels of obesity.44 In young, overweight African American
women, adiposity is associated with high SNS activity.44

The mechanisms for ethnic differences in SNS responses to
obesity are unclear but may be related to factors such as dif-
ferences in fat mass distribution. For reasons that are still
unclear, abdominal obesity may elicit greater SNS activation
than lower body obesity.45 Almost all human studies have
measured muscle SNS activity rather than renal SNS activity,
the primary pathway by which the SNS causes chronic hyper-
tension.4 Because there is considerable heterogeneity in the
control of autonomic outflow to different organs, measure-
ments of muscle SNS activity may not necessarily reflect renal
SNS activity. No comprehensive analysis of the multiple fac-
tors that influence the relationships among obesity, SNS
activity, and hypertension in diverse populations has been
conducted.

Adrenergic Blockade or Renal Denervation
Attenuates Obesity Hypertension

Studies in experimental animals fed a high-fat diet indicate that
combined α- and β-adrenergic blockade markedly attenuates
the rise in BP during the development of obesity.46 Clonidine, a
drug that stimulates central α2 receptors and reduces sympa-
thetic activity, also prevents most of the rise in BP in dogs fed a
high-fat diet.47 In obese hypertensive patients, combined α- and
β-adrenergic blockade for 1 month reduced ambulatory BP sig-
nificantly more than in lean essential hypertensive patients.48
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These findings suggest that increased adrenergic activity con-
tributes to the development and maintenance of obesity hyper-
tension in experimental animals and in humans.

The renal sympathetic efferent nerves mediate much of
chronic effects of SNS activation on BP in obesity. In obese
dogs fed a high-fat diet, bilateral renal denervation greatly
attenuated sodium retention and hypertension.49 Thus,
obesity increases renal tubular sodium reabsorption, impairs
pressure natriuresis, and causes hypertension, in part, by
increasing renal SNS activity.

Mechanisms of Sympathetic Nervous
System Activation in Obesity
Although the mechanisms that increase renal SNS activity in
obesity have not been fully elucidated, several potential medi-
ators have been suggested, including (1) hyperinsulinemia, (2)
fatty acids, (3) angiotensin II (Ang II), (4) hyperleptinemia,
(5) impaired baroreceptor reflexes, and (6) activation of
chemoreceptor-mediated reflexes associated with sleep apnea.
Some of these mechanisms have been reviewed previously.50-53

Evidence supporting direct cause-and-effect relationships
for most of these mechanisms in obesity-induced SNS activa-
tion is scanty. For example, multiple studies in experimental
animals and humans have shown that hyperinsulinemia,
although closely correlated with hypertension, cannot
account for increased arterial pressure in obese subjects.51 In
fact, chronic hyperinsulinemia caused by insulin infusion or
insulinoma in dogs and humans is often associated with
reduced, rather than increased, BP.51 Likewise, studies from
our laboratory do not support a major role for increased lev-
els of fatty acids in causing chronic SNS activation associated
with obesity.54 Studies in experimental animals and in
humans suggest that obesity is associated with impaired
ability of baroreceptor reflexes to suppress SNS activity during
acute increases in BP induced by pharmacologic agents.50

However, whether these acute measures of baroreflex sensitiv-
ity reflect the long-term influence of arterial baroreceptors on
SNS activity in obesity hypertension is unclear.

Possible Role of Leptin and Hypothalamic
Melanocortins in Sympathetic Nervous System
Activation

Leptin may be an important link between obesity and SNS
activation55 (Figure 44–2). Leptin is secreted by adipocytes in
proportion to the degree of adiposity and crosses the blood-
brain barrier via a saturable receptor-mediated transport sys-
tem. Leptin binds to its receptor in various regions of the
hypothalamus and activates signaling pathways, especially in
the arcuate nucleus, that regulate body weight by decreasing
appetite and increasing energy expenditure.56 Evidence that
leptin acts as a powerful controller of body weight comes from
genetic studies of mice and humans demonstrating that mis-
sense mutations of the leptin gene cause extreme, early-onset
obesity.56 Mutations of the leptin gene, however, are very rare
in humans, and the importance of abnormalities of leptin
production or sensitivity of leptin receptors in contributing to
obesity is still unclear.

There is substantial evidence in rodents that high levels of
leptin can activate SNS activity and increase arterial pres-
sure.3,55,57,58 The rise in BP with hyperleptinemia is slow in

onset and occurs over a period of several days despite
decreased food intake, which would otherwise tend to lower
BP.58 Moreover, the hypertensive effects of leptin are enhanced
when nitric oxide synthesis is inhibited,59 as often occurs in
obese subjects with endothelial dysfunction. The chronic
effects of leptin to raise arterial pressure are completely abol-
ished by α- and β-adrenergic blockade, indicating that they
are mediated by adrenergic activation.60

An observation that points toward leptin as a potential link
between obesity and hypertension is the finding that mice with
leptin deficiency and rats with mutations of the leptin receptor
usually have little or no increase in arterial pressure despite
severe obesity when compared with their lean controls.3,61

There have been few studies in which BP has been measured in
obese children with leptin gene mutations. In one study by
Ozata et al.,62 four young patients with homozygous missense
mutations of the leptin gene were found to have early-onset,
morbid obesity but no indication of hypertension. Each of
these children also had impaired sympathetic activity, postural
hypotension, and attenuated RAAS responses to upright pos-
ture.62 Moreover, hypertension was absent in spite of severe
insulin resistance and hyperinsulinemia. These observations
are consistent with those in leptin-deficient mice and suggest
that hyperleptinemia may be an important factor in linking
obesity with SNS activation and hypertension in humans as
well as in rodents. However, these studies do not rule out the
possibility that prolonged obesity may also activate other
mechanisms that raise BP, such as renal injury.4

The stimulatory effect of leptin on SNS activity may be
mediated, in part, by interaction with other hypothalamic fac-
tors, especially the proopiomelanocortin (POMC) pathway.
Antagonism of the melanocortin 3/4 receptor (MC3/
4-R) completely abolished the acute effects of leptin on renal
SNS activity.63 In addition, chronic blockade of the MC3/4-R
in rats caused rapid weight gain but little or no increase in arte-
rial pressure and a decrease in heart rate.64 As weight gain
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↓ Food intake

↑ Thermogenesis
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FFigure 44–2 Possible links between leptin and its effects on the
hypothalamus, sympathetic activation, and hypertension. Leptin
may mediate much of its effects on appetite and sympathetic
activity by stimulating other neurochemical pathways, including
α-melanocyte stimulating hormone (α-MSH), which activates
melanocortin 4-receptors (MC4-R).
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usually raises BP and heart rate, these findings are consistent
with the possibility that a functional MC3/4-R is important in
linking excess weight gain with increased SNS activity and
hypertension. However, the importance of the POMC pathway
and MC3/4-R in controlling SNS activity and raising BP in
obese humans has not, to our knowledge, been investigated.

Renin-Angiotensin-Aldosterone System
Activation in Obesity
Even though excess weight gain is associated with sodium
retention and expansion of extracellular fluid volume, obese
subjects often have small increases in plasma renin activity
(PRA), angiotensinogen, angiotensin-converting enzyme
(ACE) activity, Ang II, and aldosterone levels.3,65 Possible
mechanisms for increased renin secretion and activation of
the RAAS include (1) increased loop of Henle sodium chlo-
ride reabsorption and reduced sodium chloride delivery to the
macula densa and (2) activation of the renal sympathetic
nerves. Increased angiotensinogen formation by adipose tis-
sue has also been suggested to contribute to elevated Ang II
levels in obesity.65 Although the quantitative importance of
these different pathways for forming Ang II in obesity is
uncertain, activation of the RAAS appears to contribute to ele-
vated BP and target organ damage in obese persons.

Role of Ang II in Obesity Hypertension 
and Renal Injury

A significant role for Ang II in stimulating sodium reabsorp-
tion, impairing renal-pressure natriuresis, and causing hyper-
tension in obesity is supported by the finding that treatment
of obese dogs with an Ang II antagonist or an ACE inhibitor
blunted sodium retention, volume expansion, and increased
arterial pressure.66,67 Also, ACE inhibitors are effective in
reducing BP in obese humans, particularly in young
patients.68 Whether the effects of Ang II to raise BP in obesity
are due primarily to direct actions on the kidneys or to SNS
activation is unclear. The direct renal sodium-retaining effects
of Ang II are well known, as are the direct effects of Ang II on
SNS activity.69

Activation of the RAAS may also contribute to the
glomerular injury and nephron loss associated with obesity.
Increased Ang II formation, by constricting efferent arterioles,
exacerbates the rise in glomerular hydrostatic pressure caused
by systemic arterial hypertension.69 Studies in type 2 diabetic
patients, who are usually obese, clearly indicate that ACE
inhibitors or Ang II antagonists slow the progression of renal
disease.70-73 However, further studies are needed in nondiabet-
ic, obese subjects to determine the efficacy of RAAS blockers
compared with other antihypertensive agents in reducing the
risk of renal injury.

Role of Aldosterone in Obesity Hypertension 
and Renal Injury

Studies in experimental animals and in humans have provid-
ed evidence that antagonism of aldosterone may provide an
important therapeutic tool not only for lowering BP, but also
for attenuating target organ injury in hypertension.74

However, few studies have examined the role of aldosterone in
contributing to sodium retention, hypertension, or renal

injury in obesity. We have shown in obese dogs fed a high-fat
diet that antagonism of aldosterone markedly attenuated
sodium retention, hypertension, and glomerular hyperfiltra-
tion (Figure 44–3).75 Moreover, this protection against

Figure 44–3 Changes (Δ) in mean arterial pressure (mm
Hg), cumulative sodium balance (mmol), and glomerular
filtration rate (ml/min) in control, untreated, and eplerenone-
treated (10 mg/kg, twice daily) dogs that were fed a high-
fat diet for 5 weeks to develop obesity. (Redrawn from data
in de Paula RB, da Silva AA, Hall JE. Aldosterone
antagonism attenuates obesity-induced hypertension and
glomerular hyperfiltration. Hypertension 43:41-47, 2004.)
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sodium retention and hypertension occurred despite marked
increases in PRA, suggesting that combined blockade of aldos-
terone and Ang II might be even more effective in preventing
obesity-induced sodium retention and hypertension.

The fact that aldosterone antagonism markedly attenuated
glomerular hyperfiltration associated with obesity may have
important implications for renal protection. Although there
are no studies, to our knowledge, that have tested this concept
directly in obese subjects, previous studies in various experi-
mental models of hypertension have provided evidence that
aldosterone antagonism attenuates renal injury.74

Renal Compression Caused by Visceral
Obesity
Visceral obesity initiates several changes that lead to compres-
sion of the kidneys and increased intrarenal pressures.3,5 For
example, intraabdominal pressure rises in proportion to
sagittal abdominal diameter, reaching levels as high as 35 to
40 mm Hg in some subjects.76 In addition, retroperitoneal
adipose tissue often encapsulates the kidneys and penetrates
the renal hilum into the renal medullary sinuses, causing addi-
tional compression and increased intrarenal pressures.3,5

Obesity also causes increased formation of a renal medullary
extracellular matrix that could exacerbate intrarenal compres-
sion and sodium retention.3,5 Although these physical changes
in the kidneys cannot account for the initial increase in arte-
rial pressure that occurs with rapid weight gain, they may help
to explain why abdominal obesity is much more closely asso-
ciated with hypertension than lower body obesity.

OBESITY AND CHRONIC RENAL DISEASE

Although obesity is not widely recognized as a major cause of
renal disease, its impact becomes obvious if we consider that the
two most important causes of ESRD are diabetes and hyper-
tension, both of which are closely associated with excess weight
gain. Moreover, the rapid rise in the prevalence of ESRD in the
past two decades has been paralleled by increasing obesity and
diabetes.77 In fact, most of the increasing prevalence of ESRD
has been attributed to increasing type 2 diabetes.

Obesity Exacerbates Development
of Nondiabetic Renal Diseases
In addition to causing renal injury through diabetes and
hypertension, obesity also exacerbates the effects of other pri-
mary renal insults, even those that are often considered to be
relatively benign, such as unilateral nephrectomy.78 In patients
who underwent unilateral nephrectomy an average of 13.6 ±
8.6 years before, 92% of those with a BMI >30 developed pro-
teinuria or renal insufficiency, whereas only 12% with a BMI
<30 developed these disorders78 (Figure 44–4).

In patients with immunoglobulin A (IgA) nephropathy,
those with a BMI >25 at the time of renal biopsy had more
severe renal lesions and increased proteinuria, as well as a
much faster decline of renal function and progression to
chronic renal failure compared with patients with a BMI
<25.79 Moreover, moderate weight loss in overweight patients
with chronic nondiabetic proteinuric nephropathies marked-
ly reduced proteinuria, whereas in overweight subjects who

did not lose weight, renal function worsened with time.80

These observations indicate that obesity greatly exacerbates
loss of renal function in patients with preexisting glomeru-
lopathies, and that weight loss may lessen the impact of renal
injury from other causes.

Early Structural and Functional Renal
Changes in Obese Subjects
Even in the absence of preexisting renal disease, excess weight
gain causes early structural and functional changes in the kid-
neys that may eventually lead to more serious renal disorders.
Significant structural changes in the kidneys were observed in
dogs placed on a high-fat diet for only 7 to 9 weeks.81 These
changes included enlargement of Bowman’s space, increased
glomerular cell proliferation, increased mesangial matrix,
thicker basement membranes, and increased expression
glomerular transforming growth factor β.81 Moreover, these
early changes occurred with only modest hypertension, no
evidence of diabetes, and only mild metabolic abnormalities.

Obese humans often develop proteinuria, frequently in the
nephrotic range, that may be followed by progressive loss of
kidney function even in the absence of diabetes or severe
hypertension.80 The most common types of lesions observed
in renal biopsies of obese subjects are focal and segmental
glomerulosclerosis and glomerulomegaly.82 A review of 6818
biopsies indicated that the incidence of obesity-related
glomerulopathy, defined as combined focal glomerulosclero-
sis and glomerulomegaly, rose tenfold from 1990 to 2000,
coincident with the rapid increase in the prevalence of obesi-
ty during this period.82

The mechanisms of obesity-induced renal injury likely
involve a combination of hemodynamic and metabolic abnor-
malities. Obesity causes marked glomerular hyperfiltration
and preglomerular vasodilation that permits greater

469Obesity and Hypertension: Impact on Cardiovascular and Renal Systems

P
at

ie
nt

s 
w

ith
ou

t r
en

al
in

su
ffi

ci
en

cy
 (

%
)

Time (after nephrectomy years)

100

80

60

40

20

0
5 10 15 20 250

Lean

Obese

FFigure 44–4 Percentage of patients who did not develop
renal insufficiency after unilateral nephrectomy and who
were lean (BMI <25, solid line) or obese (BMI >30, dashed
line) at the time of unilateral nephrectomy. (Redrawn from
data in Praga M, Hernandez E, Herrero JC, et al. Influence
of obesity on the appearance of proteinuria and renal
insufficiency after unilateral nephrectomy. Kidney Int
58:2111-2118, 2000.)



transmission of the increased arterial pressure to the glomeru-
lar capillaries.83 These renal hemodynamic changes, along
with the metabolic abnormalities, such as hyperglycemia and
hyperlipidemia, likely exacerbate the effects of increases in
arterial pressure to cause renal injury.

A synergistic relationship may exist between the metabolic
abnormalities and increased glomerular pressure in causing
chronic renal vascular disease and nephron loss. Results of the
Prospective Cardiovascular Munster (PROCAM) study sug-
gest that this is the case for coronary artery disease.84 For
example, the risk for myocardial infarction (MI) was
increased about twofold by hypertension and twofold by dia-
betes. However, when hypertension and diabetes occurred
together the risk was increased more than eightfold. When
hypertension, diabetes, and hyperlipidemia were all present, as
occurs in most obese patients, the risk for MI increased almost
20-fold. Similar synergistic relationships between glomerular
pressure and metabolic abnormalities may also exist for renal
vascular disease, although there are no large-scale studies that
have addressed this issue.

Do Caloric Restriction and Weight Loss
Prevent or Attenuate Renal Disease?
There is compelling evidence in experimental animals that
excess caloric intake causes progressive nephron loss and that
caloric restriction protects against glomerular injury. Modest
food restriction (8%-18% below the usual ad lib amounts) in
the obese Zucker rat, for instance, reduces renal injury and
increases life span by approximately 30%.85 Similar beneficial
effects of food restriction have been observed in other models
of obese and nonobese rodents, indicating that food restric-
tion can largely prevent chronic renal disease in rats.

In nondiabetic obese humans, short-term weight loss also
produces marked reductions in proteinuria. An antiprotein-
uric effect of weight loss is also evident in overweight persons
with nephropathies caused by factors other than obesity.80 The
renal benefits of weight loss appear to occur whether they are
induced by diet and exercise or by surgical methods (e.g., gas-
troplasty), although there have been no large studies directly
comparing the effectiveness of different methods of weight loss
on progression of renal dysfunction. Also, most studies have
lasted only a few weeks or months. Studies lasting for at least a
year, however, have shown remarkable reductions in protein-
uria (>80%) with a weight loss of about 12%.86 Although the
long-term consequences of weight loss in protecting against
renal disease have not been rigorously tested in humans, there
is little doubt that weight loss reduces hypertension and pre-
vents or reverses the development of type 2 diabetes, the two
main risk factors for development of ESRD.

TREATMENT OF OBESITY
HYPERTENSION AND RENAL DISEASE

Weight Loss and Lifestyle Modification
The numbers of people affected and the severity of the conse-
quences are rapidly making obesity the most important and
most prevalent health care problem of the modern world. Few
effective treatments are available to prevent or treat obesity
(see Chapter 46). For morbidly obese patients (BMI >40) or

for patients with a BMI >35 and comorbid conditions, various
surgical procedures, especially gastric bypass surgery, are
becoming increasingly popular and usually produce signifi-
cant weight loss. However, the long-term consequences of
these procedures in reversing cardiovascular and renal disease
and on overall mortality are still uncertain.

Only two drugs, sibutramine (a sympathomimetic that
induces satiety and increases thermogenesis) and orlistat (a
gastrointestinal lipase inhibitor), are currently approved by
the U.S. Food and Drug Administration (FDA) to promote
weight loss. Both of these drugs have significant side effects
that limit their use in many patients, and their long-term
effects on morbidity and mortality are unknown.

Until more effective and safer pharmacologic treatments
are available, voluntary weight loss associated with lifestyle
modifications, including increased physical activity, is still
the best option for most overweight patients.87 Several stud-
ies have demonstrated that weight loss lowers BPs in nor-
motensive or hypertensive obese subjects88,89 and may pre-
vent the development of hypertension in persons with “high
normal” BPs.88 Even modest weight reductions of 5% to 10%
can improve control of BP and reduce the amount of med-
ication necessary to achieve goal BPs.14,90,91 Weight loss also
is effective in reducing other risk factors for cardiovascular
and renal disease (e.g., blood glucose and lipids) in many
hypertensive patients.

Current guidelines for achieving weight loss usually recom-
mend as a first step the development of an individualized plan
to reduce caloric intake and increase energy expenditure by
behavioral modification.87 A major obstacle, however, in suc-
cessful prevention and treatment of obesity has apparently
been the lack of adequate involvement of health care profes-
sionals. Fewer than half of obese adults report that their physi-
cians advised them to lose weight.92 Patients whose physicians
advised them to lose weight, however, were three times more
likely to attempt weight loss as those who were not so
advised.93 The successful management of obesity will require
the same attention and planning for effective treatment as
other important medical conditions, such as hypertension.

Drug Therapy of Hypertension in Obese
Patients
Until effective strategies for preventing and treating obesity
are developed, physicians will be left with the responsibility of
managing the cardiovascular, metabolic, and renal conse-
quences of obesity. Selection of specific drugs for antihyper-
tensive therapy in obese subjects is often empiric or based on
clinical experience and knowledge of the physiology of obesi-
ty hypertension.83,94 No large clinical trials have tested the
effectiveness of different drugs in reducing BP and preventing
cardiovascular and renal disease in obese compared with lean
subjects. The Antihypertensive Therapy and Lipid-Lowering
Heart Attack Trial (ALLHAT), however, included many over-
weight subjects and may provide some useful information
about the relative effectiveness of the four main classes of anti-
hypertensive drugs tested: diuretics, α-adrenergic blockers,
ACE inhibitors, and calcium antagonists.95 Also, some infer-
ences may be drawn from other randomized, controlled clini-
cal trials of drug therapy in essential hypertension, because
most of these trials have included many participants who were
overweight or obese.
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The potential advantages and disadvantages of different
antihypertensive drugs in obese patients have been previously
discussed.94,96 However, it is important to point out that ade-
quate BP control in obese patients may not be the usual
<140/90 mm Hg. For many, lower levels of BP should be the
goal because of the coexistence of other risk factors, such as
hyperlipidemia, glucose intolerance or diabetes, and athero-
sclerosis. Another important consideration for obese persons
is that hypertension may often be difficult to control with one
drug. Therefore, combination therapy is often required for the
effective management of obese hypertensive patients.

Diuretics

Because of their ability to reduce renal sodium and water
reabsorption and decrease extracellular fluid volume, diuret-
ics may be useful in lowering BP in many obese hypertensive
patients.97 Some clinicians prefer diuretics in obese patients
because of the strong evidence from randomized controlled
clinical trials indicating that reducing BP with diuretics lowers
cardiovascular morbidity and mortality.16 Because obese
patients often have glucose intolerance and dyslipidemia,
some clinicians avoid diuretics to prevent worsening these
metabolic abnormalities.98 Although studies using high doses
of diuretics have demonstrated significant adverse metabolic
effects, such as increases in insulin resistance and plasma
lipids, low-dose diuretics are less frequently associated with
these effects, and, when used in combination with other
agents, can be very useful in treating obesity hypertension.16

b-Adrenergic Blockers

There is strong outcome evidence for treatment of essential
hypertension with β-blockers.16 In obese patients, β-blockers
may be useful in countering some effects of obesity-induced
sympathetic activation, such as stimulation of renin secretion.
β-blockers are also especially beneficial in patients after MI,
and studies have demonstrated that these drugs decrease mor-
bidity and mortality in diabetic patients, most of whom are
overweight or obese.99 However, β-blockers may make it more
difficult for the obese patient to lose weight and, in some stud-
ies, are associated with worsening glucose control, higher lipid
levels, and increased body weight.94 Thus, although β-blockers
may be indicated in obese hypertensive patients with ischemic
heart disease and/or arrhythmias, other drugs may be prefer-
able for initial therapy in obese patients who have no evidence
of heart disease.

Angiotensin-Converting Enzyme Inhibitors

ACE inhibitors offer some theoretical advantages in treating
obesity-related hypertension. As discussed previously, the
RAAS is activated in obesity, suggesting that blockers of this
system should be effective in lowering BP. The ability of ACE
inhibitors to attenuate glomerular hyperfiltration and urinary
protein excretion provide an advantage in managing BP in
obese patients who are particularly prone to renal disease. The
improved insulin sensitivity associated with ACE inhibitors is
also a positive feature. One of the few randomized, controlled
trials in obese hypertensive patients included an ACE
inhibitor. The Treatment of Obese Patients with Hypertension
(TROPHY) study compared the BP responses to the ACE

inhibitor lisinopril and the diuretic hydrochlorothiazide in
obese hypertensives.68 Both agents effectively lowered SBP and
DBP after 12 weeks of therapy. African Americans and older
participants were more likely to respond favorably to the
diuretic, while the white and younger participants were more
likely to respond to the ACE inhibitor.

Studies in patients with hypertension and/or CHF have
demonstrated that the response to ACE inhibitors depends on
sodium intake and volume status. These drugs can be used in
combination with diuretics in the obese hypertensive patient
for optimal BP responses, even in patients who do not have
elevated PRA.16

Angiotensin II Receptor Antagonists

Ang II receptor antagonists have not been studied extensively
in obese hypertensive patients. Studies in patients with essen-
tial hypertension suggest that they have BP-lowering effects
similar to ACE inhibitors.16 Some differences between these
two classes (e.g., the effect of ACE inhibitors to increase kinin
levels) may be responsible for subtle differences in the inci-
dence of complications such as angioedema and cough. It is
likely that obese patients have similar BP responses to ACE
inhibitors and Ang II antagonists. Extensive trials have been
completed in hypertensive patients, including those with dia-
betes, to examine the effects of Ang II antagonists on cardio-
vascular morbidity and mortality and on progression of renal
disease. Two different Ang II antagonists were shown to pre-
vent or decrease proteinuria in hypertensive patients with type
2 diabetes mellitus.71-73

a1-Adrenergic Blocking Agents

Results of ALLHAT suggest that α1-adrenergic blockers are not
as effective as diuretics in preventing heart failure and cardio-
vascular disease.100 Therefore, these drugs will likely be used less
as monotherapy for patients with essential hypertension,
including those who are obese. Because they lower plasma
lipids, they may continue to play a role in combination therapy
for managing obese hypertensive patients with dyslipidemia.101

They may also be useful as part of a combination of medica-
tions in many patients with resistant hypertension, which is
common among obese persons.102

Calcium Channel Blockers

These drugs are frequently used to treat obese hypertensive
patients. Their effectiveness does not seem to be very depend-
ent on the status of blood volume, the RAAS, or SNS activity.
Because calcium channel blockers are effective in a broad
range of hypertensive patients, including obese patients, they
have gained popularity.16 However, some studies suggest that
calcium channel blockers are less effective in obese than in
lean hypertensive patients.94,103 The dihydropyridine calcium
antagonists have the potential disadvantage of further increas-
ing heart rate in obese patients. The nondihydropyridine cal-
cium antagonists, in contrast, lower heart rate.16

It is clear that a randomized controlled outcome trial is
needed to guide drug selection for obese hypertensive
patients. In the meantime, clinicians should continue to use
their best judgment, based on their understanding of the
pathophysiology of obesity hypertension and the characteris-
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tics of the individual patient, in selecting a regimen of phar-
macologic therapy appropriate to control BP, attenuate the
development of cardiovascular and renal disease, and avoid
worsening of other metabolic disorders associated with 
obesity.

SUMMARY

There has been an alarming increase in the prevalence of
overweight and obesity in most industrialized countries,
resulting in increasing diabetes mellitus, hypertension, and
renal disease. Excess weight gain is the key risk factor for
increased BP in most patients with essential hypertension
and also appears to be a major cause of chronic kidney dis-
ease. Obesity initially raises BP by increasing renal tubular
reabsorption, impairing pressure natriuresis, and causing
volume expansion. These changes are due to activation of
the SNS and RAAS and to physical compression of the kid-
neys when visceral obesity is present. Blockade of the SNS
and RAAS is therefore effective in reducing BP in obese sub-
jects. With prolonged obesity, there may be progressive renal
dysfunction that worsens the hypertension. In some obese
individuals, renal injury may progress to ESRD, especially if
other preexisting glomerulopathies are present. Weight
reduction is an essential first step in the management of obe-
sity-associated hypertension and renal disease. There are,
however, few drugs available to produce significant long-
term weight loss and few guidelines for treating obesity-
associated hypertension, other than the recommendation of
reducing weight. Special considerations for the obese
patient, in addition to controlling the BP, include correcting
the metabolic abnormalities and protecting the kidneys from
further injury. More emphasis should be placed on preven-
tion of obesity and on lifestyle modifications that help
patients to maintain a healthier weight.
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The relationship between regular alcohol consumption and
hypertension that was first described by Lian1 in 1915 in
young French ex-servicemen was largely ignored until the lat-
ter half of the twentieth century, when interest in the
phenomenon reemerged with case series of higher blood pres-
sures (BPs) in problem drinkers.2,3 In one such study, heavy
drinkers who abstained were noted to have a higher preva-
lence of persisting hypertension following alcohol withdrawal
than those who resumed drinking.4 Subsequent reports from
hypertension clinics in Scotland5,6 and Sweden7 noted an
increase in the prevalence of abnormal liver function tests
among hypertensives, which the authors attributed to heavy
alcohol consumption. In the Swedish study, patients with
hypertension who were resistant to antihypertensive drug
therapy were noted to include a high proportion of heavy
drinkers in whom compliance with treatment was thought to
be a major issue.7 In 1976 Matthews8 noted a positive associa-
tion between death rates from stroke and cirrhosis and an
inverse relation with coronary heart deaths in England and
Wales and speculated that alcohol consumption might be the
key to these relationships. However, it was not until Klatsky
et al.9 published the Kaiser Permanente Insurance data relat-
ing current alcohol consumption to the prevalence of hyper-
tension in over 80,000 contributors to a health insurance plan
that the issue really claimed the attention of the medical sci-
entific community.

CROSS-SECTIONAL STUDIES

The Kaiser Permanente data showed a J-shaped relationship
between alcohol and BP in both men and women in the three
ethnic groups studied, whites, African Americans, and those of
Asian origin (Figure 45–1). The effect was also seen in both
smokers and nonsmokers and in obese and nonobese partici-
pants and with all types of alcoholic beverage commonly
drunk in the United States. Those drinking on average 3 or
more standard drinks a day had twice the prevalence of hyper-
tension (>160/90 mm Hg) compared with current non-
drinkers. Ex-drinkers seemed to have similar BP to abstainers.
Approximately 100 cross-sectional population studies from
around the world have now confirmed a relationship between
alcohol and increased BP.

Many of the population studies have not had alcohol as a
primary focus, and there have been concerns about underre-
porting of consumption, particularly in heavier or problem
drinkers and in women, because of the perceived social stig-
ma. Arkwright et al.10 evaluated the relative importance of the
effects of alcohol on BP in relation to other lifestyle factors in
a younger population of working men. In 491 men aged 20 to
44 years, alcohol consumption, assessed by 7-day retrospective
diaries, was found to be linearly related to BP and the preva-
lence of mild hypertension (Figure 45–2). The effect was

independent of all other lifestyle factors studied, including
smoking, physical activity, and tea and coffee consumption.
The effects were additive to those of body mass index (BMI)
and were seen equally in smokers and nonsmokers. Ex–heavy
drinkers had similar BPs to lifelong abstainers, suggesting that
the effects of alcohol on BP were reversible. Fifty percent of
the men who averaged 3 or more standard drinks (1 standard
drink estimated at 10 g ethanol equivalent) a day, principally
as beer, had three to four times the prevalence of systolic
hypertension (140 mm Hg or more) compared with current
nondrinkers. In multivariate analysis, alcohol consumption
equated with BMI in the magnitude of its contribution to
population variation in BP levels, presumably reflecting the
relatively high levels of alcohol drinking in this young male
Australian population.

The relation between alcohol and BP is by no means
restricted to heavier-drinking populations and has been
demonstrated in studies from nations in all five continents.
Although most of these reports come from acculturated soci-
eties, alcohol use has also been an important factor in relation
to elevated BP in unacculturated populations with low mean
BP. For example, in a community sample of urban and rural
Chinese, it was estimated that 33% of hypertension could be
attributed to alcohol in the Yi farmers compared with 9.5% in
the urban-living Han.11

A number of issues have arisen out of the earlier popula-
tion studies. These include the linearity of the dose-response
relationship between alcohol and BP; possible gender differ-
ences in the responses; interactions between the effects of
alcohol, smoking, and age on BP; whether the association in
cross-sectional studies really represents cause and effect;
mechanisms of any alcohol-related pressor effect; and possi-
ble effects of different patterns of drinking and of types of
alcoholic beverage on both BP and clinical manifestations of
cardiovascular disease.

The pressor effects of alcohol appeared to increase with age
at least up to the 1960s12 but have been demonstrated in ado-
lescent men and women as young as 18 years who reported
drinking patterns outside Australian National guidelines for
safe drinking.13 Despite the fact that clinic BPs tend to be
lower in smokers, some studies suggest a greater pressor effect
of regular alcohol with smoking.14,15

The shape of the dose–response relationship between alco-
hol and BP has been questioned, as some of the population
studies have shown a J-shaped relationship (e.g., the original
Kaiser Permanente study),9 with a threshold of around 2
drinks a day in men, while others, such as that by Arkwright
et al.10 and others,16-18 have shown a linear relationship.

Ambulatory BP measurements have provided further
insights into the effects of alcohol on BP. The Harvest study19

in 1100 Italians is the largest population study that has used
ambulatory BP to examine factors influencing the daily vari-
ation of BP. Participants aged 18 to 45 years with clinical
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diastolic blood pressures (DBP) of 90 to 99 mm Hg or isolat-
ed systolic hypertension (ISH) were enrolled. Alcohol intake
was linearly related to daytime BP and heavier drinkers
showed greater BP variability. Alcohol intake, as well as fam-
ily history of hypertension, obesity, smoking, coffee con-
sumption, physical activity, oral contraceptive use, and envi-
ronmental temperature, influenced ambulatory BPs to a
greater extent than office pressures.

TYPES OF ALCOHOLIC BEVERAGE

The Kaiser Permanente study reported similar effects on BP
in North Americans drinking beer, wine, or spirits,9 and
studies from countries drinking predominantly sake,20

wine21,22 or beer10,23,24 have shown similar relationships.
However, wine drinking has been associated with smaller
effects on BP. For example, in the Lipid Clinics Prevalence
Study25 in the United States, regression data from partici-
pants who reported drinking only one type of alcoholic bev-
erage showed significant positive regression coefficients for
wine and spirits and BP but no significant relationships for
wine drinkers. The PRIME study also found a weaker asso-
ciation for wine and BP compared with beer.26 Such studies
should be regarded with a high degree of circumspection
given the potentially confounding effects of differences in
diet and other behaviors between groups drinking predom-
inantly wine, beer, or spirits.27 Although both of the afore-
mentioned studies adjusted for obvious confounders such
as age and BMI, neither adjusted for diet, and this and other
lifestyle differences may have accounted for the findings.
Moreover, in a recent 4 × 4-week crossover trial in Perth
comparing effects of wine, dealcoholized red wine, beer, and
water on 24-hour ambulatory BP in 26 men, similar increas-
es in BP were observed with the two alcohol-containing
beverages (Zilkens et al., personal communication). The
effect of red wine and beer was predominantly on awake
systolic blood pressure (SBP) with significant increases of
2.9 mm Hg for red wine and 1.9 mm Hg for beer compared
with water.

PROSPECTIVE POPULATION STUDIES

Prospective studies such as Framingham and others from
North America have shown a strong association between lev-
els of alcohol consumption and the subsequent risk of devel-
oping hypertension in men or women with initially normal
BP. In 1999 a meta-analysis of three prospective studies
reported a 40% increase in the relative risk of developing
hypertension in those drinking more than 25 g alcohol per day
and a more than fourfold increase in risk in those drinking
more than 100 g/day.28 Subsequently, large-scale prospective
studies from Japan29-31 and the United States, have reported
up to a twofold risk of hypertension with intakes of 30 to 50
g/day or more. In the ARIC study it was estimated that in par-
ticipants drinking 30 g/day or more, one in five cases of hyper-
tension could be attributed to alcohol consumption.32 In
young middle-aged Swedish males, alcohol intake emerged as
an important determinant of the development of hyperten-
sion over a period of 6 years.33 Increases in BP have also been
reported in those who initiate drinking34,35 and decreases in
those who decrease intake or stop consuming alcohol.31,36

GENDER EFFECTS

The nature of the alcohol–BP relationship is less certain in
women. As in men, heavier drinking has been associated with
an increased prevalence of hypertension, and some
Australian37 and South American studies38 indicate that this
relationship is linear. The pressor effect of alcohol also seemed
additive to that of oral contraceptives in the Lipid Research
Clinic Prevalence Study39 conducted in the United States
when higher dose estrogens were in vogue. However, other
reports describe a depressor effect of lower levels of alcohol
consumption in women, with a greater curvilinearity of the
alcohol–BP relationship compared with men.9,40 Moreover, a
meta-analysis of 11 population studies up to 199341 suggested
that BPs and the risk of hypertension were decreased in
women drinking low levels of alcohol compared with non-

476 Diet and Nutrition

White Black Asian

99%
Confidence
limitsMen

Women

70
0 0  2 2 3–5 3–5 6  6 0  2 3–5  6

80

M
ea

n 
bl

oo
d 

pr
es

su
re

, a
ge

 a
dj

us
te

d 
(m

m
 H

g)

Alcohol consumption (usual number of drinks/day)

90

120

130

140

150

FFigure 45–1 Mean systolic blood
pressures (upper bar graph) and mean
diastolic blood pressures (lower bar
graph) of white, African American, and
Asian men and women with known
drinking habits. Small circles represent
data based on fewer than 30 persons.
(Reproduced with permission from Klatsky
A, Friedman G, Siegelaub A, et al.
Alcohol consumption and blood pressure:
Kaiser-Permanente Multiphasic Health
Examination Data. N Engl J Med
296:1194-2000, 1977; copyright ©
1977 Massachusetts Medical Society.)



drinkers. However, women have generally been underrepre-
sented in population studies of the effects of alcohol,
especially in heavier drinking categories. A cross-sectional
survey of 19,000 persons in the United States found that
women reporting a prior diagnosis of hypertension also
reported drinking less alcohol than those not reporting hyper-
tension,42 whereas the opposite was true of hypertensive men.
In a United Kingdom–based study of 14,000 female employ-
ees of the firm Marks and Spencer,43 the prevalence of hyper-
tension was decreased with consumption of up to 14 drinks a
week. These findings could largely be explained by confound-
ing effects of age, BMI, physical activity, and family history of
premature coronary artery disease. The NHANES III study,44

which included more than 9000 women, found that associa-
tions between alcohol intake and BP and pulse pressure were

weaker in women than men, whereas a smaller Brazilian
study38 showed the opposite. Greater sensitivity about admit-
ting heavy drinking in different cultures may account for this
variability, but the issue remains to be resolved.

Prospective population studies also leave uncertainty as to
gender differences in the alcohol–BP relationship. A Canadian
report45 that compared the effects of drinking 8 or more
drinks in one sitting with a nonbinge drinking pattern found
that only the binge-drinking men showed an increased risk of
hypertension after 8 years of follow-up. However, in the ARIC
study32 the relative risks for those drinking more than 210 g
alcohol per week were increased similarly for men and
women. The largest prospective study, the Nurses Health
Study,46 reported a biphasic effect of alcohol in female nurses
aged 25 to 42 at baseline. There was a 14% decrease in the risk
of developing hypertension in those consuming 2 to 3.5
drinks per week compared with nondrinkers and a 20%
increased risk in those drinking more than 14 drinks a week.

Randomized controlled trials demonstrating the effects on
BP of changing alcohol consumption in regular drinkers have
so far either been confined to men or included too few women
for assessment of a gender effect of alcohol on the direction or
magnitude of BP change.

RANDOMIZED CONTROLLED TRIALS

Randomized controlled trials in drinkers have shown
unequivocally that regular alcohol consumption can raise BP
in men. The first of these trials, conducted by Puddey et al.47

in Western Australia, used a crossover design in normotensive
drinkers who reduced their alcohol intake for a period of
6 weeks by consuming low-alcohol (0.9% ethanol) beer as a
control for the normal-alcohol (5% ethanol) beer from which
it was distilled. This enabled the volunteers to reduce their
alcohol consumption by at least 80% while retaining their
usual intake of fluid, electrolytes, and other nutrients and
micronutrients. The study demonstrated a pressor effect of
alcohol, which was at least partially reversible, with the major
fall in BP evident within 1 to 2 weeks of reducing alcohol
intake and continuing over 4 to 6 weeks. The time course of
the changes indicated that any BP-raising effect of alcohol
could not be solely attributed to acute alcohol withdrawal.
A pressor effect of regular drinking of similar magnitude was
subsequently shown to occur in both untreated48 and treated49

hypertensives in further crossover intervention trials. Based
on clinic BP measurements, the trials suggest that the magni-
tude of this pressor effect equates to around 0.6 to 1.0 mm Hg
systolic for each standard drink per day in those with normal
BP or mild hypertension.

This pressor effect was confirmed in a recent meta-analysis
of 15 randomized controlled trials of effects of changing
alcohol consumption on BP50 (Figure 45–3). Seven of the tri-
als came from the Perth group, including the first to assess
effects of patterns of alcohol consumption on ambulatory
BP.51 Men were the sole participants in 12 of these studies and
predominated in the remaining three. Seven of the trials
studied hypertensives; six studied only normotensives;
two studied both normotensive and hypertensives; and six
trials studied hypertensives who were taking antihypertensive
medication. The duration of most of these studies ranged
from 4 to 18 weeks with a median duration of 8 weeks and a
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FFigure 45–2 Percentage of each drinking category with
systolic or diastolic hypertension. Numbers in columns refer
to total in the population subgroup. The χ0

2 trend for systolic
hypertension and alcohol consumption = 8.09, p <.005; for
diastolic hypertension, χ0

2 trend = 5.84, p <.025.
(Reproduced with permission from Arkwright PD, Beilin L J,
Rouse I, et al. Effects of alcohol use and other aspects of
lifestyle on blood pressure (BP) levels and prevalence of
hypertension in a working population. Circulation 66:
60-66, 1982.)



median 76% reduction in alcohol intake from a baseline of 3
to 6 standard drinks a day. The meta-analysis indicated that
this reduction resulted in a mean fall in BP of 3.3/2.0 mm Hg,
with similar reductions seen in normotensive and hyperten-
sive (treated and untreated) participants. There was a signifi-
cant positive relationship between the mean percentage
reduction in alcohol intake and the corresponding net reduc-
tions in SBP and DBP, consistent with a dose-response effect.
The mean fall in BP corresponded well with estimates pre-
dicted from large cross-sectional population studies such as
Intersalt,52 where BPs in nondrinkers were 2.7/1.6 mm Hg
lower than in those drinking 2.8 to 4.8 drinks a day.

In contrast, the largest long-term randomized controlled
intervention study, the Prevention and Treatment of
Hypertension Study,53 carried out in 641 moderate- to
heavy-drinking men with baseline DBPs 80 to 99 mm Hg,
showed small and nonsignificant (0.9/0.6 mm Hg) reduction
in SBP and DBP in the intervention compared with the con-
trol group. This negative result was attributed to the fact that
both groups reduced alcohol consumption so that the inter-
vention group averaged only 1.3 drinks a day less than con-
trols. However, in a work-site program in France in which
129 hypertensives considered to be excessive drinkers were
randomized to intervention or control groups for counsel-
ing, there was a 7 mm Hg greater fall in SBP in the active
group at the end of the 8-week intervention and 6 mm Hg
systolic difference at 2 years of follow-up. 54 This was despite

a difference of only 1.2 units/day in the reduction in alcohol
consumption between the two groups. Advice on modera-
tion of alcohol intake has also been shown to be effective in
a hypertension clinic setting in Britain, resulting in a halving
of reported alcohol consumption over 18 months in associ-
ation with significantly greater reductions in DBP and liver
enzymes in the treatment group than in controls.55

A number of potential interactions between the effects of
alcohol reduction and other lifestyle changes have been stud-
ied in randomized controlled trials in Perth. A factorial study
of alcohol moderation and 5 kg weight reduction by calorie
restriction in overweight drinkers who averaged 5 to 6 stan-
dard drinks a day at baseline found independent and additive
effects on BP reduction.56 At the end of 5 months, BPs had
fallen by 5 mm Hg systolic with alcohol or weight loss alone
and by 9 to 14 mm Hg systolic in the group that reduced both
weight and alcohol (Figure 45–4). The latter group also
showed the greatest improvement in blood lipids and in left
ventricular diastolic function as assessed by echocardiogra-
phy. The study demonstrated the potential power of lifestyle
changes to produce sustained reductions in BP in overweight
persons who consume large amounts of alcohol, many of
whom have high normal BP or mild hypertension. In contrast,
a factorial study of the effects of sodium restriction and alco-
hol moderation only showed an effect of reducing alcohol
consumption in treated hypertensives, suggesting that dietary
salt played no part in the BP elevation of these moderately
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FFigure 45–3 Average net change in systolic BP (left) and diastolic BP (right) and corresponding 95% CIs related to alcohol
reduction intervention in 15 randomized controlled trials. Net change was calculated as the difference of the baseline minus
follow-up levels of BP for the intervention and control groups (parallel trials) or the difference in BP levels at the end of the
intervention and control treatment periods (crossover trials). The overall effect represents a pooled estimate obtained by
summing the average net change for each trial, weighted by the inverse of its variance. (Reprinted with permission from Xin X,
He J, Frontini MG, et al. Effects of alcohol reduction on blood pressure: a meta-analysis of randomized controlled trials.
Hypertension 38:1112-1117, 2001.)



heavy drinkers.57 Similarly, a factorial study of exercise train-
ing and alcohol moderation showed only an effect of alcohol
reduction on BP.58 However, in a large cross-sectional popula-
tion study, the pressor effect of alcohol was partly ameliorated
by increased physical fitness.59

Several studies from Japan demonstrated a biphasic effect
of drinking on BP in hypertensives, with acute BP falls lasting
for up to 8 hours following evening drinking, followed by a
sustained pressor effect.60 Kawano et al.61 used home BP
recording in 52 essential hypertensives in a randomized
crossover trial to show that when alcohol was reduced from a
mean daily intake of 66.5 to 10.2 ml, morning BPs rose by
4.4/2.9 mm Hg while evening pressures fell by 7.4/5.7 mm Hg.

MECHANISTIC STUDIES IN ANIMALS

The cause of alcohol-related hypertension remains elusive,
and animal (predominantly rat) models have been utilized to
gain further insights. Findings of animal studies have proved
controversial because of inconsistencies in BP outcomes

between studies. One of the first such studies demonstrated
no significant effects on BP of chronic ethanol feeding in
either normotensive Wistar-Kyoto (WKY) rats or sponta-
neously hypertensive rats (SHR).62 Chan et al.,63-65 on the
other hand, have consistently identified a pressor response in
Wistar rats following 12 weeks of alcohol feeding. They have
described a slight increase in calcium pump activity together
with decreased membrane cholesterol content in association
with the increase in BP.64 Such changes were interpreted as
compensatory to the known acute fluidizing effects of alcohol
on cell membranes, with altered lipid composition ultimately
resulting in increased Ca2+,Mg2+-ATPase activity. Similarly,
our group has reported changes in red cell membrane lipid
composition with alterations in the polyunsaturated to satu-
rated fatty acid ratio in red cells, which were directly related to
alcohol-induced increases in BP.66 These findings suggest
altered membrane function or diminished availability of
arachidonic acid precursors as potential mechanisms for
alcohol-induced hypertension.

Increases in vascular smooth muscle calcium uptake and
BP have been seen in WKY rats chronically fed even lower
doses of alcohol.67 Renal arteriolar vascular smooth muscle
hyperplasia occurred in the alcohol-fed rats and could be
reversed by coadministration of the calcium entry blocker
verapamil.68 The increases in BP and intracellular calcium and
the renal vascular changes in this model could be reversed by
coadministration of n-acetyl cysteine,69 suggesting an impor-
tant role for the metabolism of alcohol to acetaldehyde in
alcohol-induced hypertension. In another report, a pressor
response to alcohol in WKY rats was identified with as little as
1% alcohol v/v in the drinking water ad libitum over a period
of 14 weeks.70 Coadministration of dietary vitamin B6 (which
augments methionine metabolism to cysteine) decreased tis-
sue acetaldehyde conjugates, prevented an increase in intracel-
lular calcium levels, and counteracted both the increase in BP
and renal arteriolar changes. Hsieh et al.71 have reported that
magnesium supplementation can also prevent the develop-
ment of hypertension in Wistar rats chronically fed alcohol.
They postulated that the magnesium counteracted an alcohol-
induced increase in intracellular calcium and suppressed
sodium pump activity. In the same rat model, more severe
hypertension has been induced by the combination of chron-
ic alcohol feeding with chronic heat stress, suggesting that this
synergistic increase in BP is mediated by chronic activation of
the sympathetic nervous system.72

Chronic alcohol administration to male Sprague Dawley
rats had no effect on basal BP but impaired arterial barore-
ceptor responses,73 likely providing a pathophysiologic basis
for subsequent BP elevation. After 12 weeks of alcohol admin-
istration, this mechanism was clearly identified in Wistar rats
but less evident in Sprague Dawley rats,74 although in both
strains chronic alcohol feeding led to modest increases in BP.

In contrast to findings in the Wistar rat and those of Vasdev
et al.67-70 in WKY rats with low doses of alcohol, high-dose
alcohol has usually produced hypotensive effects in SHR,
stroke-prone SHR, and WKY rats.75-77 Sanderson et al.75

found reductions in BP after feeding SHR 20% alcohol solu-
tions for 16 weeks, while Howe et al.76,77 reported a retardation
of the rise in BP normally seen with aging in both SHR and
stroke-prone SHR. Reductions in BP after alcohol feeding
occur in these strains despite heightened heart rate responses
to stress78 and enhanced vascular contractility,79 possibly due

479Alcohol and Hypertension

FFigure 45–4 Line graphs show change in mean ± SEM
systolic (top) and diastolic (bottom) blood pressure (BP) in four
study groups. ●−● (dark color), normal alcohol intake/normal
caloric intake (n = 20); ●− −●, normal alcohol intake/low
caloric intake (n = 22); ●−● (light color), low alcohol
intake/normal caloric intake (n = 21); ●−−●, low alcohol
intake/low caloric intake (n = 23). (Reproduced with
permission from Puddey IB, Parker M, Beilin LJ, et al. Effects of
alcohol and caloric restrictions on blood pressure and serum
lipids in overweight men. Hypertension 20:533-541, 1992.)



to a myocardial depressant effect of alcohol, a phenomenon
known to be augmented in the setting of hypertension in
these strains.80,81 The alcohol-induced BP reductions may also
have resulted from the lower weight gain characteristically
observed when rats are fed alcohol ad libitum.78 In this regard,
the previously discussed increases in BP after chronic alcohol
feeding in Wistar rats have not been confirmed when animals
were pair fed with control animals to maintain identical calo-
rie and fluid intakes.79

Some of the differences between rat models may relate to
the dose of alcohol and its means of administration as well as
the timing of BP measurement in relation to the last intake of
alcohol. Howe et al.76 reported an increase in BP lasting
several days after sudden withdrawal of alcohol in SHR; in
Sprague Dawley rats, a hypertensive response has also been
reported 24 hours after cessation of alcohol feeding.82 An
acute increase in BP is also characteristic of the alcohol with-
drawal syndrome in humans.

Gender may have been a further confounding factor in ani-
mal studies. Despite achieving identical blood alcohol concen-
trations, the acute administration of ethanol intragastrically
resulted in hypotensive responses in female but not male
Sprague Dawley rats, together with evidence of myocardial
depression.83 These differences are clearly estrogen depen-
dent,84 but their mechanisms have yet to be fully elucidated.

MECHANISTIC STUDIES IN HUMANS

The phenomenon of alcohol-related hypertension is some-
thing of a paradox in view of the acute vasodilator and BP-
lowering responses that occur within minutes of ingesting
alcohol and last several hours. Acute alcohol withdrawal in
heavy drinkers is often associated with a rise in BP along with
increases in circulating catecholamines, renin, and vasopressin.
This observation has led to suggestions that the effects
observed in population studies might be due to transient
effects of acute alcohol withdrawal under survey circumstances
where participants abstain after previous consumption.85,86

There is some support for this interpretation in heavy drinkers
from the British Heart Survey,87 in whom hypertension was
more likely to be diagnosed on a Monday than at the end of the
week (the assumption being that on Monday the drinkers were
exhibiting withdrawal pressor effects following heavy weekend
drinking). Different alcohol drinking and weekday BP rela-
tionships were observed between men in France and Northern
Ireland.88 In the Irishmen, many of whom binge drank on
weekends, BPs were highest on Monday, whereas no such
weekday effect was seen in the French, whose alcohol con-
sumption was assumed to be more homogeneous through the
week. However, as reviewed elsewhere,89 other authors have
reported that the overall consumption of alcohol averaged over
a week or more is more important than the pattern of intake
with regard to BP elevation.90,91

To help resolve this controversy, we conducted a random-
ized controlled crossover trial in 55 men, 14 of whom drank
more than 60% of their alcohol on weekends and the remain-
der of whom were daily drinkers.51 Baseline 24 hour BPs were
higher on Mondays than Thursdays in weekend but not daily
drinkers, an effect that was lost after switching to low-alcohol
beer (Figure 45–5). Both groups showed a fall in 24 hour
ambulatory BP when changing from normal to low alcohol

beer, an effect that was evident after 1 week in the weekend
drinkers but not until the fourth week in daily drinkers. This
study indicated there are elements of both acute withdrawal
hypertension and more sustained BP elevation in weekend
drinkers, whereas those who drink throughout the week show
a more sustained pressor response.

Studies indicate that sustained alcohol ingestion likely
induces hypertension in humans through effects on the auto-
nomic nervous system. In case control studies, measurements
of circulating catecholamines, renin activity, angiotensin II,
and cortisol have shown no differences between regular
drinkers and age-matched controls,92 but direct sympathetic
nerve recordings in muscle show increased activity during
drinking compared with nondrinking periods.93 In controlled
trials, reductions in alcohol consumption are associated with
reductions in heart rate.47,49 Drinkers also show increased
BP variability,19,94 and studies in humans suggest that acute
ethanol ingestion leads to impaired baroreceptor function,
which may contribute to hypertension.95
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FFigure 45–5 The 24-hour ambulatory systolic blood pressure
(SBP) profile by day of assessment for daily drinkers
compared with weekend drinkers. -■-, Monday SBP; -●-,
Thursday SBP. (Reproduced with permission from Rakic V,
Puddey IB, Burke V, et al. Influence of pattern of alcohol
intake on blood pressure in regular drinkers: A controlled
trial. J Hypertens 16:165-174, 1998.)



Pseudo-Cushing’s syndrome has been reported in heavy
drinkers,96 raising a question as to whether increased ACTH
and cortisol could contribute to alcohol-induced hyperten-
sion. However, studies comparing regular drinkers and
abstainers97 suggest that normally there is no increase in cor-
tisol production in age- and obesity-matched participants.
Cases of pseudo-Cushing’s syndrome in heavy drinkers
appear to be the exception rather than the rule.

Alcohol causes acute vasodilation, but more prolonged use
may result in direct vasoconstrictor effects. However, most
studies of effects of alcohol on vascular function in humans
have involved acute alcohol administration.98,99 A study of the
effects of 4 days of alcohol ingestion on forearm vascular func-
tion demonstrated decreased responsiveness to noradrenaline,
which the authors interpreted as being mediated through 
α-adrenoreceptors.100 More recently attention has focused on
possible effects of alcohol on endothelial vasodilator func-
tion.101 A case control study in chronic alcohol abusers showed
decreased flow-mediated dilation (FMD) in the brachial artery
after 3 months of abstinence compared with nondrinking con-
trols.102 In contrast, a study in 108 Japanese men with coronary
artery disease, 54 of whom consumed alcohol on at least 1 day
per week, revealed better endothelial function of the brachial
artery in the drinkers despite a worse coronary risk factor pro-
file.103 Further, a randomized controlled crossover trial of
reducing alcohol consumption from beer from 72.4 to 7.9 g/day
in 16 healthy Perth-based male drinkers showed no changes in
either FMD of the brachial artery or biomarkers of endothelial
function.104 These noninvasive studies do not exclude vasocon-
strictor or endothelial effects of alcohol on selective vascular
beds, as has been suggested from some animal studies.105

Effects of drinking on large artery stiffness have been
implied from changes in augmentation index assessed by
radial artery applanation tonometry. Acute and chronic alco-
hol consumption had differential effects on arterial stiffness,
the augmentation index being higher in 67 men drinking
more than 21 units of alcohol a week than in 156 lesser
drinkers or abstainers.106 In contrast, in a small substudy of 8
participants drinking red wine (alcohol 0.8 g/kg), augmenta-
tion index fell acutely along with BP and pulse wave veloci-
ty.106 There was no effect of dealcoholized wine.106

In summary, although the mechanism of BP elevation with
regular alcohol consumption is unclear, a central nervous sys-
tem effect leading to impaired baroreceptor function,
increased sympathetic outflow, and greater BP and heart rate
responses to environmental stress seems most compatible
with the data. A balance between these effects and the periph-
eral vasodilator actions of alcohol may account for some of
the individual variability in BP responses, while in heavy
drinkers myocardial depressant effects may further influence
the final levels of BP attained.

g-GLUTAMYLTRANSPEPTIDASE

γ-Glutamyltranspeptidase (γGT) has long been utilized as a
biomarker for alcohol intake. Its serum level has been consis-
tently associated with level of BP in cross-sectional107 and lon-
gitudinal population studies,108 as well as poor BP control in
treated hypertensive drinkers.7 However, the association of
γGT with BP in several studies persisted even after adjustment
for alcohol intake, leading to the hypothesis that an increase in

γGT may reflect individual susceptibility to the pressor effect
of regular alcohol consumption. One cross-sectional study in
Japanese male workers in a metal products factory109 and a sec-
ond large prospective study in Korean steel workers110 support
this concept. In both studies, when drinking and nondrinking
participants were categorized on the basis of high or low levels
of γGT, only drinkers with a high γGT demonstrated increas-
ing levels of BP and increased risk of hypertension with
increasing alcohol intake. Moreover, in both normotensive and
hypertensive Japanese drinkers, following a 4-week period of
moderation of alcohol intake, BP levels decreased more
markedly in those who initially had the highest γGT levels.111

Why γGT should be an independent predictor for alcohol-
related hypertension, hypertriglyceridemia and other
elements of the metabolic syndrome,112,113 type 2 diabetes
mellitus,114 coronary artery disease,115 and stroke116,117 is
unknown. It is clearly more than just a reflection of underly-
ing hepatic damage or induction of the enzyme by alcohol
(the commonly accepted explanations). γGT is a membrane-
bound ectopeptidase that cleaves the glutamyl group from
glutathione, the first step in the uptake of extracellular glu-
tathione. Nitric oxide also increases intracellular glutathione
levels in aortic endothelial cells through a pathway that is γGT
dependent, and both nitric oxide and the glutathione cycle
appear to be coordinately regulated.118 Maintenance of intra-
cellular glutathione levels is integral to redox homeostasis and
an increase in γGT with chronic alcohol ingestion may be a
marker for those participants who develop increased oxidative
stress and/or nitric oxide depletion with alcohol. Such oxida-
tive stress may be an important pathogenic mechanism for the
subsequent development of hypertension119 and atherosclero-
sis.120,121 γGT has also been shown, at least in T lympho-
cytes,122 to control the rate of nitric oxide production from the
naturally occurring nitrosothiol, S-nitrosoglutathione, a
mechanism that may markedly affect the physiologic response
to this compound. This suggests an additional mechanism of
the pathogenesis of alcohol-related hypertension.

GENE-ENVIRONMENT INTERACTIONS

Particularly in Japanese subjects, a point mutation with a G to
A substitution at −357 of the promoter region of the gene cod-
ing for the aldehyde dehydrogenase isozyme, ALDH2, leads to
a deficiency in metabolism of the major metabolite of ethanol,
acetaldehyde. This ALDH*2/2 genotype results in high levels
of acetaldehyde after drinking, leading to acute increases in
the pulse rate, facial flushing, and decreases in BP.123 A role for
this polymorphism in the pathogenesis of alcohol-induced
hypertension has been investigated in several Japanese stud-
ies.124-127 The first examined a large cohort of 4000 male par-
ticipants, and found that those with the ALDH*2/2 genotype
consumed less alcohol and as a result were significantly less
likely to have hypertension.124 A similar conclusion was drawn
in 2 smaller studies in middle-aged men where influences of
the mutant gene on drinking behavior also confounded the
results.125,126 A recent study that included only participants
who consumed >300 g per week127 has suggested a signifi-
cantly higher odds ratio for higher SBP in those with the
ALDH*2/2 genotype, even after adjustment for alcohol
consumption, as well as for other potential demographic and
lifestyle confounders.
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In high alcohol consumers, metabolism of ethanol via the
mitochondrial cytochrome P450 oxidase is an important meta-
bolic pathway. Investigation of a polymorphism of CYP2E1, the
c2 allele, has suggested that this mutation predisposes to higher
BP, possibly as a consequence of higher acetaldehyde levels.126

Polymorphisms of another important alcohol-metabolizing
enzyme, alcohol dehydrogenase, have not yet been widely eval-
uated in relation to the alcohol–BP relationship. An alcohol
dehydrogenase type 2 polymorphism did not predict risk of
alcohol-related hypertension in a Japanese study.126 Among
men in the Physicians’ Health Study,128 slow metabolism of
alcohol due to presence of an alcohol dehydrogenase type 3
polymorphism was associated with decreased risk of
myocardial infarction (MI), probably because of higher HDL-
cholesterol levels, but the implications of this polymorphism
for alcohol-related hypertension were not reported.
Apolipoprotein E polymorphisms have also been investigated
as determinants of alcohol-related hypertension.129 The E2/E3
and E3/E3 genotypes were identified with stronger alcohol—BP
relationships than E4/E3 genotypes in Finnish participants.
However, in an intervention study, we found no relationship
between the apolipoprotein E genotype and the magnitude of
the reductions in BP with alcohol restriction.130

ALCOHOL AND HYPERTENSIVE TARGET-
ORGAN DISEASE

In contrast to its tendency to increase BP, regular consumption
of alcohol is associated with a decreased risk for coronary artery
disease, as shown in a recent meta-analysis.131 A J-shaped curve
was observed with its nadir at 20 g ethanol per day, where the
mean decrease in relative risk was approximately 20%. This pro-
tective effect was lost at the level of 72 g/day, and at intakes
greater than 89 g/day there was a mean 5% increase in relative
coronary risk. A putative antiatherosclerotic effect of alcohol has
been supported by the observation that light regular alcohol
consumption decreases the incidence of atherosclerotic periph-
eral vascular132,133 and renal vascular disease.134 These protective
effects may be related to alcohol-induced increases in high-den-
sity lipoprotein cholesterol (HDL-C) and its major apolipopro-
teins A-I and A-II,135 decreases in fibrinogen levels,136 and reduc-
tions in platelet adhesiveness.137 Loss of these protective effects
and the increase in cardiovascular risk with heavy alcohol con-
sumption may reflect the influence of alcohol-related hyperten-
sion, as well as increases in triglyceride and plasma homocys-
teine levels and increased risk of cardiac arrhythmias and
sudden cardiovascular death. When data from the Honolulu
Heart Program138 were subjected to statistical modeling, esti-
mates indicated that while 50% of the decrease in coronary risk
with alcohol could be attributed to the increase in HDL-C, there
was a corresponding 17% increase in risk due to higher SBP.

A comprehensive systematic review of the association
between alcohol and stroke included 41 studies where careful
categorization of the type of stroke and amount of alcohol con-
sumed had been performed.139 For ischemic stroke, the authors
observed a J-shaped relationship similar to that reported for
coronary heart disease events. The evidence linking light to
moderate alcohol consumption with a reduction in risk was
thought to be inconsistent, while that linking increased con-
sumption, especially recent consumption and binge drink-
ing,140 to increased risk of both ischemic and hemorrhagic

stroke was considered strong. Alcohol-induced hypertension
may be in the causal pathway for this increase in stroke risk,
although in some reports the increase in risk has persisted after
adjustment for BP.141 In a Japanese study,142 heavy drinking
acted synergistically with hypertension to increase the risk of
cerebral hemorrhage and infarction twofold and threefold,
respectively. In contrast, in the Department of Health
Hypertension Care Computing Project, including over 10,000
British patients attending a hypertension clinic,143 there was a
40% decrease in relative risk of stroke in drinkers, with the low-
est risk of stroke mortality at intakes of 1 to 10 units (8 to 80 g
alcohol) per week. This population included few heavy drinkers
and the beneficial effects of alcohol were offset at intakes
>21 units/wk by an increasing incidence of noncirculatory
causes of death.

Alcohol consumption has been associated with increased
echocardiographically determined left ventricular mass144,145

and electrocardiographic evidence of left ventricular hyper-
trophy.146 These associations have persisted after controlling
for BP, suggesting that direct trophic effects of ethanol on the
myocardium may be a more important determinant than
alcohol-related hypertension. Such hypertrophic changes are a
feature of the alcoholic cardiomyopathy characteristic of pro-
longed heavy alcohol abuse. In contrast, recent large popula-
tion-based studies have emphasized the protective effects of
light to moderate consumption of alcohol against heart fail-
ure. In the Framingham Heart Study147 there was an approxi-
mate halving of the hazard ratio for congestive heart failure
among men who consumed 8 to 14 drinks/wk and women
who consumed 3 to 7 drinks/wk compared with those who
consumed less than 1 drink/wk. A prospective cohort study
of elderly participants showed a similar halving of the rela-
tive risk for heart failure among moderate drinkers,148 while in
the Studies of Left Ventricular Dysfunction (SOLVD), among
patients with established ischemic left ventricular dysfunc-
tion, light-to-moderate alcohol consumption was independ-
ently associated with a reduced risk of all-cause mortality, par-
ticularly for death from MI.

Effects of alcohol on the kidney have not been well charac-
terized. Several reports suggest that heavy alcohol use can
increase the risk of microalbuminuria,145,149 an effect that in
at least one of these studies appeared to be mediated by alcohol-
related hypertension.145 In a case control study in Maryland,150

the finding of an increased risk of end-stage renal disease with
increasing alcohol intake was independent of any effects of
alcohol on hypertension. Results from postmortem studies in
the Honolulu Heart Program134 indicate that alcohol intake is
negatively associated with the degree of renal arteriolar hya-
linization, suggesting that effects of alcohol to reduce the risk
of intrarenal atherosclerotic vascular disease may counteract
any potential for hypertensive nephrosclerosis due to alcohol-
related hypertension.

PUBLIC HEALTH IMPLICATIONS
AND RECOMMENDATIONS

The importance of the relation between alcohol consumption
and hypertension has been recognized in national and interna-
tional guidelines on the prevention and management of hyper-
tension.151-153 However, from the point of view of cardiovascular
disease, alcohol is a two-edged sword. Despite predisposing to
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BP elevation, regular mild-to-moderate drinking appears to
protect against coronary events, and possibly ischemic stroke,
while higher-level consumption increases the risk of hemor-
rhagic and ischemic stroke, cardiac arrhythmias, and sudden
cardiovascular death.154 The “benefits” in this equation are less
in populations with a low risk of atherosclerosis. Heavier drink-
ing is also a significant factor in resistance to antihypertensive
drug therapy and alcohol-related cardiomyopathy. From the
point of view of cardiovascular risk, an intake averaging 1 to 2
standard drinks a day in men and up to 1 a day in women seems
optimal for those who can control drinking habits. Binge drink-
ing appears to carry a particular risk for several cardiovascular
outcomes. Outstanding issues include possible mechanisms for
alcohol-related hypertension, gender differences, effects on
endothelial function, and the relation between moderate alcohol
consumption, diabetes, and congestive cardiac failure. Because
alcohol may contribute to hypertension in up to 30% of heavier
drinkers and because heavy and binge drinking increase the risk
of stroke in particular, the potential for prevention by modera-
tion of consumption should be a major medical and public
health priority.
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487Chapter 46

Obesity is very common in the United States. The prevalence
of obesity and overweight has increased during the last
decade. It is estimated that more than 100 million Americans
are obese or overweight.1 The Third National Health and
Nutrition Examination Survey (NHANES III) reported that
59.4% of men and 50.7% of women are obese or overweight.2

It is known that obesity may lead to many serious disor-
ders, including myocardial infarction, dyslipidemia, diabetes
mellitus, gallbladder disease, osteoarthritis, sleep apnea, heart
failure, stroke, end stage renal disease, and hypertension.3-5

Hypertension is especially common among obese people.
In addition, hypertensive patients have a higher incidence
of obesity compared with normotensive people.6 The
Framingham Heart Study showed that obese individuals have
a twofold increase in the prevalence of hypertension com-
pared with normal weight individuals and that for every 10%
increase in relative body weight there is an increase in systolic
blood pressure (SBP) of 6.5 mm Hg.7

The pathogenesis of obesity-related hypertension is not
completely understood. Hyperinsulinemia and insulin resist-
ance, very common findings in obese patients, may be reasons
for the rise in the blood pressure (BP). Hyperinsulinemia may
cause hypertension through different mechanisms, such as
increased sympathetic nervous system activity, increased renal
sodium reabsorption, proliferation of the vascular smooth
cells, and alterations in the renin-angiotensin-aldosterone
(RAAS) system.8-11

Measurement of BP can be difficult in obese persons, so spe-
cial care should be taken in this group of patients. A common
error is use of a cuff that is too small, which gives a falsely high
BP. The cuff must be wide enough to cover 80% of the circum-
ference and 75% of the length of the upper arm. The patient
should rest for about 5 minutes before the measurement and
the final BP measurement should be the average of two or more
readings in both the lateral and the contralateral arm.

It is important to know the total fat burden and the fat dis-
tribution of a patient for the management of BP elevation. A
simple and relatively accurate way to estimate total fat burden
is to calculate the body mass index (BMI), which is (weight in
kg)/(height in m2) (Box 46–1). The BMI correlates fairly well
with the degree of obesity except in very muscular individu-
als.12 According to the World Health Organization, BMI of
18.5 to 24.9 kg/m2 is defined as normal, 25 to 29.9 kg/m2 as
overweight, and more than 30 kg/m2 as obese, with 30-34.5
kg/m2 class I obesity, 35-39.9 kg/m2 class II obesity, and more
than 40 kg/m2 class III or extreme obesity13 (Table 46–1).
Central fat distribution is also correlated with high BP. Central
obesity can be evaluated by measuring the waist circumfer-
ence or the waist:hip ratio (WHR). Waist circumference
should be measured at the uppermost lateral border of the
iliac crest. A waist circumference greater than 102 cm (40

inches) in men and 88 cm (35 inches) in women is considered
abnormal and indicates increased risk for type 2 diabetes,
hypertension, and cardiovascular disease (CVD). Waist cir-
cumference is especially useful in estimating the CVD risk in
patients with a BMI between 25 and 34.9 kg/m2, since patients
with a BMI greater than 35 kg/m2 are already at an increased
risk.1 A WHR greater than 1.0 in men and greater than 0.85 in
women is considered abnormally high.

Weight loss has been associated with a decrease in BP in
many studies. It is estimated that for every kg of weight loss
there is a reduction of 0.45 mm Hg in both SBP and diastolic
blood pressure (DBP).14 Weight loss can be achieved with
lifestyle interventions such as diet and exercise, with pharma-
cotherapy, and with surgery. The initial target of weight loss
therapy should be the reduction of body weight by 10% to
15%. This weight loss goal, which can reasonably be achieved
with a combination of lifestyle modification and drug ther-
apy, is associated with significant improvement in BP. With
weight loss, hypertensive patients may be able to discontinue
antihypertensive medications.15-17

OVERVIEW OF WEIGHT LOSS THERAPY

Before starting a weight loss program, a careful preliminary
assessment has to be made. This should include the patient’s
usual diet, food preferences, and eating habits. Also, a history
of previous weight loss attempts and the reason why they
failed has to be taken. Losing weight is a difficult and time-
consuming process, so the patient has to be appropriately
motivated. Behavior modification is focused mainly on
changing eating habits, increasing physical activity, altering
attitude, and developing support systems.

Patient motivation is a prerequisite for achieving the target
of weight loss. Motivation can be increased by describing to
the patient the health risks of obesity. Some things that have
to be considered before starting the weight loss procedure
include the following:

1. How serious and determined to lose weight is the patient?
2. How well does the patient understand the dangers of being

obese?
3. Can the patient’s family and friends help him or her in the

attempt to lose weight?
4. Is the patient prepared to start exercise along with diet

therapy?
5. Does the patient have adequate time to spend in the

attempt to lose weight?

It is very important for the patient to trust the physician or
other health care provider involved in the weight loss process
and for the physician to show respect and concern for the

Obesity in Hypertension: Role of Diet
and Drugs
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patient. This patient–physician partnership is basic for the
success of the weight loss program.

First, the physician and the patient must set an achievable
goal. Some patients set unrealistic goals (for example, to lose
half of their weight). They must be counseled to set goals that
are easier to achieve (to lose 10% of their initial weight in a cer-
tain period of time). If they achieve this goal and maintain it
for a year, they can then set another goal to lose more weight.

The behavior of an obese patient has to be changed gradu-
ally, following reasonable steps. This program has to be indi-
vidualized for each case. The first step is to determine what
exactly has to be modified. Usually this requires the patient to
self-monitor to allow him or her to understand his or her eat-
ing and activity patterns. For example, keeping records of food
choices, food quantity, and times of meals helps both the
patient and the physician to identify and correct what can be
changed. The mood of the patient and its relation to the type
and the amount of food can also be recorded in the same
diary. Everyday physical activity and weight change should
also be included in the diary.

The second step is to control stimuli that affect eating
behavior. The patient learns how to identify situations that are

associated with unnecessary eating, for example, periods of
increased stress and anxiety. The specific stimulus has to be
identified and the patient has to learn to stay away from it. For
example, when a patient finds that he or she eats a lot of
unnecessary food while watching television, he or she has to
make an effort to stop eating in front of the television.18

The third step is to find ways to control eating. This might
include the places where the patient eats, the speed of eating,
or the frequency of meals. All these things can be identified
and modified. In finding ways to control eating, it is some-
times helpful to reward a patient. For example, if the patient
achieves a specific goal, then he or she receives a small reward
(for example, a small amount of money). These rewards help
the patient to gradually achieve small goals and increase or
maintain motivation.

Another step is stress management. Stress management
with different techniques (for example, meditation or relax-
ation) can help keep the patient from overeating. Finally,
social support from family members, friends, and/or col-
leagues can be very helpful to the obese individual in losing
weight.

Once some weight has been lost, the most difficult thing for
an individual is to maintain the weight loss. Most patients
regain a part or all of the weight they have lost.19 Furthermore,
after a 6-month weight loss period, the rate of weight loss usu-
ally declines. It is important to prevent weight regain particu-
larly at this point. A weight maintenance program is
considered successful when weight regain is not more than 3
kg in 2 years.1 This can be done with the same tools the
patients used to lose weight, that is, diet, physical activity, and
behavior therapy. Successful weight loss and weight mainte-
nance both require long-term effort by the patient. Especially
in the weight maintenance period, the importance of physical
activity has to be stressed.

DIET

The most important aspect of a weight reduction program is
the diet. A hypocaloric diet combined with increased physical
activity can result in significant weight loss and a decrease in
BP in obese hypertensive individuals. The typical American
diet consists of approximately 15% protein, 35% fat, and 50%
carbohydrates.20 Fat should be reduced and portion sizes
should also be decreased. Heavy intake of sugar should be dis-
couraged, while fiber consumption should be increased.
Alcohol consumption should also be eliminated or drastically
reduced, because alcohol not only provides excess calories but
also elevates BP. The target is a 500 to 1000 kcal deficit for the
weight loss phase. In specific individuals it may be helpful to
use a low-calorie liquid formula diet for a limited time (usu-
ally 12 to 16 weeks).

The basic target of a weight loss program is the reduction
of fat mass, rather than lean tissue. However, during a weight
loss period there is always a reduction in lean body mass. In
order to minimize lean body mass reduction, the protein
that is consumed must be of high biologic value (e.g., egg
whites, fish, poultry, lean meat, low-fat dairy products). The
remaining calories should come from carbohydrates and fat.
It is very important that an individual on a weight-loss diet
take adequate amounts of vitamins and micronutrients. Fat
is a high-energy food, containing 9 calories per gram, while

488 Diet and Nutrition

Table 46–1 Classification of Obesity and Overweight by
Body Mass Index (BMI)

Classifications BMI

Underweight <18.5 kg/m2

Normal weight 18.5-24.9 kg/m2

Overweight 25-29.9 kg/m2

Obesity (Class I) 30-34.9 kg/m2

Obesity (Class II) 35-39.9 kg/m2

Extreme obesity (Class III) ≥40 kg/m2

Box 46–1 Calculation of Body Mass Index (BMI)

You Can Calculate BMI as Follows:

BMI = weight (kg)
height squared (m2)

If pounds and inches are used:

BMI = weight (pounds) × 703
height squared (inches2)

Calculation Directions and Sample
Here is a shortcut method for calculating BMI.
(Example: A person who is 5 feet 5 inches tall weighing
180 lbs.)
1. Multiply weight (in pounds) by 703

180 × 703 = 126,540
2. Multiply height (in inches) by height (in inches)

65 × 65 = 4225
3. Divide the answer in step 1 by the answer in step 2

to get the BMI
126,540/4225 = 29.9

BMI = 29.9



carbohydrate and protein have only 4 calories per gram.
Thus, reducing high-fat foods in the diet provides a signifi-
cant caloric decrease.

Total fat should not exceed 30% of total daily caloric intake,
with saturated fatty acids not more than 8% to 10% of total
calories. Monounsaturated and polyunsaturated fatty acids
should be up to 15% and 10% of total calories, respectively.
Protein should be approximately 15% of total calories. Either
plant protein or lean animal protein should be used.
Carbohydrates should be approximately 55% of total calories.
The daily carbohydrate intake should include 20 to 30 grams
of fiber from fruits, vegetables, whole grains, and legumes.
Fiber helps in weight loss by increasing satiety at lower levels
of calorie intake.21

A low-calorie diet (LCD) includes 800 to 1500 calories per
day and is the cornerstone of a dietary treatment program. A
caloric deficit of 500 to 1000 calories per day can result in a
weight loss of 70 to 140 grams per day, or 0.5 to 1 kg per week
(about 1-2 pounds per week).21 A diet of 1200 to 1500 calories
per day for men and 1000 to 1200 calories per day for women
seems reasonable, but this should be individualized according
to the differing needs of each person. It is important for a diet
to contain the necessary amounts of vitamins and micronu-
trients. LCDs usually contain the daily vitamin and mineral
requirements. LCDs can achieve the target of a 10% reduction
in body weight over a 6-month period. Studies have shown
that this weight loss is approximately 75% fat and 25% lean
tissue.22

A very low-calorie diet (VLCD) is a diet with fewer than
800 calories per day (300 to 800 calories per day). VLCDs are
usually given in the form of liquid formulas with a known
caloric content. VLCDs should never be used without med-
ical supervision. Their duration is usually 12 to 16 weeks.
During that time the obese individuals have 4 to 5 portions
per day. After that time, regular food can be added and sub-
stituted in the daily schedule. VLCDs may produce a rapid
weight loss. However, this weight loss is generally not perma-
nent and the obese individuals tend to regain a part of the
weight they have lost. Studies have shown that VLCDs are not
more effective than LCDs in long-term weight loss.23 Also,
VLCDs usually do not contain all the necessary vitamins and
micronutrients, so supplementation with these components
is necessary. Side effects of the VLCD are gallstones, gout, and
cardiac arrhythmias.

EFFECT OF DIET ON BLOOD PRESSURE

The Dietary Approaches to Stop Hypertension (DASH) trial
was a multicenter, randomized, controlled-feeding trial that
was designed to test the effect of specific dietary patterns on
BP. In this trial, 459 adults with untreated SBP less than 160
mm Hg and DBP between 80 and 95 mm Hg were random-
ized into three different diet groups, after an initial 3-week
period when they all had the same “control” diet low in fruits,
vegetables, and dairy products, with a fat content typical of
the average American diet. After this introductory period the
first group continued the same diet; the second group received
a diet rich in fruits and vegetables, and the third group
received a combination diet including fruits, vegetables, low-
fat dairy products, whole grains, poultry, fish, and nuts.
Sodium intake and body weight were maintained at the same

levels. After 8 weeks of following these diets, there was no
weight loss, but the combination diet reduced SBP and DBP
by 5.5 and 3.0 mm Hg respectively compared with the control
group, while the “fruits and vegetables” diet reduced SBP by
2.8 mm Hg and DBP by 1.1 mm Hg compared with the con-
trol diet (Figure 46–1).24-28 Thus, dietary modifications
can reduce BP, even without weight loss or dietary sodium
reduction.

Another study looked at the effects of reducing dietary
sodium in conjunction with the DASH diet.29 A total of 412
individuals were randomized into two groups following either
a control diet or the DASH diet. In each group there were
three subgroups with high, intermediate, and low sodium
consumption. The weight of the participants was maintained
during the 30-day study. At the end of the study the group on
the DASH–low sodium diet had 7.1 mm Hg lower SBP and
3.7 mm Hg lower DBP for normotensive participants and
11.5 mm Hg lower SBP and 5.7 mm Hg lower DBP for hyper-
tensive participants, compared with the control diet group.

The Diet, Exercise, and Weight Loss Intervention Trial
(DEW-IT) examined the effects of combined dietary and
physical activity interventions on BP in 44 overweight, hyper-
tensive adults on a single antihypertensive medication.30

Lifestyle changes consisted of a moderately intense exercise
program three times per week and a hypocaloric DASH diet
with restriction of sodium intake. At the end of the 9-week
study, there was a reduction in body weight of 4.9 kg in the
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lifestyle group compared with the control group and a reduc-
tion in SBP and DBP of 12.1 mm Hg and 6.6 mm Hg, respec-
tively compared with the control group.

Similar results were found in another study that examined
the impact of nonpharmacologic interventions on the treat-
ment of hypertension in older individuals.31 The 975 hyper-
tensive persons aged 60 to 80 years old who participated
received a single antihypertensive medication and had a BP of
less than 145 mm Hg (systolic) and less than 85 mm Hg (dias-
tolic). Of these, 585 were obese, and they were randomized
into four groups. The first had a diet low in sodium; the sec-
ond was assigned to a weight loss; program with diet and
physical exercise; the third had both salt restriction and diet
for weight loss; and the fourth was the control group (Figure
46–2). The 390 nonobese participants were assigned either to
the reduced sodium group or to the usual care group. After a
period of time, a medication withdrawal was attempted.
Before the medication withdrawal, the mean SBPs and DBPs
were significantly lower in all intervention groups compared
with the usual care group. There was a mean decrease of 3.4
mm Hg in SBP and 1.9 in DBP compared with the baseline in
the sodium reduction group, and a decrease of 4.0 mm Hg in
SBP and 1.1 in DBP in the weight loss group, and a decrease
of 5.3 mm Hg in SBP and 3.4 in DBP in the combined inter-
vention group, but only a slight decrease of 0.8 mm Hg in
both SBP and DBP in the usual care group. The average
weight loss at 9 months of the study was 3.8 kg for the patients
assigned to weight loss versus an average of 0.9 kg for the
patients not assigned to weight loss groups.

The Trial of Hypertension Prevention (TOHP-Phase I
and II) investigated the effect of weight loss in the prevention
of hypertension. The aim of TOHP-Phase I was to determine
the efficacy of nonpharmacologic interventions in reducing
or preventing an increase in the DBP. Participants in this
study were overweight or obese individuals (body weight was
15% to 65% above the desirable for their height), with DBP
80 to 89 mm Hg. They were randomly assigned to either an
18-month weight loss intervention program (with caloric
reduction and increase in physical activity) or a control con-
dition. The average weight loss for the intervention group at
6, 12, and 18 months was 6.5, 5.6, and 4.7 kg for men and 3.7,
2.7, and 1.6 kg for women, respectively. The mean change in
the DBP and SBP for the intervention group was −2.8 mm Hg
and −3.1 mm Hg for the men and −1.1 mm Hg and −2.0 mm
Hg for the women, respectively, compared with the control
group. BP reduction was greater among those individuals
who lost more weight.32

TOHP Phase II investigated the long-term effects of weight
loss on BP. In this phase, 595 individuals were assigned to a
weight loss group, and another 596 individuals were assigned
to the control group. The participants’ baseline BMI was 31
kg/m2 for both men and women in the weight loss group and
31 kg/m2 for the men and 30.8 kg/m2 for the women in the
control group. The average SBP and DBP were 127.6 mm Hg
and 86.0 mm Hg, respectively, for the intervention group, and
127.3 mm Hg and 85.8 mm Hg for the control group. The
mean weight loss from baseline in the intervention group was
4.4 kg, 2.0 kg, and 0.2 kg at 6, 18, and 36 months respectively,
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Figure 46–2 Percentages of obese
participants in the TONE study who
remained free of cardiovascular events
and hypertension and did not have an
antihypertensive drug prescribed during
follow-up. (From Whelton PK, Appel LJ,
Espeland MA, et al. Sodium reduction
and weight loss in the treatment of
hypertension in older persons: A
randomized controlled trial of
nonpharmacologic interventions in the
elderly (TONE). TONE Collaborative
Research Group. JAMA 279:839-846,
1998.)
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while in the control group at the same time points there was
an increase in body weight of 0.1, 0.7, and 1.8 kg. BP was sig-
nificantly lower in the intervention group compared with the
control group at all time points (Figure 46–3). Participants
who lost at least 4.5 kg at 6 months and maintained this
weight for the next 30 months had the best results in their BP.
The final result of this trial is that even modest weight reduc-
tion may lead to a significant decrease in BP.33

The Trial of Antihypertensive Interventions and Management
(TAIM) and the Treatment of Mild Hypertension Study
(TOMHS) investigated the effects of combining lifestyle inter-
vention and pharmacologic treatment on BP control in hyper-

tensive individuals, either obese or nonobese. In the TAIM study,
692 obese or overweight individuals with DBP between 90 mm
Hg and 100 mm Hg were randomized into nine different groups
according to diet (usual, low sodium, weight loss) and antihy-
pertensive medication (placebo, chlorthalidone, atenolol). Six
months later there was a significant decrease in both SBP and
DBP in the diet intervention groups, especially in the weight loss
group.34

TOMHS compared the effectiveness of five different anti-
hypertensive medications in combination with lifestyle
changes in lowering BP. All 902 participants were advised to
lose weight and decrease sodium and alcohol consumption
and increase physical activity. Then they were randomized
into one of the six groups according to antihypertensive med-
ication (placebo, chlorthalidone, acebutolol, doxazocin,
amlodipine, and enalapril). At the end of the study there was
a reduction in BP in all six groups, although less in the placebo
group, indicating that weight loss and other lifestyle interven-
tions play an important role in BP control.35

The Hypertension Control Program was a 4-year study that
investigated whether patients with modestly elevated BPs
could discontinue antihypertensive drug therapy with the
help of dietary modification. One hundred eighty-four
patients were randomized to three groups. Patients in the first
group discontinued antihypertensive drugs and modified
their diet, reducing salt and alcohol and losing weight, while
patients in the second group discontinued drug treatment
without dietary modification. Patients in the third group con-
tinued their usual antihypertensive therapy. At the end of the
study, 39% of the patients in the first group remained off
hypertensive medication, while only 5% of the second group
remained normotensive without medication.36

Similar results were found in the Dietary Intervention
Study in Hypertension (DISH). In this study 496 patients who
were normotensive while receiving antihypertensive drugs
were randomized into seven groups. The overweight patients
were randomized into four groups (antihypertensive drugs,
no drugs or diet, no drugs but sodium restriction, and no
drugs but weight reduction) and the normal weight patients
were randomized into three groups (drugs, no drugs or diet,
and no drugs but sodium restriction). At 56 weeks, the weight
reduction group had the highest percentage (59.5%) of
patients off medication. The average weight loss in this group
was −4 ± 5 kg.37

In a trial of 421 participants with hypertension on the
Optifast program, a commercial weight loss program using a
hypocaloric formula diet, 54% had a decrease in their BP.
More than half of those who achieved a weight loss of more
than 20% of the initial body weight achieved normal BP at the
end of the study, but resolution of the hypertension required
weight loss of more than 10% of initial body weight.38

A summary of some of the studies that examined the effect
of weight loss on BP is shown in Table 46–2.

PHYSICAL ACTIVITY

Physical activity is very important for the maintenance of
weight loss over time. In the absence of a contraindication
such as a cardiac, orthopedic, or metabolic reason, exercise
should be encouraged. The role of physical activity in BP con-
trol is discussed in Chapter 47.
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DRUG TREATMENT FOR WEIGHT LOSS

Currently, the only medications available in the United States
for the treatment of obesity are orlistat and sibutramine.

Orlistat
Orlistat is an inhibitor of pancreatic intestinal lipase.39 The
result of this inhibition is that about 30% percent of the daily
ingested fat intake is not absorbed. This would lead to a 200-
calorie deficit per day in an individual who consumed a diet
of 2000 calories per day with 30% of calories as fat. The most
common side effects of orlistat are gastrointestinal, such as
fatty or oily stools, more frequent defecation, and fecal incon-
tinence. Another side effect is a slight reduction in fat-soluble
vitamins, generally not outside of the normal range.

Several studies have confirmed the efficacy of orlistat in los-
ing weight. The European Multicenter Orlistat Group carried
out a double-blind study in which 688 obese individuals
(average BMI 36 kg/m2) were assigned to orlistat or placebo
for 1 year, in combination with a hypocaloric diet (minimum
energy intake 1000-1200 kcal/day). At the end of the first year
they were reassigned randomly to either orlistat or placebo for
another year. At the end of the first year of the study the mean
weight loss was 10.2% for the orlistat group and 6.1% for the
placebo group. During the second year of the study, the par-
ticipants who were switched to placebo gained twice as much
weight as those who continued on orlistat. Participants who
were switched from placebo to orlistat lost 0.9 kg more than in
the first year of the trial.40

Similar results were found in another U.S. study.41 In this
trial, 892 obese individuals (BMI 30-43 kg/m2) who were pre-
viously on a 4-week controlled-energy diet plus placebo were
randomized into either continuing placebo or starting orlistat
120 mg three times in a day (tid). After 52 weeks, the partici-
pants started a weight maintenance diet, and those in the orli-
stat group were rerandomized to continuing orlistat (60 mg or
120 mg tid) or placebo for another 52 weeks. Participants who
were already on placebo continued taking placebo. At the end
of the first year the participants on orlistat had lost more
weight than those on placebo (8.76 ± 0.37 kg vs. 5.81 ± 0.67
kg). At the end of the second year participants on orlistat 120
mg tid regained less weight than those on orlistat 60 mg tid or
placebo (3.2 ± 0.45 kg, 4.26 ± 0.57 kg, and 5.63 ± 0.42 , respec-
tively).

These studies showed that there is a significant weight loss
with the use of orlistat in combination with diet during the
first year, and that the tendency for weight regain that occurs
during the second year is less with the use of orlistat.

Weight loss with orlistat also helps in the treatment of
comorbidities, including high BP. A U.S. trial investigated the
effect of orlistat on BP.42 The participants were randomized to
either orlistat plus diet or placebo plus diet. After 1 year of
treatment, participants in the orlistat group had greater reduc-
tions in BMI and DBP than the placebo group (−1.9 kg/m2 vs.
0.9kg/m2, and −11.4 mm Hg vs. −8.4 mm Hg, respectively).

Another multicenter trial investigated the effect of orlistat
on obese hypertensive patients.43 Participants in this study
(n = 628) were randomly assigned to orlistat plus diet or
placebo plus diet. At the end of the study the decreases in SBP
and DBP were 9.4/7.7 mm Hg for the orlistat group and
4.6/5.6 mm Hg for the placebo group.

Sibutramine
The other drug that can be used for the treatment of obesity
is sibutramine. Sibutramine is a serotonin and norepineph-
rine reuptake inhibitor that decreases body weight by reduc-
ing food intake (by decreasing appetite).

The effect of sibutramine on weight loss was investigated in
a multicenter dose-ranging study.44 Participants (n = 1047)
were randomly assigned to either sibutramine (1-30 mg) or
placebo. After 6 months a dose-dependent weight loss was
observed (1.2% weight loss with placebo compared with 2.7%
with sibutramine 1 mg, 3.9% with 5 mg, 6.1% with 10 mg,
7.4% with 15 mg, 8.8% with 20 mg, and 9.4% with 30 mg).

Another study investigated the effect of sibutramine on
weight loss, using VLCD and sibutramine, compared with the
same diet and placebo.45 In the sibutramine group, 86% of the
participants lost at least 5% of their initial body weight com-
pared with 55% of the placebo group 6 months after the study
entry. At month 12, 75% of the sibutramine group maintained
at least 100% of their weight loss, compared with 42% of the
placebo group.

The Sibutramine Trial in Obesity Reduction and Mainte-
nance (STORM) investigated the effect of sibutramine in
maintaining weight that was lost on a hypocaloric formula
diet.46 In this trial, 605 obese patients, after losing weight,
received 10 mg sibutramine daily for 6 months. After this
period, participants who achieved at least 5% reduction in
their body weight were randomly assigned either to continue
with sibutramine for 18 more months or to receive placebo.
Of the participants who completed the study, 43% of the sibu-
tramine group maintained more than 80% of their original
weight loss, while in the placebo group only 16% maintained
this level of weight loss.

Sibutramine’s side effects include dry mouth, headache,
insomnia, and constipation, but, most important, it can
increase heart rate by 4 to 6 beats per minute and elevate DBP
by 2 to 3 mm Hg. Sibutramine should not be used in patients
with a history of coronary heart disease, arrhythmias, or heart
failure. Although some studies support sibutramine use in
obese hypertensive patients,47-48 it must be used with great
caution or not at all in patients with uncontrolled hyperten-
sion. Patients taking sibutramine should regularly be moni-
tored for their heart rate and BP.

Antihypertensive Drugs
Although weight loss may reduce BP, there are many obese
hypertensive patients who either cannot lose weight or having
lost weight still have elevated BP. These individuals need treat-
ment with antihypertensive drugs.

Thiazides have been used for many years for the treatment
of hypertension. BP lowering with the use of these medica-
tions has been shown in obese hypertensive patients, but usu-
ally higher doses (up to 50 mg/day hydrochlorothiazide) are
required to achieve this effect. One of the side effects of the
thiazides is causing or worsening of insulin resistance. Since
many obese patients are insulin resistant, thiazide diuretics
should be used with caution in these patients, or in combina-
tion with other antihypertensive drugs, such as ACE
inhibitors. β-Blockers may be effective in decreasing BP in
obese hypertensive patients. However, β-blockers may
decrease insulin sensitivity and increase glucose intolerance,
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so they are not the first-choice treatment for these patients. β-
blockers may decrease the early insulin response and increase
insulin sensitivity, so they might be a good choice for obese
hypertensive patients. However, they do not protect against
heart failure, which occurs commonly in obese hypertensive
individuals, so they have limited use as monotherapy or initial
therapy for controlling hypertension in these patients. Used in
combination with other antihypertensive drugs, α-blockers
are helpful in the management of hypertension in obese
patients.

Calcium antagonists lower BP by reducing peripheral vas-
cular resistance. Unlike diuretics and β-blockers, they have no
effect on insulin sensitivity, glucose uptake, or lipid profile.
However, they frequently cause lower extremity edema, which
may be especially troublesome to obese people.

ACE inhibitors reduce peripheral resistance, increase
insulin sensitivity, decrease left ventricular mass, and protect
the kidney, so they have theoretical advantages over other
classes of antihypertensive agents for treating obese people
with high BP. Angiotensin II receptor blockers (ARBs) have
similar advantages with respect to intermediate endpoints.
However, no particular advantage or disadvantage of any class
of antihypertensive drug for treatment of obese patients has
been demonstrated in outcome trials.

SUMMARY

Obese patients who are hypertensive should undergo a pro-
gram of behavior modification to decrease caloric intake and
increase physical activity. Numerous studies have documented
that this will lower BP. The weight loss drugs orlistat and sibu-
tramine may be used to enhance and maintain the weight loss
process, but sibutramine must be used with extreme caution
in hypertensive patients. If hypertension is not controlled with
weight loss, antihypertensive therapy should be initiated. An
algorithm for the treatment of obese hypertensive patients is
shown in Figure 46–4.
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496 Chapter 47

Regular exercise is an increasingly rare component of modern
living. With the advent of electronic communication and
transportation, large amounts of physical movement no
longer underpin everyday life. Recreational activities and
many forms of work can now be undertaken from the comfort
of the home or office. This societal trend toward sedentary
lifestyles is affecting many spheres of health, including osteo-
porosis and its complications, metabolic syndromes such as
diabetes, coronary heart disease (CHD), and other conse-
quences of atherosclerosis. It is also significantly influencing
the prevalence and management of hypertension.

As seen in a wide range of communities throughout the
world, individuals with hypertension are more likely to have
sedentary lifestyles than their normotensive counterparts.
While hypertension is much more than an exercise deficiency
condition, the link between the two is evident. Researchers
have found that hypertensive children undertake less physical
activity when playing games than normotensive children. In
animal models, this link also exists. Genetically hypertensive
strains of rats voluntarily undertake less physical activity than
normotensive strains when a treadmill is introduced into their
cage. Resting blood pressure (BP) is inversely related to objec-
tive indices of physical fitness. It is likely that these benefits to
BP are contributing to the observed lower cardiovascular mor-
tality in the more active members of the general population.

Nevertheless, it was not very long ago that doctors recom-
mended that hypertensive patients avoid strenuous physical
activity. The basis of this was probably the observation every
clinician has made that BP falls as soon as patients are admit-
ted to hospital and rest in bed. This view may have also
reflected the fact that BP increases acutely during isometric
exercise and to a lesser extent during isotonic exercise. There
are also frequently publicized, although rare, instances of sud-
den cardiac death among athletes. These events are more like-
ly to occur during competition than between. The purpose of
this chapter is to review some of the bases for the complete
aboutface that has occurred in professional attitudes toward
regular physical activity among hypertensives.

Strong recommendations have ensued among hypertension
guidelines such as the Seventh Report of the Joint National
Committee on Prevention, Detection, Evaluation, and
Treatment of High Blood Pressure (JNC 7)1 and the World
Health Organization/International Society of Hypertension
(WHO/ISH)2 Committee and authoritative national reports,
including the U.S. Surgeon General’s Report on Physical
Activity,3 to encourage regular physical activity for the entire
community, including those with hypertension.

In considering this issue several paradoxes are apparent.
The change in BP with acute exercise is largely dependent on
the type of activity undertaken. In some forms, such as power
lifting, the increase in systolic blood pressure (SBP) is pro-
found. With others it is minimal depending on where and how
the BP is measured (see discussion in sections that follow).

After acute exercise, BP generally falls for some hours. With
repeated bouts of exercise there is increased physical fitness
and also lower BP than before training, even when BP is mea-
sured at a considerable time after the last bout of exercise.

It is important to emphasize that even if regular aerobic
exercise had no effect on BP whatsoever, there would be strong
grounds for recommending it in the hypertensive population.
Regular exercise is broadly efficacious in providing cardiopro-
tection, acting not just through BP regulation but also through
metabolic systems affecting cardiovascular risk, including
insulin resistance and lipids, a powerful sympatholytic activity
and effects on other neurohormonal systems.

Hypertensives are a high-risk population susceptible to mul-
tiple adverse cardiovascular risk factors. They are therefore
most likely to benefit from regular exercise. On a population
basis the association between exercise and BP may be particu-
larly important to public health. The greatest threat associated
with the slight decrease in prevalence of hypertension in devel-
oped communities is the rapidly increasing prevalence of obe-
sity and its associated metabolic and other consequences.
There is a strong argument that diminishing physical activity
in the community is a major contributor to obesity and that
increasing body weight is not just a consequence of excessive
energy intake, but also of diminished energy expenditure
through occupational and leisure time physical activity.

ISOTONIC AND ISOMETRIC EXERCISE

Many forms of exercise in normal daily life are a mixture of
isotonic and isometric forms. Isotonic exercise involves short-
ening and lengthening of various muscle groups. Typical forms
include running, cycling, and swimming. When performed for
more than a few minutes these involve an increase in maxi-
mum oxygen uptake by the body. The body matches the
increase in oxygen consumption mainly by exercising skeletal
muscle. Isometric exercise, by definition, is skeletal muscle
contraction without shortening. Resistance exercises such as
power lifting involve a high degree of isometric and a limited
isotonic component. The effects of acute isotonic and acute
isometric exercise on BP are reviewed in the next sections.

ACUTE ISOTONIC EXERCISE

Blood Pressure during Exercise
To the clinician performing exercise stress testing, the BP
response to acute isotonic exercise may seem straightforward.
SBP measured indirectly at the brachial artery with a sphygmo-
manometer increases linearly in relation to workload. This is
seen universally in healthy participants and in most patients
with cardiovascular disease. However, in a few patients with
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poor left ventricular function and/or major coronary artery dis-
ease, SBP does not increase, and in some cases it may even fall.
The latter carries grave prognostic implications unless success-
ful therapeutic intervention occurs. There is some variation in
the extent to which BP increases with workload in the healthy
population, leading to suggestions that an exaggerated rise in
SBP with exercise may be a portent of hypertension later in life.

Factors affecting brachial systolic pressure determined
sphygmomanometrically include cardiac output, which
increases linearly with workload, and the properties of large
arteries. A stiffer proximal vasculature will be associated with
higher SBP. Pulse wave reflection from the periphery also con-
tributes to SBP, having different effects at different levels of the
arterial system. It is responsible for considerable amplification
of the arterial pulse wave from the aortic valve to the brachial
artery and beyond. In fact, much of the increase in brachial
systolic pressure during exercise is due to increased effects of
pulse wave velocity on the brachial systolic pressure as exercise
progresses. When central BP is measured directly and inva-
sively at the aortic root, there is very little change in aortic sys-
tolic pressure across the range of 25% to 100% of maximal
oxygen uptake, even though brachial or radial artery systolic
pressure increases considerably. Mean arterial pressure
changes very little during progressive aerobic exercise4,5

(Figure 47–1).
Diastolic blood pressure (DBP) is not measurable by any of

the conventional noninvasive means during exercise. Even
invasively measured DBPs may be unreliable unless great care
and attention is given to the frequency response and other
characteristics of the apparatus used. DBP tends to slightly fall
during progressive aerobic exercise (see Figure 47–1). As a
consequence of this, high SBPs seen by clinicians using a
sphygmomanometer in patients with hypertension during
acute exercise do not translate into the expected increases in
afterload. The heart experiences a vastly increased preload due
to increased blood flow to and from the heart related to pro-
found vasodilation in working skeletal muscle. Increased load

on the heart is also brought about by the tachycardia of exer-
cise, which results from a combination of vagal withdrawal
and cardiac sympathetic stimulation. The latter also increases
cardiac contractility.

Although increased brachial systolic pressure during exer-
cise is in a sense artifactual (it does not reflect increased cen-
tral arterial pressures), there have been many proponents for
the notion that exercise BP is a useful predictor of both hyper-
tension and cardiovascular morbidity and mortality. The evi-
dence for this is reviewed in the next sections.

Systemic Hemodynamic Changes during Exercise

BP is regulated closely during exercise, as can be understood
by looking at the overall systemic hemodynamic changes. As
stated previously, a primary hemodynamic driver during aer-
obic exercise is vasodilation in working skeletal muscle. This
serves to meet the increased oxygen and nutrient demands at
the local level. Increased oxygen is also extracted by exercising
muscles. It is likely that the maximum vasodilatory capacity of
skeletal muscle is never reached in normal healthy partici-
pants during aerobic exercise, because flows of 240 mm Hg
per minute to the exercising quadriceps muscle alone have
been measured during leg exercise.4,6

If vasodilation in working skeletal muscle were the only
hemodynamic change during exercise, BP would fall consid-
erably. The fact is that active vasoconstrictor tone is main-
tained in both exercising and resting skeletal muscle, as well
as in splanchnic and other beds during exercise. The net
result is the redistribution of blood flow to exercising skeletal
muscle away from other organs, some more than others. With
persisting exercise, other factors become important, includ-
ing demand for blood flow to the respiratory muscles, which
may account for as much as 10% of total oxygen uptake at
near maximal exercise. In the cutaneous circulation, there is
dilation, which assists in the dissipation of heat generated by
exercise.
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The heart responds to the increase in venous return with an
increase in diastolic volume that tends to increase stroke vol-
ume by the Frank Starling mechanism.7 Cardiac output
increases linearly with exercise workload, but the mechanism
is different at lower and higher exercise levels. At lower levels,
stroke volume increases. At higher levels, exercise tachycardia
is more important, and both end-diastolic and end-systolic
volume decrease despite increases in filling pressure.8-10

There has been a considerable amount of experimental work
on the role of the arterial baroreflex in BP responses to acute
aerobic exercise. Early workers considered that the reflex must
be inhibited during such exercise. An apparent simultaneous
increase in heart rate and arterial BP seemed to indicate that the
arterial baroreflex was ineffective under these conditions.
However, more recent data suggest that the arterial baroreflex
remains active, albeit working at different operating points, so
that vascular conductance and cardiac output are matched over
the entire range from rest to maximum exercise.4,11

Blood Pressure after Exercise
BP generally falls after an acute bout of exercise. This occurs
within a few minutes and may last several hours. The mecha-
nism probably involves reduction in peripheral resistance below
preexercise levels, in part related to sympathetic inhibition.

In the longer term, engaging in a regular exercise program
will reduce both resting BP and exercise-related BP increases
(Figure 47–2). These effects can be seen after 2 weeks, with a
further reduction in resting BP noted after 4 weeks of
training.

Other Changes with Acute Exercise
Metabolic

In addition to its effects on BP, exercise is associated with a
number of other changes, chiefly metabolic, that contribute to
reduced cardiovascular risk. These changes occur with differ-
ent intensities and durations of exercise. A reduction in BP
can be seen with a relatively low threshold of around 50% of
maximum oxygen expenditure. At these levels, insulin resist-
ance measurements show a biphasic response, with a very
transient impairment followed by many hours of improved
insulin sensitivity. Lipid measurements also change acutely
with exercise. A fall in triglycerides and increase in high-
density lipoprotein (HDL) cholesterol is consistently
observed. These changes appear to be dependent on the inten-
sity and duration of exercise. Transient efflux of HDL choles-
terol can be measured from exercising skeletal muscle, proba-
bly reflecting a reduction in intracellular triglyceride levels
due to metabolism. Prolonged exercise seems to be necessary
for an acute effect of exercise on low-density lipoprotein
(LDL) cholesterol levels.

There is, of course, a nexus between the acute and chronic
effects of exercise. For example, some of the long-term effects
of chronic exercise may be due to repeated acute effects.
Moreover, exercise training increases exercise capacity, per-
mitting more intense and prolonged exercise sessions, which
may compound the acute effects.12

Implications of Hypertension on the Blood Pressure
Responses to Acute Exercise

Hypertension is associated with left ventricular hypertrophy
(LVH), which involves both cardiomyocyctes and the cardiac
interstitium. With early LVH in young participants, the effects
of the cardiomyocyte hypertrophy may be the main determi-
nant of the hemodynamic performance. There is evidence that
at given levels of preload and afterload, cardiac contractility is
higher with LVH than without. Thus, younger patients with
mild LVH may have increased cardiac output during exercise
and consequently higher SBP both centrally and in the periph-
ery. More profound LVH in older participants is associated
with stiffening of the ventricle, left ventricular diastolic dys-
function, and, if progressive, diminished left ventricular func-
tion and even cardiac dilation and failure. These changes
would tend to lessen the BP responses to aerobic exercise.

Hypertension is also associated with impairment of the
buffering effects of the arterial baroreflex. As mentioned pre-
viously, recent data indicate that the baroreceptor–heart rate
reflex remains intact and operative, contributing to BP regu-
lation during acute bouts of exercise, albeit operating at
different set points as exercise progresses. However, reflex
buffering of BP is impaired in the setting of ageing and hyper-
tension, likely altering BP responses during and after exercise
in this population.

ACUTE ISOMETRIC EXERCISE

The cardiovascular response, particularly the change in BP
during isometric exercise, is quite different from that seen
during isotonic aerobic exercise. In the contracting skeletal
muscle bed there is a large increase in vascular resistance,
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mainly due to extravascular constriction of the vessels. This
elicits a powerful reflex, resulting in an increase in BP that is
largely sympathetically mediated. Systolic, diastolic, and mean
BP, as well as cardiac output, increase.

Observers suggested that this major increase in BP during
acute isometric exercise might account for a small but signifi-
cant increase in the likelihood of stroke due to intracerebral
hemorrhage in susceptible individuals. This is the main reason
why many authorities in the past have suggested that patients
with hypertension and other cardiovascular disease should
avoid heavy straining. However, there are also likely health
benefits that arise from regular and repeated episodes of
resistance exercise.

EXERCISE, BLOOD PRESSURE, AND
CARDIOVASCULAR DISEASE MORTALITY

There has been considerable interest over many years in the
extent to which differences in BP during acute exercise reflect
prognosis. As outlined previously, the primary physiologic
mediators of exercise BP include cardiac performance, which
may be influenced by the prevailing levels of sympathetic
activity, by cardiac hypertrophy, and by the presence of under-
lying cardiac disease. The second important mediator of exer-
cise BP is the characteristics of the major arteries, including
arterial compliance and the influences of wave reflection.
Peripheral mechanisms that play a role include total peripher-
al resistance, which affects mean BP and DBP specifically, and
cardiac preload, which is affected by the properties of the
venous circulation. Other determinants of exercise BP are list-
ed in Box 47–1.

A large number of studies have looked at the long-term
outcome in relation to various indices of exercise BP at an ini-
tial exercise test. The results of some of these studies13-16 are
shown in Figure 47–3.

Overall, the studies show an inconsistent relationship
between exercise BP and subsequent mortality, although some
of the better designed and controlled studies show a signifi-
cantly positive relationship with a hazard ratio of around 2 for
patients with high exercise BP compared with those without.
Whether this is a useful finding applicable to clinical practice
and whether any relationship between exercise BP and cardio-
vascular disease or mortality is causal or an indirect measure
of other more important predictors is uncertain.

One consideration is the very strong interdependence of BP
variables. In any population of hypertensive or normotensive
participants, there are generally strong relationships between
various BP variables, including SBP, DBP and/or mean BP,

resting BP, and submaximal or maximal exercise BPs. The lin-
earity of the SBP response measured at the brachial artery at
different workloads determines that the relationship can be
described by an intercept (resting BP) and slope of the BP
workload relationship. At any given slope of this relationship,
a higher intercept (resting BP) will result in higher absolute
BPs at each level of absolute work, including maximum work
capacity. Thus, one explanation of the relationship between
exercise BP and cardiovascular disease or mortality is that it
indirectly reflects the known relationship between resting BP
and outcome.

However, mortality has been shown to be independent of
resting BP in several recent studies. At present the utility of the
putative prognostic information arising from measurement of
exercise BP is limited, not only because of the lack of a clear
conceptual framework but also due to the lack of agreed
measurement techniques and established normal values in
local populations.

Long-Term Effects of Regular Aerobic
Exercise on Blood Pressure
To some extent the question of whether exercise per se has a
long-term antihypertensive benefit becomes less important in
the light of strong epidemiologic, experimental, and clinical
evidence that, irrespective of the effects on BP, regular exercise
reduces mortality from CHD. It is not our purpose to review
in detail the studies relating to regular exercise and CHD out-
come, as these have been reviewed elsewhere.17-20 However,
studies using a range of measures of physical activity or fitness
have consistently shown benefits, particularly those conduct-
ed since the late 1980s, in which greater attention has been
paid to methodologic rigor. Classic studies contributing to
this knowledge base have included those of Harvard alum-
ni,21-22 Framingham,23 UK civil servants,24 and major trial
patients,25 as well as health screening programs in Texas.26

The relationship between physical activity and morbidity or
mortality in hypertensive or normotensive subgroups has been
compared in a number of epidemiologic studies. In Harvard
alumni,21 sedentary hypertensives had about twice the risk of
death compared with those who were normotensive over the
follow-up period of 12 to 16 years. The age-adjusted death rate
per 10,000 man-years of observation was 173 in hypertensives
and as low as 79 in normotensives. The relative risk of hyper-
tension in sedentary participants throughout the follow-up
period was 2.18, considerably higher than the figure of 1.58
observed in the most active alumni participants. Designation
to the most active groups in this study required an estimated
additional 2000 kcal/wk in work or leisure time exercise. This
is a fairly substantial increment over sedentary levels, and more
recent studies have examined milder increases in weekly exer-
cise. These data suggest that hypertensives may benefit more
from increased physical activity than those in the community
who have normal BP.

By analogy with drug therapy, any benefit of regular exer-
cise on BP should be reflected in reduced stroke rates.
Wannamethee and Shaper27 followed 7735 men for 9.5 years
and observed an inverse relationship between physical activi-
ty and stroke risk. This persisted after statistically controlling
for age, coronary risk factors, alcohol intake, and known vas-
cular disease. The relative risk of stroke (assessed by question-
naire) was 0.6 for moderate activity compared with inactivity
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Testing methods
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and 0.3 for vigorous activity. However, the vigorous exercise
group had a somewhat higher risk of myocardial infarction
(MI). The lowest combined risk of stroke and MI was seen in
the group with a moderate level of physical activity.

Epidemiologic data also support the benefit of regular exer-
cise in primary prevention of hypertension. Blair et al.26

determined physical activity indirectly by measuring physical
fitness by treadmill testing. They followed more than 7000 men
and women for a median of 4 years (range 1-12 years). Those
with low levels of physical fitness at the outset of the study had
a risk of 1.52 of developing hypertension relative to physically
fit individuals even after adjustment for sex, age, duration of
follow-up, baseline BP, and body mass index (BMI).

Epidemiologic approaches have also been used to deter-
mine whether a dose-response relationship exists between
physical activity and cardiovascular mortality. However,
interpretation of cross-sectional studies can be difficult,
because there is a need to account for possible confounding
effects of differences in body weight, diet, and other lifestyle
habits in those who voluntarily and habitually adopt a
lifestyle involving regular exercise. Although a general con-
sensus is emerging from the epidemiologic data that moder-
ate levels of physical activity are most protective, individual
studies can be found in the literature to support the views
that a very low,28-32 a medium, or a high level21 of exercise is
optimal. This question is better assessed in longitudinal stud-
ies using either crossover or parallel group designs where BP
can be measured in exercising participants compared with
appropriate controls.

Clinical Studies
If regular aerobic exercise were an antihypertensive drug,
widespread recommendation of its use would require knowl-

edge of a full therapeutic profile, including indications, con-
traindications, side effects, precautions, interactions, adverse
reactions, optimal dosage, and form of administration. Many
clinical trials have been performed using exercise training as
an intervention and many conclusions can be drawn.
However, there are so many ways in which the level of physi-
cal activity can be altered in the course of normal daily life
that it is not possible to provide a complete picture from clin-
ical studies. Nor have major clinical outcome trials of the kind
performed with antihypertensive drugs been feasible for
studying the effects of regular exercise on BP and cardiovas-
cular outcomes. The design and measurement challenges of
such a study are formidable. Under these circumstances it is
likely that the most complete picture will be obtained from
carefully designed and conducted clinical studies using inter-
mediate endpoints, particularly BP itself, and other measures
of cardiovascular risk supported by coherent data from epi-
demiologic, experimental, and observational studies.

Major Design and Measurement Considerations

Many studies have investigated the effect of regular exercise on
BP. Variability in the results of efficacy studies can largely be
attributed to study design. Major design factors include the
following:

1. Controls
The effect of regular exercise as an intervention cannot be
measured in a double-blind, placebo-controlled trial.
Nevertheless, to have no control intervention33 is unac-
ceptable. The general perception of exercise as a healthy
activity ensures that there is likely to be a significant place-
bo contribution to any result where exercise has been
involved. Some studies have used normal sedentary activity
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as the control intervention34-36; others have used specific
sedentary activities such as reading37 or light exercises that
were thought to be below the threshold for any possible
active benefit of exercise.38-40 In an early meta-analysis, an
average fall of BP in control groups in exercise studies was
calculated at 2/2 mm Hg.41

2. Selection and randomization
Many members of the community regularly engage in
physical activity during their work or recreation. There is a
known tendency for health-conscious groups to volunteer
for clinical trials. In order to diminish the contrast between
active and inactive groups or trial phases, it is important
that only sedentary participants be enrolled in controlled
trials. Nevertheless, many previous studies have used ath-
letes, who have been a convenient sample, but this has
reduced the contrast between baseline, or control, and
active groups or phases of the study.

3. Blood pressure measurement
It is clearly good clinical trial practice to measure BP using
a method that is free of observer bias. There are several
ways in which this can occur. Ambulatory BP measure-
ments are now being used fairly routinely in clinical trials
of antihypertensives. In the case of exercise studies, ambu-
latory BP recording avoids common biases from clinic
measurements and has a limited placebo effect. However,
it is important to recognize and account for the effect of
physical activity performed during the day, as this is the
major determinant of variance in ambulatory BP in a
given individual. Even if BP recordings are not disrupted
during the day of measurement by the acute BP effects
during an exercise bout, variations in daily physical activ-
ity are important determinants of the variation in ambu-
latory BP. It has been observed that the level of physical
activity that free-living individuals perform in the com-
munity depends to some extent on their physical fitness,
so the group that has been engaged in the exercise inter-
vention may be more active on rest days than the group
that has not.

The timing of BP measurements is clearly important in
relation to the most recent bout of acute exercise. Some
studies have avoided the postacute exercise phase of up to
24 to 48 hours after the last bout of exercise.

4. Method of training
It is mandatory for good trial design that training be both
quantitated and supervised. In many studies the level of
exercise prescribed during the training phase has been
expressed as a percentage of maximum work capacity or
maximum oxygen uptake. However, as participants
progress through the exercise program and their fitness
improves, this translates to a higher absolute workload if
work is adjusted according to the change in maximum
capacity, or a diminishing fraction of maximum capacity if
it is not. Therefore, whatever is done, the exercise-training
stimulus will be different at the end of a period of regular
exercise training from at the beginning.

It is particularly difficult to quantitate the amount of
exercise performed in mixed programs involving different
forms of exercise. However, these have been commonly
used in longitudinal studies assessing the benefits of exer-
cise on BP with the justification that they are more realis-
tic and acceptable to the participants than laboratory-
based studies.

5. Confounding factors
Regular exercise is always part of a general lifestyle package.
The trial analysis and design must be able to account for
major confounding influences such as changes in body
weight, alcohol consumption, and sodium intake that
might occur as the imposition of the exercise program
impacts other aspects of daily life.

Summary and Meta-Analyses 
of Longitudinal Studies of Exercise
Training on Blood Pressure
In the absence of a major outcome study, the best clinical trial
evidence comes from meta-analyses that selectively include
the studies with the design characteristics outlined previously.
The earliest exercise studies were conducted from the early to
middle 1970s, particularly in Japan,42 but most were flawed by
inadequate or absent controls, nonrandom allocation of par-
ticipants, or inadequate blinding of BP measurements. There
have now been a number of systematic reviews of these data
dating back to 1990.41,43-49

Reports from more highly controlled studies now exist,
including both males and females over a wide age range from
teenagers to those older than 70 years. The exercise periods
have varied from 1 to 8 or more months, and typical training
frequency has been three times a week with a session time of
30 to 120 minutes. More frequent and less frequent exercise
bouts have also been studied. Studies now exist on the effects
of isotonic training, including bicycling, walking, jogging,
running, calisthenics, and various combinations. The training
intensity has usually been 40% to 80% of maximum oxygen
consumption, and most have been in the 50% to 60% range.

Normotensive, borderline, and established hypertensive
patient populations have all been studied. The presence of
hypertension may be an important factor in determining the
magnitude of BP change, although this remains somewhat con-
troversial. Fagard41 reported that in early studies in normoten-
sive participants, the average reduction in BP with exercise
training was 4/4 mm Hg. In those with higher BPs (>140 mm
Hg systolic), the average reduction was 11/6 mm Hg when cor-
rected for reductions in the control groups. Several studies have
shown that the BP reduction with exercise training is independ-
ent of changes in body weight or sodium consumption.50,51

Most studies have been of longitudinal design. Crossover
studies are more challenging, particularly if a larger number
of participants are to have exercise intervention. However,
they do avoid influences due to genetic and other confound-
ing environmental factors acting on BP. In crossover studies, a
standard exercise intervention of three 40-minute periods of
cycling on a bicycle ergometer at 60% to 70% of maximum
work capacity for 4 weeks reduced the BP in participants with
mild hypertension by 11/9 mm Hg. The same protocol
reduced the BP of normotensives by slightly less (10/7 mm
Hg).50,51 These changes are at the upper limit of what has been
observed in most well-controlled studies investigating the
effects of exercise training on BP. This may have reflected pop-
ulation characteristics such as an extremely sedentary
prestudy lifestyle and/or the improved contrast allowed by a
crossover and a balanced Latin square design.

Whelton et al.47 published a meta-analysis using English-
language articles published before September 2001 as the data
source. Using predetermined selection criteria, the authors
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identified 104 original reports, including 121 trials. Of these,
54 trials from 38 reports met the requirements for the system-
atic analysis. These requirements included provision of ade-
quate controls, limited ability for confounding factors to
influence results, enrollment of participants older than 18
years old, and follow-up for more than 2 weeks. The median
number of participants in each trial was 28 and the largest
study included 247 people. In total, 2419 participants con-
tributed data; 12 trials included predominantly men and 17
included predominantly women. Although most of the partic-
ipants were white, six trials were conducted in Asian popula-
tions and four in African American. About half of the studies
were performed in normotensive participants. The median
duration of the trials was 12 weeks, ranging from 3 weeks to 2
years. The trial designs varied, and five had some kind of
active intervention in the control group.

Baseline SBP varied from 101 to 168 mm Hg, with a medi-
an of 126.5 mm Hg. Corresponding diastolic values were 61 to
104 mm Hg, with a median of 77 mm Hg.

Overall the pooled effect of aerobic exercise on SBP was −3.84
mm Hg. The 95% confidence limits were between −4.97 and
−2.72, p <.001. The pooled effect on DBP was a reduction of 2.58
mm Hg (95% confidence intervals −3.35 to −1.81; p <.001). It is
interesting that when only studies where the exercise interven-
tion was supervised were included, the net change in BP
increased, on average, to −4.13 mm Hg over −2.68 mm Hg. The
mean change also increased when studies in which antihyper-
tensive medications were allowed were excluded.

It is difficult to draw conclusions from subgroup analyses
with such a relatively small number of trials and study partic-
ipants. However, there appeared to be a greater reduction in
BP in studies of shorter duration (<10 weeks).47 In trials of
longer duration, participants were allowed to exercise without
supervision. It is likely that failure to adhere to the prescribed
exercise intervention therapy contributed to this result.

MECHANISMS OF BLOOD PRESSURE
REDUCTION BY REGULAR EXERCISE

The mechanisms contributing to the antihypertensive effects
of exercise have proven difficult to elucidate. There has been
some debate over whether the fall in BP is due to a reduction
in cardiac output52-55 or total peripheral resistance.37,50,51

Methodologic and population differences may be responsible,
and these have been reviewed previously.46 Possible mecha-
nisms include changes in neural regulation of the circulation,
various hormonal systems, including the renin-angiotensin-
aldosterone system (RAAS), and altered regulation by ion
channels, growth, or endothelial factors. It has been proposed
that exercise-elevated prostaglandin E levels56 or increased
intrinsic depressor systems, including atrial natriuretic peptide
(ANP),57 play a role. However, other studies have failed to show
any change in cardiac secretion or renal extraction of ANP
with 4 weeks of moderate training.58 Other work has shown
increased serum taurine in conjunction with training,58 with
consequent natriuretic59 and sympatholytic60 changes.

The most consistent response to regular exercise is reduc-
tion in resting heart rate. This is brought about by both
reduced sympathetic activity61,62 and enhanced parasympa-
thetic activity.63,64 It is highly likely that sympathetic modula-
tion plays a role in other longer-term hemodynamic effects of

regular exercise. As mentioned previously, there is a reduction
in sympathetic nerve activity after a single acute bout of exer-
cise.65 Many studies have shown that venous plasma norepi-
nephrine concentration is reduced after training.34,37,50,51 More
detailed catecholamine kinetic studies at the Baker Heart
Research Institute have confirmed that there is substantial
reduction in sympathetic efferent activity with regular exer-
cise. Regional norepinephrine spillover studies66 have shown
that norepinephrine spillover into the circulation is substan-
tially reduced after training compared with control periods.
The majority of this effect is seen in the renal bed, which con-
tributes two thirds to the fall in norepinephrine spillover.

Although these and many other changes associated with
exercise training may contribute to the antihypertensive
effect, it is difficult to determine which are causal and which
are consequential. Meredith et al.37 determined the time
course of changes in BP in norepinephrine spillover and car-
diac structure in healthy participants in a crossover study of
training and sedentary periods. Interestingly, the reduction in
BP was a relatively early phenomenon, being evident and sta-
tistically significant after only a little more than a week from
commencement of a 4-week period of moderate exercise,
three times per week. On the other hand, reduction in norep-
inephrine spillover took longer, being evident after approxi-
mately 3 weeks of training, at the same time as increased car-
diac dimensions were noted using echocardiography. This
suggests that other factors are responsible for the initiation of
BP reduction after exercise training, although sympathetic
inhibition may contribute over the longer term, perhaps as a
consequence of altered cardiac afferent activity when the heart
dilates. Inhibition of renin secretion with regular exercise may
follow the sympathetic responses as reduction in renal norep-
inephrine spillover accounts for the major proportion of the
total change in spillover.56

Of several mechanisms proposed for the early reduction of
BP by regular exercise, change in vascular function is
supported. Systemic arterial compliance falls after a single bout
of exercise and is seen to be below pretraining levels in the first
week of a training program (three times per week). This has
reflex effects on the circulation, particularly the baroreceptor
heart rate reflex, probably by altering afferent input from the
carotid baroreceptors. Exercise training has been consistently
shown to reduce the maximum tachycardia response to BP
reduction.67-69 This may be a factor in the orthostatic intoler-
ance reported occasionally by athletes.70 The reflex effects of
training are slightly different when autonomic function is
impaired, as in hypertension. In hypertension reduction there
is a deficit in the parasympathetic component of the barore-
ceptor heart rate reflex.71-73 In the context of hypertension and
heart failure, baroreflex failure has been reported to be a mark-
er of high risk of sudden cardiac death.74 Regular exercise tends
to improve reflex function. Interestingly, regular exercise, par-
ticularly when combined with a weight loss program, has been
demonstrated to reduce BP under both resting and stress (lab-
oratory mental stress) conditions.75

There has been considerable interest in the possibility that the
vascular effects of regular exercise involve alterations in nitric
oxide (NO) action on large and small arteries. Short-term diet
and exercise intervention in healthy participants was associated
with reductions in BP, measures of oxidative stress, and NO
availability, as well as alterations in the metabolic profile, includ-
ing fasting insulin and improvement in the HDL cholesterol
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ratio.76 Kingwell et al. reviewed the influence of regular exercise
on endothelially mediated vasodilation77 and found consistent
evidence that exercise training enhances endothelial NO release.
However, there is a difference between short- and longer-term
exercise in the balance of effects on basal NO release and that
stimulated by agonists such as acetylcholine.77

A likely sequence of events, at least with a moderate exercise
training program three times a week at an intensity of about
60% of maximum work capacity, is an early fall in BP due to
reduced compliance of large arteries and NO-mediated
vasodilation of peripheral resistance vessels. As a result,
increased vascular perfusion, particularly in skeletal muscle
during acute exercise, increases venous return with a conse-
quent increase in central blood volume. Over a period of
about 3 weeks this is associated with left and right ventricular
dilation and increased cardiac output. Altered cardiopul-
monary afferent input to the brain as a result of this cardiac
remodeling reduces brain stem sympathetic efferent activity,
particularly to the renal circulation, causing a reduction in
renin production and natriuresis (Figure 47–4).

After 4 weeks, a three-times-weekly exercise program on a
bicycle ergometer in normal and hypercholesterolemic partic-
ipants78 is associated with higher basal NO release than in
sedentary controls, but stimulated release is similar.
Constrictor responses to the endothelium-dependent agonist
acetylcholine are seen in cross-sectional studies in athletes
compared with sedentary participants. It is possible that there
is progressive adaptation in the NO system during long-term
training. In the study referred to previously,52 a single bout of

leg exercise increased forearm sheer stress, a pertinent factor
in the up-regulation of endothelial NO synthase. This may be
responsible for the early demonstration of increased NO pro-
duction and vasodilation between exercise bouts over the first
few weeks. Over months, adaptations to meet increased meta-
bolic demands during exercise may develop, involving
changes in metabolic enzymes and perhaps vascular structur-
al modification along the lines of that referred to previously
for the heart. Another factor in free-living individuals is that
over the long term, there are likely to be changes in the lipid
profile, which will have beneficial effects on endothelial func-
tion. Endothelial function may be an important initiating fac-
tor and prognostic marker in vascular disease, and changes
induced by regular exercise could be an important component
of its protective effect.

Over the longer term a program of regular aerobic exercise
can reduce LVH in hypertensive participants.79,80 It is not clear
whether this reflects long-term BP lowering and is afterload
dependent or whether there are specific effects of regular exer-
cise on myocardial hypertrophy and/or the cardiac interstitium.

Effects of Resistance Exercise on Blood
Pressure
Historically there has been concern over persons with hyper-
tension performing more than moderate levels of resistance
exercise because of the acute rise in BP, which exceeds that
occurring with isotonic aerobic exercise. On the other hand,
there are a number of likely benefits of resistance exercise
that should apply to hypertensive patients as well as to the
general population. These include maintenance of muscle
bulk in later years, particularly in the upper limbs, which
may be important in maintaining quality of life. There are
also metabolic benefits in relation to, for example, glucose
utilization that may differ from those seen with regular iso-
tonic exercise.

Few data address whether progressive resistance exercise
has effects on BP in the long term. Kelley and Kelley have
reviewed studies that were indexed between January 1966 and
December 1998 and required resistance exercise as the only
intervention for at least 4 weeks.81 Only 12 studies met the cri-
teria, and one of these was excluded from the final analysis
because of missing BP data. Six of these studies were pub-
lished in journals and five as part of doctoral theses. The 11
studies analyzed had a total of 320 participants, 182 of whom
received the exercise intervention. The average number of par-
ticipants in each group ranged from 6 to 31 in the exercises.
Both males and females were included, and some studies had
patients on antihypertensive medications. Training programs
were variable. The overall pooled effects using fixed effects
modeling in this study showed a decrease of approximately
2% and 4% for SBP and DBP, respectively. Both of these
reductions were statistically significant. The authors conclud-
ed that progressive resistance exercise is efficacious for reduc-
ing resting SBP and DBP “in adults” but noted the need for
additional data in hypertensive persons.

THE SAFETY OF EXERCISE

Hypertensives are a high-risk group for underlying CHD and
other manifestations of atherosclerosis, particularly in later
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life. In patients with CHD, whether it is overt or latent, sudden
cardiac death may occur at any time. That it sometimes occurs
during physical exercise is not surprising. The risks are lower
with moderate exercise programs, beginning slowly and grad-
ually progressing the workload level.

Supervised maximal exercise testing may be warranted
before patients at high risk (i.e., severe hypertension [BP
>180/110 mm Hg] or mild to moderate hypertension with
additional risk factors) engage in an exercise program of mod-
erate intensity (40%-60% of maximum work capacity). For
patients who have CHD, heart failure, or stroke, exercise is
best initiated under direct medical supervision.

By far the most common complications of an exercise pro-
gram are associated with the musculoskeletal system, involv-
ing sprains, muscle tears, and soft tissue injury. Again these
can be minimized by relatively simple measures, particularly
by gradual and progressive increase in the intensity of exer-
cise, and by not doing too much too soon.

SUMMARY OF CURRENT
RECOMMENDATIONS

It is no longer considered beneficial for hypertensives to
avoid physical activity. The available evidence3 supports the
widespread adoption of regular aerobic exercise in the gen-
eral population, including those with hypertension. Regular
exercise lowers resting BP and has a positive impact on car-
diovascular health. The existing trend toward sedentary
lifestyles may be reversed through a concerted effort to
increase the uptake of regular exercise in the community.
Likely consequences include a reduction in the prevalence
of hypertension, as well as lower mortality from CHD. An
optimal exercise program in hypertensives may be on the
order of 30 to 45 minutes of aerobic exercise about three
times a week at a level of 50% to 70% of maximum work
capacity. It is not clear whether all forms of regular exercise
are similarly effective. These recommendations certainly
apply to walking, running, cycling, and mixed programs.
There are conflicting data on swimming, as some studies
show BP lowering and others do not. Nevertheless, swim-
ming has considerable overall health benefits and specific
advantages, since the lack of weight bearing may be the only
form of exercise available to some participants with muscu-
loskeletal disorders.

It should be emphasized that the studies reviewed in this
chapter involved participants who were generally adherent
to the programs. This will clearly not apply in the general
community. Strategies for improving adherence to nonphar-
macologic measures for cardiovascular risk reduction have
been reviewed.82 The issue is complex, and there are
relatively few solutions. One important issue that emerges
from the literature is the key role of clinicians in providing
their imprimatur on the adoption of nonpharmacologic
measures, including exercise, by their patients. Data suggest
that if the doctor does not mention the benefits of exercise,
weight loss, stopping smoking, or other hygienic measures
during a consultation, many patients assume that it is not
necessary for them to change. In the light of the present data,
clinicians should consider and articulate their exercise and
lifestyle prescriptions as clearly and carefully as they do a
drug prescription for their patients.
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SECTION 7 507

A plethora of important studies conducted during the 1990s
have provided an incredible database of new information con-
cerning the benefits of antihypertensive therapy, the compara-
tive effects of various classes of antihypertensive agents, and
even information concerning optimal blood pressure (BP) lev-
els in both uncomplicated and complex hypertensive patient
groups. This information is slowly being analyzed, evaluated,
published, reevaluated, compared, and considered by the med-
ical community ranging from researchers and specialists, to
primary care physicians, and even by the lay public. In many
cases the results have formed the basis of recommendations for
optimal levels of BP and for specific forms of therapy for some
individuals, promulgated by a variety of national and interna-
tional medical organizations, ranging from specialty groups to
national and international health and policy-making bodies.
As a result of the ever-increasing size, complexity, and costs of
these studies, media publicity aimed at the consumer has often
followed and, in some cases, even preceded the presentation of
the results to the scientific community. This barrage of infor-
mation has led to much confusion on the part of the practi-
tioners as well as the general public. This chapter attempts to
survey the most important and largest of these endeavors to
assist physicians in making a rational and beneficial choice for
initial antihypertensive therapy. Other chapters are devoted to
specific classes of antihypertensive agents and particular sub-
groups of patients and provide much more detailed and com-
prehensive information.

WHEN AND WHOM TO TREAT

Evidence regarding the impact of BP on morbidity and mor-
tality has undergone drastic reevaluation on the basis of sev-
eral important studies that have provided new insight into
the importance of this major risk factor for cardiovascular
disease. For example, observational data from more than 1
million individuals participating in a variety of studies has
indicated that the risk of cardiovascular morbidity and mor-
tality begins to increase at BP levels of 115/75 mm Hg and
doubles at each increment of 20/10 mm Hg above that level.1

When considering the traditional criteria of 140/90 mm Hg
for the definition of hypertension, it is important to recog-
nize that the Framingham Heart Study has demonstrated
that individuals with a BP between 130 and 139 mm Hg sys-
tolic and 80 to 89 mm Hg diastolic are at twice the risk for
the development of future hypertension as those with “nor-
mal” BP.2 Thus we have two compelling prospective observa-
tions documenting the increased risk of cardiovascular
events in persons with BPs below 140/90 mm Hg. Moreover,
individuals with normal BP at the age of 55 years have a 90%
chance of developing hypertension in their lifetime.3 Thus
those fortunate enough to reach the age of 55 without
becoming hypertensive have an overwhelming likelihood of
doing so as they age. These convincing and compelling find-
ings led the seventh report of the Joint National Committee
on Prevention, Detection, Evaluation, and Treatment of High
Blood Pressure (JNC 7) to draw attention to lower BP levels
than had previously been of concern, by defining BP lev-
els between 120/80 mm Hg and 139/89 mm Hg as “prehy-
pertensive” and by recommending nonpharmacologic thera-
py as a means of reducing those levels.4 These nondrug
approaches will be discussed subsequently.

The guidelines of 120-139/80-89 mm Hg for nonpharma-
cologic intervention and drug treatment for those above
140/90 mm Hg, the traditional point for initiation of drug
treatment for those not adequately controlled with nondrug
approaches, apply to uncomplicated individuals. However,
there are several subgroups with evidence of, or at high
risk for, vascular disease or other conditions such as diabetes
mellitus or renal disease, for whom BP levels even lower
than the traditional 140/90 mm Hg are desirable. These per-
sons should require antihypertensive drug therapy to
achieve more aggressive BP goals. The most recent guide-
lines suggest that the goal for diabetics should be a BP con-
sistently below 130/80 mm Hg and for those with renal dis-
ease of any form, below 125/75 mm Hg. Individuals with
congestive heart failure (CHF) comprise another group for
whom BP levels lower than the traditional 140/90 mm Hg
have been advocated, but specific levels have not been pre-
cisely defined.

Initial Choices in the Treatment
of Hypertension
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NONPHARMACOLOGIC THERAPY FOR
THOSE WITH “PREHYPERTENSION”

The nonpharmacologic approaches that have been shown to
lower BP, and which have been advocated as initial therapy for
the stage 1 hypertensive, do not have universal efficacy in all
individuals. For example, weight loss for the obese person is
usually associated with a reduction in BP. Curiously, BP tends
to fall early in the weight loss program, if it falls at all. Thus
massive weight loss, even for the grossly obese individual, is
not always required for a beneficial reduction in BP. As with all
interventions, maintaining the weight loss is more difficult
than initially achieving it.5 The benefit of aerobic exercise on
BP is less consistent. Some of the earlier studies of exercise
failed to control for the effect of weight loss on BP, and thus
the effects of uncontrolled weight loss accompanying the exer-
cise regimens may have confounded the results. Nonetheless,
a regular exercise program aids in maintaining weight loss and
improves cardiovascular fitness and is thus to be recommend-
ed as a nondrug approach whenever possible. In general,
weight loss has been associated with greater decreases in BP
than those reported with exercise alone.6 Another lifestyle
alteration that has been shown to reduce BP is a decrease in
alcohol consumption for those who drink more than 2 ounces
of alcohol daily.7 Monitoring adherence to this recommenda-
tion is often difficult in view of the central nervous system
effects of alcohol and the need to precisely limit the quantity
consumed.

The greatest reductions in BP among the nondrug
approaches have been seen in salt-sensitive individuals who
reduce their sodium intake to levels at or below 100 mM/dl
(2.3 g/day). Salt sensitivity is essentially a research definition
but its prevalence has been observed to be greater among older
individuals (older than 60 years of age), African Americans,
diabetics, and those with a family history of hypertension in a
first-degree relative.8 In many individuals who are salt sensi-
tive, a deficient intake of potassium has been noted, and thus
potassium supplementation has been shown to lower BP. In
fact, a recent study that incorporated both sodium restriction
and potassium supplementation by dietary means (the Dietary
Approaches to Stop Hypertension [DASH] diet) was effective
in reducing BP in those with “high-normal” and stage 1 BP ele-
vation.9 This study demonstrated that the BP lowering effect of
the original DASH diet was enhanced by reduction of sodium
intake from 100 mM/dl to 65 mM/dl (1.5 g/day).

The decision of when and how to treat BP is sometimes
influenced by factors other than the office or clinic BP meas-
urements. Patients have been identified who manifest higher
BP readings in the office or clinic than outside the medical
environment, the so-called white-coat hypertension syn-
drome. This phenomenon may not be as innocuous as many
believe, since it may be associated with early evidence of tar-
get organ disease and with the progression to established
hypertension with the passage of time. Given the new prehy-
pertension category, such individuals certainly will require
closer scrutiny and earlier treatment. The decision of whether
to embark on nonpharmacologic or drug therapy may require
24-hour ambulatory BP monitoring, which should include
careful attention to the presence or absence of the typical noc-
turnal decline in BP. Individuals in whom this nocturnal “dip”
is not present are exposed to a greater pressure load over the
24-hour period and thus are more apt to demonstrate early

target organ changes.10 The diagnosis of hypertension is made
when the average awake ambulatory BP exceeds 135/85 mm Hg
and the nocturnal average is more than 120/75 mm Hg.

Another consideration that may influence the decision to
begin antihypertensive drug therapy is the presence of other
risk factors for cardiovascular disease. Diabetes mellitus and
renal disease have already been mentioned as conditions in
which lower BP levels have been clearly shown to be benefi-
cial. Elevated BP or even prehypertension represents only one
of many risk factors requiring attention in many other patient
types. As examples, the patient with a history of cigarette
smoking who can not be induced to quit, the dyslipidemic
patient, the individual with the metabolic syndrome (“X”),
and the obese patient all represent individuals for whom even
a mild increase in BP above the “normal” level of 120/80 mm Hg
represents increased risk for cardiovascular events and for
whom drug therapy may be considered appropriate.
Moreover, the impact antihypertensive drugs on these other
risk factors requires particular consideration as will be out-
lined in the next section. A drug that lowers BP but has an
adverse effect on glucose tolerance or lipids will be less bene-
ficial in reducing the risk of cardiovascular events than a drug
that reduces BP to the same degree without an undesirable
effect on the other risk factors.11-13

FACTORS TO CONSIDER IN CHOOSING
INITIAL DRUG THERAPY

When the decision has been made to begin antihypertensive
therapy, several considerations are appropriate in selecting the
agent. The BP level provides an initial clue regarding whether
a single agent is likely to produce adequate BP lowering to
achieve the desired goal. Individuals with BPs above 160 mm Hg
systolic and/or 100 diastolic mm Hg will generally require
more than a single drug to reach goal levels. A detailed discus-
sion of such combination therapies will follow consideration
of monotherapy, which is generally more appropriate for
those with elevations of BP less than 160/100 mm Hg. Because
factors such as age, ethnicity, cigarette smoking, and concomi-
tant risk factors and disorders influence the response to, and
benefit of, specific drug therapy, such factors need to be iden-
tified and considered.

In persons younger than age 50 and in those with evidence
of increased sympathetic drive as manifest by a hyperdynamic
chest wall and/or a resting tachycardia, β-adrenergic blocking
drugs are a good initial choice. Such agents are also effective in
patients with a history of angina or migraine, and those with
familial tremor. The more lipid-soluble agents such as propra-
nolol and nadolol seem to be the most effective in the latter
two situations, while virtually all β-blockers have been report-
ed to be effective in reducing angina. A history of asthma rep-
resents a contraindication to the administration of β-blockers.
In patients with symptomatic peripheral vascular disease,
agents that act by inducing peripheral vasodilation are prefer-
able to β-adrenergic blocking drugs, which may worsen the
symptoms of peripheral vascular insufficiency.

In salt-sensitive subjects,8 BP is most responsive to agents that
have a diuretic and/or natriuretic effect. Diuretics fall into this
category but for reasons suggested in the previous section and
discussed in more detail subsequently, they may not always be
an ideal initial choice for antihypertensive monotherapy. An
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alternative consideration for the salt-sensitive hypertensive is
the administration of a calcium channel blocker, because such
agents have been shown to have a diuretic and natriuretic
effect14-16 in addition to their vasodilator action, reducing peri-
pheral resistance. Comparative studies have demonstrated
equivalent efficacy for diuretics such as hydrochlorothiazide and
chlorthalidone and calcium channel blockers such as amlodip-
ine in reducing BP in older hypertensives and those with the
characteristics of salt sensitivity.17 The Antihypertensive and
Lipid-Lowering Treatment to Prevent Heart Attack Trial (ALL-
HAT) was composed of a highly salt-sensitive hypertensive
cohort that included mild hypertensives, 36% Black, and 36%
diabetic and with an average age of 67 years. The ALLHAT trial
demonstrated equivalent BP reduction in the groups random-
ized to chlorthalidone and amlodipine, which is significantly
greater than the reduction achieved by the group assigned to
initial therapy with lisinopril. At the end of this 5-year study,
however, only one third of the participants were receiving
monotherapy, while the remaining majority required multiple
drugs to reach the BP goal of 140/90 mm Hg or less.

In contrast to the findings of the ALLHAT trial, observa-
tions from a study in almost exclusively white hypertensives in
Australia showed greater benefit from initial treatment with
an angiotensin-converting enzyme (ACE) inhibitor than a
diuretic.18 This would seem to confirm earlier observations
suggesting that diuretics and calcium channel blockers are
preferred initial therapeutic choices for the older hyperten-
sive, the Black hypertensive, and the diabetic hypertensive,
about whom more detail will be provided shortly. In contrast,
β-adrenergic blockers, ACE inhibitors, and angiotensin II
receptor blockers (ARBs) are more effective in younger per-
sons, particularly in white hypertensives as initial therapy. For
example, the Veterans Administration Cooperative Study
Group showed that in an older, male population with the typ-
ical characteristics of individuals obtaining their care at such
facilities, diuretics and calcium channel blockers were more
effective than β-adrenergic blocking drugs and ARBs.19 Not
surprisingly, these observations are consistent with the find-
ings of the ALLHAT trial, because many of the ALLHAT sites
were Veterans Administration Hospital clinics.

Most studies examining the effect of gender have failed to
reveal a significant difference in the responses of men and
women to specific antihypertensive monotherapy when other
factors such as age, ethnicity, and diabetes are considered.
These important studies then permit a broad, general sum-
mary of the likely BP efficacy of the major antihypertensive
drug classes. However, the treatment of hypertension involves
much more than lowering BP. Thus the major antihyperten-
sive drug trials emphasize cardiovascular and other outcomes.

What have we learned from the large, long, and expensive
antihypertensive drug trials conducted since the original
Veterans Administrative Cooperative Study,20 which first doc-
umented the beneficial effects of lowering BP in severe hyper-
tensives compared with placebo more than 40 years ago? First
and foremost, we have learned that lowering BP reduces car-
diovascular events, including stroke, heart attacks, and CHF,
as well as renal impairment and failure. All of these events
have not consistently been shown to be reduced in the earlier
trials, some of which may not have been conducted for a suf-
ficiently long period of time to document benefit in reducing
events other than stroke, for which BP reduction has consis-
tently been shown to be beneficial. The ALLHAT trial con-

firmed the benefit of BP reduction in preventing stroke by
demonstrating that stroke was significantly (40%; p <.001)
more common among Black hypertensives assigned to lisino-
pril as initial therapy compared with those whose first drug
was chlorthalidone.17 An important contributor to this dra-
matic finding is higher BP (4 mm Hg systolic and 2 mm Hg
diastolic) in the Black subgroup randomized to lisinopril
compared with the groups assigned to chlorthalidone.
Although it is difficult to believe that such small differences in
BP could account for such a large relative increase in stroke,
the very large size and tremendous statistical power of the
ALLHAT trial provide confidence in the relevance of the find-
ing. Thus it would appear that no antihypertensive regimen
will provide cardioprotective benefit unless it lowers BP to a
degree comparable with other agents.

Beyond BP reduction, there are other benefits of antihyper-
tensive therapy. Although stroke incidence decreases almost
immediately after effective BP reduction in hypertensive sub-
jects, a reduction in coronary artery disease events has not
always been observed. There is considerable debate about the
reasons for this. Some have suggested that BP is less important
in the prevention of coronary disease than in stroke. Others
have proposed that while the benefit of antihypertensive drug
treatment in decreasing stroke incidence is primarily due to
pressure reduction per se, coronary disease results from a
much more complex array of factors and is more insidious in
its development. Thus the relatively short duration of most
antihypertensive trials may not have been sufficient to disclose
beneficial effects on this endpoint. Exclusion of persons at
high risk for vascular events from many studies may have also
influenced the impact on heart disease events.

It has also been suggested that the potential adverse meta-
bolic effects of some antihypertensive drugs on insulin sensi-
tivity and lipids, both well-recognized risk factors for coro-
nary artery disease, may have counterbalanced the benefit of
BP reduction on coronary events. Thus it has been more dif-
ficult to demonstrate a reduction in heart disease than stroke
by BP lowering. Evidence from several large trials that were
conducted for sufficient time to examine these issues in detail
has revealed some support for the latter hypothesis. For
example, in the ALLHAT trial, which had an average 5-year
follow-up period, the chlorthalidone-assigned group had a
40% greater incidence of new-onset diabetes (p <.001) at the
end of the study compared with the group assigned to lisino-
pril, which had an incidence not significantly different from
the amlodipine group.17 Although this increase in diabetes
was not reflected in more coronary events during the course
of the trial, the longer-term implications of the development
of de novo diabetes must be a consideration in choosing ini-
tial antihypertensive therapy. Two other trials that compared
a β-adrenergic blocking regimen with either an ARB (the
Losartan Intervention for Endpoint Reduction in Hyper-
tension Study [LIFE])21 or a calcium channel blocker (the
International Verapamil-Trandolapril Study [INVEST])22 reg-
imen also demonstrated a significantly (p <.01) greater inci-
dence of new onset diabetes in the group randomized to
β-adrenergic blocking drug.

Dyslipidemia is another important risk factor for cardiovas-
cular disease, particularly coronary artery disease. Antihy-
pertensive drugs have been shown to have variable effects on
the lipid profile, which may impact on these risks.11-13 Some
have argued that the effects of diuretics on the lipid profile
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are only transient. However, the observation of significantly
(p <.01) higher total cholesterol levels at the end of 5 years
of follow-up for those participants in the ALLHAT trial
assigned to a chlorthalidone compared with the lisinopril and
amlodipine groups indicates that these changes, although
small, are certainly persistent and clinically relevant. Similarly,
β-adrenergic blocking agents can also reduce high-density
lipoproteins, increase triglycerides, and thus raise the risk for
cardiovascular events.11,13

Another surprising finding from the ALLHAT trial relates
to the effects of the assigned drug regimens on renal function
in this cohort without renal dysfunction at baseline (serum
creatinine in the normal range was one of the entry criteria for
the study). At the end of the 5 years of the study, the
chlorthalidone and lisinopril groups evidenced a significantly
(p <.05) greater decrease in glomerular filtration rate (GFR)
than the amlodipine group.17 This was surprising in view of
the evidence of a beneficial effect of ACE inhibitors and more
consistently, ARBs, in the stabilization of renal function in
those with chronic kidney disease.23-26

IS THERE A BEST SINGLE DRUG?

It should be clear from the experience of these large trials,
supported by a tremendous older literature, than no single
drug class will provide an optimal choice for all patients. The
overriding message from these studies is that the majority of
even mild and uncomplicated hypertensive patients will require
multiple drug therapy to reach the new recommendations for
BP goals as stated by JNC 7.4 In fact, JNC 7 recommends begin-
ning with two drugs when the BP is above 160 mm Hg systolic
and/or 100 mm Hg diastolic. Even among the 10% of ALL-
HAT participants who were untreated at entry to the study
and who had an average baseline BP of 157/90 mm Hg, more
than 60% required three drugs to reach treatment goals.17

Thus arguments concerning which agent is best for the initia-
tion of therapy are often moot because multiple drug therapy
will usually be required. Moreover, because reducing the dose
of diuretics decreases both their dose-dependent adverse
effects and their BP-lowering efficacy, it seems appropriate to
consider combination therapy as a means of achieving BP
goals and minimizing adverse effects.

What then are the two-drug combinations that have proven
to be effective? Are there any particular benefits to specific
combinations? The literature on these issues is too extensive
for a detailed discussion in this chapter and thus their impli-
cations will simply be summarized. One of the major limita-
tions of the large and important ALLHAT trial resided in the
treatment algorithm. Because the primary aim of the study was
to determine whether any of the three newer classes of antihy-
pertensive drugs assignments was better than a thiazide-type
diuretic in reducing fatal and nonfatal heart attack, the design
attempted to minimize “crossover” of the test drugs (amlodi-
pine, chlorthalidone, doxazosin, and lisinopril).17 For this rea-
son, participants who did not reach the goal BP of <140/90 mm
Hg (almost two thirds of the study population) could be given
an open-label or third-step agent at the discretion of the
investigator. For the second-step, drugs working by interfering
with the sympathetic nervous system (reserpine, clonidine, or
atenolol) were recommended. Such agents are not generally
effective in reducing BP in salt-sensitive hypertensives, who

comprised the majority of the ALLHAT cohort. Therefore
participants assigned to lisinopril who did not achieve the BP
goal on monotherapy would not be expected to achieve that
goal with one of the second step agents. Thus the third-step
drug, hydralazine, a short-acting direct vasodilator would
be recommended. However, this agent causes salt and water
retention and volume expansion and would also not likely
be effective in salt-sensitive subjects. In other words, the
treatment algorithm employed in this study was flawed from
the standpoint of physiologic factors and pharmacologic
efficacy. In general, low-dose diuretic therapy increases the
efficacy of drugs from the sympatholytic and vasodilator
classes. Although the combination of diuretic and β-adren-
ergic blocking agent has greater BP-lowering efficacy than
either monotherapy, the adverse effects of both agents on
insulin sensitivity, glucose, and lipids make this a less-than-
ideal choice for most uncomplicated hypertensives.

Combining ACE inhibitors or ARBs with low-dose diuretic
therapy is a very effective antihypertensive approach that has
an added benefit of blocking many of the adverse metabolic
effects of diuretic therapy, which are largely mediated by acti-
vations of the renin-angiotensin-aldosterone system.27 The
combination of calcium channel blockers with diuretics has
questionable additive efficacy on the basis of relatively few
studies with small numbers of subjects.28 This is not surpris-
ing when it is recognized that both agents have diuretic and
natriuretic effects, while calcium channel blockers have an
additional vasodilator effect, accounting for greater efficacy.
In contrast, the combination of calcium channel blockers with
ACE inhibitors or ARBs has a powerful additive efficacy.
Moreover, such combinations are devoid of adverse metabol-
ic actions and each of the components has been shown to have
beneficial effects on cardiovascular disease outcomes.

α-Adrenergic blocking drugs have fallen into disfavor
because of a lack of benefit on cardiovascular disease outcomes
reported in the ALLHAT trial.29 However, that may be a short-
sighted conclusion in view of the fact that most patients require
the addition of a low-dose diuretic for antihypertensive efficacy
with this class of drugs. α-Adrenergic blockers are very useful in
the treatment of the symptoms of benign prostatic hyperplasia,
a disorder frequently found in older hypertensive men.30 In
addition to the combination of α-adrenergic blocker and diuretic,
the combination of α- and β-adrenergic blocker has been shown
to be effective for many individuals. Aldosterone antagonists,
represented by the older agent, spironolactone, and the new
generation drug, eplerenone, which has side effects, have
recently been shown to be effective antihypertensive agents.31

COMPELLING INDICATIONS
FOR SPECIFIC DRUG THERAPY

There are several subgroups of hypertensive patients for
whom specific antihypertensive drugs should be prescribed.
Examples include diuretics, β-adrenergic blocking agents,
ACE inhibitors, ARBs, and aldosterone antagonists for the
patient with heart failure; β-adrenergic blocking agents, ACE
inhibitors, and aldosterone antagonists for postmyocardial
infarction; diuretics, ACE inhibitors, ARBs, and calcium chan-
nel blockers for diabetics; ACE inhibitors and ARBs for chronic
kidney disease; diuretics, calcium channel blockers, and ACE
inhibitors for stroke prevention (primary or recurrent); and
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diuretics, β-adrenergic blocking agents, ACE inhibitors, and
calcium channel blockers for those at high risk for coronary
artery disease.4 It should be recognized that not all of these
recommended agents need to be given in combination to
every patient with the problems indicated, but rather that
treatment with these agents requires special and individual-
ized consideration. Moreover, many of these drugs will not be
efficacious in lowering BP unless combined with other agents,
such as those suggested previously.
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512 Chapter 49

INTRODUCTION

The previous edition of this book did not contain a chapter
dedicated to the disposition of the drugs used in the treatment
of hypertension. I considered whether clinicians need to know
much about the kinetics of this group of drugs. After all, we
can readily measure the response to them and alter the admin-
istered dose to achieve the desired antihypertensive response.

On reflection, however, I created a fairly long list of reasons
why knowledge of drug disposition and mode of action was
essential to a clinician using drug therapy to treat hyperten-
sion. This list includes the following:

1. Knowledge of the route and manner of elimination from
the body would permit dose alteration in disease states; for
example, accumulation of a drug in hepatic failure or of its
active metabolites in renal failure could increase toxicity or
efficacy.

2. This knowledge would also be of use in predicting drug
interactions; for example, knowing that verapamil is bro-
ken down in the liver by the Phase 1 microsomal isoen-
zyme cytochrome P450 3A4 would predict the possibility
of an interaction with some of the “statins” used to treat
the hypercholesterolemia that commonly accompanies the
hypertension. This interaction could increase the blood
level of the statin and make toxicity more likely.

3. Knowledge of the plasma half-life of a drug can aid in deter-
mining the dosing schedule, for example, furosemide
should be used twice daily because its duration of action is
relatively short and blood pressure control may be lost if the
drug is given once a day. Caution must be exercised in pre-
dicting duration of effect from plasma half-life. We tend to
dose many drugs once every half-life because we can easily
tolerate swings in blood levels of around 50%. With antihy-
pertensive drugs, the effect tends to last longer than would
be predicted—sometimes much longer. Examples include
the hydralazine plasma half-life of around 90 minutes,
which does not easily translate into the twice-daily regimen
effective in many patients. Also, propranolol has a plasma
half-life of less than 5 hours but can be given twice daily.

4. Knowledge of whether a drug is lipid or water soluble may
help in determining whether it will cause central nervous
system side effects, whether it will be well absorbed when
given by mouth, and whether it will be rapidly metabolized
in the liver. An example of this is the β-adrenergic blocker
group, of which some (e.g., propranolol and metoprolol)
are lipid soluble and therefore more likely to be rapidly
eliminated from the body, requiring twice-daily dosing, and
also may be more likely to cause insomnia and nightmares.

5. Knowledge of whether the drug has first- or zero-order elim-
ination may aid in deciding on dose escalations. Doubling
the dose of a drug with first-order (a fixed proportion of the
drug is eliminated per unit time) elimination will approxi-

mately double the antihypertensive effect, whereas the same
escalation in a drug with zero-order (a fixed amount of the
drug is eliminated per unit time) elimination could produce
much greater effect and side effects than expected.

6. Knowledge of the mode of action of the drug is also impor-
tant, because this permits the appropriate drug to be given
to match the pathophysiology of the hypertension in a par-
ticular patient. For example, use of a β-blocker may bene-
fit a young patient with systolic hypertension but may
actually elevate the blood pressure in an old patient with
systolic hypertension. The first patient is more likely to
have elevated cardiac output (reduced by the drug) and the
second to have reduced compliance in the large arteries
(worsened by the drug). Also, beneficial drug combinations
can be predicted from knowledge of the mode of action.
For example, addition of a diuretic to therapy with an
angiotensin-converting enzyme inhibitor (ACEI) is pre-
dicted to—and does—enhance efficacy by plasma volume
reduction, thus increasing the reliance of the blood pres-
sure on the renin angiotensin system. Finally, nothing dam-
ages the confidence of a patient in his physician more than
to have the physician prescribe a first drug that does not
cause blood pressure reduction but that does cause sympto-
matic side effects. This can often be prevented by knowing
both the mode of action and the pathophysiology of the dis-
ease. After all, about half of the patients can be controlled
with one drug and about half of the remainder with the
addition of a second drug. The physician must start with the
correct drug.

This chapter addresses the clinically important aspects of the
pharmacokinetics of the different drug classes used for the
treatment of hypertension.

These classes are as follows:

1. Diuretics (thiazides, loop diuretics, and potassium-
sparing diuretics)

2. β-Adrenergic blockers
3. α

1-Adrenergic blockers
4. Central α2 agonists
5. ACEIs
6. Angiotensin receptor blockers
7. Direct-acting vasodilators
8. Calcium channel blockers (CCBs)
9. Selective aldosterone receptor antagonists

10. Drug classes under development

DIURETICS

Thiazides
There are many drugs in this class. Some are described in
Table 49–1.

Pharmacokinetics of Antihypertensive Drugs
Alexander M. M. Shepherd
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It can readily be seen from the table that there is little corre-
lation between plasma half-life and effect half-life. All can be
given once daily, except chlorothiazide, which should usually be
given twice daily. The side effect profiles are similar between the
drugs, and most clinicians will choose based on price rather
than on drug disposition, side effects, or effectiveness.1

The drugs as a group have good (60%-80%) absorption
after oral administration, independent of dose, apart from
chlorothiazide, which has poor, saturable absorption that
therefore decreases further with dose increases. Giving two
250-mg tablets produces about the same blood levels as one
250-mg tablet.

These drugs have distribution volumes of 3 to 25 L/kg of
body weight, indicating that most of the drug is present in
the tissues rather than in the circulating compartment. This
makes it unlikely that hemodialysis will remove much of
the drug.

This class is defined as the “low ceiling” class of diuretics
because most of the blood pressure lowering effect occurs at
lower doses. Increasing the dose above this level will produce
little or no additional lowering of blood pressure. On the other
hand, adverse effects continue to increase in a dose-related
manner. For example, hypokalemia will become more pro-
nounced as the dose increases above 25 mg/day of hydro-
chlorothiazide, whereas most of the hypotensive effect occurs
at 25 mg/day or less. It makes sense, therefore, to use these drugs
at lower doses and to add a second drug if adequate effect is not
obtained.

Blood potassium levels will stabilize about 2 weeks after a
dose change, so continued measurement of blood potassium
levels is usually not necessary after that time. Prevention of
significant fall in blood potassium level will prevent a portion
of the increased insulin resistance that is sometimes seen with
the thiazide diuretics. This can most easily be done by meas-
uring blood potassium before and 1 month after starting or
changing the dose of the drug.

In the past it was thought that thiazides induced an increase
in total and low-density lipoprotein (LDL) cholesterol and in
triglycerides in the blood. This is true in the short term, but
after 1 year of therapy, the thiazides have the same effect on
lipid levels as ACEIs and CCBs.

Several troublesome but relatively rare adverse effects must
also be mentioned. All the thiazides contain -SH groups and

cause reactions in patients who are sensitive. The alternative is
ethacrynic acid, which does not have such a group.

Many of the thiazides can cause photoallergies, resulting in
itchy skin rashes in the sun-exposed areas of the body. Stopping
the drug does not always result in regression of the rash.

Loop Diuretics
Loop diuretics are shown in Table 49–2.

This group of drugs is used in the treatment of hyperten-
sion, but thiazides are preferable in all but a few clinical situa-
tions (e.g., concomitant heart failure or renal failure, or when
minoxidil is also being used), as the thiazides have longer
duration of action, more gradual blood pressure reduction,
and fewer adverse effects.

Absorption of furosemide is incomplete and erratic, with
large intersubject variation. Absorption is lower in heart failure
and in renal failure, making parenteral administration (usually
intravenous) a more certain way to achieve a clinical response
in the short term. Absorption of the other drugs in the group
does not appear to be significantly affected by these conditions.2

These drugs have high protein binding and small distribu-
tion volumes. They reach their site of action in the ascending
limb of the loop of Henle by first being filtered in the
glomerulus and passing from the luminal side of the tubule
into the cells. This means that when renal function is reduced,
there will be resistance to its diuretic effects because the drug
cannot get to the site of action. Increased doses are used in this
clinical situation to achieve the desired effect. Because the
drug is now distributed systemically in the body but not in the
urine, there is increased risk of adverse effects, particularly
hearing loss with furosemide. This must be monitored when
the drug is used for long periods of time at high doses.

Potassium-Sparing Diuretics
Potassium-sparing diuretics are described in Table 49–3.

Amiloride is chemically unrelated to other diuretics but
has structural similarities to triamterene. The mechanism of
action of amiloride, and of triamterene, is interference with
the potassium-sodium exchange mechanism in the distal
convoluted tubule.3 Spironolactone has a different mode of
action. It is a synthetic steroid aldosterone antagonist and

Table 49–1 Thiazides

Drug Plasma t1/2 (hours) Dose Frequency (time/day) Usual Dose (mg/day) Maximum Dose (mg/day)

Chlorothiazide 1-2 2 125-500 1000

Chlorthalidone 40-60 1 12.5-25 50

Hydrochlorothiazide 10-12 1 6.25-25 50

Indapamide 14-15 1 1.25-2.5 5

Methyclothiazide ? 1 2.5-5.0 10

Metolazone 8-14 1 0.5-1.0 1

Polythiazide 25 1 1-2 4

Trichlormethiazide 2-3 1 1-2 4

t1/2, half-life.



514 Pharmacologic Treatment

inhibits aldosterone effect by competing drwith aldosterone
for mineralocorticoid receptors.

All of these drugs are well absorbed after oral administra-
tion and can be given on a once- or twice-a-day basis despite
short plasma half-lives. Because of their actions, they will tend
to increase plasma potassium levels and to conserve potassi-
um. In hypertension, they are usually given with a loop or a
thiazide diuretic to prevent or remedy a fall in plasma potas-
sium levels. This is especially important in patients with con-
comitant heart failure, in whom circulating aldosterone levels
will be high. Given alone, they are not very effective in causing
reduction in blood pressure.

b-ADRENERGIC BLOCKERS

The β-blockers that are used in the emergent, or maintenance,
treatment of hypertension are shown in Table 49–4.

Their antihypertensive action is probably related to their
β1-adrenergic blocking action on the heart and on the juxta-
glomerular apparatus in the kidney. The effect on the heart
will reduce cardiac output and the renal effect will reduce
renin secretion.

All except esmolol (given parenterally) have reasonable oral
bioavailability, ranging from 30% of the administered dose of
carvedilol up to about 100% for penbutolol. Complete
absorption would be more desirable, as there would be less
inter- and intra-subject variability in plasma levels. Some,
such as propranolol, have high first-pass uptake in the liver as
they pass from the gut to the systemic circulation, particular-
ly after the first dose. This results in very high inter-subject
variability in plasma levels.4

The degree of lipid solubility varies from low to high in this
group of drugs. A low degree of lipid solubility is preferable,
because there may be less likelihood of the central nervous
system adverse effects of insomnia and nightmares. Nadolol
and atenolol, both of which have low lipid solubility, are renal-
ly excreted and have fairly long half-lives. All of the others
require hepatic metabolism for all or a major portion of their
excretion. Despite a wide range of plasma half-lives, all except
pindolol can be dosed on a once- or twice-a-day basis.

Many have active metabolites formed in the liver that will
tend to prolong the activity of the drug, especially when given on
a chronic basis. Cardioselectivity is a term used to describe the
presence of more β1- than β2-adrenergic blocking activity. About
half of this group is classified as cardioselective, but this selectiv-
ity tends to disappear as dose is increased. A cardioselective drug
should have fewer adverse effects because there will be less
blockade of β2 receptors in the lungs, resulting in less bron-
choconstriction, and in the peripheral blood vessels, resulting in
vasoconstriction, both potentially undesirable effects.

Only two, carvedilol and labetalol, have significant 
α-adrenergic blocking activity to go along with the β-blocking
effect. This is potentially useful because it means that there
will be less likelihood of a reflex vasoconstriction to oppose
the acute reduction of cardiac ouput. This permits these two
drugs to be used in the acute reduction of blood pressure.
However, it must be remembered that the β-to-α-blocking
effect is at least three to one for labetalol and more than that
for carvedilol, so that the afterload reducing effect is much less
than the negative chronotropic and inotropic effect on the
heart in patients with congestive heart failure.

Several β-blockers, including carvedilol and propranolol,
stabilize membranes. This provides a theoretical advantage in

Table 49–2 Loop Diuretics

Protein Plasma t1/2 Dose Frequency Usual Dose Maximum Dose 
Drug F (%) Vd (L/kg) Binding (%) (hours) (times/day) (mg/day) (mg/day)

Bumetanide 90 0.2 95 1.5 1 0.5-1.0 2

Ethacrynic acid 100* ? 90 1-4 2 50-100 600

Furosemide 65 0.2 95 0.5-2 2 40 160†

Torsemide 85 0.2 99 3 1 5 10

F, systemic availability after oral administration; Vd, distribution volume; T1/2, terminal phase plasma half-life.
*A small study has measured absolute oral bioavailability and found it to be much lower (21%) when it is compared with the levels
seen after intravenous administration.
†Doses up to 640 mg/day have been used, but a better approach would be to add alternative drugs to the antihypertensive regimen.

Table 49–3 Potassium-Sparing Diuretics

Protein Plasma t1/2 Dose Frequency Usual Dose Maximum Dose 
Drug F (%) Vd (L/kg) Binding (%) (hours) (times/day) (mg/day) (mg/day)

Amiloride 60 5 Low 7 1 10 20

Spironolactone 75 ? 90 1.3 1-2 25 50

Triamterene 50 1.5 60 2 2 100 300
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potentially reducing the likelihood of cardiac arrhythmias.
These benefits have not been seen in clinical practice, however.

Another difference within this group is whether they are
partial agonists at the β1 receptor. The term partial agonist
means that when the drug attaches to the receptor, it stimu-
lates the receptor to a lesser degree than if a full agonist were
to attach to it. Pindolol is the most potent partial agonist, and
when the patient is resting, it results in less reduction in heart
rate than other β-blockers. When the patient is undergoing
even moderate exercise, this difference disappears. A second
potential advantage of partial agonist activity is that it may
cause less increase in triglycerides and less decrease in HDL
levels. Whether this is of clinical significance is not clear. It
may be of use in hypertensive patients who need a β-blocker
but experience an excessive bradycardic response to other β-
blockers.

Esmolol differs from the other β-blockers in having a very
short plasma half-life. It is broken down in the cytoplasm of the
circulating red blood cells even before it gets to the liver. This
means that it has to be given by the intravenous route, which
limits its use in hypertension to the emergent and operative sit-
uations. It is useful in limiting the hypertensive response to
laryngoscopy and to endotracheal intubation.

a1-ADRENERGIC ANTAGONISTS

α1-Adrenergic antagonists used in the treatment of hyperten-
sion are described in Table 49–5.

Each has good and reliable absorption after oral adminis-
tration. Protein binding to albumin in the blood is high,
resulting in much of the drug being localized in the central
compartment. Plasma half-life of the prototype drug prazosin
is short, resulting in the need for administration three times a
day. For an asymptomatic disorder such as hypertension, few
patients can reliably take a drug long term on such a frequent
schedule. Subsequent drugs doxazosin and terazosin, with the
same mechanism of action, have longer residence in the
blood, permitting a much easier dosing schedule to be fol-
lowed. All are extensively metabolized in the liver with subse-
quent excretion in the urine and feces as a combination of
parent drug and metabolites.5

The mechanism of action is competitive antagonism at
postsynaptic α1-adrenergic receptors on the vasculature. This
can result in orthostasis by preventing reflex vasoconstriction,
especially in the elderly and in diabetic patients who have
peripheral autonomic dysfunction. The selective blockade of
postsynaptic α1-adrenergic receptors permits continued acti-
vation of the α2 receptors. This results in less catecholamine
release and less cardiac stimulation, which tends to reduce the
compensatory increase in cardiac output.

This group of drugs has potentially beneficial biochemical
effects: improvement in the lipid profile and reduction in
insulin resistance. Whether these effects translate into im-
proved morbidity and mortality has not been shown. The
only outcome trial to test this hypothesis, the Antihyper-
tensive and Lipid-Lowering Treatment to Prevent Heart
Disease (ALLHAT) trial, showed no benefit in heart attack
prevention and harm in terms of increased heart failure and
stroke with doxazosin as compared with the diuretic
chlorthalidone (see Chapter 30). An infrequent but distress-
ing adverse effect is the occurrence of priapism, which must

be treated rapidly by surgical intervention if erectile function
is to be preserved.

These drugs must be started in low doses and titrated in
small steps to prevent the occurrence of the “first dose phe-
nomenon,” which results in a much greater fall in blood pres-
sure after the first dose than is seen with subsequent doses of
the same size. The effect is seen in the first hour or two after
dosing and can last for up to 8 hours. Optimally, the first dose
is given at bedtime to prevent exacerbation of this effect by
standing upright.

CENTRAL a2-ADRENERGIC AGONISTS

Central α2-adrenergic agonists used in hypertension are
described in Table 49–6.

This group of drugs has good oral bioavailability and a
wide range of distribution volumes, plasma protein binding,
and plasma half-lives, as shown in Table 49-6. The two older
drugs can each be given on a twice- or three-times-a-day
basis6; the newer drugs, guanfacine and guanabenz, can be
given on a once- or twice-a-day basis. Potency ranges from
low for methyldopa to high for clonidine, and the daily dose
requirements reflect this range. All have sedation and dry
mouth as common side effects, and this seems to be insepara-
ble from the therapeutic α2-agonist effect in the central nerv-
ous system. This high incidence of adverse effects limits the
use of this class of agents.

Clonidine may be given as a transdermal patch that mini-
mizes the peak plasma drug concentrations and reduces the
incidence of the adverse effects. It may also be given by the
intravenous route, but this can cause transient hypertensive
effects as the drug acts peripherally before it penetrates into
the central nervous system.

α-Methyldopa forms the false neurotransmitter α-methyl
norepinephrine in the central nervous system, and this sub-
stance stimulates inhibitory central α2-adrenergic receptors
and reduces central sympathetic outflow. In addition, it may
have a peripheral ganglionic blocking effect, which would
explain its tendency to cause orthostatic falls in blood pres-
sure. A Coombs’ positive hemolytic anemia is seen uncom-
monly, and rebound hypertension may be seen when higher
doses of both α-methyldopa and clonidine (more than 0.8 mg
daily) are withdrawn suddenly. The same rebound may be
seen when more than 32 mg/day of guanabenz is withdrawn
suddenly, although the likelihood may be less than that for
clonidine.

ANGIOTENSIN RECEPTOR
ANTAGONISTS

Angiotensin receptor antagonists are shown in Table 49–7.
Losartan is the first of this class of nonpeptide angiotensin

receptor blockers. It was introduced to overcome the disad-
vantages of the earlier peptide (and therefore, not orally
active) drugs that antagonized both angiotensin II type 1
(AT1) and angiotensin II type 2 (AT2) receptors.7 This class of
drugs has poor to moderate oral bioavailability and high plas-
ma protein binding that, for those without avid tissue bind-
ing, means that the volume of distribution is small. The dos-
ing frequency is once a day, even for those with a short plasma
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half-life, partly because candesartan, irbesartan, and losartan,
which have short half-lives, have active metabolites that pro-
long their action. Also, because they are competitive antago-
nists, the duration of effect will depend more on residence
time on the receptors than on the time in the plasma.

The mode of action is to competitively inhibit the binding
of angiotensin II to its AT1 receptors, which are found
throughout the cardiovascular and renal systems.

Displacement of angiotensin II from AT1 receptors opposes
its biologic effects including smooth muscle contraction,
aldosterone and catecholamine release, arginine vasopressin
release, stimulation of thirst, and hypertrophy of smooth
muscle in the vascular tree. The effects of the drugs depend on
the activity of the renin-angiotensin system in maintaining
cardiovascular homeostasis. Antihypertensive efficacy will
therefore be expected to be more pronounced in younger
rather than older patients.

Because this class of drugs (unlike the ACEIs) does not pre-
vent bradykinin breakdown, there is lower likelihood of them

causing cough and angioedema. At present, many clinicians
regard their place in therapy as being in patients who need an
ACEI but do not tolerate them. Because they act through the
renin angiotensin system, they cause greater reductions in
blood pressure in patients who are volume depleted and
whose blood pressure depends more on the renin angiotensin
system. This has the disadvantage of introducing uncertainty
about the magnitude of antihypertensive response on initial
dosing but the advantage of permitting greater efficacy when
they are combined with a diuretic.

ANGIOTENSIN-CONVERTING ENZYME
INHIBITORS

ACEIs are shown in Table 49–8. Most of the ACEIs are given
by mouth as the prodrug to ensure adequate absorption into
the systemic circulation. Captopril and lisinopril are the
exceptions. Enalaprilat, the active metabolite of enalapril, is

Table 49–5 α1-Adrenergic Antagonists Used in the Treatment of Hypertension

Protein Plasma t1/2 Dose Frequency Usual Dose Maximum Dose 
Drug F (%) Vd (L/kg) Binding (%) (hours) (times/day) (mg/day) (mg/day)

Doxazosin 65 3 99 15 1 8 16

Prazosin 63 1.3 95 3 3 8 20

Terazosin 90 0.4 92 12 1 5 20

Table 49–6 Central α2-Adrenergic Agonists Used in Hypertension

Protein Plasma t1/2 Dose Frequency Usual Dose Maximum Dose 
Drug F (%) Vd (L/kg) Binding (%) (hours) (times/day) (mg/day) (mg/day)

Clonidine 85 2 30 14 3 0.6 1.8

α-Methyldopa 45 0.6 0 1.7 2 500 2000

Guanabenz 75 10 90 6 2 32 64

Guanfacine 90 6 72 17 1 2 6

Table 49–7 Angiotensin Receptor Antagonists

Protein Plasma t1/2 Dose Frequency Usual Dose Maximum Dose 
Drug F (%) Vd (L/kg) Binding (%) (hours) (times/day) (mg/day) (mg/day)

Candesartan 15 0.13 99 * 1 16 32

Eprosartan 70 1 90 6 1-2 400 600

Irbesartan 26 0.24 99 13† 1 150 300

Losartan 30 0.5 99 2‡ 1-2 50 100

Olmesartan 20 0.25 95 15 1 20 40

Telmisartan 42 7 99 24 1 40 80

Valsartan 13 4.4 98 6 1-2 160 320

*Dose-dependent half-life, 7-16 hours; active metabolite half-life, 7.5 hours.
†Active metabolite half-life, 10 hours.
‡Active metabolite half-life, 7 hours.
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given by the intravenous route as emergent treatment of
severe hypertension or when oral drugs cannot be given.
Limitations of enalaprilat in this clinical situation include
variability in response (depending on whether the patient is
volume depleted or not), a rather modest magnitude of anti-
hypertensive effect, and a relatively slow attainment of peak
antihypertensive effect.

As is usual with any class of drugs, the first one (captopril)
has the same efficacy as the latter members of the class but
has less-convenient pharmacokinetics. Captopril has the
shortest efficacy half-life and requires three-times-a-day
administration in hypertension. This has the disadvantage of
reducing compliance with therapy but the advantage of a
shorter duration of action. The latter effect is of use when
starting therapy, because the response may be unpredictable
and the short duration of effect will limit the duration of
hypotension if it occurs, particularly in patients with heart
failure or reduced intravascular volume. Most ACEIs have
relatively small distribution volumes, indicating that much
of the drug and the metabolite are concentrated in the cen-
tral compartment. Captopril is the only ACEI that contains a
sulphydryl group. This has been blamed for the higher like-
lihood of neutropenia and proteinuria seen with large doses
of captopril. Adverse affects common to the class include a
dry, irritating, principally nocturnal cough in about 10% of
patients. If it occurs, trial with another member of the class
may not produce the same adverse effect. Angioedema of the
upper respiratory tract may also be seen in about 0.1% of
patients, and very rarely angioedema of the pancreatic duct
may occur, causing pancreatic pseudocysts if the drug is not
rapidly discontinued.

DIRECT-ACTING VASODILATORS

Direct-acting vasodilators are described in Table 49–9.
Both of these drugs are very effective when given by the oral

route. They dilate the arteries but not the veins. Because they
cause the anticipated homeostatic effects of reflex tachycardia
and fluid retention, they are now given in combination with a
diuretic and a sympathetic antagonist. Because of the particu-
larly severe fluid retention with minoxidil, most patients will
require a loop diuretic when started on this drug.8

Despite its short plasma half-life, hydralazine may be given on
a twice-daily basis, or sometimes three times a day when higher
doses are given. This is probably because the drug binds cova-
lently to its site of action on vascular smooth muscle.9

The anticipated adverse effects of both drugs are headache,
palpitations, and edema that may be prevented by using these
drugs in combination with a diuretic and β-blocker, as indicat-
ed above. In addition, hydralazine is metabolized partly by 
N-acetylation, and that portion of the drug that is not acety-
lated will interact with cell constituents, eventually resulting in
a lupus-like syndrome. This syndrome is more likely in patients
with the slow acetylator phenotype and less likely in patients of
African descent. It is less likely than systemic lupus erythemato-
sis to involve the kidneys. Patients taking hydralazine should
have an antinuclear antibody test performed annually.

Minoxidil is likely to cause hirsutism. This is a major prob-
lem for younger women, particularly those with dark hair and
pale skin. Silently accumulating pericardial effusions have
been seen in patients with end-stage renal disease who are
treated with minoxidil.

Table 49–8 Angiotensin-Converting Enzyme Inhibitors

Protein Plasma t1/2 Dose Frequency Usual Dose Maximum Dose 
Drug F (%) Vd (L/kg) Binding (%) (hours) (times/day) (mg/day) (mg/day)

Benazepril* 37 0.12 97 0.6 1-2 20 40

Captopril 70 0.7 25 2 3 150 450

Enalapril* 60 ? 55 1.3 1-2 20 40

Enalaprilat † ? 55 11§ 4 0.625 1.25

Fosinopril* 33 0.14‡ 95 4‡ 1 40 80

Trandolapril* 10‡ 0.25‡ 80 20‡ 1 2 4

Lisinopril 25 1.8 Low 12 1 40 80

Moexipril* 18 2.6 60‡ 6‡ 1 20 60

Perindopril* 75 0.16‡ 60‡ 25‡ 1 8 16

Quinapril* 50 0.7 97 25‡ 1 40 80

Ramipril* 60 ? 73 15‡ 1 10 20

*Prodrug.
†Drug given intravenously for severe hypertension.
‡Data for active metabolite.
§After administration of enalapril.
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CALCIUM CHANNEL BLOCKERS

CCBs are described in Table 49–10.
From a functional point of view, there are two groups of

CCBs: those that block the action of the sinoatrial and the atri-
oventricular nodes in the heart—diltiazem and verapamil—
and those that do not—the dihydropyridine group. The CCBs
block voltage-dependent calcium entry of the vascular smooth
muscle cells and to a lesser extent, cardiac myocytes and
smooth muscle cells in the gastrointestinal tract. The latter
effects are responsible for some adverse effects, namely nega-
tive inotropic effects on the heart and constipation. All CCBs
will cause negative inotropic effects, which are only significant
in patients with impaired ventricular function. Amlodipine
and felodipine are less likely to do this than are other CCBs,
possibly because of less distribution into cardiac tissue. Blood
pressure lowering occurs because of reduced calcium entry
into vascular smooth muscle, which relaxes the arterioles,
reducing peripheral resistance.10

All CCBs are fairly well absorbed from the gut, but because of
extensive first-pass uptake by the liver, systemic availability tends
to be low. Amlodipine is the best absorbed CCB and has the low-
est first-pass uptake. There is a significant drug interaction
between grapefruit juice taken within several hours of ingesting
several CCBs. Flavonoids in grapefruit juice inhibit the metabo-
lism of the three dihydropyridine CCBs—nisoldipine,

felodipine, and nifedipine. This inhibition occurs in the
cytochrome P450 enzymes in the gut wall, so that there is greater
systemic availability of the drugs.Verapamil inhibits cytochrome
P450 3A4 and will therefore cause higher blood levels of other
drugs metabolized by this route, such as many of the hydroxy-
methylglutaryl coenzyme A inhibitors (statins?).

All CCBs in clinical use have high plasma protein binding,
but displacement from protein by other drugs is not a signifi-
cant source of interactions. The CCBs also cause ankle edema
in a significant number of patients. This edema is not associ-
ated with weight gain and is not effectively treated by diuret-
ics. CCB-induced edema has been attributed to precapillary
dilation, thus raising the intravascular pressure in the capillar-
ies and inducing extravasation of fluid.

The first three CCBs in clinical use—verapamil, nifedip-
ine and diltiazem—had short plasma and therapeutic half-
lives and had to be taken three times a day. This reduced
patient compliance with therapy. For this reason, and
because of questions about the safety of short-acting dehy-
dropyridine CCBs, these drugs are used as controlled release
preparations and may all be given once a day. Because
absorption occurs only when the drug is in the small intes-
tine, changes in gastrointestinal motility could significantly
alter systemic availability of these controlled-release drugs.
In contrast, felodipine and amlodipine have sufficiently
long plasma half-lives to permit once-a-day dosing.

Table 49–9 Direct-Acting Vasodilators

Protein Plasma t1/2 Dose Frequency Usual Dose Maximum Dose 
Drug F (%) Vd (L/kg) Binding (%) (hours) (times/day) (mg/day) (mg/day)

Hydralazine 20-50* 0.5 90 1.5 2 50 300

Minoxidil 95 2.5 Low 42 1 10 80

*Bioavailability is lower in fast acetylators and higher in slow acetylators because of differences in first-pass uptake in the liver.

Table 49–10 Calcium Channel Blockers

Protein Plasma t1/2 Dose Frequency Usual Dose Maximum Dose 
Drug F (%) Vd (L/kg) Binding (%) (hours) (times/day) (mg/day) (mg/day)

Amlodipine 65 21 95 45 1 5 10

Diltiazem 42 5.3 85 3.9 1 * 240 540

Felodipine 15 10 99 13 1 10 10

Isradipine 19 1.6 97 8 2 10 20

Nicardipine 35† 0.6 96 8.6 2* 90 120

Nifedipine 50 1 95 2.5‡ 1* 60 120

Nisoldipine 6 4.5 99 9.5 1* 30 60

Verapamil 30 3.8 91 8 1* 240 480

*Controlled release preparation.
†Also used as intravenous preparation.
‡Apparent plasma half-life is up to 28 hours from controlled release preparation because of continued absorption from the gut.
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SELECTIVE ALDOSTERONE RECEPTOR
ANTAGONISTS

Spironolactone, a nonselective aldosterone receptor antago-
nist, has been used for almost 20 years in treating high blood
pressure. However, it is a nonselective antagonist and binds to
other steroid receptors. This results in significant side effects
such as gynecomastia. Eplerenone is the first of a new class of
selective competitive antagonists of the aldosterone receptor.
It is administered by mouth, and its oral bioavailability is
approximately 98%. The distribution volume is 1 L/kg and is
approximately 60% bound to plasma proteins. It is broken
down in the liver to inactive metabolites, primarily
cytochrome P450 3A4. This results in the potential for signif-
icant interactions with other drugs broken down by the same
pathway. The plasma half-life is 5 hours. The usual daily dose
is 50 to 100 mg, administered twice daily. Adverse effects are
similar to those with placebo, but there is, as would be expect-
ed, a tendency for hyperkalemia.

DRUG GROUPS UNDER DEVELOPMENT

Classes under development include potassium channel openers,
dopamine agonists, serotonin-related agents, renin inhibitors,
imidazolines, endothelin antagonists, and neutral endopeptidase
inhibitors. Perhaps the most interesting are the neutral
endopeptidase inhibitors. These drugs, which include omapatri-
lat and sampatrilat, are dual inhibitors of both angiotensin-
converting enzyme and neutral endopeptidase. These drugs
have good efficacy in lowering blood pressure and cause very few
adverse effects. They have desirable pharmacokinetic profiles.
However, there may be a predisposition to cause angioedema,
and this has resulted in delay in obtaining FDA approval.

DRUGS USED IN THE EMERGENT
TREATMENT OF HYPERTENSION

Oral drugs, such as clonidine and labetalol, are described pre-
viously. Other drugs, apart from phenoxybenzamine, are
given parenterally and are described in Table 49–11. (For a
complete discussion of the management of hypertensive
emergencies and urgencies, see Chapter 78.)

As may be seen from the table, much of the pharmacoki-
netic information is missing. These are old drugs that are not
used extensively now and have not been subjected to the
detailed investigation that is now routine with newer drugs.

Fenoldopam mesilate is a benzazepine derivative with selec-
tive postsynaptic dopamine-1 (DA-1) receptor agonist proper-
ties and minimal adrenergic effects. Blood pressure is lowered
by peripheral vasodilation and with renal artery dilation.
Because of the renal artery dilation, this drug is of use in
patients with severe hypertension and impaired renal function.
The short plasma and therapeutic half-life require that the drug
be given as an intravenous infusion, at a dose of 40 μg/ml in
dextrose or saline solution. Fenoldopam is metabolized exten-
sively in the liver, principally to inactive metabolites, by conju-
gation rather than by cytochrome P450 mechanisms.

Diazoxide is a direct-acting vasodilator that was formerly
given orally for the treatment of severe hypertension. It caused
sufficient hyperglycemia that physicians would start an oral
hypoglycemic agent contemporaneously with the diazoxide. It
is now used only in the emergent treatment of hypertension as
an intravenous preparation. Its half-life is long and its time to
peak hypotensive effect is short, so it is given as a series of
small bolus injections, with measures of blood pressure prior
to each bolus. As with other direct-acting arterial vasodilators,
a common adverse effect is hirsutism, with vellus hair growth
affecting all normally hairy areas of the body except the pubic
and axillary regions.

Sodium nitroprusside is a direct acting vasodilator that acts
on the arterial and venous sides of the circulation by releasing
NO into the vascular smooth muscle cells. It is light sensitive,
and both the infusion bag and the tubing must be shielded
from light. It should be diluted in dextrose solution and,
because of its very short half-life, administered with an infu-
sion pump with the blood pressure measured by an intraarte-
rial probe. Metabolism in the vessel walls releases cyanide,
which is rapidly detoxified by endogenous thiosulphate to
thiocyanate. The body can detoxify the cyanide at a rate equiv-
alent to infusion at a rate of about 2 μg/kg/min. Faster infu-
sion rates of nitroprusside can be safely used if exogenous
thiosulphate is administered. Thiocyanate has its own toxicity,
because it blocks iodine uptake by the thyroid gland and caus-
es hypothyroidism if long-term infusions of nitroprusside are
used. Blood levels of thiocyanate should be measured if nitro-
prusside is given for more than 48 hours and, because of the
renal excretion of thiocyanate, if there is renal dysfunction.

Table 49–11 Drugs Used in the Emergent Treatment of Hypertension

Drug Vd (L/kg) Protein Binding (%) Plasma t1/2 Initial Dose Maximum Dose

Fenoldopam 0.6 ? 5 minutes 0.1 μg/kg/min 1.6 μg/kg/min

Diazoxide 0.2 90 28 hours 100 mg Repeat every 10 minutes until
DBP less than 100 mm Hg

Nitroprusside ? ? 4 minutes 0.3 μg/kg/min 10 μg/kg/min

Phentolamine ? 70 19 minutes 5 mg 5 mg every 2 hours to total of
20 mg

Phenoxy- ? ? 24 hours* 10 mg po bid 40 mg po tid
benzamine

*After intravenous administration; not known after oral administration.
po, orally; bid, two times per day; tid, three times per day.
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Toxicity is associated with circulating thiocyanate levels of
more than 10 mg/dl.

Phentolamine is a nonselective reversible α-adrenergic anta-
gonist that is used to treat patients with pheochromocytoma,
particularly during surgery to remove the tumor. It may also be
of use in clonidine withdrawal rebound hypertension. It has a
short duration of action and is extensively metabolized in the
liver. Because the α-adrenergic block is nonselective, presynap-
tic α-adrenergic receptor blockade will remove the negative
feedback inhibition of catecholamine release, and cardiac out-
put will rise to oppose the fall in blood pressure. This limits the
utility of phenotolamine in essential hypertension. The mode of
action of both phentolamine and phenoxybenzamine means
that most of the antihypertensive effect is orthostatic, and the
patient may remain hypotensive when in the supine position
but be hypertensive when standing or sitting. Both drugs cause
severe nasal stuffiness in some patients.

Phenoxybenzamine has similar actions to phentolamine
but binds covalently and therefore irreversibly to the α-recep-
tors. Its onset of action is slow and its effect lasts for more than
24 hours. The duration of action is a function of the rate of
synthesis of new α-adrenergic receptors rather than of the
concentration and persistence of the drug in the plasma. Oral
bioavailability is 25%, and it may be used by either the oral or
the intravenous route. It is used to treat pheochromocytoma
on a chronic basis.

SUMMARY

There are now many effective and safe antihypertensive
agents. For most, the duration of antihypertensive effect is
much longer than would be predicted from the plasma half-
life of the drug.
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The aggressive use of fixed-dose combination therapy early
in the management of hypertension may be the most impor-
tant change clinicians can make in their attempt to achieve
adequate blood pressure control in hypertensive patients.
Hypertension has been identified as the most powerful modi-
fiable risk factor for the development of cardiovascular disease,1

and its control has been shown to significantly decrease car-
diovascular morbidity and mortality.2-4 Despite this knowl-
edge, only one third of the hypertensive patients in the United
States achieve the conservative goals of 140/90 mm Hg.5

Because inadequate blood pressure control remains an impor-
tant risk factor for coronary artery disease, it is not surprising
that the reductions in coronary artery disease among hyper-
tensive patients have been disappointing. Achieving optimal
blood pressure control is the most important issue in the
management of hypertension, and in the majority of hyper-
tensive patients, it is difficult or impossible to control blood
pressure with one drug.6-9 The use of combination therapy as
first-line treatment, or early in the management of hyperten-
sion, will substantially enhance blood pressure control rates5

and ultimately have a significant impact on coronary artery
disease among hypertensive patients.

THE IDEAL ANTIHYPERTENSIVE AGENT

The ideal antihypertensive agent would have the following
qualities:

1. Highly efficacious—providing the ability to achieve ade-
quate blood pressure control with a single agent in the
majority of hypertensives

2. Provide 24-hour efficacy with once-a-day dosing
3. A high response rate—works in all groups of hypertensive

patients: young, elderly, African Americans, and diabetics
4. Minimal symptomatic adverse effects
5. Minimal metabolic adverse effects
6. Affordable
7. Supported by outcomes data

No such drug exists for the management of hypertension. If it
did, physicians would be using only one or two agents to man-
age this condition. There are in excess of 81 approved drugs
for the management of hypertension,5 testament to the fact
that the ideal antihypertensive agent does not exist. Although
several new drugs and drug classes are being developed for
hypertension—including renin inhibitors, aldosterone antag-
onists, endothelin antagonists, and vasopepidase inhibitors—
early clinical data suggest that none of these newer agents will
be more effective (as monotherapy) than the drugs already
available (see Chapters 11, and 69-72). Thus we must face the
fact that, in terms of efficacy, we currently have what we are
going to have for the next 10 years for treating hypertension.

With this in mind, the concept of combination therapy is,
Can we create, from the drugs we have, the ideal antihyper-
tensive agent? Is it possible to combine complementary agents
to provide maximal efficacy and at the same time minimize
side effects?

RATIONALE FOR THE USE 
OF COMBINATION THERAPY

The two qualities most important to physicians in their selec-
tion of antihypertensive agents are efficacy and safety. Use of
combination therapy potentially optimizes these qualities.

Efficacy
The most important reason for use of combination therapy in
clinical practice is that combining two complementary antihy-
pertensive agents produces significantly greater efficacy than
either of the components as monotherapy.10-12 This is not sur-
prising because the cause of hypertension is multifactorial, and
many pathophysiologic factors contribute to high blood pres-
sure. In most patients, blocking one system will activate
counter-regulatory mechanisms and result in persistence of ele-
vated blood pressure. However, when two physiologic systems
are interrupted, counter-regulatory mechanisms are frequently
neutralized, enabling greater reductions in blood pressure.

For example, diuretics, which stimulate the renin-
angiotensin system, are ideally combined with angiotensin-
converting-enzyme (ACE) inhibitors or angiotensin receptor
blockers (ARBs). Alternatively, diuretics may be combined with
β-blockers, which inhibit the release of renin. Dihydropyridine
calcium channel blockers (CCBs) increase circulating cate-
cholamines, which also tend to activate the renin-angiotensin
system. Thus, dihydropyridine CCBs may be logically com-
bined with ACE inhibitors. On the other hand, nondihydropy-
ridine CCBs decrease circulating catecholamines, so combina-
tion with β-blockers is not logical. Similarly, ACE inhibitors and
β-blockers both seem to interrupt the renin-angiotensin system
and so are not a logical combination.

The combination of two complementary antihypertensive
agents often results in blood pressure reductions that are addi-
tive, and in some cases, such as low-dose bisoprolol added to
low-dose hydrochlorothiazide, may be synergistic.13 All of the
currently available fixed-dose combination products are sig-
nificantly more effective than each of their components.
Indeed, this is a major requirement of the U.S. Food and Drug
Administration (FDA) for approval of a combination agent.

Safety
Safety and efficacy tend to move in opposite directions as we
increase the dose of antihypertensive agents (Figure 50-1).

Fixed Combination Antihypertensive Therapy
Joel M. Neutel
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This frequently results in physicians accepting less-effective
blood pressure control to minimize adverse effects. Most of
the adverse effects of antihypertensive drugs are dose depend-
ent, with the exception of ACE inhibitor–induced cough and
angioedema. Thus, combinations that use smaller drug doses
in hypertensive patients will cause fewer adverse effects.
Combination therapy provides adequate blood pressure con-
trol with smaller doses of each of the components, thereby
reducing dose-dependent adverse effects. For example, use of
a low-dose combination of a β-blocker and a diuretic results
in less fatigue, impotence, and bradycardia than higher doses
of each of the components.13

In the management of hypertension it is better to reduce
blood pressure in a physiologic manner, thus reducing adverse
events. For example, dihydropyridine CCBs are powerful
arterial vasodilators. Although useful in the management of
hypertension, these drugs reduce blood pressure by affecting
only the arterial side of the circulation, leading to frequent
adverse events—for example, peripheral edema and increased
proteinuria in diabetic patients with renal disease. Adding an
ACE inhibitor to a dihydropyridine CCB now provides venous
dilation, and the combination produces a more physiologic
reduction in blood pressure involving the entire vascular tree.
This combination reduces not only CCB-induced edema12 but
also proteinuria in diabetic patients with renal disease, often
to a greater extent than an ACE inhibitor given as monother-
apy.14 In some instances combination therapy results in fewer
adverse effects than the same dose of the components given as
monotherapy despite significantly greater reductions in blood
pressure.12,15

ADVERSE METABOLIC SIDE EFFECTS

Adverse metabolic effects of antihypertensive agents are gen-
erally dose dependent. For example, the effects of diuretics on
potassium are dose dependent, as are their effects on lipids
and insulin.16 Use of combination therapy facilitates blood
pressure control with lower doses of diuretics, thus minimiz-
ing their metabolic effects. For example, while high doses of
thiazides frequently require potassium supplementation to
prevent hypokalemia, combining a thiazide diuretic with an
ACE inhibitor provides adequate blood pressure control with

lower doses of hydrochlorothiazide (12.5 mg in many of the
available combinations),17,18 thus preventing decreases in
potassium. In addition, ACE inhibitors are potassium sparing,
further reducing the risk of potassium loss and the need for
potassium supplementation.

TWENTY-FOUR-HOUR EFFICACY 
WITH COMBINATION THERAPY

Use of once-a-day medication in the management of hyper-
tension is critical to obtain patient compliance. Once-a-day
agents must provide true 24-hour blood pressure control,
including the last 4 to 6 hours of the dosing interval. The same
principle applies to combination therapy. Most of the com-
mercially available fixed-dose combinations have been care-
fully selected to include drugs that have 24-hour efficacy as
monotherapy. The duration of action of the combination
must be at least similar to that of the components. In some
instances19 the combination of two agents results in a length-
ening of the duration of action as compared with the individ-
ual components. For example, captopril as monotherapy is a
short-acting ACE inhibitor, which should be dosed two or
three times per day, but combining it with hydrochloroth-
iazide significantly lengthens its duration of action.
Ambulatory blood pressure monitoring data should be used
to determine the duration of action of combination anti-
hypertensive agents.

RESPONSE RATES

Use of combination therapy results in greater efficacy across
all subgroups of hypertensive patients and may have addition-
al cardiovascular benefits. For example, ACE inhibitors and
ARBs are generally less effective in African American patients,
who tend to have lower plasma renin activity than Caucasian
patients. Addition of a diuretic or CCB to an ACE inhibitor or
ARB will stimulate the renin-angiotensin system and enhance
the efficacy of the renin-angiotensin system blocker in African
Americans. The blood pressure reductions seen with the
combination are then similar in African American and
Caucasian patients.20
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FFigure 50–1 Increasing doses of antihypertensive agents result in increasing efficacy because of the dose response curve of
antihypertensive agents, but it also results in increasing dose-dependant adverse events.
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ACE inhibitor/ARB-diuretic combinations in African
American patients also have cardiovascular benefits independ-
ent of blood pressure reduction. African Americans have often
been denied renin-angiotensin system blockers because of a
perceived lack of antihypertensive efficacy. This is an important
misconception, particularly in light of the African American
Study of Kidney Disease and Hypertension.21 African
Americans should be treated with an ACE inhibitor or ARB to
achieve the vascular protective benefits of these agents, which
are independent of blood pressure. Adding a diuretic can
achieve both antihypertensive efficacy and cardiovascular pro-
tection. (See Chapter 56 for a more complete discussion of the
management of hypertension in African Americans.)

CONVENIENCE

There is a clear inverse relationship between the complexity
of the dosing regimen and patient compliance. Clinicians
recognize that polypharmacy is not well tolerated by
patients and try hard to avoid it in the management of
hypertension, frequently at the expense of adequate blood
pressure control.

Thus, in the selection of antihypertensive drugs, two prop-
erties need to be considered to enhance convenience and
compliance:

1. Once-daily dosing. Adherence to antihypertensive agents
that are dosed once daily is greater than drugs that are
dosed twice daily.22 There is little reason to prescribe anti-
hypertensive drugs that must be taken three times a day.
Many antihypertensive drugs can be safety and effectively
given once daily. It is important for clinicians to select drugs
that provide adequate blood pressure control over the
entire 24-hour dosing interval. Some agents marketed as
once-a-day preparations tend to lose efficacy during the
final few hours of the dosing interval.23 Because most anti-
hypertensive drugs are dosed in the morning, loss of blood
pressure control tends to coincide with the rapid increase in
blood pressure during arousal from sleep, at the time at
which the peak incidence of stroke and myocardial infarc-
tion occurs.24,25 It is believed, although not proven, that
optimal blood pressure control during this early morning
period is needed to prevent ischemic events.

Duration of action can be assessed clinically by instruct-
ing patients to omit dosing on the morning of their clinic
visit. If blood pressure remains controlled 24 to 26 hours
after dosing, this is good evidence of once-a-day efficacy. As
discussed, most of the available fixed-dose combination
drugs include agents that provide 24-hour blood pressure
control as monotherapy, and the added blood pressure
reduction of the combination product is sustained for 24
hours. In some cases, combining agents may even prolong
the hemodynamic effect of the components.19

2. Polypharmacy. There is an inverse relationship between the
number of drugs that patients have to take and their adher-
ence to a regimen. This decrease in compliance is related to
the following:
a. Convenience—It is easier to forget to take multiple drugs.
b. Confusion—Patients often become confused by multi-

ple drugs with difficult dosing regimens and frequently
dose incorrectly.

c. Cost—There is higher cost with multiple drugs.

For these reasons, many physicians believe that monotherapy
is more convenient and will improve compliance in the man-
agement of hypertension. However, the availability of increas-
ing numbers of fixed-dose combination agents provides
dosing that is no less convenient than monotherapy. In fact,
it is more convenient to use combination therapy than
monotherapy in that it is possible to decrease polypharmacy,
which simplifies the dosing regimen and in many instances
may reduce medication costs.26

Many clinicians believe that as long as the dosing of antihy-
pertensive medication is once daily, the number of drugs given
does not influence compliance. This has been shown to be incor-
rect in a recent study performed in more than 6000 patients.27

When patients were given amlodipine and benazepril as a single
tablet, the compliance rate was significantly greater than if they
were given the same drugs as two separate pills dosed once daily.
Not surprisingly, the control rate was greater in the patients tak-
ing the combination product.39

COST

In most instances combination therapy is no more expensive
than monotherapy. Use of combination agents requires only
one copayment and one dispensing fee, which may be less cost-
ly than multiple drug therapy. In addition, low-dose combina-
tion agents are usually marketed as a “package deal” in that
they are more expensive than each of the components individ-
ually but less expensive than both components administered
separately. High-dose monotherapy may be more expensive
than combination agents. Furthermore, many patients are lim-
ited to a certain number of drugs by their medical plans (e.g.,
Medicaid). If they exceed this number, they are responsible for
paying for their drugs. A combination agent represents only
one drug and its use allows another drug to be covered by the
plan, resulting in decreased cost for the patient.

Higher blood pressure is associated with higher manage-
ment costs. To the extent that blood pressure can be controlled
more quickly with combination therapy, the cost of treating
hypertension is reduced.

OUTCOMES DATA

More outcomes data are available for combination therapy
than for monotherapy. Virtually all recent outcomes studies in
hypertension have utilized combination therapy, although the
second, third, and fourth drugs in the regimens were usually
“add ons” to an initial agent to which patients were random-
ized.3,4,6-9 One of the requirements of outcomes studies is
to provide their participants adequate blood pressure control.
To achieve accepted blood pressure goals, the majority of
patients enrolled in outcome studies require two or more
drugs.5-9 Importantly, studies such as the United Kingdom
Prospective Diabetes Study and Hypertension Optimal
Treatment29 have shown a significant reduction in cardiovas-
cular disease outcomes in patients with tight control com-
pared with those with less tight control.

The Fosinopril versus Amlodipine Cardiovascular Events
Randomized Trial (FACET) was one of the few outcomes
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studies that compared combination therapy to mono-
therapy.30 Patients with type 2 diabetes and hypertension were
randomized to fosinopril or amlodipine. If their blood pres-
sure was not adequately controlled, the alternative drug could
be added. Patients were followed for 36 months to assess the
development of cardiovascular disease. At the end of the
study, patients treated with the ACE inhibitor had less cardio-
vascular disease than those treated with the CCB, but patients
treated with the combination of the two drugs had the great-
est reduction of cardiovascular disease incidence, probably
related to the greater blood pressure reduction achieved with
two agents.

In the ALERT study (A Lotrel Evaluation of Hypertensive
Patients with Arterial Stiffness and Left Ventricular
Hypertrophy),31 patients were treated with a low-dose combi-
nation of amlodipine plus benazepril (5/20 mg) or with high-
dose amlodipine (10 mg) or high-dose benazepril (40 mg) as
monotherapy. Blood pressure reductions were similar in
patients treated with the combination agents or the high-dose
amlodipine but slightly less in those treated with high-
dose benazepril. However, patients treated with the combina-
tion therapy had greater improvement in arterial compliance
and greater regression of left ventricular hypertrophy (LVH)
than those treated with either high-dose monotherapy. This
study demonstrates that the combination of two complemen-
tary drugs results in greater cardiovascular benefits than high-
dose monotherapy. Importantly, although blood pressure
reduction in patients treated with the combination therapy
was not different from that in patients treated with high-dose
amlodipine, the ACE inhibitor in the combination treatment
resulted in greater improvement in arterial compliance and
greater regression of LVH. This clearly demonstrates the
benefit of an ACE inhibitor, beyond blood pressure control,
on cardiovascular protection. Furthermore, the combination
of amlodipine and benazepril resulted in greater improve-
ment in arterial compliance and greater regression of LVH
than high-dose benazepril, demonstrating that the higher
dose of the ACE inhibitor could not offset the benefit afford-
ed by the greater reduction in blood pressure achieved with
the combination in terms of vascular protection.

These findings suggest that an ACE inhibitor, even at small-
er doses, in a combination product that provides larger blood
pressure reductions has a greater cardiovascular protective
effect than a high-dose ACE inhibitor with smaller reductions
in blood pressure. Thus, greater cardiovascular protection is
achieved by adding a second drug to a patient inadequately
controlled on an ACE inhibitor than by uptitrating the ACE
inhibitor. Additional benefit may also be associated with more
complete blockade of the renin-angiotensin system, achieved
by including high doses of an ACE inhibitor in combination
treatment. Findings of the ALERT study illustrate the princi-
ple that both blood pressure control and vascular protective
effects of an antihypertensive regimen are critical in the
attempt to achieve target organ protection.

ACHIEVING RAPID BLOOD PRESSURE
CONTROL

The common teaching is that there is no great urgency to
achieve blood pressure control and that this process can take
3 to 6 months. It is believed that there may be fewer side

effects with a slower, smooth reduction in blood pressure over
several months. However, there is now convincing evidence
that “the longer you take to achieve blood pressure control, the
less likely you are to get to goal blood pressure”32 and, more
importantly, the more likely your patient is to suffer a cardio-
vascular event related to uncontrolled blood pressure.9 Many
obstacles to the management of hypertension entice physi-
cians to accept inadequate blood pressure control (Figure 50-
2). It has been clearly shown that there is a negative associa-
tion between the number of changes that a physician makes in
antihypertensive treatment and patient compliance at 1 year.

Achieving rapid control has several benefits:

1. Patients tend to have more confidence in their physicians.
2. Patients believe that their drugs are working effectively if

they get to the goal blood pressure outlined by their physi-
cians more rapidly, and so they tend to be more compliant.
On the other hand, if a patient is started on a low dose of
a drug, which has minimal effects on his or her blood pres-
sure, but has a potential for adverse events (as outlined in a
package insert), the patient is likely to be disheartened and
discontinue the drug in favor of nonpharmacologic treat-
ment, which is perceived to be just as effective.

3. Reluctance of doctors to titrate. Many physicians prefer the
flexibility of being able to titrate monotherapies and feel
that this is limited by the use of fixed combination therapy.
However, in actual practice, most physicians do not upti-
trate doses of antihypertensive and lipid-lowering drugs
for patients whose blood pressures and/or lipid levels are
uncontrolled. Physicians often avoid titration over con-
cerns of cost, adverse events, polypharmacy, metabolic side
effects, patient perception (higher doses mean they are
sicker), or because they may have improved (but not con-
trolled) blood pressure and so refocus on another disease
entity.33 Undertreatment results in inadequate blood pres-
sure control and its associated cardiovascular risks. Early
use of combination therapy often avoids these problems.

4. Cardiovascular protection. Earlier blood pressure control
affords cardiovascular protection by reducing the stress of ele-
vated blood pressure on the vasculature, thus lowering the risk
of an acute event. Data from the Antihypertensive and Lipid-
Lowering Treatment to Prevent Heart Attack Trial (ALLHAT)
and Valsartan Antihypertensive Long-term Use Evaluation
(VALUE) provide convincing evidence that protection from
cardiovascular disease outcomes is greatest in patients who
achieve blood pressure control most rapidly.7,9 This is partic-
ularly true in patients who are at high risk because of coexis-
tent cardiovascular disease or multiple risk factors.

The concern over achieving rapid blood pressure control is
whether it is associated with a greater number of adverse
events caused by precipitous reductions in blood pressure.
Several factorial studies have compared low-dose combina-
tion agents with each of their components given first line in
achieving blood pressure control. These multifactorial studies
are required by the FDA to gain approval for a combination
product. As is shown in Tables 50-1 and 50-2, despite signifi-
cantly greater reductions in blood pressure achieved with the
combination agent, there were no significant differences in
adverse effects. Thus, blood pressure reduction over days to
weeks (as occurs with combination therapy) is well tolerated
and has benefits as compared with blood pressure reduction
that requires months. This should be distinguished from
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Table 50–2 BP Reductions and AEs with First-Line Use of Verapamil SR, Trandolapril, or the Combination

Placebo (n = 152) Verapamil SR 240 mg (155) Trandolapril 4 mg (155) Verapamil SR/ Trandolapril 240/4 mgg (77)

Changes in BP (mm Hg)
Systolic — −8.0 −9.0 −12.9
Diastolic — −4.5 −4.3 −8.1

AEs (%)
Dizziness 2.6 3.8 2.5 4.3
Edema 3.3 1.3 1.3 0.6
Cough 2.6 0.6 0.6 5.5
Headache 10.5 12.1 10.7 6.7

From Messerli F, Frishman WH, Elliott WJ. Effects of verapamil and trandolapril in the treatment of hypertension. Trandolapril Study
Group. Am J Hypertens 11[3 Pt 1]:322-327, 1998.
BP, blood pressure; AEs, adverse effects; SR, sustained release.
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FFigure 50–2 The clinical path from the diagnosis of hypertension to BP control is fraught with many potential obstacles, which
may result in the acceptance of inadequate BP control. To the extent that BP is controlled earlier (hatched box), several of the
obstacles are potentially eliminated, increasing the chance of achieving adequate BP control.

Table 50–1 BP Reductions and AEs with First-Line Use of Amlodipine, Benazepril, or the Combination

Placebo (77) Amlodipine 5 mg (77) Benazepril 20 mg (77) Benazepril 5/20 mg (77)

Changes in BP (mm Hg)
Systolic — −16.2 −12.4 −24.7
Diastolic — −8.8 −6.7 −13.2
AEs (%)
Dizziness 0 1.3 3.9 5.2
Edema 5.2 16.9 1.3 7.8
Cough 0 0 0 5.2
Headache 7.8 2.6 3.9 2.6

From Kuschnir E, Acuna E, Sevilla D, et al. Treatment of patients with essential hypertension: Amlodipine 5 mg/benazepril 20 mg
compared with amlodipine 5 mg, benazepril 20 mg, and placebo. Clin Ther 18:1213-1224, 1996.
BP, blood pressure; AEs, adverse effects.
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blood pressure reduction that occurs in minutes to hours, as
with sublingual nifedipine. Extremely rapid blood pressure
reduction with this agent has been shown to cause adverse
effects and serious cardiovascular outcomes, including acute
myocardial infarction.

Caution should be exercised with first-line use of combi-
nation therapy in the elderly. Despite frequently requiring
multiple drugs to control their blood pressures, these patients
are prone to postural hypotension and may take longer to
reset their baroreceptors. A slower, more cautious approach
to blood pressure reduction may be prudent in these patients.
It is important to mention that although the recommended
goal in the elderly is a systolic blood pressure of <140 mm
Hg, in many cases older people cannot tolerate this blood
pressure. This is the one instance in which we should back off
to a point where patients have no adverse effects and accept
inadequate blood pressure control, with the knowledge that
for every 20–mm Hg reduction in systolic blood pressure, the
rate of cardiovascular disease is halved.4

IMPROVING WORLD-WIDE BLOOD
PRESSURE CONTROL

One of the most important issues facing us in clinical medicine
is the fact that fewer than one third of hypertensive patients
have adequately controlled blood pressure when using a blood
pressure of 140/90 mm Hg as goal, which many would argue is
too high. This is troubling, considering that hypertension is the
most important modifiable cardiovascular risk factor and that
coronary artery disease is the most common cause of death in
the industrialized world. Inadequately controlled blood pres-
sure seen in patients on antihypertensive medication remains
an important risk factor for coronary artery disease.

Complementary antihypertensive agents—for example,
an ARB plus hydrochlorothiazide, an ACE inhibitor plus a dihy-
dropyridine CCB, or a β-blocker plus hydrochlorothiazide—
achieve rates greater than 70%. Thus, use of complementary
combination agents has the potential to sharply increase con-
trol rates by 30% to 40%. This would have a dramatic impact
on the incidence of cardiovascular disease worldwide. Earlier
and more aggressive use of combination therapy for hyperten-
sion may be one of the most important changes that we can
make in our approach to antihypertensive management.

Outcomes studies have shown that diastolic blood pressure
goals can be achieved in >90% of patients and systolic goals in
>60% of patients.7-9,35 This clearly demonstrates that we have
the tools to control hypertension in most patients. These stud-
ies have also shown that in more than 75% of patients, two or
more drugs are required to achieve blood pressure goals.

AVAILABLE COMBINATION AGENTS

Multiple fixed-dose combination agents are available for use
in the management of hypertension (Table 50–3). All combi-

nation agents contain drugs that are complementary in action
and provide an additive or even synergistic reduction in blood
pressure, as well as side effect profiles that are better than or
not different from their components. Over the next few years,
many more antihypertensive combination agents will be
added to the market, including three-drug combinations, and
even combinations of agents for different disease processes—
for example, hypertension and dyslipidemia. To provide
physicians maximum flexibility in dosing, new combination
agents are being developed by using all the recommended
doses of each of the components.

The realization that cardiovascular risk factors seldom
occur in isolation and that the presence of two or more
cardiovascular risk factors are synergistic in their ability to
cause cardiovascular disease has resulted in development
of combination agents, which include drugs for the treatment
of different disease processes. This represents a whole new era
in combination therapy. For example, it is estimated that there
are 27 million hypertensive patients in the United States36

who also have dyslipidemia and require treatment of both
conditions. However, frequently only the hypertension is
treated pharmacologically and the dyslipidemia is treated
nonpharmacologically in an effort to reduce polypharmacy. A
novel new single-pill combination of atorvastatin plus
amlodipine has become available in the United States.37 This
will enable clinicians to treat both conditions with a conven-
ient single-drug preparation and will almost certainly
decrease cardiovascular risk in these patients and improve
patient compliance for these two important cardiovascular
risk factors. Other similar combination agents are currently
being developed, and it is likely that combination agents that
include drugs for the treatment of other cardiovascular risk
factors will be developed in the future. These advances in
available therapeutic agents will facilitate achieving goals
in patients with the metabolic syndrome.

SUMMARY

Combination therapy provides a modality of treatment that is
much closer to the “ideal antihypertensive” agent than any-
thing we have currently or will have in the foreseeable future
for the treatment of hypertension. The success rate in achiev-
ing blood pressure goals and decreasing cardiovascular events
in hypertensive patients is greater with combination therapy
than with monotherapy.

Hypertension is a multifactorial disorder that is difficult to
control with monotherapy in many patients. Blocking two or
more blood pressure regulatory systems provides a more
effective and more physiologic reduction in blood pressure
that is more likely to get patients to goal. This is critical in the
prevention of cardiovascular disease. Use of combination
therapy as first-line treatment, or early in the management of
hypertension, is perhaps the most important change that can
be made in attacking the major public health problem of
poorly treated hypertension.
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Class Combination Trade Name

b-Adrenergic Blockers Atenolol 50-100 mg/clorthalidone 25 mg Tenoretic
and Diuretics

Bisoprolol 2.5-10 mg/HCTZ 6.25 mg Ziac*
Metoprolol 50-100 mg/HCTZ 25-50 mg Lopressor HCT
Nadolol 40-80 mg/bendroflumethiazide 5 mg Corzide
Propranolol 40-80 mg/HCTZ 25 mg Inderide
Propranolol ER 80-160 mg/HCTZ 50 mg Inderide LA
Timolol 10 mg/HCTZ 25 mg Timolide

ACE Inhibitors and Diuretics Benazepril 5-20 mg/HCTZ 6.25-25 mg Lotensin HCT
Captopril 25-50 mg/HCTZ 15-25 mg Capozide*
Enalapril 5-10 mg/HCTZ 12.5-25 mg Vaseretic
Lisinopril 10-20 mg/HCTZ 12.5-25 mg Zestoretic; Prinzide

Angiotensin II Receptor Blockers Losartan 50 mg/HCTZ 12.5-25 mg Hyzaar
and Diuretics Valsartan 80-160 mg/HCTZ 12.5-25 mg Diovan HCT

Irbesartan 150-300 mg/HCTZ 12.5 mg Irbesartan HCT
Telmisartan 40-80 mg/HCTZ 12.5 mg Telmisartan HCT
Olmesartan 20-40 mg/HCTZ 12.5-25 mg Olmesartan HCT
Candesartan 16-32 mg/HCTZ 12.5 mg Candesartan HCT

Calcium Antagonists and Amlodipine 2.5-10 mg/benazepril 10-20 mg Lotrel
ACE Inhibitors Diltiazem 180 mg/enalapril 5 mg Teczem

Felodipine 5 mg/enalapril 5 mg Lexxel
Verapamil 180-240 mg/trandolapril 1-4 mg Tarka

Other Combinations Clonidine HCl 0.1-0.3 mg/chlorthalidone 15 mg Combipres
Deserpidine 0.25-0.5 mg/methyclothiazide 5 mg Enduronyl (Forte)
Guanethidine 10 mg/HCTZ 25 mg Esimil
Hydralazide 25-100 mg/HCTZ 25-50 mg Apresazide
Hydralazide 25 mg/reserpine 0.1 mg/HCTZ 15 mg Ser-Ap-Es; Unipres; 

Tri-Hydroserpine
Methyldopa 250 mg/chlorothiazide 150-250 mg Aldoclor
Methyldopa 250-500 mg/HCTZ 30-50 mg Aldoril
Prazosin 1-5 mg/polythiazide 0.5 mg Minizide
Rauwolfia 50 mg/bendroflumethiazide 4 mg Rauzide
Reserpine 0.125 mg/Chlorthalidone 25 mg Demi-Regroton
Reserpine 0.125 mg/chlorothiazide 250-500 mg Diupres
Reserpine 0.125 mg/HCTZ 25-50 mg Hydropres; Hydroserpin
Reserpine 0.125 mg/hydroflumethiazide 50 mg Salutensin (-Demi)
Reserpine 0.25 mg/polythiazide 2 mg Renese-R
Reserpine 0.1 mg/trichlormethiazide 2-4 mg Metatensin

ACE, angiotensin-converting enzyme; HCTZ, hydrochlorothiazide.
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Chronotherapeutics is the purposeful timing of medications,
with or without the utilization of special drug-release tech-
nology, to proportion serum and tissue concentrations in
synchrony with known circadian rhythms in disease process-
es and symptoms as a means of enhancing beneficial out-
comes and/or attenuating or averting adverse effects.1 The
concept of chronotherapeutics, although relatively new to
hypertension and cardiovascular medicine, was first intro-
duced and proven worthy in clinical medicine in the 1960s;
the morning alternate-day corticosteroid tablet dosing sched-
ule was introduced as a convenient means of minimizing the
adverse effects of such antiinflammatory medications as
prednisone and methylprednisolone.2,3 The chronotherapy of
hypertension takes into account the clinically relevant fea-
tures of the 24-hour pattern of blood pressure (BP) (i.e., the
accelerated morning rise at the commencement of diurnal
activity and the extent of decline during nighttime sleep) plus
potential administration-time (circadian rhythm) determi-
nants of the pharmacokinetics and dynamics of individual
antihypertensive medications. Herein, we focus on the
chronotherapy of hypertension; however, as necessary back-
ground we first present the major concepts and mechanisms
of biologic timekeeping.

BIOLOGIC RHYTHMS AND BIOLOGIC
TIME STRUCTURE

Biologic processes and functions are organized in time as
rhythms of discrete periods. Ultradian rhythms, exemplified
by neural and neuroendocrine activities, exhibit periods in
the range of seconds, minutes, or hours. Infradian rhythms,
characteristic of many biologic processes and functions,
exhibit periods much longer than 24 hours, in the range of
days (~week), weeks (~month, e.g., menstrual cycle), and
months (~year). Circadian (circa = about; dies = day)
rhythms, characteristic of nearly every life process, exhibit
24-hour or near-24-hour variation and are important to clin-
ical medicine. They play a role in the pathophysiology of
many chronic disease states, and they may influence the
response to diagnostic tests, as well as the therapeutic effi-
ciency and side-effect profile of prescribed treatments.1,4

The body’s circadian rhythms are controlled by an endoge-
nous master clock network composed of the paired suprachi-
asmatic nuclei (SCN), located within the hypothalamus, and
the pineal gland through its 24-hour cycle of melatonin syn-
thesis and secretion.5,6 The activities of specific genes (e.g.,
per1, per2, per3, bmal, clock, and CRY) and their gene products
along with the cyclic (nocturnal) circulation of melatonin
constitute the mechanism of circadian timekeeping.6,7 This

master clock network orchestrates the period and staging of
the multitude of subservient peripheral circadian clocks locat-
ed in cells, tissues, and organ systems. The end effect is an
ordered temporal organization of the biology during each 24-
hour period in support of peak functioning during diurnal
activity and of rest and repair during nocturnal sleep.

Circadian rhythms are generated and coordinated by the
genetically inherited brain clock network. Interestingly, the
inherited period of circadian clocks, for as yet unknown rea-
sons, is not precisely 24 hours.8 The inherited period of
the master clock of most persons is slightly greater than
24 hours (e.g., 24.2 hours), while in some it is slightly less
than 24 hours. The master and subservient peripheral circadi-
an clocks are synchronized to an exact 24-hour ambient and
social cycle by specific external time cues, the most important
being the environmental light-dark cycle.9,10 The features of
the natural light and dark cycle vary predictably both over the
24 hours and year. The central clock network relies on the 24-
hour environmental light-dark cycle to titrate its period to
exactly 24 hours. It also relies on information derived from
sensing the duration of the daily environmental photoperiod
to adjust the biology seasonally as circannual (~1-year)
rhythms. Ambient light-dark time cues sensed by specialized
noncone, nonrod photoreceptor cells of the retina are con-
veyed to the SCN and pineal gland via the retinohypothalam-
ic neural tract.10 Serum melatonin concentration displays a
prominent circadian rhythm, with its synthesis and secretion
occurring almost exclusively during nighttime sleep. Exposure
to light at an atypical time—during the middle of the night,
which is the case when working nights or when rapidly travel-
ing across time zones—induces compensatory adjustment of
the SCN-pineal gland clock network during the several days
thereafter and in turn the staging of the circadian time struc-
ture.11,12 Daytime light exposure exerts no effect on the SCN-
melatonin clock network, while light exposure very late at
night or during the initial hours of sleep delays the body clock
and melatonin rhythm and ultimately the staging of all the
other circadian rhythms. In contrast, light exposure in the
early morning hours, close to the end of the sleep span,
advances the melatonin and other circadian rhythms.

The integrity of the circadian time structure is central to
efficient biological and cognitive functioning. This is amply
illustrated by the acute feelings and complaints—the symp-
toms of jet lag—that result from the abrupt alteration of the
habitual sleep-wake cycle and ensuing transient disruption of
the circadian time structure following the rapid transmeridi-
an displacement of travelers by jet aircraft.13 Recurrent and
chronic disturbance of the circadian time structure, common
in career shift and night workers, is associated with elevated
risk of sleep disorders, peptic ulcer, coronary heart disease
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(CHD), cancer, and other medical problems.14-16 Some of
these health problems may result, at least in part, from the
inhibition of melatonin production due to light exposure dur-
ing night work.15,16 Substantiation of the health risks of career
shift workers implies that therapeutic interventions should
preserve the circadian timekeeping network and the body’s
temporal organization. Indeed, the integrity and strength of
the circadian time structure of cancer patients has been shown
to be a sensitive predictor of the response to and outcome of
chemotherapy.17

CIRCADIAN BLOOD PRESSURE RHYTHM
IN HYPERTENSION

Twenty-four hour intraarterial and ambulatory BP monitor-
ing (ABPM) studies clearly reveal the circadian pattern and
features of systolic blood pressure (SBP) and diastolic blood
pressure (DBP) (Figure 51–1, A). In diurnally active nor-
motensive persons the pattern is characterized by a decline
during nighttime sleep of 10% to 20% from the daytime
mean, sharp morning rise coincident with the commence-
ment of daily activity, elevated level during the daytime and
descending level in the evening. This day-night BP cycle
results both from endogenous factors (circadian rhythms in
autonomic nervous system and endocrine function) and
exogenous factors (predictable-in-time differences in posture,
stress, and activity).18,19 The 24-hour BP pattern is much the
same in the majority of uncomplicated essential (primary)
hypertension patients except that either the temporal oscilla-
tion occurs around an abnormally elevated 24-hour mean or
the amplitude of change is exaggerated resulting in an abnor-
mally high level of pressure during a significant portion of the
day. The BP pattern in secondary hypertension is often differ-
ent. The extent of the nocturnal decline, relative to the day-
time mean, may be blunted (less than 10%) or even reversed,
with the sleep-time BP being higher than the daytime BP.20

Hypertension is a well-known risk factor for cerebrovascu-
lar and cardiovascular accidents. During the past two decades
specific features of the 24-hour BP pattern have been assessed
as potential sources of injury to target tissues and as triggers of
cardiac and cerebrovascular events in hypertensive patients.
Indeed, the prominent 24-hour variation in the occurrence of
a variety of acute cardiovascular events, such as myocardial
infarction (MI), angina, cardiac arrest, sudden cardiac death,
and pulmonary embolism, has been shown to be closely relat-
ed to the circadian BP pattern of hypertensive persons.21 For
example, the rate of rise of BP coincident with the commence-
ment of diurnal activity has been identified as an independent
predictor of one’s risk of morning stroke and acute coronary
syndrome, and is also hypothesized to be a trigger for MI at
this time of day.22-27 Interestingly, recent studies reveal that the
24-hour pattern and the characteristic morning peak in the
occurrence of both ischemic28 and hemorrhagic29 stroke is the
same in normotensive and hypertensive persons. Moreover,
other cardiovascular events, such as acute aortic dissection,
display prominent 24-hour variation, with a significant morn-
ing peak both in hypertensive and normotensive persons.30

Taken together, all of these observations strengthen the sugges-
tion that the morning surge in BP (whether in the presence or
absence of hypertension) is a crucial determinant of the rup-
ture of a vulnerable and critically weakened arterial wall.31

A growing number of studies also indicates that the extent
of the nocturnal BP decline is deterministic of cardiovascular
injury and risk. Absence of the normal 10% to 20% sleep-time
BP decline is associated with elevated risk of target organ
injury, particularly to the heart (left ventricular hypertrophy
[LVH] and MI), brain (stroke), and kidney (albuminuria, pro-
gression to end-stage renal disease [ESRD]).20,32-35 On the
other hand, too great a decline in the sleep-time BP by more
than 20% of the daytime mean (i.e., superdipping) may result
in nocturnal hypotension, with heightened risk of nighttime
stroke, ischemic ocular disorder, and perhaps falls with result-
ant fractures due to syncope with sudden change in posture
(e.g., on bathroom use).36-39 The chronotherapy of hyperten-
sion takes into account the epidemiology of the various fea-
tures of the day-night BP pattern. The specific goals of
chronotherapy are discussed in the next section

CHRONOTHERAPY OF BLOOD
PRESSURE–LOWERING MEDICATIONS

The pharmacotherapy of hypertension has been strongly
influenced by the concept and assumptions of homeostasis.
Until the last 10 years or so, the vast majority of the medical
community believed SBP and DBP to be relatively constant
throughout the 24 hours.40 Consequently, it was deduced that
a major goal of antihypertensive pharmacotherapy ought to
be constancy of medication level throughout the 24-hour dos-
ing interval. The application of intraarterial and ABPM meth-
ods during the past 10 to 15 years has clearly documented the
prominence of the 24-hour variation in both SBP and DBP. In
essential hypertension, as schematically represented in Figure
51–1, B, the relatively constant medication level achieved by
conventional (homeostatically styled) antihypertensive thera-
pies may be lower than required in the morning when SBP
and DBP surge to peak or near-peak levels, whereas it may be
higher than required during nighttime sleep when SBP and
DBP decline to their lowest level.

The goals of the chronotherapy of essential hypertension
are significant moderation of the morning accelerated rise in
BP and reduction of abnormally elevated daytime, nighttime,
and 24-hour BP means, without overcorrection (induction of
superdipping) of sleep-time SBP and DBP. One way to achieve
these goals is to utilize special drug-delivery technologies. The
chronotherapeutic perspective of 24-hour BP control entails
the purposeful tailoring of medication level over the 24 hours
in close synchrony with the known (and expected) day-night
pattern in SBP and DBP to optimize effect. A key premise of
the chronotherapy of essential hypertension is that some 15%
to 20% of each dose of once-a-day conventional medications
is wasted by maintaining greater than required drug concen-
tration during nocturnal sleep when BP is lowest, and not
uncommonly normal in mild hypertension (Figure 51–1, B).
Chronotherapeutic formulations rely on unique technology
to redistribute this proportion of the daily dose to the time of
day when BP rises to peak or near-peak levels and when the
greatest concentration of antihypertensive is required for BP
control. Unique drug-delivery technology, or in some
instances bedtime dosing times of certain conventional med-
ications, is thus utilized to ensure that peak and trough con-
centrations of antihypertensive medications are circulated in
synchrony with predicted greatest and lowest SBP and DBP,
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important features of the circadian
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respectively, during the day and night. In the following
section, we review those specific formulations that are now
marketed—at least in the United States—as chronotherapies
of hypertension.

MARKETED CHRONOTHERAPIES
OF HYPERTENSION

Calcium Channel Blockers
The calcium channel blocker (CCB), controlled-onset,
extended-release (COER)–verapamil was the first special
drug-delivery tablet used for chronotherapy of hypertension
(and stable angina pectoris41,42). COER–verapamil (United
States: Covera HS; other markets: Chronovera) was approved
in the United States by the Food and Drug Administration
(FDA) in 1996 for marketing by the Searle Pharmaceutical
Company. The drug-delivery technology of this tablet med-
ication delays the release of verapamil for approximately 4 to
5 hours following bedtime ingestion as recommended.
Medication is released thereafter so the highest blood concen-
tration is achieved in the morning around the time of awak-
ening, generally between 6 and 10 A.M., with an elevated level
sustained throughout diurnal activity (Figure 51–2, A). The
half-life kinetics of verapamil results in a progressive decline
of drug level in the evening and over night, so the reduced
(trough) concentration occurs during nighttime sleep when
BP in essential hypertension is lowest.43

Multicenter clinical trials44 of this verapamil chronotherapy
utilizing 24-hour ABPM methods document the enhanced con-
trol of the morning BP rate of rise and level (Figure 51–3, A).
Moreover, a statistically significant dose (placebo and 120, 180,
360, 540 mg)-dependent reduction of SBP and DBP was veri-
fied, both at the peak (between 6 and 10 A.M.) and trough
(between 6 and 10 P.M.) drug concentration times. COER–ver-
apamil has been shown to be therapeutic for both dipper and
nondipper hypertensive patients; in nondippers, it effectively
reduces abnormally elevated morning as well as nocturnal BP,
particularly SBP, in a dose-dependent manner.45 Furthermore,
it is as effective in African Americans as in Caucasians.46

COER–verapamil compared with the CCB nifedipine GITS for-
mulation, which utilizes a special drug-delivery system to
achieve near-constancy in drug concentration throughout the
24 hours, achieves significantly better BP control during the
morning when BP typically rises to highest or near-highest lev-
els.47 Clinical trials show that COER–verapamil is safe. No sig-
nificant differences were detected in reported side effects
between COER–verapamil and placebo, apart from dose-relat-
ed constipation and second-/third-degree atrioventricular
block with the highest (540 mg) dose.44

Chronotherapeutic oral drug absorption system
(CODAS)–verapamil is a second special drug-delivery–based
CCB chronotherapy of hypertension. CODAS–verapamil
(Verelan PM, Schwarz Pharma) was approved by the FDA in
1999. Release of verapamil from the polymer-coated beads of
this capsule medication following recommended bedtime
ingestion is delayed for approximately 4 hours (Figure 51–2,
B). Medication is then dispersed in increasing amount so that
peak blood concentration is achieved in the morning, between
6 and 10 A.M., when SBP and DBP are expected to rise to peak
or near-peak levels.48

Two placebo-controlled, parallel-design, double-blind
24-hour ABPM trials involving stages 1 and 2 essential
hypertensive patients document the exaggerated reduction
of BP during the initial hours of diurnal activity (see Figure
51–3, B). Furthermore, they substantiate the dose (placebo
and 100, 200, 300, 400 mg)-dependent reduction of SBP and
DBP both at the peak, between 6 and 10 A.M. when BP is
typically greatest, and at the trough, between 6 and 10 P.M.
when BP declines to near low levels, drug concentration
times.49,50 The results of a large community-based trial
(CHRONO51) involving almost 2400 previously treated and
nontreated essential hypertensive patients further confirm
the efficacy and safety of the CODAS–verapamil
chronotherapy. Study participants received a starting dose
of 200-mg; if the target clinic BP of <140/90 mm Hg was
not achieved after 4 weeks of treatment, the dose was up-
titrated to 300-mg for another 4 weeks. Patients who failed
to attain goal BP with this dose were again up-titrated to
400-mg for an additional 4 weeks. In total, 62.6% of the par-
ticipants achieved the target BP goal with this monothera-
py; 36.7% achieved it with the 200-mg dose; 18.9% with the
300-mg dose, and 6.9% with the 400-mg dose. CODAS–ver-
apamil chronotherapy was effective in both previously
untreated and treated patients no matter their age, gender,
or race, and it was well tolerated; the most frequent adverse
events being gastrointestinal (8.2% of patients), primarily
constipation.

Graded-release long-acting diltiazem (Cardizem LA, Biovail
Pharmaceuticals) was approved by the FDA in 2003 for once-
daily dosing either in the morning or evening. Multiple-dose
studies52 show that ingestion of the 360-mg dose of this special
diltiazem medication at 10 P.M. results in the desired kinetic
profile for the chronotherapy of essential hypertension.
Trough blood diltiazem concentration occurs during night-
time sleep (~2 A.M.) and peak concentration during the morn-
ing (between ~10 A.M. and noon), with maintenance of an ele-
vated drug level during the afternoon and early evening
(Figure 51–2, C). In contrast, multiple-dose studies show the
ingestion of 360 mg of this medication in the morning at
8 A.M., as opposed to at bedtime, results in trough drug level in
the morning between 8 and 10 A.M. (when SBP and DBP in
essential hypertension reach highest or near highest levels) and
peak drug level in the evening between 6 and 8 P.M. (when SBP
and DBP are declining) (Figure 51–2, C). The discordance
between the timing of the peak and trough diltiazem blood
concentrations relative to the circadian pattern of BP in essen-
tial hypertension, as exemplified by the ingestion of diltiazem
at the improper time of the day, emphasizes the critical impor-
tance of patient and physician compliance to the recommend-
ed bedtime dosing of this and other BP chronotherapies. (See
Glasser et al. 200353 for details of the extent and nature of the
dosing-time differences in BP control by diltiazem.)

A multicenter 24-hour ABPM study of 429 essential hyper-
tensive patients documents the statistically significant reduc-
tion of both peak and trough-time SBP and DBP for the 120-,
240-, 360- and 540-mg doses of diltiazem when ingested at
bedtime.53 Substantially enhanced BP reduction was achieved
between 6 A.M. and noon across all the dose strengths. A sub-
study involving the 360-mg dose, a dose that is claimed to
control BP in 85% of hypertensive patients,54 illustrates the
statistically significantly greater SBP- and DBP-lowering effect
of diltiazem between 6 A.M. and noon when ingested at
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FFigure 51–2 Steady-state pharmacokinetics of the hypertension chronotherapies of A, 240 mg COER–verapamil; B, 200 mg
CODAS–verapamil; C, 360 mg diltiazem; and D, 160 mg propranolol. Bedtime ingestion of the chronotherapies as
recommended results in peak drug concentrations in the morning during the initial hours of daytime activity, generally between
6 and 10 A.M. when SBP and DBP in EH attain peak or near-peak values, and in trough drug concentration during the first 4
to 5 hours of nighttime sleep when SBP and DBP decline to lowest or near-lowest values during the 24 hours. Note that dosing
diltiazem chronotherapy at the wrong time of the day (i.e., in the morning at 8 A.M.) results in mismatch of diltiazem
concentration relative to biologic need as defined by the circadian BP rhythm in EH. Studies show dosing this, and
presumably any other, chronotherapy of hypertension at an inappropriate time of the day (e.g., morning) significantly
compromises BP control in the morning and afternoon.* Dark and light regions of the horizontal time axis indicate,
respectively, the spans of nighttime sleep and daytime activity. (A adapted from Gupta SK, Yih BM, Atkinson L, et al. The
effect of food, time of dosing and body composition on the pharmacokinetics and pharmacodynamics of verapamil and
norverapamil. J Clin Pharmacol 35:1083-1093, 1995; B adapted from Prisant LM, Devane JG, Butler J. A steady state
evaluation of the bioavailability of chronotherapeutic oral drug absorption system verapamil PM after nighttime dosing vs.
immediate-acting verapamil dosed every eight hours. Am J Ther 7:345-251, 2000; C adapted from Sista S, Chi-Keung Lai, J,
Eradiri O, et al. Pharmacokinetics of a novel diltiazem HCL extended-release tablet formulation for evening administration. J
Clin Pharmacol 43:1149-1157, 2003; D adapted from Sica D, Frishman WH, Manowitz N. Pharmacokinetics of propranolol
after single and multiple dosing with sustained-released propranolol or propranolol CR [Innopran XL], a new chronotherapeutic
formulation. Heart Disease 5:176-181, 2003; *Glasser S, Neutel JM, Gana TJ, et al. Efficacy and safety of a once daily
graded-release diltiazem formulation in essential hypertension. Am J Hypertens 16:51-58, 2003.)
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FFigure 51–3 Steady-state BP-lowering
activity assessed by 24-hour ambulatory
blood pressure monitoring (ABPM) at
baseline and again after 2 or more months
of treatment with one of the following
calcium channel blocker (CCB)
chronotherapies ingested at bedtime: A,
360 mg COER–verapamil; B, 300 mg
CODAS–verapamil; and C, titrated doses
in steps from 240 mg to 360 mg to 540
mg diltiazem. Note the common features
among the four chronotherapies of
enhanced reduction of SBP and DBP in the
morning between 6 A.M. and noon (when
BP of essential hypertensive patients
rapidly rise to near-peak or peak values)
and the continuing significant attenuation
of BP throughout the remainder of the 24-
hour dosing interval, during the afternoon,
evening, and nighttime. Dark and light
regions of the horizontal time axis indicate,
respectively, the spans of nighttime sleep
and daytime activity. (A adapted from
White WB, Anders RJ, MacInyre JM, et al.
Nocturnal dosing of a novel delivery
system of verapamil for systemic
hypertension. Am J Cardiol 76:375-380,
1995; B adapted from Smith DHG, Neutel
JM, Weber MA. A new chronotherapeutic
oral drug absorption system for verapamil
optimizes blood pressure control in the
morning. Am J Hypertens 14:14-19, 2001;
C from White WB, LaCourciere Y, Gana T,
et al. The effects of graded-release
diltiazem vs. ramipril dosed at bedtime on
the early morning blood pressure, heart
rate and the rate-pressure product. Am
Heart J 148:628-634, 2004.)



bedtime as opposed to in the morning on awakening.53

Bedtime dosing of diltiazem has been found to be safe; the
incidence of adverse events in the 120-, 240-, 360-, and 540-
mg treatment groups was dose-independent and comparable
with that of the placebo-treated groups. The most frequent
side effects, independent of dose, were headache (11.7%),
upper respiratory infection (5.6%), and lower limb edema
(5.4%). No episodes of bradycardia and no episodes of first-
degree atrioventricular heart block requiring dismissal from
the clinical trials occurred in any of the diltiazem treatment
groups.55 Finally, another multicenter trial found bedtime dil-
tiazem in doses of up to 540 mg/day to be significantly more
effective in controlling morning SBP, DBP, heart rate (HR),
and rate-pressure product (SBP × HR = surrogate measure of
left ventricular work and myocardial oxygen demand) than
the angiotensin-converting enzyme inhibitor (ACEI) ramipril
ingested at bedtime in doses of up to 20 mg/day.56

β-Antagonist
The β-antagonist propranolol (Innopran XL, Reliant
Pharmaceuticals) was approved by the FDA in 2003 for use in
chronotherapy. Multiple-dose study57 of this capsule medica-
tion shows that its ingestion at bedtime as recommended
results in trough drug concentration toward the latter hours of
nighttime sleep (~4 A.M.) due to the intentional delay of pro-
pranolol release for 4 to 5 hours, peak drug concentration
between 4 and 10 A.M., and an elevated plateau of drug con-
centration in the afternoon and early evening (Figure 51–2, D).
Unpublished findings (Dr. Joel Neutel, Integrium, Tustin, CA,
personal communication) from 24-hour ABPM trials of this
β-antagonist chronotherapy document its potent SBP and
DBP reduction in the morning with persistence of significant
BP-lowering activity for the entire 24-hour dosing interval.

CHRONOPHARMACOLOGY IN THE
BLOOD PRESSURE–LOWERING EFFECTS
OF CONVENTIONAL ONCE-A-DAY
ANTIHYPERTENSIVE MEDICATIONS

Appreciable administration-time differences in the kinetics
(i.e., chronokinetics) of BP-lowering and cardiac medications
are well known.58-62 They result from circadian rhythms in gas-
tric pH and emptying; gastrointestinal motility; biliary function
and circulation; blood flow to the duodenum, liver, and kidney;
and liver enzyme activity, among other factors.63,64 In some
instances it is the chemistry and/or physics of the drug-delivery
system of the tablet and capsule medications that is vulnerable
to circadian influences, while in others it is the chemistry of the
medication that is vulnerable. Clinically relevant administra-
tion-time differences in the beneficial and adverse effects
(termed chronodynamics) of BP-lowering medications are also
known. These result from the chronokinetics of the medica-
tions as well as circadian rhythms in the drug-free fraction,
rate-limiting steps of key metabolic pathways, receptor number
and conformation and/or second messenger dynamics, culmi-
nating in temporal disparities in the concentration-effect rela-
tionship.65 Examples of administration-time differences in the
BP-lowering effects of various types of antihypertensive med-
ications—CCBs, ACEIs, angiotensin receptor blockers (ARBs),
α1-adrenoceptor antagonists, and even aspirin—are presented

in Table 51–1. The dosing time–dependent difference in the BP-
lowering effect of some of these medications is so great that it
merits detailed discussion in the following sections.

Morning vs. Evening Isradipine Therapy
of Nondipper Pattern Hypertension
Nocturnal hypertension, characterized by the loss or even
reversal of the expected 10% to 20% sleep-time BP decline,
increases the risk of cardiovascular and cerebrovascular
events, nephrosclerosis, and progression to ESRD in renal
patients. Nondipper BP patterns are more frequent in hyper-
tension secondary to specific medical conditions, such as
chronic renal failure, diabetes, and autonomic nervous system
dysfunction, than in uncomplicated primary hypertension.
Normalization of the circadian BP rhythm is considered to be
an important clinical goal of pharmacotherapy because it may
slow the advance of renal injury and avert ESRD.66-68

One of us69 explored the relative advantage of evening vs.
morning once-a-day treatment with a conventional sustained-
release isradipine formulation on the nondipping 24-hour
pattern of SBP and DBP in 16 chronic renal failure patients.
Participants were randomized into two groups according to
the order, morning at 8 A.M. vs. evening at 8 P.M., of the 4-
week-long, 5-mg/day isradipine treatment regimen. The 24-
hour pattern of BP was determined by ABPM before and after
each treatment-time schedule. Both isradipine treatment
schedules were equally effective in reducing the mean 24-hour
BP. However, it was the 8 P.M. dosing schedule that best
reduced and normalized nocturnal SBP and DBP.

The findings of this study demonstrate that in nondipping
chronic renal failure patients, an evening, as compared with a
morning, 5-mg/day sustained-release isradipine treatment
schedule is more likely to effectively reduce the 24-hour mean
SBP and DBP and restore the normal nocturnal dipping and
circadian BP patterning.

Low-Dose Aspirin Chronoprevention
of Preeclampsia/Gestational Hypertension
in High-Risk Pregnancy Patients
Several small investigations established that low-dose aspirin
(acetylsalicylic acid [ASA]) is safe to use in pregnancy and sug-
gested that it might reduce the risk of preeclampsia in high-risk
pregnancies. However, several subsequent large randomized
clinical trials, while documenting the safety of low-dose ASA
use in pregnancy, were unable to corroborate its protective
action against preeclampsia.70 Review of the published studies
revealed several potential methodologic flaws. Trials did not
always involve high-risk obstetric patients; low-dose ASA inter-
vention often was not initiated until late in pregnancy, not until
28 to 32 weeks’ gestation; and nowhere in the published articles
was the ingestion time of the daily ASA dose specified.

Hermida et al.70 wondered if the time of drug ingestion
might have significantly affected the outcome of the previous
clinical trials. He and his colleagues conducted a prospective
double-blind, randomized, controlled-trial of the administra-
tion-time–dependent differences in the protective effect of
low-dose ASA initiated early in pregnancy. A total of 341
pregnant (181 primipara) normotensive women, at high risk
of developing gestational hypertension and preeclampsia,
were recruited. These medication-free women were
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Table 51–1 Administration Time Differences in BP-Lowering Effects of Various Antihypertensive Medications

Medication Dosing Times Subjects 
(authors) Dose (mg) (conditions) (no. and type) Differential Rx Time Effect on 24 BP Pattern

Benazepril 10 9 A.M. vs. 9 P.M. 10 EH 9 A.M. dose exerted greater BP-lowering 
(Palatini et al., (single dose) effect. Duration of therapeutic effect short-
1993)86 ened by 5 hours with 9 P.M. dosing.

Ramipril 2.5 8 A.M. vs. 8 P.M. 33 EH 8 P.M. dosing improved nocturnal
(Myburgh et al., (4 weeks) BP-lowering effect.
1995)87

Enalapril 10 7 A.M. vs. 7 P.M. 8 EH 7 A.M. dose significantly reduced 
(Witte et al., (single dose) daytime but not nighttime BP; 7 P.M. dose 
1993)88 exerted stronger BP-lowering overnight and 

morning but had no effect on afternoon BP.

Quinapril 20 8 A.M. vs. 10 P.M. 18 EH No dosing-time difference on daytime
(Palatini et al., (4 weeks) BP; 10 P.M. dosing reduced nocturnal BP
1992)89 more than 8 A.M. dosing.

Perindopril 4 9 A.M. vs. 9 P.M. 18 EH 9 P.M. dosing markedly lowered BP 
(Morgan et al, (4 weeks) (particularly SBP) during nocturnal sleep but 
1997)90 was associated with ~33% shortening of 

SBP and DBP-lowering effect during the 
24-hour dosing interval.

Captopril + HTZ 25/12.5 7–8 A.M. vs. 6–8 P.M. 13 EH Evening dosing resulted in attenu-
(Middeke et al., (3 weeks) ation of daytime BP-lowering. Evening dose 
1991)91 reduced BP during daytime (6 A.M.–6 P.M.) 

equal to that achieved by a q12h dosing 
schedule (equal to twice the dose/24 hours)  
of the combination medication.

Diltiazem Retard 100–200 8 A.M. vs. 7 P.M. 7 EH 8 A.M. dosing better reduced BP during 
(Kohno et al., (3 weeks) nighttime sleep; 8 P.M. dosing exerted greater
1997)92 daytime BP-lowering effect and inhibition of 

morning BP rise.

Isradipine 5 8 A.M. vs. 8 P.M. 16 RP 8 P.M. dosing best lowered both day and 
(Portaluppi et al., (4 weeks) nighttime BP and normalized the non-
1995)69 dipping circadian BP pattern of renal patients.

Cilnidipine ~10 Morning vs. bedtime 13 EH Bedtime, but not morning, dosing signifi-
(Kitahara et al., cantly reduced nocturnal SBP and DBP. 
2004)93 Daytime BP lowering was not dosing-time 

dependent.

Valsartan 160 Morning vs. bedtime 90 EH No dosing-time difference in reduction of 
(Hermida et al., (3 months) 24-hour mean BP. Bedtime dosing best 
2003c)94 normalized nondipper BP patterns.

Doxazosin 4 Morning vs. bedtime 91 EH Morning dosing exerted little nocturnal 
(Hermida et al., (3 months) BP-lowering and had only minor effect on 
2004)95 24-hour mean BP. Bedtime dosing exerted 

full 24-hour BP control and, compared with 
morning dosing, several-fold greater  
reduction in 24-hour mean BP.

Aspirin 100 Morning vs.  174 pregnant Bedtime, but not morning, dosing com-
(Hermida et al., afternoon vs. bedtime women at risk mencing ~12–16 weeks’ gestation reduced 
2003a)70 (~6 months) for preeclampsia the occurrence of preeclampsia, gestational

and gestational hypertension, intrauterine-growth retarda-
hypertension tion, and preterm delivery.

Continued
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randomized to one of six different groups, each composed of
55 to 59 pregnant women, specific to the types of treatment:
placebo or 100 mg ASA and the times of treatment: on awak-
ening in the morning, 8 hours after awakening (lunch), or
before going to bed. BP was assessed every 20 minutes
between 7 A.M. and 11 P.M. and every 30 minutes overnight for
48 hours by ABPM first at the time of recruitment, between 12
to 16 weeks’ gestation, and thereafter at 4-week intervals until
delivery.

The BP-lowering effect of the low-dose ASA was nil and
comparable with the placebo when ingested on awakening. In
contrast, the daily ingestion of ASA in the early afternoon (8
hours after morning awakening) resulted in significantly lower
average 24-hour mean SBP and DBP compared to placebo after
the first month of dosing, with the difference between the two
treatments at the time of the delivery amounting to decreases of
4.4 mm Hg for SBP and 3.5 mm Hg for DBP. The BP-lowering
effect of ASA compared with placebo was strongest when it was
dosed at bedtime; the effect of ASA on the 24-hour mean SBP
and DBP was again apparent after the first month of treatment,
with the difference between the two treatments at the time of
delivery now amounting to decreases of 9.7 mm Hg for SBP
and −6.5 mm Hg for DBP.

The protective effect of the low-dose ASA against preeclamp-
sia, gestational hypertension, intrauterine growth retardation,
and preterm birth varied dramatically according to its time of
ingestion. The incidence of preeclampsia was roughly 12% on
average in the placebo-treated groups. Morning low-dose ASA
was not at all protective (15% incidence), whereas afternoon
and bedtime dosing was very protective (1% incidence).
Gestational hypertension occurred in nearly 30% of the place-
bo-treated women. Morning ASA dosing again exerted little
protection (25% incidence), whereas afternoon (9% incidence)
and bedtime (7% incidence) dosing did protect against gesta-
tional hypertension. Intrauterine growth retardation occurred
in roughly 18% of the placebo-treated women. As before,
morning ASA dosing exerted little protection (16% incidence),
whereas afternoon (7% incidence) and, especially, bedtime (3%
incidence) dosing did protect. Finally, the incidence of preterm
birth was approximately 14% in the placebo-treated women.
Morning low-dose ASA again was not protective (12% inci-
dence), whereas afternoon (3% incidence) and, in particular,
bedtime (0% incidence) dosing was protective.

Morning vs. Evening Low-Dose Aspirin
in Stage 1 Hypertension
Hermida et al.,71 motivated by the findings of the ASA study
of high-risk pregnancies, assessed the potential BP-lowering

effect of conventional low-dose (100 mg/day) ASA tablet ther-
apy in mild hypertension as a function of its ingestion time. A
total of 170 (66 men and 104 women) stage 1 hypertensives
were randomly divided into three groups. One group served
as a control and was prescribed an exercise and diet regimen
(EDR), a second group was prescribed the identical EDR plus
100 mg/day ASA on awakening, and a third group was pre-
scribed the identical EDR plus 100 mg/day ASA at bedtime.
BP was assessed by ABPM for 48 hours, both before and after
3 months of treatment. The 3-month EDR intervention in the
control group had no BP-lowering effect. Moreover, EDR plus
morning low-dose ASA treatment exerted but little BP-
lowering effect; the average decrease in the 24-hour mean SBP
and DSP amounted to only 2.2 and 1.1 mm Hg, respectively.
In contrast, EDR plus bedtime low-dose ASA reduced BP sig-
nificantly; the average decline in the 24-hour mean SBP and
DBP amounted to 7.1 and 4.4 mm Hg, respectively.

The studies by Hermida and colleagues involving low-dose
ASA clearly demonstrate just how important the ingestion
time of medications can be in determining their therapeutic
effects. In the case of low-dose ASA, the dosing time deter-
mined whether it was protective against gestational hyperten-
sion and preeclampsia in high-risk pregnancies and whether
it exerted a meaningful BP-lowering effect in stage 1 hyper-
tension.

DISCUSSION

The concepts of chronopharmacology and chronotherapeu-
tics are not new to clinical medicine. The chronotherapy of
conventional tablet corticosteroid medications, daily or
alternate-day morning prednisone and methylprednisolone
dosing, was introduced in the United States in the 1960s2 and
is still extensively used today. In the 1980s, special drug-deliv-
ery technology made possible the chronotherapy of theo-
phylline (Uniphyl, Purdue Pharma in the United States;
Uniphyllin, Knapp in England/Munipharma in Germany;
Euphylong, Byk Gulden in Germany) to achieve highest drug
concentration during nighttime sleep to avert nocturnal asth-
ma.60 Knowledge of the circadian rhythms in symptom inten-
sity of chronic diseases,4 along with the chronopharmacology
of medications, has been used to optimize conventional once-
a-day H2-receptor antagonists for peptic ulcer disease,72 H1-
receptor antagonists for allergic rhinitis,73 nonsteroid antiin-
flammatory drugs for rheumatoid arthritis and osteoarthritis,74

cholesterol-lowering agents such as simvastatin,75 and even
cancer medications to lessen their toxicity and enhance thera-
peutic outcome.76

Table 51–1 Administration Time Differences in BP-Lowering Effects of Various Antihypertensive Medications—cont’d

Medication Dosing Times Subjects 
(authors) Dose (mg) (conditions) (no. and type) Differential Rx Time Effect on 24 BP Pattern

Aspirin 100 Awakening vs. 50 stage 1 EH Morning dosing had little effect on BP,
(Hermida et al., bedtime (3 months) while bedtime dosing significantly reduced
2003b)71 24-hour mean SBP and DBP by 6 and 4 mm 

Hg, respectively.

EH, essential hypertensive patients; RP, renal (nondialysis) hypertensive patients; BP, blood pressure; SBP, systolic blood pressure;
DBP, diastolic blood pressure.



The chronotherapy of hypertension commenced in 1996
with the introduction of COER–verapamil. Three other
chronotherapies of hypertension (a diltiazem calcium antag-
onist, a propranolol β-antagonist, and another verapamil cal-
cium antagonist) have since been introduced in the United
States. The common features of these four chronotherapies
are bedtime dosing, reliance on unique drug-delivery tech-
nology to retard the dispersal of medication for approxi-
mately 4 to 5 hours following ingestion, graded or slow
release of medication thereafter during a portion of the 24-
hour dosing interval, and drug half-life that makes possible
the progressive stepwise reduction of morning peak blood
level in close synchrony with the expected circadian pattern
of BP in essential hypertension. Improved BP control at the
beginning of daily activity may also benefit from a more
favorable concentration-response relationship in the morn-
ing as compared with other times of the day as exemplified by
the β-antagonist medication propranolol.77 Clinical trials
show that the chronotherapies of hypertension are much
more effective than most conventional medications in atten-
uating both the morning rate of rise and level of BP and are
as effective as most conventional BP formulations in main-
taining BP control throughout the remainder of the 24-hour
dosing interval. Enhancement of morning BP-lowering is
accomplished by incorporating a roughly 4- to 5-hour delay
in drug-release following bedtime ingestion of the
chronotherapy. The equivalent 15% to 20% of the 24-hour
dose that would ordinarily circulate from continuous release
once-a-day conventional formulations during this time span,
when BP is typically lowest in essential hypertension, is redis-
tributed by design to the morning when more aggressive anti-
hypertensive therapy is required to manage expected peak or
near-peak SBP and DBP. Clinical trials show that the four
chronotherapies are well tolerated, perhaps better than the
respective conventional formulations of the same dose when
routinely ingested in the morning as recommended. The
major side effect of the verapamil chronotherapies is dose-
dependent constipation. Bradycardia and heart block with
the verapamil and diltiazem chronotherapies are uncommon,
even with the very highest dose of 540 mg/day. The low inci-
dence of this side effect with these CCB dosage forms may be
related to the purposeful reduction in drug concentration
during the sleep span when heart rate and impulse conduc-
tion through the cardiac tissue are slowest.

The awareness by clinicians of the temporal variation in BP
and potential role of its accelerated rise in the morning as a trig-
ger of cardiovascular events has increased significantly in recent
years.40 Indeed, an unpublished 2002 Gallup poll of 200
American family practitioners (Biovail Pharmaceuticals, per-
sonal communication) found that 99% of them knew that BP
varied during the 24 hours, and 97% believed the temporal
variation resulted, at least to some degree, from circadian
rhythms. The 2002 survey further revealed that the majority of
doctors today believe that highest BP is achieved in the morn-
ing (55%) or afternoon (19%). The survey also found that 88%
of the surveyed clinicians recommended that patients take their
antihypertensive medications at a certain time of day. Most of
those who gave such advice recommended their patients take
antihypertensive medicines either immediately on awakening
(22%) or sometime in the morning (46%). However, studies
show that the dosing of many popular conventional once-a-day
antihypertensive medications immediately on awakening or

later during the morning is too late to optimally attenuate the
peak or near-peak BP at this time of the day; this is especially
true for medications with short half-lives that do not maintain
therapeutic effects for the full 24 hours.47

Even though a majority of doctors recommend that their
hypertensive patients take BP-lowering medications on awak-
ening or later in the morning, the idea of dosing antihyper-
tensive medicines at bedtime is gaining popularity with
American clinicians. At the time of the 2002 Gallup poll,
about 15% of the surveyed American family practitioners
stated they recommended dosing antihypertensive agents at
night, presumably even conventional slow-release once-a-day
drugs. A separate yet unpublished pharmaceutical company-
sponsored Gallup poll of 600 American hypertensive patients
(Biovail Pharmaceuticals, personal communication) found
that, although most people take their BP-lowering medica-
tions on awakening (19%) or sometime in the morning
(64%), an appreciable proportion do so either at night (7%)
or at bedtime (7%). The 18% of patients surveyed who took
antihypertensive medications twice a day stated that they
ingested their second dose of medication either in the after-
noon (9%), in the evening (50%), or at bedtime (27%). Many
doctors and patients are unaware that the effects of certain
antihypertensive medications may differ significantly accord-
ing to the (circadian) time they are ingested, as exemplified
by the entries of Table 51–1 for ACEIs, CCBs, and angiotensin
receptor antagonists. Even low-dose ASA shows dramatic
administration-time–dependent differences in its effect on
the 24-hour BP mean of stage 1 essential hypertensive
patients, and the administration-time–dependent differences
in the effect of low-dose of aspirin in the prevention of
preeclampsia and gestational hypertension of at-risk preg-
nancies are even more dramatic.

Our knowledge of the therapeutic potency and safety of
antihypertensive medications is derived from the conduct of
clinical trials designed and sponsored by pharmaceutical com-
panies. The goal of these trials is to demonstrate to govern-
mental agencies that the therapy in question is effective and
safe for the indication trialed and that it is suitable for mar-
keting to consumers. The labeling instructions regarding the
dose and timing of medications are based on the conditions
and findings of such trials. Generally, once-a-day medications
that are proven to be efficacious and safe are approved and
labeled for the dosing time selected for the clinical trials.
Unless a pharmaceutical company seeks and substantiates its
claim for bedtime labeling, information about the efficacy and
safety of the medication when taken at this time will be
unknown. Adherence to the recommended time of day of dos-
ing on the drug label is seldom appreciated by clinicians and
patients as a crucial attribute of compliance.59

Only a very few conventional medications have been stud-
ied for their therapeutic impact and safety when dosed at
different times of the day.56,78,79 Knowledge of the extent to
which the safety and therapeutic effect of the majority of
conventional once-a-day antihypertensive medications are
affected by ingestion (circadian) time is far too sparse to
support any broadscale practice of bedtime dosing of the
large number of BP-lowering formulations. In fact, noctur-
nal hypotension, perhaps aggravated by the dosing of certain
antihypertensive medications at bedtime, increases the risk
of ischemic ocular disorders in glaucoma patients36 and per-
haps nocturnal stroke.37 Moreover, evening ingestion of
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certain β-adrenoceptor blocker medications, such as
atenolol and propranolol, has been shown to attenuate or
even abolish the nocturnal secretion of melatonin,80-82 a key
component of the circadian clock network. The consequence
of a chronically attenuated or altered circadian rhythm of
melatonin awaits clinical assessment.

Sander and Klingelhofer83 using conventional medications
showed that drug-induced normalization of the pathologic
circadian BP profile of patients with hemodynamic brain
infarction resulted in progressive recovery of the blood-brain
barrier. In addition, several endpoint studies document that
normalization of the nondipping circadian BP rhythm of
hypertensive patients may slow the advance of renal injury
and avert ESRD.66-68 Numerous clinical trials of the marketed
chronotherapies of hypertension clearly document their
improved control of morning SBP and DBP without compro-
mise of BP control throughout the remainder of the 24-hour
dosing interval. Moreover, COER–verapamil and long-acting
diltiazem, which are approved for the management of chron-
ic stable angina pectoris, evidence enhanced control of coro-
nary ischemia in the morning—when it is most common—
without loss of effect during the remainder of the 24
hours.41,42,55 Yet at present there are no data to substantiate the
hypothesis that these special chronotherapeutic formulations
are more effective than conventional ones in the prevention of
cardiovascular events in at risk patients.

The first proposed large-scale assessment of verapamil
chronotherapy was the 5-year international multicenter
(Controlled Onset Verapamil INvestigation of Cardiovascular
Endpoints: CONVINCE) trial involving 15,000 hypertensive
patients with identified cardiovascular risk. This trial was
designed to compare the degree of BP control and protection
against cardiovascular events afforded by a regimen of con-
ventional β-blocker and diuretic medications vs. the
COER–verapamil chronotherapy.84 This community-based
outcomes study was terminated prematurely not because of
inadequate performance of the chronotherapy, but because of
financial and corporate considerations of the pharmaceutical
company that acquired the rights to the medication. Because
the trial was terminated early, there were far too few cardio-
vascular events to carry out a valid scientific assessment of the
advantage, if any, of verapamil chronotherapy in hyperten-
sion.85 Thus, the relative merit of chronotherapy vs. conven-
tional therapy in preventing cardiovascular events remains
unresolved. The great majority of doctors, pharmacists, and
public health officials have misinterpreted the premature ter-
mination of the CONVINCE trial and lack of significant dif-
ferences in cardiovascular events between the trialed medica-
tions as evidence against the utility of chronotherapeutics in
hypertension. Obviously, well-designed future trials are
required to gauge the merit of the chronotherapy of hyper-
tension in reducing the risk of morning cardiovascular acci-
dents and improving patient quality of life.
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This chapter provides perspective about identifying and treat-
ing patients with diabetes mellitus and the cardiovascular
metabolic syndrome. Most patients are diagnosed late in the
course of disease, which creates substantial difficulties in
managing their cardiovascular disease (CVD) burden. This
often requires multiple medications and complex medical
care requirements. We need better screening tests to recognize
higher-risk patients sooner so that prevention strategies can
be optimized. It is likely that this will be the most cost-
effective approach.

Our chapter is laid out in three parts. First, we define the
problem and address the epidemiologic factors that are
involved. Next, we focus on risk stratification and look at the
individual factors that contribute to total risk. We conclude
with a section focused on strategies to curb cardiovascular
and renal disease risks in these patients.

DEFINITIONS

Diabetes Mellitus
In January 2004, the Expert Committee on the Diagnosis and
Classification of Diabetes Mellitus of the American Diabetes
Association (ADA) published a set of practice recommenda-
tions, including criteria for the diagnosis of diabetes mellitus
modified from those previously recommended by the World
Health Organization (WHO) (Box 52–1). These revised crite-
ria are symptoms of diabetes plus random plasma glucose
(PG) concentration ≥200 mg/dl (classic symptoms of diabetes
include polyuria, polydipsia, and unexplained weight loss);
fasting plasma glucose (FPG) ≥110 mg/dl, with fasting defined

as no caloric intake for at least 8 hours; or 2-hour PG ≥200
mg/dl during an oral glucose tolerance test (OGTT) per-
formed using a glucose load containing the equivalent of 75-g
anhydrous glucose dissolved in water. The Committee did not
recommend the OGTT for routine clinical use, however. In
the absence of unequivocal hyperglycemia with acute meta-
bolic decompensation, these criteria should be confirmed by
repeat testing on a different day.

The Expert Committee also identified an intermediate
group of persons whose glucose levels, although not meeting
criteria for diabetes, are nevertheless too high to be considered
altogether normal. This group is defined as having impaired
fasting glucose with FPG levels ≥110 mg/dl but <126 mg/dl or
impaired glucose tolerance with 2-hour values on OGTT of
≥140 mg/dl but <200 mg/dl.1

Type 1 diabetes comprises approximately 10% of all cases of
diabetes and its hallmark is total dependence on exogenous
insulin for survival. Type 2 diabetes comprises 90% of all peo-
ple with diabetes and is characterized by insulinopenia and/or
insulin resistance.

The Metabolic Syndrome
The metabolic syndrome, originally described by Reaven in
1988 (see Chapter 13), refers to a clustering of several com-
ponent disorders, at the center of which lay central obesity
and insulin resistance. Two definitions have been proposed:
one by the National Cholesterol Education Program’s Third
Report of the Expert Panel on the Detection, Evaluation and
Treatment of High Blood Cholesterol in Adults (NCEP-ATP
III) and another by the WHO (Table 52–1). The clinical spec-
trum of this syndrome has been defined by the NCEP-ATP III
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to include abdominal obesity defined by a waist circumfer-
ence >102 cm or 40 inches in men and >88 cm or 35 inches
in women, androgenic dyslipidemia reflected by an elevated
triglyceride level >150 mg/dl, small low-density lipoprotein
(LDL) particles or low high-density lipoprotein (HDL) cho-
lesterol level (<40 mg/dl in men and <50 mg/dl in women),
raised blood pressure (BP) >130/85 mm Hg, insulin resist-
ance with or without glucose intolerance or fasting blood
sugar >110 mg/dl, and prothrombotic and proinflammatory
states.2 The WHO defines the metabolic syndrome as either

impaired glucose tolerance or diabetes or an FPG >110
mg/dl, hyperinsulinemia or insulin resistance plus at least
two other components: hypertension defined by an arterial
BP >140/90 mm Hg or the administration of antihyperten-
sive drugs; dyslipidemia defined as a serum triglyceride >150
mg/dl or an HDL cholesterol <35 mg/dl in men or <39 mg/dl
in women; abdominal central obesity defined by a waist:hip
ratio >0.90 in men or >0.85 in women or a waist circumfer-
ence >94 cm or 37 inches or a body mass index (BMI) >30
kg/m2; or microalbuminuria >20 μg/min or an albumin:cre-
atinine ratio >30 mg/g.3

This constellation of metabolic disorders makes the affect-
ed individual highly prone to develop CVD, including coro-
nary heart disease (CHD), cerebrovascular disease, and
peripheral vascular disease, and hence the nomenclature has
been appropriately expanded to “the cardiovascular metabolic
syndrome.” In the NHANES III (Third National Health and
Nutrition Examination Survey 1988-1994) data set, the car-
diovascular metabolic syndrome has also been linked to an
increased risk for both microalbuminuria and chronic kidney
disease (CKD; estimated GFR <60 ml/min/1.73 m2).4

EPIDEMIOLOGY 

Diabetes Mellitus
The prevalence of diabetes has been rising over the past few
decades.5,6 NHANES III (1988-1994) data from a subsample of
6587 adults, 20 years of age or older, for whom FPG values
were obtained, and a subsample of 2844 adults between 40 and
74 years of age who received an OGTT, demonstrated that the
prevalence of diagnosed diabetes was estimated to be 5.1%
(10.2 million people). Using ADA criteria, the prevalence of
undiagnosed diabetes (FPG ≥126 mg/dl) was 2.7% (5.4 mil-
lion), and the prevalence of impaired fasting glucose (110-125

544 Comorbid Conditions and Special Populations in Hypertension

Box 52–1 Criteria for the Diagnosis of Diabetes Mellitus*

1. Symptoms of diabetes plus casual plasma glucose
concentration ≥200 mg/dl (11.1 mmol/L). Casual is
defined as any time of day without regard to time
since last meal. The classic symptoms of diabetes
include polyuria, polydipsia, and unexplained
weight loss.

or
2. FPG ≥126 mg/dl (7.0 mmol/L). Fasting is defined

as no caloric intake for at least 8 hours.
or

3. 2-hour postload glucose ≥200 mg/dl (11.1 mmol/L)
during an OGTT. The test should be performed as
described by WHO, using a glucose load
containing the equivalent of 75-g anhydrous glucose
dissolved in water.

Adapted with permission from Expert Committee on the
Diagnosis and Classification of Diabetes Mellitus. American
Diabetes Association: Clinical practice recommendations 2004.
Diabetes Care 27:S5-S10, 2004.
*In the absence of unequivocal hyperglycemia, these criteria
should be confirmed by repeat testing on a different day. The
third measure (OGTT) is not recommended for routine clinical use.

Table 52–1 Clinical Identification of the Cardiovascular Metabolic Syndrome

Risk Factor Defining Level

Abdominal obesity* (waist circumference)†

Men >102 cm (>40 in)
Women >88 cm (>35 in)

Triglycerides ≥150 mg/dl

High-density lipoprotein cholesterol <40 mg/dl
Men <50 mg/dl
Women

Blood pressure ≥130/≥85 mm Hg

Fasting glucose ≥110 mg/dl

Adapted with permission from Expert Panel on Detection, Evaluation, and Treatment of High Blood Cholesterol in Adults. Executive
Summary of the Third Report of The National Cholesterol Education Program (NCEP) Expert Panel on Detection, Evaluation, and
Treatment of High Blood Cholesterol In Adults (Adult Treatment Panel III). JAMA 285(19):2486-2497, 2001.
*Overweight and obesity are associated with insulin resistance and the cardiovascular metabolic syndrome. However, the presence of
abdominal obesity is more highly correlated with the metabolic risk factors than is an elevated body mass index (BMI). Therefore, the
simple measure of waist circumference is recommended to identify the body weight component of the syndrome.
†Some male patients can develop multiple metabolic risk factors when the waist circumference is only marginally increased (e.g., 
94-102 cm [37-40 inches]. Such patients may have strong genetic contribution to insulin resistance and they should benefit from
changes in life habits, similarly to men with categorical increases in waist circumference.



mg/dl) was 6.9% (13.4 million). Based on ADA criteria, the
prevalence of diabetes (diagnosed plus undiagnosed) in the
total population 40 to 74 years of age increased from 8.9% in
the period 1976-1980 to 12.3% by 1988-1994. A similar
increase from 11.4% and 14.3% was found when WHO crite-
ria were applied.6

The National Diabetes Clearing House estimates that 16.9
million or 8.6% of adults, 20 years of age or older, have dia-
betes, and the prevalence increases among adults, age 65 years
or older, to 7 million or 20.1%.7

Cardiovascular Metabolic Syndrome
Several analyses of data from the NHANES III data set pro-
vide insight into the magnitude of the problem presented by
the cardiovascular metabolic syndrome. With the adoption
of the NCEP-ATP III definition, analysis of data from 8814
men and women aged 20 years or older estimated the unad-
justed and age-adjusted prevalences of the syndrome to be
21.8% and 23.7%, respectively. The syndrome was more
prevalent among Mexican Americans (31.9%) and the
prevalence seemed to increase proportionally with age.
Prevalence of the cardiovascular metabolic syndrome
increased from 6.7% among participants aged 20 through 29
years to 43.5% and 42.0% for participants aged 60 through
69 years and aged at least 70 years, respectively. Using 2000
census data, about 47 million U.S. residents have the cardio-
vascular metabolic syndrome.8 Another analysis adopting
the NCEP-ATP III definition evaluated 3305 Black, 3477
Mexican American, and 5581 white men and women aged 20
years and older and revealed a prevalence of 22.8% and
22.6% of U.S. men and women, respectively. Similarly, the
age-specific prevalence was highest in Mexican Americans
and lowest in Blacks of both sexes.9 In a third analyses of
data from 8608 participants aged 20 years or older, the age-
adjusted prevalence overall was 23.9% using the NCEP-ATP
III definition and 25.1% using the WHO definition.
Estimates differed substantially for some subgroups; for
example, in African American men, the WHO estimate was
24.9%, compared with the ATP III estimate of 16.5%.10

Comorbid Conditions: Obesity
and Overweight
The epidemic of obesity and overweight is one of the most
alarming health disorders in the United States and the
Western hemisphere today. Obesity and overweight may be
assessed by BMI, waist circumference, or waist:hip ratio. The
Clinical Guidelines on the Identification, Evaluation, and
Treatment of Overweight and Obesity in Adults recommend
that waist circumference be measured and compared with sex-
specific cutoffs (>102 cm or 40 inches in men and >88 cm or
35 inches in women) in adults with a BMI between 25 and
34.9 kg/m2.11

The prevalence of obesity and overweight was evaluated
in the NHANES among 4115 adult men and women
recruited in 1999 and 2000. The age-adjusted prevalence of
obesity was 30.5% in NHANES compared with 22.9% in
NHANES III (1988-1994); the prevalence of overweight also
increased during this period from 55.9% to 64.5%, and
extreme obesity (BMI ≥40) also increased from 2.9% to
4.7%. Such an increase occurred in both sexes, all age

groups, and all racial and ethnic groups. Among women, the
prevalences of obesity and overweight were highest among
non-Hispanic Black women, with more than half of those
aged 40 years or older being obese and more than 80%
overweight.12

Comorbid Conditions: Hypertension
It has been estimated that 24% of the U.S. adult population,
representing 43.186 million persons, had hypertension, based
on NHANES III data (1988-1994) from 9901 participants 18
years of age and older.13 The prevalence of hypertension is ris-
ing, as subsequent data showed an increase in age-adjusted
hypertension prevalence among NHANES participants (1999-
2000) to 28.7%.14

High BP is more prevalent in the diabetic population. In
fact, 100% of diabetic patients that progress to end-stage renal
disease (ESRD) are hypertensive; 55% of diabetics are not
controlled to a goal of <140/90 mm Hg; and only 12%
patients are controlled to <130/85.15 Even fewer diabetics
reach the ADA recommended goal of 130/80 mm Hg.16

Comorbid Conditions: Dyslipidemia
Similarly, dyslipidemia tends to be more prevalent in the dia-
betic population and in patients with the cardiovascular meta-
bolic syndrome.

RISK STRATIFICATION

It should be emphasized that the presence of one of these
components of the syndrome almost always puts the patient
at a higher risk for clustering of the other components, the
end result being that these disorders individually or interac-
tively affect cardiovascular and renal outcomes. In fact, the
risk of these disorders is additive if not synergistic. Based on
this and on the evidence to be presented, it is essential that all
affected patients, be it with diabetes mellitus or the cardiovas-
cular metabolic syndrome, must be stratified in the highest
risk category for cardiovascular and renal disease.

Diabetes Mellitus, Impaired Glucose
Tolerance, Hyperinsulinemia, and Insulin
Resistance
Diabetes mellitus is an established independent risk factor
for microvascular disease and macrovascular disease, name-
ly CVD. The presence of diabetes mellitus or the cardiovas-
cular metabolic syndrome in a patient enhances the risk of
thrombotic events and atherosclerosis, especially in the
coronary arteries, and is associated with endothelial dys-
function, both of which may contribute to myocardial
ischemia. CVD is the leading cause of mortality in diabetic
persons. A diabetic person has at least a twofold to fourfold
higher risk for a cardiovascular event than an age-matched
nondiabetic subject, and if he or she does have an event, will
fare worse. CVD is ominous in this population for being
premature, more extensive, and diffuse at time of diagnosis
and carries a higher mortality and morbidity after a
myocardial infarction (MI) than age-matched controls.17

Consequently, diabetes is considered a CVD-equivalent.
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However, a definite causal relationship between diabetes
mellitus and macrovascular disease or CVD has not been
fully elucidated in major clinical trials, that is, the Diabetes
Control and Complications Trial (DCCT) and the United
Kingdom Prospective Diabetes Study (UKPDS).

The ADA and the American College of Cardiology pub-
lished a Consensus Development Conference Report, includ-
ing indications for cardiac testing in diabetic subjects and
choosing the most appropriate test to detect CVD in each
individual patient (Figures 52–1 and 52–2). They added that
the presence of autonomic cardiac dysfunction in a patient,
aged more than 35 years, with diabetes for more than 25 years
warrants cardiac testing.17

Hyperinsulinemia, often viewed as a surrogate of insulin
resistance, is also an independent risk factor for CHD in
patients with diabetes mellitus,18-27 as well as an independent
risk factor and predictor of the development of type 2 diabetes
mellitus and hypertension.18,21

Similarly, diabetes mellitus (both type 1 and 2) is an estab-
lished risk factor for microvascular complications, including
renal disease.28,29 In fact, diabetes mellitus is the major cause
of ESRD in the United States.30 The incidence of ESRD would
increase at an even greater rate were not the competing haz-
ards of CVD and stroke causing mortality in these patients.
Furthermore, as mentioned earlier, the majority of patients
with diabetes have hypertension as an important contributing
factor to the progression of their kidney and heart disease.

Obese or Overweight Patient
Insulin resistance, hyperinsulinemia, diabetes mellitus, hyper-
tension, and dyslipidemia are all much more prevalent in per-
sons with central obesity than in nonobese subjects. Obesity
causes cardiac and vascular disease through hypertension,
type 2 diabetes, and dyslipidemia; furthermore, obesity is an
independent predictor of cardiovascular risk factors, morbid-
ity, and mortality.31-34 Other contributing factors to this
increased risk may include mediators of chronic inflamma-
tion and hypercoagulation.

Obesity is a cause as well as a consequence of abnormal
kidney function (see Chapter 44). In the obese patient, there
is an increase in renal tubular sodium reabsorption, resulting
in volume expansion, elevated arterial pressure, and a hyper-
tensive shift of pressure natriuresis associated with activa-
tion of the renin-angiotensin and sympathetic nervous sys-
tems, as well as physical compression of the kidneys due to
accumulation of intrarenal fat and extracellular matrix.35

With time, glomerular hyperfiltration and increased arterial
pressure increase glomerular capillary wall stress, which
along with activation of neurohumoral systems and obesity-
associated dyslipidemia and glucose intolerance, cause
glomerular cell proliferation and matrix accumulation, with
the end result of glomerulosclerosis and loss of nephron
function in the early phases of obesity. This creates a slowly
developing vicious cycle that requires additional increases in
arterial pressure to maintain sodium balance and therefore
makes effective antihypertensive therapy more difficult.35

Elevated circulating leptin levels may play a role in the sym-
pathetic activation. Elevation in leptin was also associated
with impaired vascular function in healthy adolescents,
independent of the metabolic and inflammatory distur-
bances associated with obesity.36 In addition, obesity increas-
es the risk of renal cancer and is a known cause of protein-
uria, focal segmental glomerulosclerosis and occult diabetic
nephropathy.37

Hypertension
The Seventh Report of the Joint National Committee on
Prevention, Detection, Evaluation, and Treatment of High
Blood Pressure (JNC 7) recommends a goal BP in patients
with diabetes mellitus or CKD of less than 130/80 mm Hg.38

In the diabetic population, hypertension increases the risk and
accelerates the progression of CHD, left ventricular hypertro-
phy (LVH), congestive heart failure (CHF), cerebrovascular
disease, peripheral vascular disease, and kidney disease.
Studies in animal models reveal that hyperinsulinemia and
hyperleptinemia occur concurrently in obese subjects, and
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Atypical chest pain
with normal ECG

Unstable or moderately severe angina
or

Mild angina and MI
or

Clear ischemia on ECG
or

Mild angina and CHF

Mild angina and normal
or near-normal ECG

or
Atypical angina

baseline ECG abnormality

Cardiology referral and
possible catheterization

Stress perfusion imaging
or

Stress echo

Exercise stress test unless
patient has multiple risk

factors,* then stress imaging

FFigure 52–1 Cardiac testing of the symptomatic diabetic patient. In patients with diabetes and symptoms that are either
clearly related to ischemia or atypical in nature but suspected to be of cardiac origin, testing can be undertaken using this
algorithm.*A multiple risk factor patient is defined as an individual with two or more risk factors. MI, myocardial infarction;
ECG, electrocardiogram; CHF, congestive heart failure. (Adapted from Consensus Development Conference on the Diagnosis
of Coronary Heart Disease in People with Diabetes: 10-11 February 1998, Miami, Florida. American Diabetes Association.
Diabetes Care 21:1551-1559, 1998.)



both have been suggested to mediate increased BP associated
with excess weight gain.39

There is a clear relationship between higher levels of BP
and increased cardiovascular morbidity and mortality in the
general population.40-42 Epidemiologic studies demonstrate
clearly that increasing systolic BP (SBP) and diastolic BP
(DBP) correlate with increasing cardiovascular morbidity
and mortality for the first 50 years of life with no evidence of
any “threshold” below which lower levels were not associated
with lower risks of stroke and of CHD. These results suggest
that for the large majority of individuals, a lower BP should
eventually confer a lower risk of vascular disease.43 However,
after 50 years of age, SBP is a more valid measure of cardio-
vascular risk; wider pulse pressure associated with higher SBP
correlates well with cardiovascular morbidity and mortali-
ty40-42 (see Chapters 3 and 22). Similarly, data from the
Framingham Risk Study indicate that there is a graded rela-
tionship between BP and cardiovascular events, which
extends below the traditional hypertensive threshold. Persons
with SBP <120 mm Hg had fewer cardiovascular events than
their counterparts with SBP of 120 to 129 or 130 to 139 mm
Hg.44 Although these are observational and not intervention-
al studies, they do suggest that lower BP goals may be advan-
tageous. This is likely the case in patients with more cardio-
vascular risk factors, such as diabetics.

Hypertension is both a cause and a consequence of renal
disease. BP elevation is a strong independent risk factor for
ESRD as has been shown by several trials.45,46 Hypertension is
the second most common cause of ESRD in the United States
and the most common in the African American population.30

In fact, results from the Multiple Risk Factor Intervention
Trial (MRFIT) showed that the increase in risk for ESRD
associated with higher BP was graded and continuous
throughout the distribution of BP readings above the optimal
level.45 This raises some question about what are optimal BP
goals in the diabetic. Schrier et al.47 reported a 5-year
prospective, randomized controlled trial of 480 “normoten-
sive” type 2 diabetic patients. Compared with a group with

mean BP controlled to 137/81 mm Hg, patients with inten-
sive BP control of 128/75 mm Hg had not only slowed pro-
gression from normoalbuminuria to microalbuminuria, and
microalbuminuria to overt albuminuria, but also decreased
their risk for stroke and progression of retinopathy. In a study
by Viberti et al.,48 a modest 4/2–mm Hg reduction of BP with
angiotensin-converting enzyme (ACE) inhibitor therapy in
type 1 and type 2 diabetics with a baseline BP of 124/77 mm
Hg resulted in a 50% reduction in progression from microal-
buminuria to clinical proteinuria.48,49

Microalbuminuria or Macroalbuminuria
Microalbuminuria is defined >30 mg but <300 mg albumin
excreted per 24 hours (Table 52–2). The presence of microal-
buminuria is the most important factor in predicting progres-
sion to macroalbuminuria or overt nephropathy in both
type 1 and type 2 diabetics.50-52 Microalbuminuria is also pre-
dictive of cardiovascular mortality in both diabetic and non-
diabetic populations.50,53-55

To screen for microalbuminuria, a spot urine albumin:cre-
atinine ratio is preferred due to its simplicity and reduced
probability of collection error compared with timed urine
specimens.56-58 However, it should be noted that as a screen-
ing test, it is a poor predictor of quantitative albuminuria,
and has a higher false-positive rate in older populations.
Repetitive measurements (at least three) of first morning
void urines provide a more accurate assessment. The ratio of
albumin to creatinine in a spot or timed-urine collection can
be helpful for quantifying 24-hour urine albumin excretion,
because the creatinine output in the urine on a daily basis
remains relatively constant.

Microalbuminuria may ultimately prove to be one of the
most important risk factors for predicting cardiovascular
events in both diabetic and nondiabetic patients. This has
certainly been demonstrated to be the case in the Heart
Outcomes Prevention Evaluation (HOPE) study (Fig-
ure 52–3).59
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1 or fewer risk factors
and normal ECG

MI or ischemia on ECG
or

AbnormaI ECG but not clear ischemia

Cerebral/peripheral vascular disease
or

Beginning vigorous exercise program
or

Minor ST-T wave changes on ECG
or

2 or more risk factors

Routine follow-upStress perfusion imaging
or

Stress echo

Exercise stress test
(if not limited by baseline ECG

abnormality or inability to exercise)

FFigure 52–2 Cardiac testing of the asymptomatic diabetic patient. Asymptomatic patients with diabetes and one or fewer risk
factors and a normal ECG do not require cardiac testing. Patients with two or more risk factors or those beginning a vigorous
exercise program should have an exercise stress test. In patients with clear or suggestive evidence of ischemia or myocardial
infarction (MI) on ECG, stress perfusion imaging or stress echo should be used. If expertise with both modalities is available,
perfusion imaging would be preferred. MI, myocardial infarction; ECG, electrocardiogram. (Adapted from Consensus
Development Conference on the Diagnosis of Coronary Heart Disease in People with Diabetes: 10-11 February 1998, Miami,
Florida. American Diabetes Association. Diabetes Care 21:1551-1559, 1998.)



Dyslipidemia
NCEP-ATP III recommends that diabetes mellitus should be
considered a CHD risk equivalent, for risk factor manage-
ment. The Expert Panel recommended the treatment of LDL
cholesterol in patients with diabetes mellitus to levels
<100 mg/dl.2

In type 2 diabetes, the most characteristic pattern of dys-
lipidemia is elevated triglycerides and decreased HDL choles-
terol levels, although all lipoproteins have compositional
abnormalities. Surprisingly few good prospective studies of
lipoprotein levels in relation to CHD have been performed in
diabetic subjects. Available observational studies suggest that
low HDL cholesterol may be the most important risk factor
for CHD. In studies in which total cholesterol and triglyc-
erides were measured, both were risk factors for CHD, with
triglycerides often a stronger predictor. The strength of
triglycerides as a risk factor for CHD may depend partially on
their association with other variables (e.g., hypertension and
plasminogen activator inhibitor 1 [PAI-1]).60

Experimental evidence suggests that lipid abnormalities
may contribute to the progression of kidney disease. In
humans, there is limited clinical trial evidence for this
hypothesis.61

STRATEGIES TO REDUCE
CARDIOVASCULAR RISK 

Having established that all patients with diabetes mellitus or
the cardiovascular metabolic syndrome are at highest risk for
cardiovascular and renal events, it is imperative to devise pre-
ventive and therapeutic strategies to reduce such events and
disease progression in this patient population.

Nonpharmacologic Interventions:
Dietary Modification
Dietary modification in the diabetic population should
include reductions in carbohydrates, in salt for those with asso-
ciated hypertension, and in fat for those with dyslipidemia.

Nonpharmacologic Interventions:
Physical Activity and Weight Loss
Over the past few decades, there have been trends in the gen-
eral population towards more sedentary lifestyles. This has
contributed to the epidemic of obesity and the cardiovascular
metabolic syndrome. Initiation of a graded exercise program
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Table 52–2 Definitions of Abnormalities in Albumin Excretion

Spot Specimen 24-Hour Specimen Timed Collection 
Category (mg/g creatinine) (mg/24 hour) (mg/min)

Normal <30 <30 <20
Microalbuminuria 30-300 30-300 20-200
Clinical albuminuria >300 >300 >200

*Because of variability in urinary albumin excretion, two of three specimens collected over a 3- to 6-month peri-
od should be abnormal before considering a patient to have crossed these diagnostic thresholds. Exercise within
24 hours, infection, fever, congestive heart failure, marked hyperglycemia, marked hypertension, pyuria, and
hematuria may elevate urinary albumin excretion over baseline values.
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FFigure 52–3 Cardiovascular events by the
degree of albuminuria in the HOPE study. (From
Gerstein HC, Mann JF, Yi Q, et al. Albuminuria
and risk of cardiovascular events, death, and
heart failure in diabetic and nondiabetic
individuals. JAMA 286:421-426, 2001.)



is highly recommended.62,63 However, in diabetic patients,
aged 35 years or older, who have been previously sedentary, it
is recommended that cardiac testing be performed prior to
initiation of a vigorous exercise program.17

Nonpharmacologic Interventions:
Tobacco Cessation
Tobacco use is an established independent risk factor for
cardiovascular morbidity and mortality in all patients.
Furthermore, there is evidence from several clinical trials of an
enhanced risk for microvascular and macrovascular disease, as
well as premature mortality from the combination of smoking
and diabetes. Patients with diabetes should be continuously
counseled about smoking cessation, the combined risks of
smoking and diabetes for morbidity and mortality; and the
proven efficacy and cost-effectiveness of cessation strategies.64

Pharmacologic Interventions: Aspirin
Therapy
Atherosclerosis and vascular thrombosis are major contribu-
tors to cardiovascular morbidity and mortality in patients
with diabetes and the cardiovascular metabolic syndrome.
Aspirin blocks the synthesis of thromboxane, a potent vaso-
constrictor and platelet aggregant, by acetylating platelet
cyclooxygenase. The Early Treatment Diabetic Retinopathy
Study (ETDRS) proved the safety of aspirin use in the diabet-
ic population.65 The ADA published a Position Statement on
Aspirin Use in Diabetes recommending enteric-coated aspirin
in doses of 81 to 325 mg/day as a secondary prevention strat-
egy in diabetics with evidence of large vessel disease, such as a
history of MI, vascular bypass procedure, stroke or transient
ischemic attack, peripheral vascular disease, claudication, or
angina. Aspirin therapy should also be utilized for primary
prevention in high-risk diabetic patients with a family history
of CHD, cigarette smoking, hypertension, obesity defined by
>120% desirable weight or a BMI >27.3 kg/m2 in women or
>27.8 kg/m2 in men, microalbuminuria or macroalbumin-
uria, total cholesterol >200 mg/dl, LDL cholesterol ≥100
mg/dl, HDL cholesterol <45 mg/dl in men and <55 mg/dl in
women, triglycerides >200 mg/dl, and age >30 years.66,67

Pharmacologic Interventions: Glycemic
Control
Atherosclerosis occurs earlier in people with diabetes than it
does in those without elevated blood glucose levels. In the
Diabetes Control and Complications Trial (DCCT), 1441
patients with type 1 diabetes were randomized to either stan-
dard or intensive care. Mean follow-up was 6.5 years. The
intensive treatment group achieved a mean hemoglobin A1c
(HbA1c) of approximately 7%, whereas the standard care
group maintained an approximate HbA1c of 9%. Improved
glycemic control was associated with reduced cardiovascular
events, but the difference was not statistically significant.
However, this may be because the population studied consist-
ed of young adults and therefore the event rate was very low.28

The UKPDS, which recruited 5102 patients with newly
diagnosed type 2 diabetes between 1977 and 1991 and followed
them for an average of 10 years, showed no increase in cardio-
vascular events or death with either insulin or sulfonylurea

drugs, despite the fact that both agents led to greater weight
gain and higher plasma insulin levels than conventional treat-
ment. The UKPDS showed strong associations between better
blood glucose control and lower risk of CVD morbidity and
mortality, but no statistically significant effect of lowering
blood glucose on cardiovascular complications. There was a
16% reduction (not statistically significant, p = .052) in the risk
of combined fatal or nonfatal MI and sudden death in the
intensively treated group and a continuous association
between the risk of cardiovascular complications and
glycemia, such that for every percentage point decrease in
HbAlc, there was a 25% reduction in diabetes-related deaths, a
7% reduction in all-cause mortality, and an 18% reduction in
combined fatal and nonfatal MI.29

In obese patients with diabetes mellitus type 2, the UKPDS
has shown that initial single-agent intensive therapy with met-
formin results in a risk reduction of combined diabetes-
related endpoints, diabetes-related deaths, all-cause deaths,
and MI by about one third when compared with the conven-
tionally treated patients. This risk reduction rate was statisti-
cally significant. Metformin was notably associated with an
absence of weight gain.68

In the Diabetes Mellitus Insulin-Glucose Infusion Acute
Myocardial Infarction (DIGAMI) study, 620 diabetic
patients with acute MI were randomized to receive insulin-
glucose infusion followed by multidose subcutaneous
insulin for at least 3 months, and 314 to conventional thera-
py. After 1 year, the group that received insulin-glucose infu-
sion followed by a multidose insulin regimen had a 29%
reduction in mortality.69

In conclusion, both the DCCT and the UKPDS showed
trends in reducing the risk of cardiovascular events with bet-
ter glycemic control, but these trends were not statistically sig-
nificant. Neither study proved definitively that intensive ther-
apy, which lowered blood glucose levels, reduced the risk of
cardiovascular complications compared with conventional
therapy. Thus, the role of hyperglycemia in cardiovascular
complications of diabetes is still unclear.

Pharmacologic Interventions: Blood
Pressure Control
The UKPDS showed that in the “tight blood pressure control
group,” lowering BP to a mean of 144/82 mm Hg significant-
ly reduced stroke, diabetes-related death, and heart failure,
and there was a continuous relationship between the risk of
such outcomes and SBP (i.e., there was no evidence of a
threshold for these complications above an SBP of 130 mm
Hg). However, the risk reduction rate seen in MI (21%) was
not statistically significant.70

The UKPDS also compared antihypertensive treatment
with an ACE inhibitor to that with a β-blocker. Both drugs
were equally effective in lowering BP, although patients on β-
blockers had slightly better BP control (a 1–mm Hg systolic
and 2–mm Hg diastolic improvement). Neither drug was
superior to the other in any outcome measured, including
diabetes-related death, MI, and all microvascular endpoints.
Also, there were no significant differences in microalbumin-
uria or proteinuria (p = .09 for microalbuminuria to
microalbuminuria for captopril vs. β-blocker). However,
because of the low prevalence of nephropathy in the popula-
tion studied, it is unclear whether there were sufficient events

549Diabetes Mellitus and the Cardiovascular Metabolic Syndrome



to observe a protective effect of either drug on the progres-
sion of nephropathy. We conclude that both drugs used to
reduce BP are equally effective and safe, and that either can be
used with great benefit to treat uncomplicated hypertension
in patients with type 2 diabetes. Both conventionally and
intensively treated blood glucose study patients had equal
benefit from BP lowering. Likewise, the tightly and less tight-
ly controlled BP study patients had equal benefit from blood
glucose lowering.71

In the Captopril Prevention Project (CAPPP) subanalysis,
captopril was found to be superior to a diuretic/β-blocker
antihypertensive treatment regimen in preventing cardiovas-
cular events in hypertensive diabetic patients.72 Similar results
have been observed in the Reduction of Endpoints in NIDDM
with the Angiotensin II Antagonist Losartan (RENAAL) study,
which included 1513 type 2 diabetic patients with early renal
insufficiency and macroalbuminuria. Compared with place-
bo, the angiotensin receptor blocker (ARB) losartan was
shown to reduce new onset CHF, with a statistically insignifi-
cant trend for reducing MI.73 A meta-analysis of the data from
the IRMA-2 (IRbesartan MicroAlbuminuria Type II Diabetes
in Hypertensive Patients), IDNT (Irbesartan Diabetic
Nephropathy Trial), and RENAAL trials demonstrated that
ARB-based therapy provided a 15% risk reduction (p = .03)
for cardiovascular events in type 2 diabetics compared with
conventional antihypertensive therapy despite equal BP
reduction.74 Overall, these studies suggest that using a renin-
angiotensin-aldosterone system (RAAS) blocking drug as part
of an effective antihypertensive regimen in type 2 diabetics
provides more cardiovascular risk reduction than a non-
RAAS blocker–based medical regimen.

Using an ACE inhibitor or an ARB as part of the antihyper-
tensive regimen clearly provides a distinct advantage for pre-
venting progression of cardiovascular or renal disease, partic-
ularly in diabetics. However, it is important to remember that
most patients will require multiple drugs for BP control, and
that strong data support the use of thiazide diuretics to reduce
cardiovascular events in diabetics in both the Systolic
Hypertension in the Elderly Program (SHEP) and the
Antihypertensive and Lipid-Lowering Treatment to Prevent
Heart Attack Trial (ALLHAT).75,76 The reality is, most diabet-
ic hypertensive patients will likely require anywhere from two
to five drugs to achieve a SBP goal of 130 mm Hg. Based on
the clinical trial evidence, thiazide diuretics and a RAAS-
blocking drug are indicated. Many patients will gain addition-
al benefits from both β-blocker and calcium channel blocker
(CCB) therapy to achieve lower BP goals. For example, when
combined with an ACE inhibitor, the CCB amlodipine was
shown to reduce BP, as well as morbidity and mortality, in dia-
betic hypertensives.77 Moreover, the results of ALLHAT vali-
dated amlodipine as a useful drug to reduce CVD mortality
and a safe antihypertensive drug. In addition, an analysis from
the RENAAL study demonstrated that CCB therapy did not
attenuate the risk reduction for renal disease progression asso-
ciated with losartan.78 In RENAAL, most patients taking CCBs
were on a dihydropyridine.

Pharmacologic Interventions:
Microalbuminuria or Macroalbuminuria
Microalbuminuria is predictive of cardiovascular mortality in
both diabetic and nondiabetic populations.50,53-55 The pres-

ence of microalbuminuria indicates a widespread disturbance
of endothelial function, resulting in an enhanced risk for the
development of atherosclerosis.79-82 It may thus serve as a use-
ful biomarker for systemic vascular disease.

Once a patient is diagnosed with microalbuminuria, a
lower BP goal should be considered because of the greater risk
for cardiovascular events. Subgroup analyses of diabetics
enrolled in major outcome trials indicate that more intensive
control of BP, particularly SBP to <130 mm Hg with blockade
of the RAAS as part of the regimen, provides the optimal
strategy for both cardiovascular risk reduction72,77 and pre-
venting progression from microalbuminuria to macroalbu-
minuria, and from macroalbuminuria to overt nephropathy.83

Microalbuminuria is a very useful and important screening
technique for CVD. It also indicates a need for more intensive
BP control, <130/80 mm Hg, preferably including agents that
block the RAAS. The presence of microalbuminuria indicates
a need for more intensive cardiovascular risk reducing strate-
gies, including attention to lipids, glucose, and platelet func-
tion. The ADA recommends yearly microalbuminuria screen-
ing for all diabetics. It may also be appropriate to recommend
expansion of screening to include all patients in whom we sus-
pect the cardiovascular metabolic syndrome.

Pharmacologic Interventions: Correction
of Dyslipidemia
In clinical trials that included diabetics, LDL reduction with
statins has led to significant improvements in CHD incidence
and cardiovascular and overall mortality. The Helsinki Heart
Study recruited 4081 asymptomatic middle-aged men (40 to
55 years of age) with primary dyslipidemia and randomized
them to gemfibrozil versus placebo. Gemfibrozil led to a 34%
reduction in the incidence of CHD in all patients. Similar
results were observed in the 135 diabetic participants in
posthoc subgroup analysis, were not statistically significant
perhaps, because of small sample size.84,85 The Scandinavian
Simvastatin Survival Study (4S) recruited 4444 patients with
angina pectoris or previous MI, 202 of whom were diabetics,
and randomized them to simvastatin or placebo. The statin
was associated with a 42% reduction in cardiovascular mor-
tality and a 30% reduction in overall mortality among all
subjects.86 Posthoc subgroup analyses showed a 55% reduc-
tion in major coronary events in diabetic subjects.87 These
results were reproduced in the Cholesterol and Recurrent
Events Trial (CARE), which recruited 4159 patients with MI,
586 of whom were diabetic. Pravastatin resulted in a 24%
reduction in CHD events in all patients, and posthoc sub-
group analyses showed similar reduction rates in diabetics
(25%) and nondiabetics (23%).88,89

The very positive results of statin trials point to LDL cho-
lesterol as being a major predictor of CHD risk in diabetic
patients. Therefore, the primary target of therapy in diabetic
patients is lowering LDL cholesterol (and possibly, non-HDL
cholesterol). Based on the aforementioned results, statins are
the preferred pharmacologic agent in this situation.
Reduction of LDL levels should take priority over reduction
of triglycerides in combined hyperlipidemia because of the
proven safety of the statin class of drugs, as well as greater
reduction in CHD incidence. Once LDL cholesterol levels
have been lowered, attention can be given to treatment of
residual hypertriglyceridemia and low HDL.60 However, it is
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still not known whether an LDL goal below the currently rec-
ommended 100 mg/dl, such as 70, 80, or 90 mg/dl will pro-
vide more cardiovascular risk reduction in the diabetic.

STRATEGIES TO REDUCE KIDNEY
DISEASE RISK 

Nonpharmacologic Interventions to
Preserve Kidney Function in Diabetics
Lifestyle intervention should focus on dietary modification,
including low-saturated fat and low-salt diets, weight reduc-
tion and increased physical activity, cessation of tobacco use,
and moderation in alcohol consumption. Because the major-
ity of patients with diabetes have hypertension, nonpharma-
cologic interventions to assist in the reduction of BP will help
preserve kidney function.

Increasing salt intake attenuates the antihypertensive and
antiproteinuric effects of ACE inhibitors and ARBs.90 In
hypertensive humans, high-salt intake increases glomerular
filtration fraction.91,92 In a diabetic rat model of renal insuffi-
ciency, salt restriction reduces hyperfiltration, renal enlarge-
ment, and albuminuria.93 Thus, salt restriction should be
encouraged in the hypertensive diabetic patient. Clinical trials
need to assess the relationship of salt intake and risk for renal
disease progression in diabetics to provide specific guidelines
for optimal dietary approaches.

Moderate protein restriction has been shown to reduce
albuminuria, progression of renal disease, and improve out-
come in type 1 and type 2 diabetes. This benefit is described
in addition to the beneficial effect of antihypertensive treat-
ment.94,95 A 4-year follow-up of 82 type 1 diabetic patients
with macroalbuminuria suggested that patients on a low-
protein diet (0.6 g/kg/day) had significantly slower (p = .01)
progression to death, dialysis, or transplant compared with a
usual protein diet group (1.02 g/kg/day).96 Increasing pro-
tein in the diet causes glomerular capillary hypertension,
which provides the rationale as to why lower protein intake
is beneficial in reducing progression of renal disease in dia-
betics. However, the implementation of protein restriction in
patients with kidney disease is controversial in part, because
many patients with advanced kidney disease have poor
nutrition. While theoretical reasons and some clinical data
support the benefits of this intervention, this recommenda-
tion has not been uniformly accepted in the United States.

Pharmacologic Interventions: Glycemic
Control
Several major trials have shown that glycemic control preserves
kidney function and delays the development of renal damage
in diabetics. This, along with the fact that hypertension is far
more prevalent in the diabetic population, highlight two major
strategic interventions to preserve kidney function in these
patients: strict glycemic control and optimal BP control.

In patients with type 2 diabetes, the UKPDS confirmed that
improved blood glucose control reduces the risk of developing
microvascular complications, including nephropathy. The
overall microvascular complication rate decreased by 25% in
patients receiving intensive therapy (median HbA1c 7.0%)
versus conventional therapy (median HbA1c 7.9%). There was

a continuous relationship between the risk of microvascular
complications and glycemia, such that for every percentage
point decrease in HbAlc, there was a 35% reduction in the risk
of microvascular complications. There was no evidence of any
glycemic threshold above a normal HbAlc level of 6.2%; there-
fore the results of the UKPDS mandate that treatment of type
2 diabetes include aggressive efforts to lower blood glucose
levels as close to normal as possible.

Pharmacologic Interventions: Blood
Pressure Control
As mentioned earlier, JNC 7 recommends a goal BP in
patients with diabetes mellitus of <130/80 mm Hg.38 JNC 7
estimates that most patients with hypertension will require
two or more antihypertensive medications to achieve this goal
BP; if the BP is more than 20/10 mm Hg above goal, it is best
to consider initiating therapy with two agents.38 In fact, the
average number of antihypertensive agents needed to achieve
optimal BP control in patients with CKD is estimated at 2.6 to
4.3 agents.97 Several clinical trials have supported the conclu-
sion that the vast majority of hypertensive patients, even in
the absence of diabetes, will need more than one antihyper-
tensive medication to control their BP. In diabetic patients,
there is evidence that the achievement of optimal BP is a
major strategy to preserve renal function and delay the pro-
gression of renal disease.

The UKPDS showed that lowering BP by 10/5 mm Hg to a
mean of 144/82 mm Hg significantly reduced microvascular
complications that there was a reduction in the risk of
microvascular outcomes compared with less aggressive treat-
ment. They also noted that there was a continuous relation-
ship between the risk of microvascular outcomes and SBP;
that is, there was no evidence of a threshold for these compli-
cations above a SBP of 130 mm Hg.70

The choice of the appropriate antihypertensive agent for
the individual patient should be based on an educated deci-
sion after evaluating evidence from controlled clinical trials.
In the treatment of the diabetic patient, the antihypertensive
regimen should include an ACE inhibitor or an ARB.
Aldosterone receptor antagonists also might have a role but
need to be studied in more detail.98,99

There are excellent clinical data demonstrating the advan-
tage of lower BP goals in preventing renal disease progression
in diabetics. A series of studies in microalbuminuric patients
clearly provide evidence of the advantage of lower BP goals
combined with RAAS blockade. Viberti et al.48 studied 92 nor-
motensive type 1 and type 2 diabetic patients whose mean BP
before therapy was 124/77 mm Hg. After 2 years of follow-up,
captopril-treated patients (BP reduction of 4/2 mm Hg) had
significantly decreased progression to clinical proteinuria
compared with a placebo group.48 In another study, 94
patients with a mean pretreatment BP of 130/80 mm Hg were
followed for 7 years. Patients on enalapril 10 mg had a 42%
risk reduction for nephropathy compared with those taking a
placebo.100 Similar data have shown that ARB (irbesartan 300
mg) therapy provided a 70% risk reduction versus placebo for
progression of microalbuminuria to clinical proteinuria in
hypertensive type 2 diabetics.101 Another trial in type 2 dia-
betics compared valsartan and amlodipine and demonstrated
a BP-independent antimicroalbuminuric effect of the ARB.102

In patients with clinical proteinuria the Collaborative Study
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Group conducted the definitive trial demonstrating the
advantage of the ACE inhibitor captopril in preventing ESRD
in the type 1 diabetic.103

Studies with ARBs confirm the renoprotective effects of
these drugs in patients with nephropathy associated with type
2 diabetes. The RENAAL study included 1513 type 2 diabetic
patients with early renal insufficiency and macroalbuminuria.
Compared with placebo, the ARB (losartan) was demonstrat-
ed to reduce proteinuria and ESRD.73 RENAAL was the first
trial to show that any therapy could significantly reduce the
incidence of ESRD in type 2 diabetes (Figure 52–4). The
IDNT trial also demonstrated the significant benefit of a mul-
tidrug regimen including irbesartan 300 mg compared with
traditional multidrug therapy or an amlodipine-based regi-
men to reduce the composite endpoint of doubling of serum
creatinine, ESRD, or death in 1715 patients with type 2 dia-
betes, clinical proteinuria, and early renal insufficiency
(Figure 52–5).103,104

Because diabetic hypertensive patients often require mul-
tidrug regimens for adequate BP control, one needs to consid-
er other therapies that are safe, well tolerated, and work well
with the ACE inhibitor or ARB in reducing blood BP.
Thiazides, or loop diuretics if there is renal insufficiency, facil-
itate the antihypertensive properties of the ACE inhibitor or
ARB. Likewise, CCBs have demonstrated important and
robust antihypertensive effects,77 which make them useful
adjuvant therapy in most diabetic hypertensives. β-Blockers
are also useful adjuvants in the diabetic because of their
important effects in reducing cardiovascular events, particu-
larly in patients with angina, post-MI, and with systolic
dysfunction.

Microalbuminuria is one of the most important factors in
predicting progression to macroalbuminuria or overt
nephropathy in both type 1 and type 2 diabetics.50-52

Microalbuminuria indicates early renal damage, and the con-
sequent need for more stringent BP control, preferably with
drugs that block the RAAS, as these drugs provide both anti-
hypertensive and antiproteinuric effects. Microalbuminuria
is also an indicator of systemic vascular disease, as well as a
risk factor for cardiovascular events. Consequently, once a
patient is diagnosed with microalbuminuria, a lower BP goal
should be applied, in addition to intensive control of glucose

and lipids, with the ultimate goal being to prevent cardiovas-
cular events. Normalization of urine microalbumin may
serve as a clinical clue that optimal BP control is being
achieved. This theoretical construct is based on evidence
from clinical trials that reduction of microalbuminuria is
associated with less likelihood for progression to macroalbu-
minuria and diminished risk for progression of kidney
disease.

Pharmacologic Interventions: Correction
of Dyslipidemia
Bianchi et al.61 conducted a prospective, controlled open-label
study to evaluate the effects of 1-year treatment with atorvas-
tatin versus no treatment on proteinuria and progression of
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kidney disease in 56 patients with CKD. Before randomiza-
tion, all patients had already been treated for 1 year with ACE
inhibitors or ARBs and other antihypertensive drugs. By the
end of 1 year of treatment, urine protein excretion decreased
from 2.2 ± 0.1 g to 1.2 ± 1.0 g every 24 hours (p <.01) in
patients treated with atorvastatin in addition to ACE
inhibitors or ARBs. By contrast, urinary protein excretion did
not decrease significantly (from 2.0 ± 0.1 g to 1.8 ± 0.1 g every
24 hours, p = not significant) in patients who did not receive
atorvastatin in addition to an ACE inhibitor or ARB. During
this time, creatinine clearance decreased only slightly and not
significantly (from 51 ± 1.8 ml/min to 49.8 ± 1.7 ml/min) in
patients treated with atorvastatin. By contrast, during the
same period of observation, creatinine clearance decreased
from 50 ± 1.9 to 44.2 ± 1.6 ml/min (p <.01) in patients who
did not receive atorvastatin. The authors concluded that treat-
ment with atorvastatin in addition to a regimen including
ACE inhibitors or ARBs may reduce proteinuria and the rate
of progression of kidney disease in patients with CKD, pro-
teinuria, and hypercholesterolemia.61 Although these patients
were not all diabetic, it is likely that the benefit would be
extrapolatable to diabetic populations. The same could be said
for improving glycemic control, as a recent study comparing

intensive versus less intensive strategies to control BP, lipids,
and glucose by the Steno group demonstrated the benefit of
intensive therapy on the development of nephropathy, auto-
nomic neuropathy and cardiovascular death (Figure 52–6).105

SUMMARY

The approach to the patient with diabetes mellitus or cardio-
vascular metabolic syndrome should combine early detection
of comorbid risk factors and target organ damage, design of
prevention strategies and lifestyle modification, and multitar-
geted pharmacologic interventions. This requires that all such
patients should have their BMI, and waist circumference, and
waist:hip ratio checked periodically. They should also be
screened periodically for tobacco use, presence of high BP,
dyslipidemia, and microalbuminuria or macroalbuminuria.

Prevention strategies should aim at a well-designed exercise
program and weight loss to achieve a BMI <30 kg/m2, a
waist:hip ratio <0.90 in men and <0.85 in women, or a waist
circumference <102 cm or 40 inches in men and <88 cm or 35
inches in women. Cardiac evaluation may be needed in diabet-
ic patients 35 years or older who have been previously
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sedentary. Dietary modification should aim at salt reduction in
the hypertensive patient, low-carbohydrate diet in the diabetic
patient, and low-fat diet in the dyslipidemic patient. Moderate
protein reduction is also recommended. Alcohol consumption
should be reduced to moderate levels or abstinence. Patients
should be counseled at every clinic visit about tobacco cessa-
tion and all possible help should be offered to achieve it.

Pharmacologic interventions should include aspirin in doses
of 81 to 325 mg/day. Glycemic control should target a goal
HbA1c <7%. Metformin may be of added benefit in the obese
patient when compared with other agents. BP control to a goal
<130/80 mm Hg and normalization of microalbuminuria or
macroalbuminuria with a multidrug regimen to include an
ACE inhibitor in type 1 diabetics and an ARB in type 2 diabetics
should be aggressively pursued. Dyslipidemia should be
corrected; hydroxymethylglutaryl-coenzyme A reductase
inhibitors (statins) may be used to achieve an LDL cholesterol
level <100 mg/dl. Once LDL cholesterol levels is lowered to
optimal levels, lowering non-LDL cholesterol to <130 mg/dl
and lowering triglycerides to normal, and increasing HDL cho-
lesterol level to >40 mg/dl in males and >45 mg/dl in women
should be pursued. Fibrates may be a useful adjunct for the lat-
ter purposes, with special attention to the increased risk of
myositis with these agents.

Diabetic patients will derive greater cardiovascular and
renal risk reduction benefits from these approaches if they are
initiated early. This will require multiple medications, good
compliance, and a multidisciplinary effort.
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557Chapter 53

PREVALENCE OF HYPERTENSION
IN DIALYSIS PATIENTS

The prevalence of hypertension in patients with end-stage renal
disease (ESRD) ranges between 70% and 90%.1,2 Hypertension
prevalence in ESRD (in other comorbid conditions such as dia-
betes) is definitionally dependent. In a survey of 2535 clinically
stable adult hemodialysis patients, hypertension—as defined by
either a systolic blood pressure (SBP) of >150 mm Hg or a dias-
tolic blood pressure (DBP) >85 mm Hg or use of antihyperten-
sive medications—was documented in 86% of the cohort.1

These prevalence rates are in striking contrast to those of the
general U.S. population for whom National Health and
Nutrition Examination Survey (NHANES) data report a hyper-
tension prevalence rate of 28.7%.3

The prevalence of hypertension in ESRD also appears to
vary in keeping with population demographics. In the ESRD
population, not unlike the general population, males and
African Americans have a higher prevalence of hypertension.
Also, during the first year of dialysis the prevalence of hyper-
tension often declines only to return as dialysis goes on. The
timing of specific blood pressure (BP) measurements (as
determinants of the presence of hypertension) in ESRD can
complicate the designation of a patient as being hypertensive.
The point in time of BP measurement becomes less of an issue
when ambulatory BP monitoring (ABPM) is employed as the
diagnostic medium.4 ABPM can be both a diagnostic tool and
a means for determining adequacy of BP control in ESRD. For
example, in a cohort of 53 hypertensive ESRD patients, only
15% maintained BP readings consistently <150/90 mm Hg
over a 48-hour interdialytic period despite being actively
treated for their hypertension.5

HYPERTENSION AND DIALYSIS
MODALITY

The prevalence of hypertension in renal replacement therapy
(RRT) patients may also be dependent on the dialysis modality.
For example, the prevalence of hypertension in peritoneal dial-
ysis (PD) is viewed as being less than in hemodialysis (HD)
patients with early reports showing that continuous ambulato-
ry peritoneal dialysis (CAPD) provided more effective control
of volume overload and hypertension.6,7 PD also appeared to
offer some distinct advantages over intermittent HD in that the
hemodynamic perturbations with PD were less disruptive and
antihypertensive medication pharmacokinetics more pre-
dictable.8 Accordingly, in the short term, BP control on CAPD
proved superior (particularly as relates to SBP)9 to that of HD
as long as the CAPD patient maintained some residual renal
function10 and peritoneal ultrafiltration capacity was intact.11

However, peritoneal transport characteristics may be
important in determining the BP pattern of the CAPD
patient. For example, when 24-hour ABPM was performed in
a group of 25 CAPD patients and related to peritoneal trans-
port characteristics, patients who were “high transporters”
(reflecting high glucose absorption and poor ultrafiltration)
had higher SBP and DBP values both during the day and at
night. Left ventricular mass index was also higher in this
group when compared with “low transporters.”12 Thus, it is
not surprising that more long-term studies have shown a less-
favorable hemodynamic profile for CAPD patients, particu-
larly since the common scenario of insidious volume expan-
sion would be expected to lead to BP increase and thereby left
ventricular hypertrophy (LVH) more than with intermittent
HD.13,14 However, this deterioration in hemodynamic profile
(compared with HD patients) can be prevented if volume sta-
tus is strictly controlled in the long-term CAPD patient.15

A number of factors favorably influence both the preva-
lence and severity of hypertension in the HD patient. Two
such modifications of the dialysis prescription include quo-
tidian (daily) forms of dialysis: (1) short daily or (2) long noc-
turnal dialysis, 6 times per week.16,17 Because the interdialytic
period is shorter with quotidian dialysis, fluid shifts are mini-
mized, as are the negative effects on cardiac function and
hemodynamics. Patients on daily hemodialysis have been
shown to obtain better BP control and a greater reduction in
LVH.18 The London Daily/Nocturnal Hemodialysis Study has
also shown that patients treated with quotidian dialysis expe-
rienced significant reductions in BP even as they took fewer
antihypertensive medications.16 Observational studies with
nocturnal hemodialysis bear out these findings.19,20

CARDIOVASCULAR DISEASE 
IN END-STAGE RENAL DISEASE

Cardiovascular disease (CVD) and cerebrovascular disease
account for more than 50% of all ESRD deaths, a figure that is
remarkably similar around the world21,22 (Figure 53–1). In
fact, Clyde Shields, the first patient on long-term dialysis, died
from a myocardial infarction (MI) in 1970, aged 50 years,
11 years after starting hemodialysis.23 LVH is the most fre-
quent cardiac abnormality in patients with ESRD24 and, if left
untreated, all too often progresses through phases of diastolic
dysfunction, ventricular dilation, and systolic dysfunction, to
death.25 In addition to hypertension, episodic sodium and
water retention, chronic volume and flow overload, associated
with anemia and/or arteriovenous shunting, as well as non-
hemodynamic factors, such as hyperparathyroidism and
increases in angiotensin II (Ang II) and endothelin, also con-
tribute to the development of LVH.26
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HYPERTENSION AND
CARDIOVASCULAR DISEASE 
IN END-STAGE RENAL DISEASE

Whereas the general population has experienced a significant
reduction in age-adjusted risk of death from CVD and cere-
brovascular disease, this has not been the case for ESRD
patients.27,28 Any direct relationship between hypertension
and cardiovascular mortality remains poorly defined, in part,
because there are no prospective interventional trials in dialy-
sis patients examining this issue.29,30 Because of the increased
number of cardiovascular risk factors in patients on dialysis, it
would seem reasonable that lowering the BP in these persons
would reduce cardiovascular risk. In one study of a select
group of ESRD patients, normal BP values without antihyper-
tensive therapy (in the setting of a higher than usual dose of
dialysis) were associated with a reduction in cardiovascular
mortality.31 However, few observational studies have associat-
ed hypertension with a shorter survival and good/excellent BP
control with increased survival.32

Surprisingly, several studies have even suggested the con-
trary (i.e., they have failed to identify hypertension as having
a major influence on cardiovascular risk in large cohorts of
ESRD patients33-34 and have often found “U-shaped” correla-
tion for more frequent cardiovascular deaths at very high and
very low BP values.35 This relationship was explored for pre-
dialysis and postdialysis SBP/DBP in an observational study of
4499 U.S. hemodialysis patients as part of the Case Mix
Adequacy Study of the U.S. Renal Data System (USRDS).
Patients with a predialysis SBP <110 mm Hg had an elevated
adjusted mortality rate; however, predialysis systolic hyperten-
sion was not associated with excess mortality risk, although
there was an increase in cerebrovascular deaths in this group.
Low and high (>180 mm Hg) postdialysis SBP values (as com-
pared with midrange SBP) were associated with increased
mortality.30

The relationship between BP and cardiovascular risk is fur-
ther confounded by the lack of agreement on which BP

values—predialysis, postdialysis, off-dialysis day, and/or pulse
pressure—provide the greatest predictive accuracy for cardio-
vascular risk/protection.36,37 A large representative sample of
patients undergoing maintenance hemodialysis have been
found to have an increased risk of death in association with a
widened pulse pressure (Figure 53–2).38 Further confusing
this issue is the observation that routine dialysis unit BP deter-
minations (oftentimes obtained by poorly trained staff) can
systematically exceed standardized readings. In one study,
55% of surveyed patients were noted to have postdialysis SBP
measurements greater by at least 10 mm Hg than standardized
readings obtained by trained evaluators.39

PATHOGENESIS

A number of pathogenic factors contribute to the develop-
ment of and/or persistence of hypertension in patients on
RRT. Because mean arterial pressure is a product of both car-
diac output and peripheral vascular resistance, both factors
play an important role in the pathogenesis of ESRD-related
hypertension. Another important determinant of BP (in par-
ticular, SBP and pulse pressure) in ESRD is vessel compliance
and pressure wave reflectance.40

In most dialysis patients, multiple factors typically con-
tribute to the pathogenesis of their hypertension. Despite this,
a sensible approach to sorting out the pathogenesis of hyper-
tension in a dialysis patient can be arrived at by classifying it
into volume-dependent and volume-independent categories
based on the response to ultrafiltration. Volume-dependent
hypertension is by far the more common of the two and is usu-
ally characterized by normal to low plasma renin activity with
a reduction in BP with either dietary sodium restriction or
gradual net volume removal during consecutive dialysis ses-
sions. Volume-independent forms of hypertension in ESRD
are accompanied by a relative, if not, an absolute increase in
the activity of the renin-angiotensin system (RAS), as well as
limited BP reduction in response to volume removal and/or
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dietary sodium restriction. In its most extreme form, bilateral
nephrectomy has been required to control BP in ESRD.41

Although it is clinically useful to divide ESRD hypertension
into these broad categories, additional factors play a role in its
pathogenesis. Such factors should always be considered in the
context of a patient’s prevailing volume status/hemodynamic
profile. Moreover, ESRD-related hypertension can reflect a
carryover of pathogenic factors from the pre-ESRD period. As
mentioned, volume and sodium excess are prime factors in
the pathogenesis of hypertension in chronic kidney disease
(CKD) and persist in ESRD.

Early phases of hypertension in CKD are generally marked
by an increase in cardiac output and low to normal
peripheral vascular resistance. Progressive renal disease is
regularly accompanied by the onset of anemia and/or cre-
ation of an arteriovenous fistula, circumstances that reinforce
the high cardiac output state. Changes in cardiac output can
be attenuated with correction of anemia,42 in which case the
continued presence of hypertension becomes a function of
increased peripheral vascular resistance, which positively cor-
relates with the increase in exchangeable sodium that under-
scores the progression to ESRD.43 Finally, the BP response to
changes in sodium/volume status may be influenced by dis-
turbances in the activity of and response to various neurohu-
moral pathways.44

Activation of the renin-angiotensin-aldosterone axis is a
frequently cited factor in the pathogenesis of ESRD-related
hypertension, but it is the predominant factor in only a hand-
ful of patients. The significance of this activation lies more in
failure of appropriate renin suppression in the volume-
expanded environment, typical of most ESRD patients.45

Tissue-based Ang II production may also be implicated in the
hypertension and CVD of the ESRD patient; however, this has
not been directly studied.46 Aldosterone (as both an autocrine
and paracrine substance) is also increasingly viewed as a con-

tributor to the pathobiology of CVD. However, its exact path-
ogenic role in the ESRD patient has yet to be determined.47

Increased activity of the sympathetic nervous system (SNS)
may be either directly or indirectly involved in ESRD-related
hypertension.48,49 Simple techniques for measurement of sym-
pathetic activity are not available; and much has been wrong-
ly inferred from relatively nonspecific indicators of sympa-
thetic activity, such as the physical findings BP and pulse rate
and/or the biomarker plasma norepinephrine concentration.
The latter is particularly difficult to interpret in CKD, because
plasma catecholamine concentrations are approximately dou-
bled in the advanced stage of this disease.50 Sympathetic nerve
recordings are more accurate measures of sympathetic activa-
tion. Converse et al.51 found that peroneal nerve sympathetic
discharge was 2.5 times higher in hemodialysis patients than
in normal persons and could be normalized by bilateral
nephrectomy, suggesting that reduced sympathetic nerve dis-
charge may be one mechanism by which bilateral nephrecto-
my reduces BP. Moreover, neuropeptide Y, a 36-amino acid
vasoactive peptide, is released during sympathetic stimula-
tion, as in volume overload52 and is independently associated
with LVH and systolic dysfunction in ESRD.53 An increase in
neuropeptide Y is one of several pathways by which SNS acti-
vation indirectly influences cardiovascular structure and
function.

A host of other factors have been suggested as contributors
to the pathogenesis of hypertension in ESRD. A full discussion
of all such factors would exceed the scope of this chapter, and
the reader is directed to several authoritative reviews on this
theme.2,44 The roles of nitric oxide (NO), circulating
inhibitors of Na+,K+-ATPase and the calcium-phosphate axis
in the pathogenesis of hypertension in ESRD are discussed
briefly here.

NO deficiency occurs in ESRD and has been proposed as
one of several factors contributing to hypertension in this
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population.54 NO production by the vascular endothelium is
inhibited by asymmetric dimethylarginine (ADMA). Levels of
ADMA are 6- to 10-fold higher in hemodialysis patients than
in healthy persons. Although ADMA levels are reduced by up
to 65% during a standard 5-hour hemodialysis session, any
reduction in plasma levels is transient.55 In persons whose
plasma ADMA levels fall with dialysis, a decrease in mean 24-
hour ambulatory BP has been observed.56 Of note, higher lev-
els of exhaled NO are found in hemodialysis patients prone to
low BP.57

Circulating natriuretic substances (including digoxin-like
immunoreactive substances) appear to accumulate in CKD
and in so doing could bring about a generalized inhibition of
Na+,K+-ATPase. The ensuing rise in intracellular Na+ concen-
tration in vascular smooth muscle cells could then diminish
Na+/Ca2+ exchange and thereby increase intracellular calcium
concentration, resulting in a persistent state of vasoconstric-
tion.58 Consistent with these data, both false-positive digoxin
levels (relating to digoxin-like immunoreactive substances)59

and circulating Na+,K+-ATPase inhibitors have been identified
in hemodialysis patients and are correlated with interdialytic
weight gain.60

Defects in calcium metabolism are ubiquitous in dialysis
patients and are typically manifest by secondary hyper-
parathyroidism, which may increase BP via entry of calcium
into vascular smooth muscle cells.61 Allosteric activators of the
calcium-sensing receptor, which reduce parathyroid hormone
levels in the setting of secondary hyperparathyroidism, are
associated with a reduction in BP.62

TREATMENT AND BLOOD PRESSURE
GOALS IN HYPERTENSIVE END-STAGE
RENAL DISEASE PATIENTS

BP goals in ESRD patients remain controversial, since no ran-
domized, prospective outcome trials have expressly examined
the issue of what represents an optimal BP in ESRD patients.
This information void makes an evidence-based medicine
approach to BP control unfeasible in ESRD patients.
Recommendations advising BP goals below those currently
advocated for the general population are occasionally forth-
coming. These suggestions should not be widely applied based
on the unique and highly individualized nature of the hyper-
tension in this population.

The target BP in hypertensive ESRD patients with classic
systolic/diastolic hypertension (without intradialytic hypoten-
sion) should not differ from that recommended for the gener-
al population, <140/90 mm Hg.63 Certain high-risk patient
groups such as diabetics should be treated to the currently sug-
gested goal BP of <130/80 mm Hg. However, this recommen-
dation often requires a deft touch in clinical practice since
orthostatic hypotension is not uncommon in the hypertensive
ESRD patient with diabetes.64

Hypertension in ESRD patients is mainly systolic, reflecting
a loss of aortic distensibility and premature vascular aging.65

The recommended BP goal for ESRD patients with predomi-
nantly systolic hypertension (with a widened pulse pressure)
is a matter of personal opinion. These patients can be treated
empirically to a goal SBP according to current guidelines, with
the final SBP goal being influenced by several factors, includ-
ing: drug tolerance, coexisting coronary and/or cerebrovascu-

lar disease, and/or how much the SBP is reduced. The clinician
should be mindful of the U-shaped correlation for cardiovas-
cular mortality in this population.

Nonpharmacologic Treatment
Irrespective of the individual patient’s “mechanism” of hyper-
tension, the first step in the nonpharmacologic management
of hypertension is to set and achieve a true target or “dry
weight.” The term dry weight does not have a consensus defi-
nition, however.58 Various definitions have been employed: (1)
the weight at which there is an absence of overt physical find-
ings of volume overload, such as peripheral edema, rales, or
neck vein distension; (2) the weight at which the patient can-
not tolerate the associated BP and symptom profile66; and (3)
the postdialysis weight at which the patient is persistently
normotensive without antihypertensive medications and
despite interdialytic weight gain.67,68 Noninvasive methods,
such as ultrasound measurement of inferior vena cava diame-
ter and multifrequency bioimpedance hold some promise for
evaluating volume status, but access to these techniques, pro-
ficiency of use by staff, and cost are limiting factors in their
application.69,70

The most stringent criterion for having reached a patient’s
“dry weight” is that of BP being controlled throughout the
interdialytic period without the need for antihypertensive
medications, but even this has several caveats attached to
its broad-based application, including (1) There is a limited
correlation between interdialytic weight gain and BP.71

(2) Excessive weight reduction can activate the RAS and SNS
and alter cardiac hemodynamics in such a way that certain
patients experience a paradoxical increase in BP despite falling
below their dry weight.72,73 (3) The nutritional status of the
ESRD patient is ever-changing and it is not uncommon that
lean body weight occasionally decreases; however, unlike nor-
mal renal function patients where such lean body weight loss
can be recognized by a fall in body weight, the ESRD patient
sees no such fall in body weight since interdialytic volume
gains “substitute” for muscle mass lost. Consequently, mainte-
nance of a constant body weight in such an ESRD patient
reflects an ongoing gradual expansion of extracellular volume
replacing lost muscle weight.58,66 (4) Reduction in extracellu-
lar volume via ultrafiltration does not immediately translate
into BP reduction because there is a nonlinear relationship
between extracellular volume status and BP. This “lag phase”
is such that BP is not immediately controlled after ultrafiltra-
tion to a dry weight, especially in patients who are chronical-
ly volume overloaded.5,58,74

As previously mentioned, the initial phase of hypertension
therapy in the ESRD patient entails the clinical assessment of
volume status and an attempt to reach a patient’s dry weight
with a combination of dietary sodium restriction and dialysis-
related ultrafiltration. During the initiation stage of
hemodialysis, a patient’s true dry weight is probed as weight
begins to fall in tandem with efforts at ultrafiltration. It is of
the essence that antihypertensive medications be tapered and
withheld as this optimal weight is being sought. Failure to
withhold medications can lead to a confusing picture charac-
terized by assorted clinical scenarios of hypotension and
hypertension. There can be a lag phase of several weeks before
the full effect of volume removal on the BP is evident
(Figure 53–3).
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Several alternatives to traditional dialysis may facilitate BP
control. For example, thrice-weekly hemodialysis is the most
commonly used form of RRT; however, there is an emerging
body of evidence that frequent intensive hemodialysis—such as
short daily or nocturnal dialysis, six times a week—offers supe-
rior uremic toxin clearance, BP control, and improvement in
cardiovascular outcomes.16-20 Such departures from the routine
dialysis prescription have been integrated into the treatment
plan for hypertension in only a handful of ESRD patients.

BP control may seem simplified in patients receiving CAPD
because of the continuous nature of fluid removal; however,
this impression proves to be an oversimplification of the real
situation in these patients. Suboptimal fluid removal remains
a clinical problem in many CAPD patients translating into
higher BP values and the need for additional antihypertensive
medications. For example, in a retrospective study of 66
CAPD patients selected for symptomatic fluid retention,
peripheral edema, pulmonary congestion, pleural effusions,
and systolic/diastolic hypertension occurred in the large
majority of patients, resulting in a significant increase in hos-
pitalization rate.75 In addition, numerous studies have docu-
mented poor BP control in CAPD patients despite extensive
use of antihypertensive medications.76,77

Traditional nonpharmacologic measures that assist in BP
management are often overlooked in the dialysis population.
These include a reduction in body weight in obese patients,
regular exercise and the careful use (if not avoidance) of drugs
causing hypertension such as nasal decongestants, migraine
headache medications, and weight loss compounds.78,79 In one
study by Miller et al.,79 patients performed stationary cycling
during each hemodialysis treatment. Predialysis BPs, postdial-
ysis BPs, and antihypertensive medication use were recorded
during a 6-month period. Costs of the medication were ana-
lyzed at the end of the study. The average relative benefit of
exercise was a 36% reduction in antihypertensive medications
with an average annual cost savings of $885 per patient per
year in the exercise group compared with a nonexercise con-
trol group (Figure 53–4).79

Pharmacologic Management
of Hypertension
When volume control through aggressive ultrafiltration and/or
sodium and fluid restriction fails to control BP, pharmacologic
therapy becomes necessary. These patients represent volume-
independent hypertensives and are in the minority of all
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hypertensive ESRD patients. Antihypertensive therapy should
be directed toward the presumed underlying mechanism of the
hypertension, but is often easier said than done, because an
explicit mechanism is often hard to identify. That being said,
considerable treatment experience exists with many of the
more commonly used antihypertensive drug classes, and some
comment will be provided for the more commonly used drug
classes. However, the final medication regimen settled on
should be individualized and directed towards decreasing
patient morbidity and mortality while assisting in the manage-
ment of comorbid conditions (Table 53–1).

Diuretics

As long as some level of residual renal function exists in an
ESRD patient, diuretics may be employed to aid in the short-
term regulation of fluid balance and thereby facilitate BP con-
trol.80 Diuretics have not been shown to reduce BP in ESRD
patients independent of their ability to promote diuresis.81

Typically, high doses of a loop diuretic, alone or together with a
thiazide diuretic, are needed to establish and sustain a diuretic
response. Diuretic therapy can provide an interdialytic bridge
for fluid removal, reducing the need for an overly restrictive
fluid prescription. However, the initial and sometimes reward-
ing diuretic effect in the ESRD patient will gradually taper off
as the underlying renal disease advances. The progression of
renal disease in an ESRD patient should be expected, and gen-
erally is marked by a decrease in interdialytic urine volume, sig-
naling the need to discontinue diuretic therapy.80

b-Blockers

β-Blockers are used regularly in the patient with ESRD for the
treatment of hypertension1,82-85 and/or for their cardioprotec-
tive effects.85-88 The BP-lowering effect of β-blockers in the
ESRD population can be attenuated by interdialytic weight
gain.83 The selection of a β-blocker in an ESRD patient should
take place with some knowledge of the elimination characteris-
tics (renal, hepatic, hepatic/renal) of the selected drug, as well as
whether the compound is dialyzable and/or has active metabo-
lites.89,90 Accumulation of a β-blocker in an ESRD patient does
not generally improve BP control, but β-blocker accumulation
can be associated with more frequent side effects. If such side
effects occur, two options exist: first, to continue the offending
β-blocker with empiric dose reduction, or second, to convert to
a hepatically cleared β-blocker such as metoprolol. Data from
the USRDS Waves 3 and 4 Study show β-blocker use to be asso-
ciated with lower mortality with and without adjustment for
comorbidities.85 Several pharmacologic features of β-blockers
can be offered as possible explanations for these protective
effects, including: decreasing sympathetic hyperactivity, reduc-
ing stroke volume, remodeling the myocardium, having antiar-
rhythmic effects, and/or (for nonselective β-blockers) increas-
ing fasting serum potassium concentration.49,86,87,91

Calcium Channel Blockers

Calcium channel blockers (CCBs) have demonstrated efficacy
in patients with diverse cardiovascular conditions, including
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Table 53–1 Pharmacokinetic Properties of Antihypertensive Agents in Patients with End-Stage Renal Disease

Half-Life (hr) Dose Change Removal with Dialysis
Normal ESRD With ESRD Hemodialysis Peritoneal

a -Adrenergic Antagonists
Doxazosin 22 None None Unlikely
Prazosin 2-4 None None Unlikely
Terazosin 12 None None Unlikely

b -Adrenergic Antagonists
Acebutolol 7-9 Prolonged 30-50% Yes ?
Atenolol 6-7 Prolonged 25% Yes None
Bisoprolol 12-13 Prolonged 50% Yes None
Betaxolol 15-20 Prolonged 50% Yes ?
Carteolol 7 Prolonged 25% ? ?
Carvedilol 5-8 None None ?
Esmolol 7-15 min No Data None None Unlikely
Labetolol 3-9 None ? ?
Propranolol-LA 10 None None Unlikely
Propranolol 2-6 None None Unlikely
Metoprolol tartrate 3-7 None Yes ?
Metoprolol succinate 3-7 None Yes ?
Nadolol 20-24 Prolonged 25% Yes None
Pindolol 3-4 None Unlikely Unlikely
Timolol 3-4 None None None
Penbutolol 5 None Unlikely Unlikely

Angiotensin Receptor Blockers
Candesartan 9-12 No Minimal ?
Eprosartan 5-9 No None ?
Irbesartan 11-15 No None ?
Losartan 4-6 No None ?
Olmesartan 13 No Unknown ?
Telmisartan 24 No None ?
Valsartan 6 No None ?

Vasodilators
Hydralazine 2-5 Prolonged None None None
Minoxidil 3-4 None None ?

ACE Inhibitors
Benazepril 10-11 Prolonged 25-50% Unlikely Unlikely
Captopril 2-3 Prolonged 50% Yes None
Enalapril 11-24 Prolonged 50% Yes None
Fosinopril 12 None No None
Moexipril 2-9 Prolonged 25-50% ? ?
Lisinopril 12 Prolonged 25-50% Yes ?
Quinapril 1-2 Prolonged 75% ? No ?
Perindopril 5 Prolonged 50% Yes ?
Ramipril 5-8 Prolonged 25-50% Yes None
Trandolapril 16-24 Prolonged 50% ? ?

Central a-Adrenergic Agonists
Clonidine 6-23 None None Unlikely

Calcium Channel Blockers
Amlodipine 30-50 None None Unlikely
Diltiazem 2-8 None None Unlikely
Felodipine 10-14 None None Unlikely
Isradipine 2-5 None None Unlikely
Nicardipine 5 None None Unlikely
Nifedipine 4-5.5 None None Unlikely
Nimodipine 1-3 None None Unlikely
Nisoldipine 7-8 None None Unlikely
Verapamil 3-7 None None Unlikely

ESRD, end-stage renal disease; LA, long-acting; ACE, angiotensin-converting enzyme.



hypertension, angina pectoris, supraventricular arrhythmias,
and diastolic dysfunction. These cardiovascular conditions are
widely prevalent in the ESRD patient, which explains the lib-
eral use of CCBs in this population.1,84,92,93 In general, the
pharmacokinetics of CCBs are comparable in CKD/ESRD
patients and persons with normal renal function. Therefore,
dose adjustment based on pharmacokinetic considerations
and/or dialysis clearance is not necessary with CCBs.92

In an analysis of the USRDS Wave 2 cohort, nondihy-
dropyridine CCBs were associated with a reduced risk of
cardiovascular death (hazard ratio, 0.78; 95% confidence
interval, 0.62-0.97), and among ESRD patients with preex-
isting cardiovascular disease, both dihydropyridine and
nondihydropyridine CCBs were associated with reduced
risk of all-cause and cardiovascular mortality.84 These data
are important because they lessen the reliance in this patient
population on medical evidence extrapolated from non-
ESRD populations.

CCB-related side effects may be particularly bothersome in
these patients. ESRD patients tend to be constipated, and this
can be aggravated by verapamil.92 Also, CCBs can produce
peripheral edema on a vasodilatory basis. This form of
peripheral edema is not distinguished by weight gain. When a
true volume-expanded form of peripheral edema exists—as is
often the case in ESRD—and a CCB is administered, any
edema that develops cannot be viewed as an accurate reflec-
tion of the patient’s volume status unless it is accompanied by
weight gain.94

ACE Inhibitors and Angiotensin Receptor Blockers

ACE inhibitors and more recently angiotensin receptor
blockers (ARBs) have become popular therapies for the
ESRD patient.95,96 The ability of either of these drug classes to
reduce BP in the ESRD patient is well accepted; however,
there is considerably less information available to guide the
clinician in the safe and effective use of these drugs in the
ESRD patient with congestive heart failure (CHF) and/or
coronary artery disease.

Head-to-head comparisons of BP effects and/or target
organ protection in the ESRD patient are lacking for both
drug classes. ACE inhibitor therapy has been suggested to
decrease access failure rate and to improve survival in the
ESRD population (see references cited here for a more com-
prehensive discussion).95,96 However, drug classes other than
ACE inhibitors appear to offer survival benefits, and it is not
yet proven that ACE inhibitors are superior to other drug
classes—such as CCBs—in survival benefits for patients
with ESRD.

Several pharmacokinetic factors, including dialyzability
and the propensity for systemic accumulation, can influence
drug selection. ACE inhibitors and ARBs have nonpressor
effects that are beneficial for patients with ESRD. These
include their ability to decrease thirst drive and erythro-
poiesis.95 The ACE inhibitors have a unique adverse effect pro-
file, which includes cough and, less frequently, angioneurotic
edema. In the ESRD population, so-called anaphylactoid dia-
lyzer reactions can occur in conjunction with ACE inhibitor
use.95 ARBs carry less risk than ACE inhibitors and have a pre-
ferred pharmacokinetic profile—limited dialyzability and
minimal systemic accumulation. These attributes favor the
increased use of ARBs in this population.96

SUMMARY

Hypertension in the RRT patient is a common phenomenon.
Its pathophysiologic basis relates to a unique set of hemody-
namic and volume changes, which are characteristic of ESRD.
The treatment of ESRD-related hypertension is at the start
heavily dependent on the adequacy of ultrafiltration and the
stepwise attainment of a patient’s target weight. Thereafter, as
pharmacotherapy may become necessary, any of the full range
of medication choices provides suitable options. Heavy
emphasis is generally placed on the use of CCBs, ACE
inhibitors, and/or ARBs, although outcomes data supporting
the preferential use of one or the other of these drug classes
are currently lacking. Choosing specific antihypertensive
agents for a hypertensive ESRD patient is as much an art as a
science—issues such as a patient’s dialysis shift, dialyzer drug
clearance, and altered drug pharmacokinetics are some of the
factors that make consistent 24-hour BP control difficult. The
goal BP for the hypertensive ESRD patient is a matter of
debate, because specific outcomes studies have yet to be per-
formed in this patient population. Moreover, there is evidence
of a U-shaped relationship for BP reduction and mortality in
the ESRD patient.
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Cardiovascular disease (CVD) continues to be the leading
cause of death in the United States, accounting for 946,000
deaths in the year 2000, which represents 39% of all deaths for
that year. Many of the 62 million Americans with CVD have
both coronary heart disease (CHD) (13 million) and hyper-
tension (50 million). CHD was responsible for 515,000 deaths
in the United States in 2000 representing approximately 75%
of all CVD deaths that year.1 Although the burden of CHD,
including all forms of angina and myocardial infarction (MI),
remains great, there has been a steady decline in CHD death
rates since 1950. Between 1970 and 2000, the CHD death rate
declined by 51.2%. Acute myocardial infarction accounted for
193,000 deaths in the year 2000. The indirect and direct costs
of CHD to the United States are a staggering $111.8 and $58.2
billion, respectively.1 For hypertension, the indirect and direct
costs are $47.2 and $34.4 billion, respectively.2 Hypertension is
a major risk factor for CHD, as well as other forms of target
organ damage. It both accelerates the progression of athero-
sclerotic disease and leads to left ventricular hypertrophy
(LVH), which results in a diminished coronary reserve that
exacerbates the ischemic effects of obstructive CHD. Through
its associated target organ damage, hypertension can con-
tribute to CHD and overall CVD mortality (between 200,000
and 205,000 deaths in 2000).1

EVALUATION OF CORONARY HEART
DISEASE AND HYPERTENSION

The first step in evaluating persons with hypertension and
CHD is to perform a thorough history and physical examina-
tion. This should include evaluation of risk factors and family
history. The frequency, intensity, and duration of anginal
episodes should be determined with the knowledge that 2% to
4% of the general population will have silent ischemia. Routine
laboratory tests, including hemoglobin/hematocrit, potassium,
creatinine, calcium, fasting lipid profile, and a urinalysis
should be obtained, as recommended by the Seventh Report of
the Joint National Committee on Prevention, Detection,
Evaluation, and Treatment of High Blood Pressure (JNC 7).3

An electrocardiogram (ECG) should be performed because of
its potential to predict in-hospital complications as well as
long-term prognosis in patients with CHD. The most powerful
predictor of poor prognosis on the initial ECG is sinus tachy-
cardia. In the setting of an acute coronary syndrome (ACS), the
sum of ST deviation (− and +), Q waves, and prolonged QRS
duration has been correlated with an increase in mortality.4,5

Exercise ECG testing is the initial diagnostic test in patients
at intermediate risk for having CHD. However, the ECG may
be uninterpretable in individuals with preexcitation, left bun-
dle branch block, pacing rhythm, LVH with >1 mm ST
depression, or taking digoxin, and these patients should
undergo stress testing with an imaging component. The Duke

Treadmill Score gives prognostic information in terms of
4-year survival.6 The 379 individuals studied with a score of
≥5, had a 4-year survival rate of 99% (low risk). The survival
rate was 95% for the 211 persons scoring between −10 and +4
(intermediate risk). The individuals scoring <−10 had a 79%
4-year survival rate (high risk). Thus, a reasonable strategy
would be to send high-risk patients for coronary angiography
and revascularization if indicated, and to treat low-risk
patients with medical therapy. For intermediate-risk patients,
clinical judgment with the possibility of a stress imaging test
could be used to guide decision making in regard to coronary
angiography referral.

Echocardiography is the gold standard for detecting LVH,
as well as the mechanical complications of MI, such as free
wall rupture, pseudoaneurysm, papillary muscle rupture,
and/or ventricular septal defect. Stress echocardiography
combined with either exercise or dobutamine is widely used
for the noninvasive detection of myocardial ischemia. The
sensitivity of stress echocardiography (exercise ~85%, dobut-
amine ~88%) is lower than comparable nuclear cardiac stress
tests; however, the specificity is higher, particularly for dobut-
amine stress echocardiography (Table 54–1). Dobutamine
stress echocardiography is a valuable tool for predicting func-
tional improvement in patients who undergo revasculariza-
tion procedures.7,8 Nuclear cardiac imaging with exercise,
adenosine/dipyridamole, or dobutamine for stress combined
with thallium and/or technetium sestamibi (99mTc) is another
widely used noninvasive modality for detecting myocardial
ischemia. These tests are usually more sensitive and less spe-
cific than stress echocardiography.

Newer modalities such as cardiac magnetic resonance imag-
ing (MRI) and computed tomography (CT) have emerged as
future contenders with the current “gold standard” of coronary
imaging, conventional coronary angiography with fluoroscop-
ic guidance. Although most of the literature on electron beam
CT (EBCT) focuses on its role in coronary artery calcification
scoring, some data support its potential use in coronary imag-
ing. EBCT has been shown to identify lesions >50% with rea-
sonable sensitivity (74%-92%) and specificity (79%-100%)
compared with invasive coronary angiography.9,10 Multirow
detector CT (MDCT) or spiral CT has also been used with
some success to image coronary arteries (Figure 54–1).
Approximately 73% of the proximal segments of the coronary
arteries can be visualized without significant motion artifacts.
Sensitivity and specificity for 4-detector-row MDCT range
from 37% to 85% and 76% to 99%, respectively, for the detec-
tion of >50% stenoses compared with invasive coronary
angiography.11,12 This is likely to improve with 16-, 32-, and 
64-detector-row MDCT. MDCT is currently being evaluated
for possible use in the detection of in-stent restenosis.13 Major
problems with EBCT include motion artifacts, breathing arti-
facts, and limited views of vessels due to heavy calcification.
Distal arteries are difficult to visualize with EBCT and MDCT.
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MDCT has several drawbacks, including breathing and motion
artifacts and a requirement for a high dose of radiation (6-10
mSv per study). Successful studies with MDCT usually require
administration of a β-blocker to slow the heart rate to below
70 beats/min. Another problem is that both CT modalities
require nephrotoxic contrast agents in the dose range of 125 to
150 ml.

Coronary MRI has been evaluated more extensively than
CT angiography  (Figure 54–2). Nine studies comparing MRI
with invasive coronary angiography in 387 patients have
revealed a sensitivity of 77% and a specificity of 71% for
stenoses >50%.9,14,15 The requirement for multiple long breath
holds, claustrophobia, breathing and motion artifacts, and the
presence of any metal such as a pacemaker, automatic
implantable cardioverter defibrillator, aneurysm clips, or
metal prostheses limit the ability to perform the test and the
success of the test. Intracoronary stents do not appear to be
affected in any way by MRI, contrary to the package inserts
that accompany the stents. No heating, migration, or subacute
thrombosis of the stents during MRI has been reported.16,17

Both CT and MRI are used in many centers around the world

to diagnose CHD; however, they are currently not an alterna-
tive to invasive coronary angiography (Table 54–2).

Cardiac MRI is emerging as a viable method for the evalua-
tion and diagnosis of ischemic heart disease. Cardiac chamber
structure (left ventricular mass), function (contractile func-
tion), flow (shunts), and both myocardial perfusion and
myocardial viability can all be examined with cardiac MRI tech-
niques. This makes cardiac MRI a potential “one-stop shop” as
Fayad and Fuster have postulated.8 Detection of infracted tissue
by delayed hyperenhancement of contrast agent (gadolinium)
has been demonstrated in several teaching centers and appears
to be very sensitive. Stress imaging with dobutamine and
adenosine has also been demonstrated effectively; however, this
discussion is beyond the scope of this chapter.

Coronary angiography is the “gold standard” for coronary
imaging. In the 20 years from 1979 to 2000, the number of
cardiac catheterizations increased by 341%. More than 2 mil-
lion of these procedures were performed in 2000 at a cost of
$23 billion.18,19 The overall risk of the procedure is <2%, with
only the inability to consent freely being an absolute con-
traindication if needed urgently or emergently.20 The guide-

568 Comorbid Conditions and Special Populations in Hypertension

Table 54–1 Sensitivity and Specificity of Noninvasive Tests for the Detection of Coronary Artery Disease

Diagnostic Test Sensitivity Specificity Number of Studies Number of 
% (range) % (range) Analyzed Patients

Thallium scintigraphy 89 80 2 28,751
Exercise echocardiography 85 79 58 5000
Persantine thallium 85 91 11 <1000
Dobutamine echocardiography 88 84 5 <1009

From Poon M, Fuster V, Fayad Z. Cardiac magnetic resonance imaging: A “one-stop-shop” evaluation of myocardial dysfunction.
Curr Opin Cardiol 17:663-670, 2002.
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FFigure 54–1 (A) MDCT angiogram of RCA showing the presence of an intracoronary stent and a 50% stenosis. (B) X-ray
angiogram of RCA of the same patient as in part A.



lines for coronary angiography published by the American
College of Cardiology are explicit in outlining the indications
for performance of the procedure.21 Coronary angiography
requires the injection of nephrotoxic iodinated contrast,
which has become increasingly safer over the last several years.
There is also exposure to radiation for both the patient and
the operator and staff. In spite of these drawbacks, coronary
angiography continues to be widely used and is currently the
definitive way to image the coronary arterial tree.

TREATMENT OF CORONARY HEART
DISEASE AND HYPERTENSION

Medical Therapy
Chronic Stable Angina and Silent Ischemia

Angina pectoris is characterized as chest discomfort of short
duration (minutes) that is usually retrosternal in location and
relieved by rest, removal of stress, and/or the administration
of nitroglycerin.22 Approximately 24% of the male and 26% of
the female population of the United States have angina pec-
toris.1 As many as 40% of those persons with CHD experience

silent ischemic episodes (>1-mm ST-segment depression for
at least 1 minute on 48-hour Holter monitoring).23 Silent
ischemic episodes have been demonstrated in clinical studies
using 24- to 48-hour ambulatory monitoring in persons with
known stable angina on antianginal drug regimens.24 The
choice of treatment depends on the underlying pathophysio-
logic process, concomitant risk factors, and comorbid condi-
tions that could exacerbate anginal symptoms and potentially
lead to adverse cardiac events. Treatment of hypertension, cor-
rection of lipoprotein abnormalities, and smoking cessation
are important aspects of risk factor modification and thera-
py.25 All persons with CHD should be taking aspirin in a dose
between 81 mg and 325 mg unless contraindicated or an aller-
gy is present. Aspirin is well studied and has a proven mortal-
ity benefit, as well as benefit in the prevention of CHD-related
events.

Due to the enhanced myocardial oxygen demand created
by increases in blood pressure (BP)—systolic BP (SBP) in
particular—and heart rate, hypertensive patients with chron-
ic stable angina are at particular risk. A study of 25 patients
with known CHD who underwent simultaneous electrocar-
diographic and ambulatory BP monitoring (ABPM) showed
that a majority of silent ischemic episodes were preceded by
an average increase in SBP of 10 mm Hg, as well as a signifi-
cant increase in heart rate.26 Therefore, persons with both sta-
ble angina (with or without silent ischemic episodes) and
hypertension derive particular benefit from treatment with 
β-blockers and calcium channel blockers (CCBs).

The goals of treating patients with CHD and hypertension
are to lower BP, relieve angina, reduce ischemia, and prevent
future cardiovascular (CV) events (Figure 54–3). First-line
therapy should be with a β-blocker without intrinsic sympath-
omimetic activity unless contraindicated, because these agents
are indicated as first-line treatment for both hypertension and
CHD. β-Blockers reduce myocardial oxygen consumption and
heart rate and help enhance coronary flow. Thus, they are par-
ticularly helpful in reducing angina in the hypertensive patient.

If angina continues on β-blocker therapy, then long-acting
CCBs can be added to the regimen. CCBs decrease total
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Table 54– 2 Comparison of Coronary Magnetic Resonance
Angiography and Computed Tomography Angiography with
Angiography for the Detection of Coronary Artery Disease

Sensitivity Specificity 
Modality Subjects (mean) (mean)

MRA 387 38-94 (77) 42-95 (71)
EBCT 583 74-92 (87) 82-100 (91)
MDCT 513 37-85 (59) 76-99 (89)

MRA, magnetic resonance angiography; EBCT, electron beam
computed tomography; MDCT, multi-row detector computed
tomography.



peripheral resistance, which leads to decreases in BP and in
wall tension, thus reducing myocardial O2 consumption.
CCBs also decrease coronary resistance (helpful in relieving
spasm, which may be associated with Prinzmetal’s angina)
and enhance poststenotic coronary perfusion, which increases
myocardial O2 supply. Nondihydropyridine CCBs have the
additional benefit of decreasing heart rate. Short-acting
dihydropyridine CCBs should be avoided due to increased
mortality, particularly in the setting of acute MI.27 Although
nondihydropyridine CCBs can be used as antianginals in
combination with a β-blocker, there is associated risk due to
the potential for severe bradycardia and/or heart block. Long-
acting dihydropyridine CCBs are effective antianginal agents
and do not share the disadvantage of bradycardia/heart block.
Therefore, if a CCB is needed in addition to a β-blocker to
control angina in a hypertensive patient, it should be a long-
acting dihydropyridine CCB. If angina is still not controlled
on this two-drug regimen, nitrates can be added.28

The use of angiotensin-converting enzyme (ACE) inhibitors
as antiischemic therapy continues to be controversial. More
than 20 studies have examined whether these agents are or are
not useful in preventing ischemia, but only two of these
included large groups of patients. In the Perindopril
Therapeutic Safety Collaborative Research Group study, 490
hypertensive patients with CVD and/or risk factors for CVD
were randomized to treatment with an ACE inhibitor
(perindopril) or placebo. Persons in the perindopril group had
significantly less ST depression during maximal treadmill exer-
cise testing and fewer anginal episodes (p <.05 for both anginal
episodes and maximal ST depression).29 The quinapril antiis-
chemia and symptoms of angina reduction (QUASAR) trial
was a study of 336 patients with stable CHD who were ran-
domized to an ACE inhibitor (quinapril) or placebo.
Approximately half of the study population had medically
treated hypertension, and all were examined for ischemic
events with treadmill testing, ambulatory ECG monitoring,
and the Seattle Angina Questionnaire. No significant difference
was demonstrated between the two groups either at 8 or 16
weeks.30 Based on currently available evidence, the use of ACE
inhibitors as antiischemic/antianginal agents is not indicated.

Acute Coronary Syndromes: Unstable Angina, Non-ST-
Elevation Myocardial Infarction, and ST-Elevationn
Myocardial Infarction

In the setting of an acute coronary syndrome (ACS), the goal of
therapy is to pacify the unstable coronary plaque, relieve angi-
nal pain, control BP and heart rate, and assist in the restoration
of flow in the coronary arterial system. All patients with an ACS
should immediately receive a crushed aspirin, oxygen, and an
intravenous β-blocker (unless contraindicated). If the ACS is
an ST-elevation acute MI in a setting where primary percuta-
neous coronary intervention cannot occur within 1 to 2 hours,
reperfusion therapy with thrombolytics is indicated; otherwise,
primary percutaneous coronary intervention should be per-
formed (Figure 54–4).31 Intravenous heparin should also be
administered. If BP is appropriate and right ventricular infarc-
tion has been ruled out, intravenous nitroglycerin and narcot-
ic agents can be given safely. If the ACS is unstable angina/non-
ST-elevation MI, and certain features such as dynamic ECG
changes, positive cardiac biomarkers, and/or uncontrolled pain
are present, the use of a GP IIb/IIIa agent (either enoxaparin or
tirofiban, not abciximab) is indicated32,33 (Figure 54–5). The
Thrombolysis in Myocardial Infarction (TIMI) risk score has
been used to guide therapy and to predict future events and
outcomes.34 CV events increase dramatically with each incre-
ment in the TIMI Risk Score.

β-Blockers (nonintrinsic sympathomimetic activity) are
first-line agents for both acute MI and hypertension (Figure
54–6). They help limit infarct size, decrease the risk of recur-
rent MI, improve survival, and decrease the incidence of sud-
den cardiac death secondary to fatal arrythmias.35-39 Patients
should receive early intravenous β-blocker therapy (metopro-
lol 5 mg every 5 minutes for three doses) within 12 hours of
onset of the event, followed by an oral β-blocker (within the
first 2 days) unless contraindicated (e.g., by bradycardia,
bronchospasm, or hypotension). Both intravenous and oral β-
blockers during and after acute MI have been studied exten-
sively and have been proven to reduce mortality and the
incidence of reinfarction.31 The choice of agent, and the short-
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Figure 54–3 JNC 7 algorithm for the treatment of
hypertension.
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and long-term dosing goal, have varied substantially in clini-
cal trials. In general, the dose of β-blocker should be that
which achieves adequate reduction in heart rate and BP while
still being tolerated by the patient.

The Carvedilol Post-Infarct Survival Control in Left
Ventricular (LV) Dysfunction (CAPRICORN) trial, carried
out in 1959 post-MI patients with LV dysfunction, is the first
study to demonstrate the beneficial effects of β-blockers post-
MI in the postreperfusion era, and in patients with LV dys-
function (a population excluded from prior β-blocker trials in
acute MI).40 All participants had a proven MI and LV ejection
fraction (LVEF) ≤40%, and >50% had hypertension. After a
mean follow-up of 1.3 years, all-cause mortality (p = .031),
CVD mortality (p = .024), nonfatal MI (p = .014), and all-
cause mortality or nonfatal MI (p = .002) were lower in the
carvedilol group than in the placebo (usual therapy) group.
The 23% observed reduction in mortality was in addition to
ACE inhibitor (prescribed in 98% of participants) and reper-
fusion (prescribed in 46%) therapies.

CCBs can be used for acute MI in situations in which 
β-blocker therapy is inadequately controlling angina, BP,
and/or heart rate (e.g., supraventricular tachycardia), or if β-
blockers are poorly tolerated or contraindicated. In the setting
of unstable angina and concomitant β-blocker use, long-acting
dihydropyridine CCBs are preferred over nondihydropyridine
CCBs due to the possibility of excessive bradycardia or heart
block associated with the latter agents. Short-acting dihy-
dropyridine CCBs should be avoided in patients with acute
MI, pulmonary edema, or LV dysfunction.40a-43 Several trials
have demonstrated that these agents increase mortality and the
rate of reinfarction. Specifically, compared with patients treat-
ed with other antihypertensive agents (diuretics and β-block-
ers), hypertensive patients treated with short-acting CCBs have
been shown to have a 60% higher risk of MI.27

Randomized trials of nondihydropyridine CCBs (verapamil
and diltiazem) in patients with acute MI have shown benefit in
preventing CVD events, but no significant influence on overall
mortality. In the Danish Verapamil Infarction Trial II, vera-
pamil use was associated with a 20% (p = .03) reduction in first
major CVD event (death and reinfarction).44 In a meta-analy-
sis of 28 randomized trials in approximately 19,000 post-MI
patients, verapamil use resulted in a significant 19% decrease
in reinfarction (relative risk, 0.81; 95% confidence interval,
0.67-0.98).45 However, in these and other trials, no significant
decrease in mortality has been shown. A large trial of diltiazem
therapy (the Multicenter Diltiazem Postinfarction Trial
[MDPIT]) demonstrated no reduction in mortality or rein-
farction.46 In patients with depressed LV function and/or pul-
monary edema, diltiazem use was associated with a 41%
increase in CVD events (death from a cardiac cause and non-
fatal MI). Therefore, CCBs are not recommended in the setting
of acute MI except in situations in which β-blockers are poor-
ly tolerated or inadequate to control concomitant conditions
(e.g., BP, angina, or supraventricular tachycardia).32

ACE inhibitors are indicated in all patients with acute MI
who can tolerate them. In a hemodynamically stable (SBP
≥90-100 mm Hg) patient post-MI, an oral ACE inhibitor
should be initiated, generally within 24 hours of onset of the
event, particularly if the infarct is anterior and associated with
depressed LV function (LVEF <40% ) and/or heart failure.47-50

Creatinine and electrolytes should be checked prior to initia-
tion of ACE inhibitor therapy and periodically until the high-
est tolerated dose of the agent has been given and the patient
has shown stable renal function. Use of ACE inhibitors after
acute MI has led to significant reductions in mortality.51-53

The large clinical trials have shown that the greatest benefit
occurs in patients who are at highest risk (Killip class 2 or 3,
heart rate ≥100 beats/min). The hemodynamic effects and
overall benefit of ACE inhibition are seen early. Approxi-
mately 40% of the 30-day increase in survival is observed in
days 0 to 1, 45% in days 2 to 7, and approximately 15% after
day 7.47,50 These findings help support the current recommen-
dation that ACE inhibitors should be initiated routinely after
acute MI and continued for an indefinite period.32

Angiotensin receptor blockers (ARBs) have been proven to
be effective as antihypertensive agents for both hypertension
and heart failure and are now used in persons who are ACE
inhibitor intolerant or allergic. Emerging data appear to sup-
port the use of ARBs in MI. The ARB valsartan was compared
with the ACE inhibitor captopril in the (VALIANT) trial,
a double-blind trial in which patients were randomized to
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Figure 54–4 Algorithm for the management of patients with
ST-segment elevation myocardial infarction.
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or cardiogenic shock
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ASA, BB, ACEi, enox/UFH,
GP IIb/IIIa inhibitor, clopidogrel

Figure 54–5 Algorithm for the management of patients with
unstable angina or non-ST-segment myocardial infarction.
(From Braunwald E. Application of current guidelines to the
management of unstable angina and non-ST-elevation
myocardial infarction. Circulation 108:III28-III37, 2003.)



valsartan (4909 patients), valsartan plus captopril (4885
patients), or captopril (4909 patients).54 During the 2-year
follow-up, 979 patients in the valsartan group died compared
with 941 in the combination group and 958 in the captopril
group. There was no statistically significant difference in the
primary endpoint of death from any cause, and valsartan was
shown to have noninferiority compared with captopril in
regard to mortality (p = .004). The combination group had
the most drug-related adverse events and did not show
improved survival.

Aldosterone receptor antagonists have been proven to
reduce mortality and morbidity in patients with severe heart
failure who are already on ACE inhibitor therapy. Aldosterone
blockade is believed to prevent ventricular remodeling and
collagen formation in the ventricles of persons with severe LV
dysfunction.55 A large randomized, double-blind, controlled
trial comparing eplerenone (a newer and more selective aldos-
terone antagonist) with placebo (conventional therapy) in
6632 patients who were less than 2 weeks from an MI com-
plicated by LV dysfunction demonstrated a mortality and
morbidity reduction in favor of eplerenone.56 Total deaths,
deaths from a CV cause, and the combined endpoint of CV
death or hospitalization for CV illness were all significantly
lower in the eplerenone group (p = .008, p = .005, p = .002,
respectively). Hypertensive patients (p = .05) and those with a
widened pulse pressure (p = .01) experienced a significant
benefit. This important study has led to the U.S. Food and
Drug Administration’s approval of this novel agent for use as

an alternative to conventional therapy in the setting of acute
MI with LV dysfunction.

Other General Considerations

Antiplatelet Therapy
Antiplatelet therapy is a mainstay of medical therapy for
CHD and ACS regardless of whether or not an invasive strat-
egy is planned. Multiple studies have proven the benefit of
aspirin, a cyclooxygenase-1 inhibitor. The most striking data
supporting the use of aspirin come from the Second
International Study of Infarct Survival (ISIS-2) trial in which
aspirin and streptokinase, a thrombolytic agent, were found
to independently equally reduce mortality (9.2% for strep-
tokinase, 9.4% for aspirin).57 Thienopyridine therapy has also
become a mainstay of therapy, particularly in those patients
who go on to percutaneous coronary intervention (PCI) with
coronary stenting. Ticlopidine and clopidogrel are equally
effective, but clopidogrel is better tolerated and exhibits a
more favorable side effect profile.58 The Clopidogrel in
Unstable Angina to Prevent Recurrent Events (CURE) and
Clopidogrel for the Reduction of Events During Observation
(CREDO) trials have provided convincing evidence of bene-
fit from clopidogrel treatment in preventing CVD events in
the setting of ACS, coronary artery bypass grafting (CABG),
or PCI (Figure 54–7).59-61 The length of clopidogrel treatment
and the decision of when to start the drug remain controver-
sial. If the coronary anatomy is unknown, there is a risk that
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urgent CABG may be needed and will have to be delayed due
to clopidogrel use. Therefore, it is recommended that clopi-
dogrel be administered to patients with ACS in combination
with aspirin unless the patient has undefined coronary anato-
my and/or is at risk of excess bleeding.32,33

Low-Molecular-Weight Heparin and Glycoprotein
IIb/IIIa Receptor Antagonists
Low-molecular-weight heparin (LMWH) has been shown to
be more effective than unfractionated heparin (UFH) in ACS
because it has a higher anti-Xa:IIa ratio than UFH and is very
predictable and easy to use.62-64 The Efficacy and Safety of
Subcutaneous Enoxaparin in Unstable Angina and Non-Q-
Wave MI (ESSENCE) trial compared the LMWH enoxaparin
with UFH in 3000 patients with ACS.62 Outcome (death, MI,
repeat revascularization) rates were significantly lower for
enoxaparin at 14 and 30 days.

A higher risk group of 3910 patients (ST-segment depres-
sion, positive cardiac enzymes) with ACS was randomized to
enoxaparin or UFH in the TIMI 11B trial.63 The primary end-
point of death, MI, recurrent ischemia, and need for revascu-
larization was significantly reduced by enoxaparin treatment.
A subsequent meta-analysis of ESSENCE and TIMI 11B
showed an advantage for enoxaparin over several time points
up to 43 days.64 A meta-analysis of clinical trials involving
13,320 patients with non-ST-elevation ACS comparing
LMWH and UFH demonstrated no significant differences in
either efficacy or safety.65

A presumed advantage of LMWH is a reduction in the
“rebound” phenomenon that was associated with abrupt ces-
sation of UFH. An increase in CV events presumed to be due
to increased platelet adhesion has been shown in the first 24 to
48 hours after UFH has been stopped. However, it appears that
cardiac ischemic events occur within 24 hours of LMWH ces-
sation, as well. This was demonstrated in an analysis of the
TIMI 11B and ESSENCE trials.66 Groups receiving UFH and

short-term enoxaparin (≤8 days) were compared with a group
that received long-term enoxaparin (43 days). The long-term
LMWH group had significantly fewer ischemic events follow-
ing cessation compared with the UFH group (p <.0001) and
the short-term enoxaparin group (p <.0003). LMWH is rec-
ommended by the ACC/AHA guidelines for use in unstable
angina, non-ST-elevation MI, and acute MI. UFH may also be
used. In the setting of PCI, LMWH and UFH can be used safe-
ly and effectively.

The use of platelet glycoprotein IIb/IIIa inhibitors in unsta-
ble angina/non-ST-elevation MI is controversial. Persons who
are going to be treated with an early invasive strategy and who
have positive cardiac enzymes and/or ECG changes benefit the
most from the use of these agents. In a meta-analysis of more
than 30,000 patients with unstable angina or non-ST-elevation
MI, the 5847 patients who underwent early invasive manage-
ment with revascularization had a 21% reduction in death or
MI when treated with these agents. The 25,000+ patients who
did not undergo an early invasive procedure had only a 3%
reduction in death or MI with glycoprotein IIb/IIIa inhibitor
treatment.67 The ACC/AHA guidelines support the use of gly-
coprotein IIb/IIIa inhibitors in high-risk patients (particularly
troponin positive) who are likely to have early angiography.

HMG-CoA Reductase Inhibitors
All patients with an ACS should be discharged on an hydroxy-
methyl glutaryl-coenzyme A (HMG-CoA) reductase inhibitor
(i.e., statin) because this class of medications has been shown
to decrease CHD events and mortality.68-70 Current National
Cholesterol Education Program (NCEP) guidelines specify a
goal LDL level in patients with known CHD of <100 mg/dl.
A great number of patients will require pharmacologic interven-
tion to achieve this goal.71 Above and beyond LDL lowering,
studies are now demonstrating positive effects of statins on
endothelial function, oxidative stress, and biomarkers of inflam-
mation.72-74 Statin therapy has been shown in trials to signifi-
cantly lower levels of C-reactive protein, in association with a
significant reduction in CVD event rates.75,76

Invasive Therapy
In patients presenting with ACS, there is now ample evidence
to support an early invasive strategy whereby individuals are
taken to the cardiac catheterization laboratory for coronary
angiography within the first 24 to 48 hours, followed by revas-
cularization as dictated by the anatomy. Prior to the “stent
era,” prospective randomized trials showed no benefit from an
early invasive strategy compared with early conservative ther-
apy.77,78 Both TIMI IIIB and the Veterans Affairs non–Q-wave
infarction strategies in hospital (VANQWISH) trial showed
no significant difference between the two strategies.

“Stent-era” trials including the Fragmin and Fast Revascu-
larization During Instability in Coronary Artery Disease
(FRISC) II trial, the Randomized Intervention Trial of Unstable
Angina (RITA) III trial, and the Treat Angina with Aggrastat and
Determine Cost of Therapy with an Invasive or Conservative
Strategy—Thrombolysis in Myocardial Infarction (TACTICS-
TIMI) 18 trial, showed benefit (reduction in death or MI) at 4 to
12 months of follow-up in patients randomized to an early inva-
sive strategy.79-81 These studies support an early invasive strategy
for all patients with ACS who do not have a contraindication
to cardiac catheterization (Figure 54–8). Adjunctive therapy to
PCI after diagnostic angiography includes several proven
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pharmacologic agents. However, a formal discussion of the pros
and cons of using GP IIb/IIIa inhibitors, LMWH, or bivalirudin
in their setting is very controversial and beyond the scope of this
chapter.

Percutaneous Coronary Intervention versus Coronary
Artery Bypass Grafting
Limited clinical trial data support the use of multivessel stent-
ing as an alternative to CABG in patients with multivessel
CHD82-84 (Table 54-3). With the emergence of drug-eluting
stent technology, the higher rates of revascularization in the
PCI groups will decrease, making multivessel stenting an even
more attractive alternative to CABG. In the setting of acute
MI, only the “culprit” vessel should undergo PCI. According
to ACC/AHA guidelines, intervening on a “nonculprit” vessel
in the setting of acute MI is a class III indication.85

Drug-Eluting Stents
Drug-eluting stents such as the sirolimus-eluting Cypher stent
and the paclitaxel-eluting Taxus stent have revolutionized PCI
by keeping in-stent restenosis in the single digits; thus, helping
to eliminate PCI’s Achilles heel, the need for repeat interven-
tion and target vessel revascularization (Figure 54–9). Studies
involving the sirolimus-eluting stent have demonstrated mor-
tality rates <2%, target vessel revascularization rates of <9%,
and in-stent restenosis rates <3% at 6 months.86,87 At 2 years,
the in-stent lumen assessed with intravascular ultrasound has
remained essentially unchanged in a group of 30 patients with
sirolimus-eluting stents.88 Similarly, rates of restenosis (0% at 6
months), target vessel revascularization (3% at 6 months), and
major adverse cardiac events such as death and MI (0% at 12
months) for the paclitaxel-eluting stent have been very low.89

In the setting of acute MI, the sirolimus-eluting stent was
shown to be safe in 96 patients enrolled over 6 months.90 At
300 days post-MI, sirolimus-eluting stents have had lower
overall adverse event rates compared with bare stents without
an increase in subacute stent thrombosis.91 Now that the “stent
era” has developed into “the drug-eluting stent era,” it is likely
that PCI will become an option for even more patients previ-
ously thought to require CABG (Figure 54–10).

HYPERTENSION AND PERIPHERAL
VASCULAR DISEASE

Persons with symptomatic peripheral vascular disease (PVD)
have a 15-fold increased rate of mortality from CVD and a
high rate of concomitant coronary artery disease and/or cere-
brovascular disease.92 Hypertension, diabetes, and smoking
are major risk factors for PVD. CHD and renovascular disease
often occur together, with as many as 28% of hypertensive
patients undergoing cardiac catheterization having renal
artery disease. Therefore, the threshold for noninvasive
screening for both disease processes in these persons should
be low93 (Table 54–4).

Relatively little attention has been devoted to PVD as an
endpoint in controlled trials of antihypertensive therapy, and
the sparse data that are available are disappointing. For exam-
ple, in the United Kingdom Prospective Diabetes Study
Group (UKPDS) trial, tight BP control (mean achieved BP =
144/82 mm Hg vs. 154/87 mm Hg in the less tight control
group) in patients with hypertension and diabetes led to
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Figure 54–8 Rates of adverse cardiac events according to
assignment to either a conservative strategy or an early
invasive strategy over time (6-12 months) in the FRISC II
study, the TACTICS-TIMI 18 trial, or the RITA 3 trial. (From
Wallentin L, Lagerqvist B, Husted S, et al. Outcome at 1
year after an invasive compared with a noninvasive strategy
in unstable coronary artery disease: The FRISC II invasive
randomized trial. Lancet 356:9-16, 2000; Cannon CP,
Weintraub WS, Demopoulos LA, et al. Comparison of early
invasive and conservative strategies in patients with unstable
coronary syndromes treated with the glycoprotein IIb/IIIa
inhibitor tirofiban. N Engl J Med 344:1879-1887, 2001;
and Fox KAA, Poole-Wilson PA, Henderson RA, et al.
Interventional versus conservative treatment for patients with
unstable angina or non-ST-elevation myocardial infarction:
The British Heart Foundation RITA 3 randomized trial. Lancet
360:743-71, 2002.)
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significant reductions in risk of death (p = .019) and in com-
plications related to diabetes (p = .005), stroke (p = .013), and
microvascular disease (p = .009), but no significant decrease
in PVD risk (p = .17).94

Antihypertensive drug treatment is also ineffective in
relieving symptoms of PVD. Vasodilator agents such as ACE
inhibitors, CCBs, α-adrenergic blockers, and direct vasodila-
tors have not been shown to improve walking distance or
symptoms of claudication in patients with PVD.95-97 Whether
this is due to the inability of diseased vessels to dilate further
because they are maximally dilated during exercise, to a “steal”
phenomenon, and/or to the possibility that systemic BP
reduction decreases forward blood flow due to a loss of “driv-
ing” pressure is unknown. β-Blockers are generally thought to
precipitate peripheral vasoconstriction and increase the fre-
quency of intermittent claudication, and thus to be relatively
contraindicated in patients with PVD. However, studies have
shown that β-blockers do not reduce walking distance or calf
blood flow in patients with intermittent claudication due to
PVD.98 Thus, if needed for CHD, β-blockers can be used in
these patients.

Because no class of antihypertensive medications offers
particular benefits to the patient with PVD, treatment choic-
es should be made based on concomitant conditions (CHD,
diabetes, heart failure). In patients with PVD and no con-
comitant condition, a thiazide diuretic is the agent of first
choice, followed by a β-blockers. If CHD is present, a 
β-blocker should be the first choice, followed by a thiazide
diuretic. In patients with CHD, diabetes and/or heart failure,
ACE inhibitor therapy is indicated. Renovascular disease
should be excluded in this high-risk population before initi-
ation of ACE inhibitor treatment. If the aforementioned
agents fail to control BP and/or are poorly tolerated, or if the
patient has Raynaud’s phenomenon, CCBs (preferably
nondihydropyridine CCBs) can be used.99
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Table 54–3 Comparison of Coronary Artery Bypass Grafting
with Multivessel Stenting

MVS CABG TVR
Trial CABG Mortality Mortality MVS TVR

ERACI I/II 4.7-7.5% 3.1-4.7% 4.8-6.3%* 16.8-37%
ARTS 10.8% 10.2% 4.8%† 19.7%
SoS 9% 10% 6%‡ 21%

*p <.002; †p <.001; ‡p <.0001.
CABG, coronary artery bypass grafting; MVS, multivessel stent-
ing; TVR, target vessel revascularization.

Table 54–4 Percentage of Patients with Coronary Artery
Disease or Peripheral Vascular Disease Who Have
Atherosclerotic Renal Artery Disease

Patients ARAD

PVD 45-59%
Aortoiliac 28-38%
CAD 15-28%

From Schreiber MJ, Pohl MA, Novick AC. The natural history of
atherosclerotic and fibrous renal artery disease. Urol Clin North
Am 11:383-392, 1984; and Aqel RA, Zoghbi GJ, Baldwin SA,
et al. Prevalence of renal artery stenosis in high-risk veterans
referred to cardiac catheterization. J Hypertens 21:1157-1162,
2003.
ARAD, atherosclerotic renal artery stenosis; PVD, peripheral vas-
cular disease; CAD, coronary artery disease.

FFigure 54–9 Six-month stent edge analysis: % diameter
stenosis. (From Grube Silber S, Hauptmann KE, et al. TAXUS-
1: Six- and twelve-month results from a randomized double-
blind trial on a slow-release paclitaxel-eluting stent for de
novo coronary lesions. Circulation 107:38-42, 2003.).
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The elderly, defined as individuals 65 years of age and older,
represent the most rapidly growing segment of the U.S. pop-
ulation. In 1990, they accounted for 13% of the population
and are expected to account for 20% of the population by the
year 2040.1 While approximately 40 million Americans will be
65 years or older by the year 2010, the number of “old elderly”
(i.e., those older than age 85) is projected to reach 16 million
by the middle of the twenty-first century.2

Hypertension, defined as a systolic blood pressure (SBP) at
or above 140 mm Hg and a diastolic blood pressure (DBP)
at or above 90 mm Hg, remains the most common primary
office diagnosis in the United States, with more than 35 mil-
lion visits per year.3 Hypertension is a powerful, independent,
and modifiable risk factor whose presence increases the risk
of atherosclerotic cardiovascular disease (CVD), including
stroke, coronary heart disease (CHD), congestive heart fail-
ure (CHF), peripheral vascular disease (PVD), renal failure,
dementia, and death.3 Affecting approximately 58 million
Americans, elevations in blood pressure (BP) exert a strong,
continuous, and graded relationship with no threshold of
risk for developing CVD.3 High BP in the elderly confers a
threefold to fourfold increase in risk for CVD compared with
younger individuals.3 In 1999-2000, prevalence data from
the National Health and Nutrition Examination Survey
(NHANES) found that about 30% of Americans 40 to 59
years of age and 65% of Americans older than 60 years of age
were hypertensive, with 80% of older Blacks and 70% of
older Mexican Americans and whites affected.4 In addition,
the prevalence of hypertension has increased significantly
in older Americans between 1988 and 2000.4 More than
90% of people will develop hypertension within their life-
time, usually after 55 years of age.5 For persons 40 to 70 years
of age, the risk of CVD begins at 115/75 mm Hg and dou-
bles with each increase of 20/10 mm Hg up to 185/115 mm
Hg.6 While both SBP and DBP are independently predictive
of cardiovascular risk up to age 50, for those older than
50 years of age, SBP is a better predictor of CVD risk
than DBP.7

More people today are aware of and are on therapy for
their hypertension than in previous years. Since the late
1970s, the minimum goal for BP reduction for patients with
hypertension has been less than 140/90 mm Hg. In its sev-
enth report on the Prevention, Detection, Evaluation, and
Treatment of High Blood Pressure (JNC 7), the Joint
National Committee recommended an even lower goal, to
less than 130/80 mm Hg, for higher-risk patients, including
diabetics and those with renal impairment.3 While BP con-
trol rates are improving, BP is controlled in only one in every
three persons in the United States, with control rates even
worse in the elderly, of whom only 27% are controlled.4

ISOLATED SYSTOLIC HYPERTENSION

As we age, elevation of SBP predicts the risk of CVD better
than increases in DBP.7 Although this was observed more than
three decades ago, no attempt was made to translate this evi-
dence into practice until 1993, when the Fifth Joint National
Committee Report (JNC V) recognized isolated systolic hyper-
tension (ISH) as an important target for BP control.8,9 ISH,
defined as a SBP of ≥140 mm Hg and a DBP of <90 mm Hg,
represents the most common form of hypertension in the eld-
erly and its prevalence increases with age; two thirds of indi-
viduals 60 years of age and older, and three fourths of those
older than 75 years of age, have ISH.10 In NHANES III, among
persons 70 years of age and older, more than 90% of those
who were inadequately treated had ISH, whereas in those less
than 40 years of age who were inadequately treated, only 22%
had ISH.11 More than 25% of adults 60 years of age or older
have stage 1 ISH (SBP of 140-159 mm Hg with DBP <90 mm
Hg). It is the predominant form of hypertension in the elder-
ly and often goes untreated.11

SBP is easier to measure than DBP in the elderly, and know-
ing the SBP allows more appropriate risk stratification. In an
analysis of the Framingham Heart Study, knowing only the
SBP correctly classified the stage of BP in 99% of adults older
than the age of 60, while knowing only the DBP allowed 66%
to be correctly classified.12

Age-related pathophysiologic changes explain the fre-
quent development of ISH. While DBP elevation is caused by
constriction of the smaller arterioles, ISH is caused by the
loss of distensibility of the larger arteries, especially the
aorta.13 In younger persons, the aorta is highly distensible,
expanding during systole to minimize the rise in BP. The
majority of elderly individuals, however, develop progressive
stiffening of their arterial tree with age. This reduces the
compliance of the aorta during systole and leads to a pro-
gressive elevation in SBP. Because the smaller arterioles are
not involved in this process, the DBP remains normal or
tends to decrease, contributing to a higher pulse pressure
(SBP-DBP) with age.13 Accordingly, the elevated SBP
increases both left ventricular work and the risk for left ven-
tricular hypertrophy (LVH), while the decreased DBP may
compromise coronary blood flow.14 This increase in pulse
pressure is a stronger predictor of cardiovascular risk than
either SBP or DBP elevation in the elderly. As there is no
trial-based evidence that a reduction in pulse pressure
reduces cardiovascular risk, and because SBP reduction
improves CVD outcomes and remains the major risk com-
ponent of pulse pressure, treatment of SBP should continue
to be targeted to reduce cardiovascular risk in the elderly
patient.15
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APPROPRIATE GOALS OF THERAPY
IN THE ELDERLY

Treatment Benefits
The optimal BP level in the elderly individual with hyper-
tension has not yet been conclusively determined.3 In
general, BP goals depend on the type of elevation (isolated
systolic versus systolic/diastolic) and the presence of dia-
betes or renal disease. Clinical trials over the past 35 years
have proven the benefits of antihypertensive therapy in
reducing the rates of stroke, heart failure, and heart attack.
Several large, prospective clinical trials conducted over the
past several decades in older patients with combined
systolic-diastolic hypertension have demonstrated the ben-
efits of treating hypertension in the elderly (Table 55–1).
Based on diastolic entry criteria, they showed significant
decreases in the rates of stroke, heart failure, and heart
attack, as well as mortality when treating to a DBP goal of
less than 90 mm Hg. These treatment benefits are notably
greater in older compared with younger individuals, due to
the greater absolute risk for CVD outcomes in older indi-
viduals.16 Small reductions in BP are associated with large
reductions in cardiovascular events and stroke.17 While car-
diovascular events have been decreased by treatment of
hypertension in the elderly, the demonstrated benefit has
been even larger for the prevention of stroke and stroke-
related mortality. Several meta-analyses found a 38% reduc-
tion in stroke, 16% reduction in heart attack, 52% reduction
in heart failure, 21% reduction in cardiovascular death, and
a 35% reduction in LVH in drug-treated compared with
placebo or control participants.18-21 The Blood Pressure
Treatment Trialists’ Collaboration evaluated 29 trials
(162,341 participants with a mean age of 65 years) and
found that reduction in BP with any of the commonly used
regimens reduced the risk of cardiovascular events, and the
larger the reduction in SBP, the larger the reduction in risk.22

In the most recent controlled clinical trials, including the
Hypertension Optimal Treatment (HOT),23 Antihypertensive,
and Lipid-Lowering Treatment to Prevent Heart Attack
Trial (ALLHAT),24 and the Controlled Onset Verapamil
Investigation of Cardiovascular Endpoints (CONVINCE)25

trials, 90% of participants had their DBP reduced to <90 mm Hg,
but only about 60% had SBPs reduced to <140 mm Hg.
Accordingly, it is usually the inability to reduce SBP effective-
ly that prevents BP targets from being reached.

Randomized placebo-controlled trials have demonstrated
significant benefit from drug treatment in elderly patients
with ISH. In those with a SBP ≥160 mm Hg and a DBP <90
to 95 mm Hg at baseline, a 35% to 40 % reduction in stroke,
up to a 50% reduction in heart failure, a 30% reduction in
coronary events, and a 10% to 15% reduction in mortality
were achieved with antihypertensive treatment (Table 55–2).
In order to achieve this benefit, SBP was reduced by at least
20 mm Hg from baseline, to a level below 150 or 160 mm Hg.
In none of the trials was an average SBP <140 mm Hg
achieved (Table 55–3).

Is there clinical trial evidence to recommend a goal SBP of
<140 mm Hg in patients with ISH? Only a few clinical trials
have specifically attempted to randomize patients to different
target levels of BP as a primary intervention. Many recom-
mendations to achieve a specific target BP come from epi-
demiologic observation or posthoc analyses of clinical trial
data. One such posthoc analysis was published almost 10 years
after the original results of the SHEP trial.26 In this analysis,
performed on the original 4736 participants 60 years of age or
older with SBP of ≥160 mm Hg and DBP <90 mm Hg, the risk
of stroke was calculated according to on-treatment BP during
follow-up. With a targeted SBP <160 mm Hg and at least a
20–mm Hg reduction from baseline, those on-treatment had
a 33% reduction in stroke. The patients who achieved a SBP
<150 mm Hg did even better, with a 38% reduction in stroke
risk. The group who achieved a SBP <140 mm Hg had a 22%
reduction in stroke risk, which did not reach statistical signif-
icance because of the smaller numbers of participants
involved. These data should not be interpreted to mean that
achieving SBP <140 mm Hg is less beneficial than achieving a
higher SBP level. They do suggest, however, that if SBP is
reduced by at least 20 mm Hg from baseline, even if not to the
presently recommended goal of <140 mm Hg, clinical out-
come is improved.
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Table 55–1 Percent Event Reduction in Clinical Hypertension
Trials in Older Patients

Stroke CAD CHF All CVD

Australian 33 18 — 31
EWPHE 36 20 22 29*

STOP 47* 13† 51* 40*

MRC 25* 19 — 17*

HDFP 44* 15* — 16*

*Statistically significant.
†Myocardial infarction only.
CAD, coronary artery disease; CHF, congestive heart failure;
CVD, cardiovascular disease.

Table 55–2 Major Clinical Trials Showing Benefit of Treating
Isolated Systolic Hypertension

SHEP Syst-Eur Syst-China 
(n = 4736) (n = 4695) (n = 2394)

Baseline 160-219/ 160-219/ 160-219/
SBP/DBP <90 <95 <95
(mm Hg)
BP reduction: 27/9 23/7 20/5
SBP/DBP 
(mm Hg)
Drug therapy Chlorthalidone Nitrendipine Nitrendipine

Atenolol Enalapril Captopril
HCTZ HCTZ

Outcomes (%) ↓

Stroke 33 42 38
CAD 27 30 27
CHF 55 29 —
All CVR disease 32 31 25

Reproduced from the Journal of Clinical Hypertension Vol II, No.
5, page 336, September/October.
HCTZ, hydrochlorothiazide; CAD, coronary artery disease;
CHF, congestive heart disease; CVR, cardiovascular.



The cardiovascular risk associated with stage 1 ISH (140-159
mm Hg) is well established, but no outcome-based trial has
tested whether treatment reduces event rates. Nevertheless,
JNC 73 and a consensus statement from the National High
Blood Pressure Education Program recommend achieving a
SBP <140 mm Hg based on epidemiologic rather than trial-
based data.10

It should be noted that clinical trials in elderly patients with
hypertension tend to underestimate the actual benefit of treat-
ment for several reasons. First, patients with severe hyperten-
sion, who stand to benefit the most from treatment because of
their greater absolute risk, are often excluded. In addition,
many study protocols follow an “intention-to-treat” design,
where patients in the placebo group are treated once their BP
reaches a designated threshold, thus minimizing the treatment
benefits in the active therapy group. In the Systolic
Hypertension in the Elderly Program (SHEP), for example, by
the end of the study, 44% of patients in the placebo group
were receiving active treatment. Finally, a relatively short (3-5
year) trial duration may not allow treatment-related reduc-
tions in CHD events to be realized, because cerebrovascular
endpoint benefits may occur sooner and cause the trial to be
stopped early.27 Accordingly, benefits of antihypertensive
treatment seen in practice may be greater than those achieved
in clinical trials.

Is there any age at which one would not treat the elderly
patient with hypertension? A subgroup meta-analysis of
effects of antihypertensive treatment on very old participants
enrolled in randomized controlled trials supports the benefit
of antihypertensive therapy even in patients 80 years of age
and older, at least with respect to prevention of stroke, major
cardiovascular events, and heart failure.28 There was no treat-
ment benefit for cardiovascular death, and a nonsignificant
excess of all-cause mortality in the active treatment group,
suggesting a need for a large-scale trial of antihypertensive
treatment in the very elderly. In the interim, there is no justi-
fication for withholding antihypertensive treatment based on
advanced age (Box 55–1).

Clinical Evaluation
A thorough history and physical examination should be per-
formed, as in the younger patient with hypertension. Patients
should be specifically questioned about the use of any prior anti-
hypertensive medication and how well their BP was controlled.
In addition, they should be asked about the use of nonsteroidal
antiinflammatory agents and over-the-counter medications,
including nasal sprays and cold remedies, both of which may

raise BP. Questioning should also occur concerning alternative
therapies, including ephedrine-containing neutraceuticals such
as Ma Huang, which has been associated with stroke.

As in the younger patient, the diagnosis of hypertension
should be based on the average of two standardized measure-
ments taken over separate office visits. This is even more
important in the elderly because BP is often more variable in
this group than in younger persons. In addition, measure-
ment of BP can pose special problems in the elderly.
Pseudohypertension should be suspected in those with per-
sistently high BP without any evidence of target organ damage
or when antihypertensive medication causes hypotensive
symptoms in elderly patients with continually elevated cuff-
determined BP. In these individuals, the brachial arteries may
be thickened and stiff and the BP measurement may be an
overestimation of actual intraarterial pressure.

BP should be measured in the supine, sitting, and standing
positions as the elderly are more prone to postural hypoten-
sion, especially after a meal. The occurrence of postural
hypotension often limits the ability to control systolic hyper-
tension and affects the ability to use sitting pressures to deter-
mine BP control. The standing BP, therefore, should often be
used in the elderly to determine the dose of antihypertensive
medication required and if BP is controlled.

Most elderly patients with hypertension are asymptomatic.
Target organ damage is more likely to occur in the elderly,
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Table 55–3 Blood Pressure in SHEP and Syst-Eur (mm Hg)

SHEP Syst-Eur

Entry 160-219/<90 160-219/<95
Goal (SBP) <160 + ≥21 ↓ <150 + ≥20 ↓
Baseline 170/77 174/86
Achieved: Rx 143/68 151/79
Achieved: Placebo 155/72 161/84
Difference; Rx-Placebo 12/4 10/5

Reproduced with permission for the Journal of Clinical
Hypertension, Vol II, No. 5, page 336. March/April 2000.

Box 55–1 General Guidelines Related to Antihypertensive
Treatment in the Elderly

● Therapy in older individuals with hypertension should
begin with lifestyle modification.

● Weight loss and sodium restriction may decrease the
need for antihypertensive medication in this
population.

● The starting dose of medication should be one half of
that used in younger patients.

● In the elderly patient with hypertension and no
compelling indications, a thiazide-type diuretic is
recommended as initial therapy.

● α-Blocker therapy should not be used as initial
therapy but it can be used as additive therapy to
further help reduce blood pressure (BP).

● Although BP reduction should occur more gradually
in the older patient with hypertension, the goal for
effective BP control is similar to those younger in age.

● The minimum goal for BP control is <140/90 mm
Hg; while in those with diabetes and renal disease
the goal is <130/80 mm Hg.

● Patients with ISH should reduce their SBP to
<140 mm Hg.

● Caution should be exercised when lowering DBP to
<55 mm Hg when treating the older patient with ISH

● The effects of hormone replacement therapy (HRT) on
BP are unclear. BP should be monitored closely if the
patient is on HRT.

● HRT should not be used for cardiovascular disease
(CVD) prevention. HRT should only be considered for
the short-term treatment of menopausal symptoms.



but very few elderly patients have a reversible, secondary form
of hypertension. When an elderly patient presents with new-
onset of severe hypertension or the sudden loss of what was
previously well-controlled hypertension, a secondary cause
should be considered. It is neither cost-effective nor reward-
ing to perform an extensive workup on every elderly patient
with hypertension in hopes of finding a secondary cause.
Although renovascular hypertension is more common and
often unrecognized in the elderly, it is rarely cured by surgi-
cal or percutaneous (angioplasty with stent) intervention.
Accordingly, if BP is controlled and renal function remains
normal, there is little benefit from knowing that renal artery
stenosis is present.

Two often unrecognized conditions in the elderly that lead
to poor BP control are sleep apnea and obstructive uropathy.
To make a presumptive diagnosis of sleep apnea, ask the
patient and his or her sleeping partner whether the patient
snores or gasps for air while sleeping, and whether the patient
has daytime hypersomnolence. A positive answer indicates
that the patient may need further evaluation such as a formal
sleep study (see Chapter 73 ). A second cause of poor BP con-
trol is obstructive uropathy. A full bladder can cause discharge
of sympathetic neurons and make BP control difficult.
Catheterization is often curative.

The initial dose of antihypertensive drug(s) in the elderly
should often be one half that used in the younger subject. This
allows for the reduced renal or hepatic drug metabolism that
often occurs in the elderly. The dose should be slowly
increased until the maximum BP reduction occurs at the dose
with the fewest side effects. Additional agents should be added
until the BP goal is attained.

Options for Therapy: Lifestyle
(Nonpharmacologic) Changes
Lifestyle changes—in particular, weight loss and reduced
sodium intake— are beneficial in controlling BP in the elderly
hypertensive and are associated with a reduced need for phar-
macologic therapy. Weight reduction is the most effective
lifestyle intervention for lowering BP, especially in the elderly
hypertensive who is overweight. Older hypertensive patients
are often more salt sensitive than younger ones, and success-
ful salt reduction can be achieved, in part by limiting a vari-
ety of high-salt–containing processed foods. The Trial of
Nonpharmacologic Interventions in the Elderly (TONE) dur-
ing 30-months of follow-up found that restricting salt to
80 mmol (2 g) per day reduced SBP by 4.3 mm Hg and DBP
by 2 mm Hg. The combination of weight loss and salt restric-
tion reduced BP more than either strategy by itself, and, when
used together, enabled almost half the elderly participants to
stop antihypertensive drug therapy. These individuals were
unsuccessful in long-term weight reduction, with a high
recidivism rate at 6 to 12 months.29

Additional lifestyle changes include adopting the Dietary
Approaches to Stop Hypertension (DASH) diet. This diet,
which is low in fat but rich in fruits, vegetables, and low-fat
dairy products, has been successful in reducing BP in older
hypertensive patients even when consuming an average salt
intake.30 Reducing alcohol intake and increasing physical
activity should also be integral parts of BP control in the
elderly.

Options for Therapy: Pharmacologic
Treatment of ISH
Several placebo-controlled randomized outcome trials have
tested whether pharmacologic treatment of ISH can reduce
cardiovascular events and stroke. In the SHEP trial, per-
formed in 4736 patients at least 60 years of age with a SBP
160 mm Hg or above and a DBP below 90 mm Hg, initial
therapy with a thiazide-type diuretic with or without a
β-blocking agent reduced first stroke by 36%, and cardiovas-
cular events by 27%.31 Heart failure was reduced by 49%
overall, with an 81% reduction in those with either a history
or evidence of a prior myocardial infarction (MI) on the elec-
trocardiogram.32 In the 583 SHEP patients with type 2 dia-
betes, major cardiovascular events were reduced by 34%.33

The benefit of diuretic therapy was lost if the serum potassi-
um level was not kept above 3.5 mg/dl.34

The European Trial on Isolated Systolic Hypertension
(Syst-Eur) in the elderly randomized 4695 patients 60 years of
age or older with SBP 160 to 219 mm Hg and DBP <95 mm Hg
(European definition of ISH) to the moderately long-acting
dihydropyridine calcium channel blocker (CCB) nitrendip-
ine, with the addition of the angiotensin-converting enzyme
(ACE) inhibitor enalapril, and a thiazide-type diuretic as nec-
essary, or to matching placebos. Over a median of 2 years of
follow-up, active treatment reduced stroke by 42% and all car-
diovascular events by 31%.27

A meta-analysis of eight placebo-controlled trials in the
elderly with ISH, which included 15,693 patients 60 years of
age and older followed for an average of 3.8 years, found that
active treatment reduced coronary events by 23%, stroke by
30%, cardiovascular death by 18%, and total death by 13%.35

In those patients older than 70 years of age, the absolute ben-
efit was particularly high. Treating 19 patients for 5 years pre-
vented one major fatal or nonfatal cardiovascular event.

In a prespecified subgroup analysis of the Losartan
Intervention For Endpoint Reduction (LIFE) trial, losartan-
based therapy was superior to β-blocker (atenolol) based ther-
apy in the 14% of patients with ISH. All participants enrolled
in LIFE had electrocardiographic evidence of LVH (ECG
LVH). Over 4.7 years of follow-up, a 25% reduction in the
combined endpoint of cardiovascular death, acute MI, and
stroke occurred in the group randomized to losartan. Of note,
hydrochlorothiazide was added in almost all patients in both
treatment groups.36

In summary, in those with ISH, initial therapy with a thiazide-
type diuretic or dihydropyridine-type calcium-antagonist
therapy has been found to be superior to placebo-based ther-
apy. In addition, in those with ECG-LVH, an angiotensin
receptor blocker (ARB)–based strategy was more effective
than a β-blocker–based regimen. Only 60% of elderly patients
treated for ISH were controlled on a single agent in reported
clinical trials. Accordingly, the majority of elderly patients
with hypertension, including those with ISH, will require at
least 2 to 3 drugs to achieve the SBP goal of <140 mm Hg.

Pharmacologic Treatment
of Systolic/Diastolic Hypertension
Although all classes of antihypertensive agents effectively lower
combined SBP/DBP elevation in the elderly, the majority of
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outcome-based trials showing a reduction in cardiovascular
morbidity and mortality have used diuretics and, when neces-
sary, additional β-blocker therapy. A meta-analysis of out-
come trials of antihypertensive treatment has suggested that
the initial agent chosen likely does not have a unique status for
event rate reduction, and that the SBP reduction achieved
appears more important.22

The open-label Second Swedish Trial in Old Patients with
Hypertension (STOP-2) compared the use of an ACE
inhibitor, a CCB, or a diuretic with or without β-blocker ther-
apy in 6628 participants 70 to 84 years of age with combined
SBP/DBP elevation.37 Similar BP reduction was achieved in all
three treatment groups. There was no difference in cardiovas-
cular mortality (the primary outcome) among the three ran-
domized groups.

The open-label Nordic Diltiazem (NORDIL) trial, with an
average participant age of 60 years, found a similar rate for the
primary outcome of combined fatal and nonfatal stroke, MI,
and cardiovascular death in participants randomized to the
CCB diltiazem compared with those assigned to diuretic
and/or β-blocker therapy.38 Although fewer strokes occurred
in the diltiazem arm, there was a trend toward more MIs and
heart failure with diltiazem.

The double-blinded International Study of Intervention as
a Goal In Hypertension Treatment (INSIGHT) trial enrolled
men and women 55 to 80 years of age, 75% of who were
older than the age of 60. It found that nifedipine GITS
(GastroIntestinal Therapeutic System) and diuretic therapy
had similar overall CVD outcomes.39

The Antihypertensive and Lipid-Lowering Treatment to
Prevent Heart Attack Trial (ALLHAT), the largest outcome
trial of antihypertensive therapy ever performed, was
designed to determine whether the occurrence of fatal CHD
or nonfatal MI (primary outcome) in high-risk patients with
hypertension is lower when treated with a representative dihy-
dropyridine CCB (amlodipine), or a representative ACE
inhibitor (lisinopril), each compared with a representative
long-acting thiazide-type diuretic (chlorthalidone).24 The
third active comparator arm involving an α-blocker (doxa-
zosin) was stopped early because of a 25% greater cardiovas-
cular event rate, principally a twofold greater risk of heart
failure when compared with chlorthalidone, as well as a van-
ishingly small chance of finding a difference in the primary
endpoint between the two treatment groups. Those results
were interpreted as showing that an α-blocker should not be
used as first-line therapy for hypertension in a relatively high
risk, ALLHAT-like population.40

ALLHAT, with a mean follow-up of 4.9 years, enrolled
33,357 men and women aged 55 years or older (mean age 67)
with at least one additional coronary risk factor. On entry,
participants had stage 1 or stage 2 hypertension (BPs 140-
180/90-110 mm Hg). More than 90% of patients were on one
or two BP-lowering agents that were stopped prior to entry
into the study. In the final analysis, 15,255 patients were ran-
domized to chlorthalidone (12.5-25 mg once a day); 9048 to
amlodipine (2.5-10 mg once a day); and 9054 to lisinopril
(10-40 mg once a day). If the participant did not achieve the
goal BP of <140/90 mm Hg after up-titration to the highest
dose of the step 1 drug open-label step 2 drugs were added.
Step 2 drugs included atenolol (25-100 mg/day), clonidine
(0.1-0.3 mg twice a day), or reserpine (0.05-0.2 mg/day);

the only step 3 agent was hydralazine (25-100 mg twice a day).
Amlodipine and lisinopril were both compared with
chlorthalidone. No comparison was valid between amlodipine
and lisinopril.24

Baseline risk factors were nearly identical in the three treat-
ment groups. Of the participants, 47% were women, 35%
were Black, 19% were Hispanic, 22% were smokers, 36% were
diabetic, 25% had preexisting CHD, and 47% had preexisting
CVD.41 Mean seated BP on entry (usually on some antihyper-
tensive medications) was 146/84 mm Hg in all three groups
and was 134/75 mm Hg, 135/74 mm Hg, and 136/75 mm Hg
in the chlorthalidone, amlodipine, and lisinopril groups
respectively, at 5 years of follow-up. At the initial visit, 27%
were at or below the BP goal of <140/90 mm Hg. After 5 years
of follow-up, 68%, 66%, and 61% were below SBP goal in the
chlorthalidone, amlodipine, and lisinopril groups, respectively.24

In contrast, more than 90% had reached the DBP goal, rein-
forcing the relative unimportance of DBP in older hyperten-
sive patients.

Adherence to therapy fell from 87% to 80% for chlorthali-
done, 88% to 80% for amlodipine, and 82% to 73% for lisino-
pril from the first through the fifth year of follow-up.
Adherence to initial therapy was different only between those
on lisinopril and chlorthalidone.

A total of 2956 patients experienced a primary outcome
event and there was no difference among the groups. Neither
amlodipine nor lisinopril was superior to chlorthalidone in
preventing major coronary events or improving overall sur-
vival. For both the primary and secondary outcomes, there
was no difference between the amlodipine and chlorthali-
done groups except that those randomized to chlorthalidone
had a significant 38% reduction in the risk of heart failure
that was seen within all the prespecified subgroups (old and
young, men and women, Black and non-Black, diabetic and
nondiabetic). Compared with chlorthalidone, amlodipine
was not associated with excess gastrointestinal bleeding or
cancer death—concerns that had been raised from past
observations.

In comparing chlorthalidone and lisinopril, those on
chlorthalidone had a 15% reduction in the risk of stroke with
a mean 2–mm Hg lower SBP overall. In Blacks, who had a
4–mm Hg greater reduction in SBP on chlorthalidone com-
pared with lisinopril, a 40% reduction in stroke risk occurred
in those randomized to chlorthalidone compared with the
lisinopril group. The risk of heart failure was reduced by 19%
in those on chlorthalidone compared with lisinopril.

Thiazide-type diuretics were unsurpassed in reducing clin-
ical events and lowering BP and were as well tolerated as CCB
and ACE inhibitor therapy in ALLHAT. Accordingly, they are
recommended as initial therapy in the elderly patient with
hypertension. If a compelling comorbid condition exists,
other initial therapy may be justified.3 If not used initially, a
thiazide-type diuretic should be included in most regimens to
enhance the efficacy of other BP-lowering agents.

BP control rates can be improved, but more than one drug
will usually be required to do so. Although two of every three
ALLHAT participants were controlled to <140/90 mm Hg,
only 30% were controlled on single-agent therapy.42 The
degree of BP (particularly SBP) reduction and not the indi-
vidual antihypertensive drug used appears more important
for improving outcome in the older individual.22
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J-CURVE HYPOTHESIS

The J-curve hypothesis describes the concern that lowering DBP
below a certain critical value increases the risk of cardiovascular
death and morbid events in the elderly hypertensive. Prospective
data validating this hypothesis are lacking. The bulk of the evi-
dence available comes from retrospective trials, which are associ-
ated with inherent observational bias.43 As an increased occur-
rence of ischemic events has been prospectively observed in both
placebo and actively treated patients with very low DBP, a low
DBP is thought to serve more as a marker than a cause of car-
diovascular events in those with underlying coronary disease.44,45

The Hypertension Optimal Treatment (HOT) study was
designed to test whether intensive BP lowering was helpful or
harmful in preventing cardiovascular events and death.46 This
Prospective, Randomized, Open with Blinded Endpoint evalu-
ation (PROBE) trial randomly assigned 18,790 hypertensive
patients (mean age 61.5 years) from 26 countries to a target
DBP <80 mm Hg, <85 mm Hg, or <90 mm Hg and followed
them for an average of 3.8 years. It found no increased cardio-
vascular risk for the DBP goal <80 versus <90 mm Hg.

A retrospective analysis of the SHEP trial, however, suggested
that in the few patients whose DBP was lowered to <55 mm Hg
with drug treatment, there was no benefit in outcome when
compared with the placebo group.47 This suggests that we
exercise caution in lowering DBP to <55 mm Hg when treat-
ing older individuals with ISH.

Hormone Replacement Therapy
and Hypertension
After years of observational studies supporting use of hormone
replacement therapy (HRT) in postmenopausal women for
prevention of CVD, controlled clinical trials have provided no
evidence for cardiovascular benefit and have noted the occur-
rence of serious adverse effects for those on HRT. The Hormone
Estrogen Replacement Study (HERS) followed 2763 post-
menopausal women with known CHD who were randomized
to estrogen and progestin or placebo. It found an increased inci-
dence of CHD for those on active therapy in the first year of fol-
low-up and a reduction of CHD in years 3 through 5. No over-
all benefit in preventing cardiovascular events could be
identified.48 To determine whether the later risk reduction for
CHD seen during years 3 though 5 in the HERS trial persisted,
HERS II followed women from the original study for a total
duration of 6.8 years. No significant decrease in cardiovascular
events was seen during HERS II. The authors of the study stat-
ed that their findings support not recommending HRT to
reduce CHD risk in postmenopausal women.49

Subsequent analysis of HERS data identified 11 risk factors
for CVD among the participants, and assessed preventative
measures.50 Six factors that increased risk were identified by his-
tory: nonwhite ethnicity, lack of exercise, treated diabetes, angi-
na, CHF, and more than one previous MI. The remaining five
were obtained by measurement: uncontrolled hypertension, ele-
vated low-density lipoprotein cholesterol, low high-density
lipoprotein cholesterol, elevated Lp(a) lipoprotein level, and low
creatinine clearance. Controlled hypertension was not a risk fac-
tor. In this cohort with known CHD, and therefore already at risk
for another cardiovascular event, these 11 risk factors increased
subsequent risk sixfold. Only three of the risk factors were
potentially reversible: lipid lowering, exercise, and BP control. BP

and lipid-lowering agents were used in a minority of qualified
enrollees at the onset of the HERS study and continued during
the 4-year follow-up. The underuse of proven therapies in the
HERS middle-aged to elderly female population is an important
but not isolated finding. Inadequate secondary prevention meas-
ures have been observed in other studies of the elderly.51-53

The Women’s Health Initiative (WHI) included in its com-
plex design a randomized, double-blind clinical trial that com-
pared a combination of 0.625 mg equine estrogen and 2.5 mg
medroxyprogesterone acetate with placebo in more than
16,000 apparently healthy women 50 to 79 years of age.54 The
trial was stopped early after an average follow-up of 5.2 years
because of an increased incidence of breast cancer in the estro-
gen plus progestin group. The number of cases of CHD (CHD
deaths plus nonfatal MIs), stroke, pulmonary embolism, and
venous thromboembolic disease were all increased in those on
combined hormone replacement. HRT was associated with a
44% increased risk of ischemic stroke in women with and
without hypertension.55 A slight increase in SBP was noted in
the HRT treatment group: 1 mm Hg higher after 1 year,
increasing to 1.5 mm Hg at 2 years. Analysis of BP data at the
time of enrollment in the trial revealed that current HRT use
was associated with a 25% greater likelihood of developing
hypertension than nonuse when adjusted for age, smoking,
alcohol intake, cholesterol, physical activity, body mass index,
family history, and other comorbidities.53 The same report,
focusing on the adequacy of BP control among WHI partici-
pants with hypertension, found that despite the fact that those
70 to 79 years of age were as likely to be on antihypertensive
treatment as the younger 50 to 69 year old participants, a sig-
nificantly lower percentage of the older age group had ade-
quate BP control, with almost two thirds of the oldest women
having BPs >140/90 mm Hg despite the fact that they had
often seen a healthcare provider in the past year (Figure 55–1).
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In contrast to the aforementioned studies, which found an
increase in BP on HRT, the Postmenopausal Estrogen/Progestin
Interventions (PEPI) trial, which studied younger post-
menopausal women who were normotensive on entry, found
no difference in BP among any of four HRT treatment groups
and placebo after 3 years of follow-up.56 Furthermore, in the
Baltimore Longitudinal Study on Aging, which followed 226
healthy postmenopausal women over an average 5.7 years,
SBP increased 3 mm Hg more in the two thirds of participants
on placebo compared with those that received HRT, with no
change in DBP noted.57

There is no clear consensus about the direct effects of HRT
on BP. HRT-related changes in BP are likely to be modest and
should not preclude hormone use in normotensive or hyper-
tensive women. Because of the adverse cardiovascular out-
comes noted previously, HRT should not be given to prevent
any adverse cardiovascular outcome in postmenopausal
women58 regardless of the presence of hypertension. If used,
HRT should only be used for the short-term treatment of
menopausal symptoms. In those with hypertension, BP should
be monitored closely, both on initiation of HRT therapy and
at 6-month intervals thereafter.3
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587Chapter 56

Hypertension is the major risk factor for cardiovascular mor-
bidity and mortality in African Americans.1 An estimated 50
million Americans are affected with roughly 2 million new
diagnoses annually. With almost 6 million hypertensives,
African Americans have the highest rate of hypertension,
among the lowest rates of control to goal blood pressure (BP),
and the highest risk of complications from hypertension of
any ethnic group in the United States. Multiple theories have
been proposed to explain this disparity. Potential patient-
related barriers include lack of awareness, socioeconomic sta-
tus, and genetic predisposition. Physician-related barriers
have included an overall lower expectation of treatment as
well as the limitation of available clinical trial data to guide
management. This chapter reviews the epidemiology, poten-
tial mechanisms, and management of hypertension in the
African American population.

EPIDEMIOLOGY

African Americans, compared with U.S. whites, develop
hypertension at an earlier age, have more severe hypertension,
and manifest more clinical sequelae of target organ damage.
In the most recent National Health and Nutrition
Examination Survey (NHANES), a total of 5448 participants
were surveyed, including 1049 non-Hispanic Blacks (Table
56–1).2 Non-Hispanic Blacks had a higher age-adjusted preva-
lence of hypertension than the general population in 2000
(33.5% vs. 28.7%). Consistent with previous NHANES data,
both non-Hispanic Black men (30.9%) and women (35.8%)
had a higher prevalence of hypertension compared with non-
Hispanic white men (27.7%) and women (30.2%). Despite
concerted efforts, hypertension awareness in the African
American community has remained virtually unchanged
since 1988, with rates of 73.3% and 73.9% in phases I and III
of NHANES III. Although overall treatment rates in the
United States have improved from 55.8% to 63.0%, a small-
er percentage (28.1% vs. 33.4%) of African American hyper-
tensives was controlled to BP <140/90 mm Hg. Among
African American hypertensives, women (29.4%) had high-
er control rates than men (26.5%). As in other populations,
both systolic BP (SBP) and diastolic BP (DBP) increase with
age through the fifth decade of life (Figure 56–1).
Subsequently, DBP stabilizes or trends downward while SBP
(and thus pulse pressure) continues to increase.

The Atherosclerosis Risk in Communities (ARIC) study
evaluated cardiovascular risk factors in 14,062 participants
including 3694 African Americans, aged 45 to 64 between
1987 and 1997.3 ARIC reported a hypertension prevalence
of 56% in African American women and 53% in
African American men, compared with 25% in whites. The

African American component of ARIC continues to be fol-
lowed as part of the Jackson Heart Study.4 The Meharry
Cohort Study (MCS) was begun in 1958 as a longitudinal
study of the incidence of hypertension in 433 African
American medical students at Meharry Medical College.5

A parallel study was conducted at Johns Hopkins University
with white students. The prevalence of hypertension rose to
44% in the Meharry cohort compared with 7% in the Johns
Hopkins cohort over 26 years of follow-up.

Differences in prevalence of hypertension and stroke have
also been noted by race and region of the country, suggesting
that southern residence is associated with increases in both
hypertension and stroke. Obisesan analyzed regional and
urbanized data from NHANES III in 6278 non-Hispanic
whites and Blacks age 40 to 79 to determine whether differ-
ences in hypertension prevalence might explain the dispro-
portionate number of strokes in the southeastern part of the
United States known as the “Stroke Belt.”6 A significant
regional difference in hypertension prevalence was noted
between southern and nonsouthern non-Hispanic Black
males age 40 to 59 (44.1% vs. 36.7%), as well as a trend toward
higher rates in southern versus nonsouthern African
American females in the same age group (45.6% vs. 39.4%).
Regional differences were also reported in 5115 men and
women age 18 to 30 (~39% African American) in the
Coronary Artery Disease Risk Development In Young Adults
(CARDIA) study, extending the regional disparity to younger
African American adult males.7 Although there was no base-
line regional difference in hypertension, both African
American and white men in Birmingham, Alabama had sig-
nificantly higher incidences of elevated BP (>130/85 mm Hg)
by the seventh year compared with men in the Midwest and
far West. This was especially true for African American men in
Birmingham, who had the highest incidence (20%) of hyper-
tension of any racial/gender/regional group.

Because most surveys of secondary hypertension prevalence
have used clinic-based rather than population-based data, the
epidemiology of secondary hypertension in African Americans
is uncertain. Thus, the true incidence of renovascular disease in
African Americans remains a matter of controversy.8-10 Svetkey
et al.10 prospectively evaluated 167 hypertensives with clinical
features of renovascular hypertension. Renal artery stenosis was
found in 27% of whites and 19% of African Americans, and
renovascular hypertension (defined by BP response to inter-
vention) was diagnosed in 18% of whites and only 9% of
African Americans. However, the criteria used to select patients
for evaluation for secondary hypertension (i.e., resistant hyper-
tension and early onset of hypertension) more commonly
occur with essential hypertension in African Americans.
Therefore, surveys using these selection criteria tend to over-
sample essential hypertension in African Americans.
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MECHANISMS OF HYPERTENSION

Multiple theories have been proposed to account for the high-
er incidence and severity of hypertension in African American
persons. These include differences in socioeconomic status
(SES) and other environmental factors, increased sympathet-
ic nervous system activity, deficiency of renal vasodilators,
higher rates of low birth weight (LBW), increased salt sensi-
tivity, and genetic susceptibility (Box 56–1). No single mecha-
nism is fully explanatory. On the contrary, it is likely that the
true explanation will involve a combination of factors.

SES has received a considerable amount of attention over the
years.11-13 The MCS attempted to eliminate the potential role of
SES by including only physicians, thus individuals with roughly
equivalent income and living environment. The racial difference
in hypertension incidence was unaffected.5 Other studies have
reported that controlling for differences in SES dramatically
reduces the racial differences in the epidemiology of hyperten-
sion and its consequences.14 The effect of SES on health out-
comes is complex and gross estimates provided by current
markers (e.g., income, education, employment, insurance status,
place of residence) probably oversimplify its significance.

Increased release of endothelin-1 (ET-1), a 21-residue pep-
tide, has been associated with hypertension in African
Americans.15-17 Ergul et al.16 measured resting plasma concen-
trations of ET-1 in African American and white hypertensives.
In 50 hypertensive and 50 normotensive individuals, divided
into categories by race and ethnicity, blood ET-1 levels in
African American hypertensives were nearly eightfold higher
compared with their normotensive counterparts and nearly
fourfold higher compared with white hypertensives. Treiber
et al.,18 in 23 white and 18 African American adolescent males
with family histories of hypertension, reported greater cardio-
vascular reactivity and higher levels of ET-1 in African
Americans in response to acute physical or mental stress.

Lower activity of endogenous renal vasodilators such as
kallikrein, atrial natriuretic peptide (ANP), prostaglandin, and

nitric oxide has also been reported in African Americans.
African Americans, regardless of BP, were found to excrete less
urinary kallikrein than whites.19-22 This association may be
familially aggregated, as Zinner et al.23 found that kallikrein
excretion tends to be lower in children of families with the
highest BPs. In another study, Ferrari et al.24 observed marked-
ly reduced levels of ANP during salt loading in children of
hypertensive compared with normotensive parents. In addi-
tion, salt-sensitive African Americans have been found to
exhibit a paradoxical decrease in ANP in response to increased
dietary-salt intake.25 Further exploration of the potential role
of these systems in the development of essential hypertension
may prove important.
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Table 56–1 Trends in Hypertension Prevalence, Awareness,
Treatment, and Control in the United States (NHANES)

Ethnic Prevalence Awareness Treated Controlled
Group % % % %

Non-Hispanic White

1988-1991 25.9 70.6 53.9 25.6
1991-1994 25.6 67.5 51.9 22.7
1999-2000 28.9 69.5 60.1 33.4

Mexican American

1988-1991 17.2 54.4 34.1 13.7
1991-1994 17.8 62.0 43.5 16.3
1999-2000 20.7 57.8 40.3 17.7

Non-Hispanic Black

1988-1991 28.9 73.3 55.8 24.4
1991-1994 32.5 72.6 56.4 23.3
1999-2000 33.5 73.9 63.0 28.1

From Hajjar I, Kotchen TA. Trends in prevalence, awareness,
treatment, and control of hypertension in the United States,
1988-2000. JAMA 290:199-206, 2003.



Multiple studies have reported lower activity of the renin-
angiotensin system (RAS) in African Americans compared
with whites in response to changes in vascular volume or
BP.26-29 Thus, hypertension in African Americans is more
often classified as low renin; this is associated with a lesser
response to antihypertensives directed at inhibiting the RAS.

Several epidemiologic studies have raised the possibility
that LBW may influence disease later in life.30-32 The increased
incidence of hypertension in African Americans has been pro-
posed to be related to a higher incidence of LBW and an asso-
ciated nephron deficit acquired in utero that is not recovered
after birth.32 The nephron deficit is postulated to lead to the
development of glomerular sclerosis, salt sensitivity, and sub-
sequent hypertension. This hypothesis was supported by a
study in almost 5000 persons that reported a statistically sig-
nificant inverse relationship between SBP at all ages beyond
birth and LBW.31 Babies weighing ≤3180 g at birth had a 4–  to
12–mm Hg higher SBP than those weighing >3860 g, and by
ages 64 to 71 there was a 5.2–mm Hg increase in SBP for every
1-kg decrease in birth weight.31,32

Racial differences in salt handling have been described
and are proposed as a potential explanation for the increased
incidence of African American hypertension. An abnormal
renal pressure–natriuresis relationship resulting in altered
sodium handling has been suggested by multiple studies
reporting that African Americans have a higher incidence of
salt sensitivity and low plasma renin activity compared with
white Americans.33-36 Luft et al.35 studied 68 age-matched
persons before and after a 2-L saline infusion and reported
that African Americans not only excreted sodium less effec-
tively following the salt load, but also had lower renin levels
20 hours after salt load despite identical levels immediately
postsaline.

Weinberger et al.,34 using a similar protocol, evaluated 198
essential hypertensives and reported a salt sensitivity preva-
lence of 73% in African Americans compared with 56% in
whites. However, many previous studies reporting racial dif-
ferences in salt sensitivity either did not report or control for
differences in age, hypertension severity, renal function, and
levels of obesity. Differences in these characteristics may result
in differences in salt sensitivity. A study in which gender, age,
renal function, hypertension status, and weight were closely
matched found no racial difference in prevalence of salt sensi-
tivity.37 However, the magnitude of BP increase was greater in
African American than white hypertensives; this racial differ-
ence was not seen in normotensive persons.

A defect in sodium transport is one proposed mechanism
for the altered sodium metabolism.38 African American adults
have 10% to 20% higher intracellular sodium than whites.39,40

African Americans also have up to a 30% depression in Na+,
K+-ATPase pump activity.41 Elevated intracellular sodium may
trigger a cascade of compensatory events that lead to elevated
intracellular calcium, increased vascular reactivity, and eventu-
al hypertension.42 The clinical implication of all of these find-
ings is that multiple factors other than race per se may con-
tribute to the racial difference in salt sensitivity and the lower
renin levels seen in African Americans.

The question of whether or not there is a genetic contri-
bution to African American hypertension remains to be
answered. As a major component of the RAS, angiotensino-
gen (AGT) has a major influence on both salt and water
homeostasis and vascular tone. The AGT gene has been
linked to essential hypertension in families of European
descent.43 Moreover, a molecular variant of AGT known as
T235 has been associated with higher AGT levels, as well as
essential hypertension.44 Although the frequency of T235 is
twice as high in African Americans as in whites,45 an associ-
ation with hypertension has been found only in peoples of
African origin living in the Caribbean.46 T235 may not be a
surrogate marker in African Americans due to its high
prevalence.47 Bloem et al.47 investigated potential haplo-
types more likely to serve as potential markers based on
their ability to increase AGT levels. Of the three haplotypes
examined, only T-1074 showed a significant association
with serum AGT level. African Americans heterozygous for
T-1074 had higher AGT levels than those with no copy. In
addition, African Americans had a higher frequency (0.2 vs.
0.12) of T-1074 compared with whites. Therefore, AGT
remains a candidate gene contributing to hypertension in
both racial groups.

CLINICAL SEQUELAE OF HYPERTENSION

African Americans have the highest morbidity and mortality
from hypertension of any population group in the United
States.48 Mortality related to hypertension is four to five times
higher in the African American community, and the risk of
end-stage renal disease (ESRD), left ventricular hypertrophy
(LVH), coronary heart disease (CHD), congestive heart failure
(CHF), and stroke is increased two to four times in African
Americans compared with U.S. whites. Better understanding
of the potential mechanisms of hypertension in conjunction
with earlier initiation of effective treatment is needed to
reduce or prevent hypertension-related complications.

Ethnic minorities, especially African Americans and Native
Americans have a threefold to fourfold higher prevalence of
ESRD than whites. Of the 335,915 total and 60,923 new ESRD
patients in the United States in 2002, African Americans com-
prised 28.9% of the entire ESRD population and 16,568 of all
new diagnoses. In 2001, this rate was 4.4 times higher for
African Americans compared with whites. Hypertension has
been a long established risk factor for the development of
chronic kidney disease (CKD) and ultimately ESRD.48-52

Until the turn of the century, when overtaken by diabetes,
hypertension was the most common cause of ESRD
in African Americans. Therefore, suboptimal BP control in
African Americans may have a dual negative effect on renal
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function via the development of hypertensive nephrosclerosis,
as well as exacerbating other underlying disease.

In the year 2000, cardiovascular disease (CVD) resulted in
33.5% and 40.6% of African American male and female total
deaths, respectively. LVH is a major independent risk factor for
CVD. Several studies, including Evans County and the
Hypertension Detection and Follow-up Program (HDFP),
have reported a higher prevalence of LVH in African American
than in white hypertensives using electrocardiogram (ECG)
criteria.48 Other studies using echocardiogram have shown a
similar prevalence in both races.53-56 As a result, the validity of
ECG to determine LVH in hypertensive African Americans is
now in question. Using echocardiogram as the reference stan-
dard, Lee et al.54,56 assessed this racial difference in ECG accu-
racy in 122 African American and 148 white hypertensives.
Although the prevalence of ECG LVH was 2.4 to 6 times high-
er in African Americans, specificity was consistently lower and
ranged from 73% to 94% compared with 95% to 100% in
whites. The reason for this overestimation is unknown, but the
data suggest that using ECG algorithms for defining LVH in
African American patients will require restandardization.

CHD, CHF, and stroke are also more prevalent in African
Americans than in whites due in part to hypertension. Among
non-Hispanic Blacks older than age 20, 7.1% of men and 9.0%
of women have CHD as opposed to 6.9% and 5.4% of white
men and women (American Heart Association [AHA], Stat
Fact Sheet 2000). Whereas the overall death rate for CHD was
186.9 in 100,000 in 2000, death rates for African Americans
were 262.4 in 100,000 for men and 187.5 in 100,000 for women.
Furthermore, CHD tends to develop nearly 5 years earlier
in African Americans.1 The prevalence rate for CHF is 1.3% for
African Americans aged 35 to 44 versus 0.4% and 0.3% for sim-
ilar-aged white men and women.

Hypertension is a major risk factor for stroke, the third
leading cause of death in the United States. (AHA, Stat Fact
Sheet 2000) The overall death rate for stroke in 2000 was 60.8
of 100,000. The relative risk of a first event in African
Americans is almost twofold greater than in whites. Despite
declining total stroke mortality in the United States, African
Americans have maintained a higher stroke mortality rate
than whites, with African American males experiencing the
highest rate (87.1 of 100,000 vs. 78.1 of 100,000 for women).
This increased risk is most notable among African Americans
aged 35 to 54 (4.0 times higher) and diminishes in the elderly
(1.2 times higher for ages 75-84).

TREATMENT OPTIONS

Lifestyle Modification
Clinical trial data have shown that lifestyle modification (espe-
cially salt and caloric restriction, the Dietary Approaches to Stop
Hypertension [DASH] eating plan, regular physical activity, and
moderation of alcohol) is effective in lowering BP in African
Americans.37,58-60 Weight loss is a particularly important lifestyle
modification in the African American population because of the
greater prevalence of obesity, especially among women. More
than 60% of non-Hispanic Black men and 77% of non-
Hispanic Black women are overweight (body mass index ≥25).61

African Americans also exercise less often than whites. Approxi-
mately half of African American adults (44.1% of men, 55.2%

of women) report no participation in any leisure-time physical
activity.62 Furthermore, African Americans, like whites, con-
sume excess salt.63 Lifestyle modification is essential in treating
African Americans with hypertension.

The DASH study included 459 participants (60% African
American), who were randomized to one of the following
diets: a control diet typical of the average American; a diet rich
in fruits and vegetables; or a combination diet low in fat and
rich in fruits, vegetables, and low-fat diary products—the
DASH eating plan (see Chapter 43).64 The combination diet
yielded the greatest BP-lowering effect. This effect was most
notable in African American hypertensives, who exhibited a
decrease of BP of 13.2/6.1 mm Hg (Figure 56–2). A subse-
quent study combining the DASH eating plan with sodium
restriction found an additional BP-lowering effect.58 This ben-
efit again was more pronounced in African Americans.

Pharmacologic Intervention
The majority of patients with hypertension, especially African
Americans, will require two or more antihypertensive drugs to
achieve their BP goal.59,65-67 However, studies clearly docu-
ment that a majority of hypertensives, including African
American hypertensives, can achieve even the most aggressive
BP goal.59,65,66 Although multiple studies have shown that all
of the available antihypertensive agents are effective in African
Americans, monotherapy with drugs that inhibit the RAS (i.e.,
angiotensin-converting enzyme [ACE] inhibitors, angiotensin
receptor blockers [ARBs], and β-blockers) consistently
produces attenuated BP lowering in this population.59,68-71

Saunders et al.68 compared the efficacy of atenolol, captopril,
and verapamil sustained-release (SR) in a cohort of 394
African American patients with mild to moderate hyperten-
sion over a period of 11 to 13 weeks. Goal BP (<140/90 mm
Hg or <10 mm Hg decrease) was achieved in 65.2% of those
randomized to verapamil SR compared with 55.1% and
43.8% of those randomized to atenolol and captopril, respec-
tively. Likewise, the Veterans Affairs (VA) Cooperative Studies
Group followed 1092 men (533 African Americans) included
in the VA Cooperative Trial to compare the efficacy of
hydrochlorothiazide, atenolol, diltiazem SR, captopril, pra-
zosin, and clonidine in BP reduction by region of the coun-
try.69,70 African Americans were less likely to achieve target BP
with atenolol or captopril. This racial difference is eliminated
when RAS blockers and β-blockers are used in combination
with diuretics or calcium channel blockers (CCBs).48,72-74

The VA Cooperative trial, with 42% African American par-
ticipants employing a regimen of hydrochlorothiazide, reser-
pine, and hydralazine and conducted more than 35 years ago,
and the HDFP trial, with 44% African Americans completed
25 years ago using chlorthalidone, reserpine, methyldopa, and
hydralazine, both documented the benefit on clinical out-
comes of lowering elevated BP in African American hyperten-
sives with a thiazide-type diuretic-based regimen.75,76 The
Systolic Hypertension in the Elderly Program (SHEP) trial
(14% African American) using chlorthalidone and atenolol
also produced similar results in both African Americans and
whites with isolated systolic hypertension.77 Results of hyper-
tension outcome trials involving nondiuretic-based treatment
with significant minority representation have become available
more recently. Because of data indicating reduced BP-lowering
efficacy in African Americans, evaluation of the effects of RAS
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inhibitors on clinical outcomes in African Americans are espe-
cially important.

The African American Study of Kidney Disease (AASK) was
the first to evaluate the effect of a CCB and an ACE inhibitor
on a clinical outcome in African Americans.78 The objectives
of AASK were to determine whether lowering of BP below the
goal recommended to prevent cardiovascular events or choice
of antihypertensive regimen mattered in slowing the progres-
sion of hypertensive kidney disease. A total of 1094 African
Americans with hypertensive renal disease (glomerular filtra-
tion rate 20-65 ml/min) were randomized to receive either
ramipril or amlodipine, comparing both with metoprolol.
Participants were also randomized to a usual mean arterial
pressure goal of 102 to 107 mm Hg or a lower goal of 92 mm
Hg or less. No significant difference in renal outcomes was
detected between the two BP groups. However, the ACE
inhibitor ramipril was significantly more effective in slowing
the progression of kidney disease compared with amlodipine
or metoprolol. Thus, the benefit of ACE inhibitors in prevent-
ing renal outcomes in African American hypertensives was
demonstrated.

The effects of ACE inhibitors and other nondiuretic-based
regimens in preventing cardiovascular events in African
Americans were not addressed by AASK. The Antihypertensive
and Lipid-Lowering Treatment to Prevent Heart Attack Trial
(ALLHAT) was the first study to evaluate the relative benefit of
newer agents on cardiovascular outcomes in African American
hypertensives.79,80 A total of 42,418 participants (35% African
American) aged 55 or older were randomized to receive
chlorthalidone, amlodipine, lisinopril, or doxazosin.
Compared with amlodipine, SBP averaged 1 mm Hg lower in
the chlorthalidone arm in both African Americans and
whites. The chlorthalidone-lisinopril difference was 2 mm

Hg in white and 4 mm Hg in Black ALLHAT participants.
Although there was no difference between treatments in
occurrence of the primary outcome (myocardial infarction
or fatal CHD) or on all-cause mortality, chlorthalidone
proved superior in reducing CHF versus doxazosin,
amlodipine, and lisinopril. Chlorthalidone also reduced
combined CVD and stroke compared with doxazosin and
lisinopril. These differences in outcome were even greater in
the African American cohort. Additionally, the higher risk of
angioedema in African Americans treated with ACE
inhibitors was also confirmed in this trial. Thus, ALLHAT
did not support the use of α-blockers or ACE inhibitors in
African American hypertensives over diuretics or CCBs (in
hypertensives unable to take a diuretic) as initial treatment
in the absence of CKD or CHF.

The Losartan Intervention for Endpoint (LIFE) Reduction
in Hypertension study was the first to compare ARB-based
treatment with an active comparator (β-blocker–based treat-
ment) in reducing cardiovascular morbidity and mortality in
a high-risk population that included more than 9000 patients
(11% African American) with essential hypertension and LVH
by ECG.81 Participants were randomized to 50 to 100 mg/dl of
either atenolol or losartan to achieve a target BP of <140/90.
Additional antihypertensive drugs were added as necessary,
and approximately 90% of participants were also receiving a
thiazide-type diuretic by the end of the trial. BP reduction was
similar between groups, with 49% of the losartan group and
46% of the atenolol group reaching the target. Contrary to the
overall results of the study, losartan was less effective than
atenolol in reducing cardiovascular risk (17% vs. 11%) in
African Americans.82 This difference in outcome of African
Americans versus whites was independent of BP and had no
other biologically plausible explanation. This finding must be
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viewed with caution, since the size of the African American
sample and the number of events occurring in African
Americans were small. The mechanism of this apparent racial
difference in outcome is unclear and merits further investiga-
tion in trials that include larger numbers of African
Americans.

RECOMMENDATIONS

The recommendations outlined in JNC 7 are especially perti-
nent to the African American hypertensive (Figure 56–3). The
definition of prehypertension and emphasis on lifestyle mod-
ification as integral to the treatment and prevention of hyper-
tension in African Americans are shared by JNC 7 and the
guidelines of the International Society of Hypertension in
Blacks (ISHIB).59,60 African Americans have a higher preva-
lence of obesity and physical inactivity, and the effects of sodi-
um restriction and the DASH diet were greatest in the African
American population. The consideration of multi-drug ther-
apy as initial treatment for those more than 20/10 mm Hg
above target BP is also consistent with both guidelines.

ACE inhibitors and ARBs should be used as first-line ther-
apy in hypertensives, including African American hyperten-
sives, with CKD or CHF. Along with the α-blockers and all
other agents in the antihypertensive armamentarium, ACE
inhibitors and ARBs should be used as needed as add-on
agents to achieve the BP goal in African Americans. The JNC 7
recommends that thiazide-type diuretics should be consid-
ered first and form the cornerstone of pharmacologic therapy
in most hypertensives. This recommendation especially
applies to the African American hypertensive.59,71,79 In African
American hypertensives, a thiazide-type diuretic was unsur-
passed in lowering BP and in preventing clinical events.79

A CCB produced similar lowering of BP and was equally effec-
tive in preventing most clinical outcomes, but was associated
with a substantially greater risk of CHF. CCBs are a reasonable
alternative first-line choice in African American hypertensives
unable to take a diuretic. Although recommended as equiva-
lent or preferable to diuretics in African American diabetics in
the ISHIB guidelines,60 in the absence of renal disease or CHF,
it is difficult to justify the selection of an ACE inhibitor or
ARB over a diuretic (or CCB) as initial therapy in this patient
population.
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SUMMARY

African Americans develop hypertension at an earlier age and
with a higher overall prevalence than whites. Despite similar
rates of awareness, African American hypertensives not only are
more likely to have more severe hypertension, but are also less
well controlled once treatment is initiated. The etiology of
hypertension in African Americans remains unknown. The
approach to treatment should be multidisciplinary and should
include both lifestyle modification and pharmacologic inter-
vention. For the majority of hypertensives, especially African
Americans, multiple agents will be required to achieve target
BP. Although all classes of antihypertensive are effective, thi-
azide-based regimens should be considered as first line treat-
ment in the absence of compelling indications for alternative
regimens. CCBs are recommended as initial therapy in African
American hypertensives who cannot take a diuretic.
Monotherapy with ACE inhibitors, ARBs, or β-blockers is less
effective in African Americans compared with other population
groups. This racial difference disappears with the addition of a
diuretic or CCB. ACE inhibitors or ARBs should be included in
antihypertensive regimens prescribed for African American
hypertensives with renal disease or CHF. In the absence of these
conditions, ACE inhibitors or ARBs should be added to a regi-
men containing a thiazide-type diuretic and/or CCB in order to
achieve the desired BP goal. Aggressive treatment of BP to rec-
ommended goals can have a significant impact on preventing
CVD, stroke, and ESRD in African Americans.
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596 Chapter 57

INTRODUCTION

The key to managing hypertension in pregnancy rests on early
detection and accurate disease classification to distinguish
preeclampsia, a pregnancy-specific syndrome of reduced organ
perfusion, from preexisting chronic hypertension. Although
the cause of preeclampsia remains unknown, the pathophysio-
logic mechanisms and associated risks and therefore manage-
ment differ from chronic hypertension. Classification is based
on the work of the American College of Obstetricians and
Gynecologists Committee on Terminology, with minor revi-
sions by the U.S. National High Blood Pressure Education
Program in 2000. Hypertension in pregnancy is classified into
one of five categories (Table 57–1): chronic hypertension,
preeclampsia-eclampsia, preeclampsia superimposed on
chronic hypertension, gestational hypertension, and transient
hypertension.1

Hypertensive disorders are estimated to occur in 6% to 8%
of pregnancies in the United States Preeclampsia is more com-
mon in nulliparous women, occurring in up to 10% of first-
time pregnancies. Chronic hypertension occurs in up to 5% of
pregnant women, although rates may vary by the population
studied. With recent societal trends to delay childbearing to
older maternal ages and the increasing use of fertility drugs
resulting in multiple gestation pregnancies, the incidence of
preeclampsia increased 40% between 1990 and 1999 and will
likely continue to rise.2 Risk factors for preeclampsia are listed
in Box 57–1. Older maternal age may contribute to preeclamp-
sia risk because of an increased frequency of chronic hyper-
tension. The prevalence of preeclampsia increases to 25% in
women with chronic hypertension and is even higher in the
setting of renal or other systemic diseases.

Following their initial presentation, hypertensive disorders
have a high rate of recurrence (20%-50%) in subsequent
pregnancies.3 Risk factors for recurrence are shown in Box
57–2. Although gestational hypertension has long been
known to predict subsequent essential hypertension, studies
suggest that women with preeclampsia also have a greater ten-
dency than women with normotensive pregnancies to develop
hypertension later in life.3,4

CHRONIC HYPERTENSION IN
PREGNANCY

Chronic hypertension complicates pregnancy by increasing
the risk of adverse outcomes, including premature birth,
intrauterine growth retardation, fetal death, placental abrup-
tion, and cesarean delivery. The incidence of these conditions
is related to the severity and duration of the hypertension
prior to conception, the presence of target organ damage or
coexistent renal disease, and the higher risk for superimposed
preeclampsia. Pregnancy may present additional risks to the

woman with chronic hypertension by the added stress of vol-
ume expansion on compromised cardiac function or by
increases in proteinuria that accelerate renal decline. Women
with chronic hypertension may be at higher risk for adverse
neonatal outcomes independent of the development of
preeclampsia.5,6 The risks of fetal loss and acceleration of
maternal renal disease increase at serum creatinine levels
above 1.4 mg/dl at conception, although it may be difficult to
delineate the effects of pregnancy from progression of the
underlying renal disease.7,8

PREPREGNANCY EVALUATION

Ideally, women with chronic hypertension should seek evalu-
ation prior to pregnancy to define the severity of their hyper-
tension, adjust medications, and plan for potential lifestyle
changes (Table 57–2). If the systolic blood pressure is ≥180
mm Hg or diastolic pressure is ≥110 mm Hg or if treatment
requires multiple antihypertensive agents, it is particularly
important to search for a potentially reversible cause. Some
practitioners would change to antihypertensive medica-
tions known to be safe during pregnancy even before con-
ception. Angiotensin-converting enzyme (ACE) inhibitors
and angiotensin receptor blockers (ARBs) may cause oligo-
hydramnios, fetal renal failure, and neonatal death and
should be discontinued before conception or as soon as
pregnancy is confirmed.

Women with a history of hypertension over several years
should be evaluated for target organ damage, including
retinopathy, left ventricular hypertrophy, and renal disease. If
present, they should be advised that pregnancy may worsen
these conditions. Risk factors for superimposed preeclampsia
include renal insufficiency, a history of hypertension for more
than 4 years, or hypertension in a previous pregnancy.

Planning for pregnancy may require lifestyle changes.
Hypertensive women are advised to restrict aerobic exercise
during pregnancy based on theoretical concerns that reduced
placental blood flow may increase the risk of preeclampsia.9

Weight reduction is not recommended during pregnancy,
even in obese women. Sodium restriction may be continued
for women who have been successfully treated by this
approach prior to pregnancy. As in all pregnancies, alcohol
and tobacco use is strongly discouraged.

TREATMENT OF CHRONIC
HYPERTENSION IN PREGNANCY

Most women with chronic hypertension in pregnancy have
stage 1 hypertension (systolic blood pressure of 140-159, dias-
tolic pressure of 90-99 mm Hg, or both). In the short time
frame of pregnancy, the risk of cardiovascular complications

Hypertension in Pregnancy
Sandra J. Taler
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is low. Because there is no evidence that pharmacologic treat-
ment leads to improved neonatal outcomes and blood pres-
sure usually falls during the first half of pregnancy, these
women can be monitored with no or reduced drug therapy.10

Some centers manage chronic hypertensives by stopping anti-
hypertensive medications under close observation. Women
with evidence for target organ damage or taking multiple
agents may be able to taper medications based on blood pres-
sure readings. Medications should be continued if needed to
maintain blood pressure control. There is evidence that anti-
hypertensive treatment will prevent progression of chronic

hypertension to severe levels during pregnancy. Treatment
should be reinstituted if blood pressure reaches levels of 150
to 160 mm Hg systolic or 100 to 110 mm Hg diastolic.

Complete secondary hypertension evaluation is usually
postponed during pregnancy. All hypertensive women should
still be screened for pheochromocytoma at the time of hyper-
tension diagnosis because of the high morbidity and mortali-
ty associated with this condition if not diagnosed before deliv-
ery. When the hypertension is severe, further evaluation for
secondary causes may be indicated and treatment may save
the life of the fetus. Ultrasound and magnetic resonance scan-
ning techniques offer safe modalities for renal artery or adre-
nal imaging. Laparoscopic adrenalectomy has been successful-
ly performed during the second trimester in settings of
primary aldosteronism, resulting in excellent fetal survival.11,12

ANTIHYPERTENSIVE DRUG SELECTION

The goal of treating chronic hypertension is to reduce mater-
nal risk by using agents that are safe for the fetus. Methyldopa

Table 57–1 Classification of Hypertension in Pregnancy

Chronic hypertension ● BP ≥140 mm Hg systolic or 90 mm Hg diastolic before pregnancy or before 20 weeks’
gestation

● Persists >12 weeks postpartum
Preeclampsia ● BP ≥140 mm Hg systolic or 90 mm Hg diastolic with proteinuria (>300 mg/24 hr) after

20 weeks’ gestation
● Can progress to eclampsia (seizures)
● More common in nulliparous women, multiple gestation, women with hypertension for ≥4

years, family history of preeclampsia, hypertension in previous pregnancy, renal disease
Chronic hypertension with ● New-onset proteinuria after 20 weeks in a woman with hypertension
superimposed preeclampsia ● In a woman with hypertension and proteinuria before 20 weeks’ gestation:

Sudden twofold to threefold increase in proteinuria
Sudden increase in BP
Thrombocytopenia
Elevated AST or ALT

Gestational hypertension ● Hypertension without proteinuria occurring after 20 weeks’ gestation
● Temporary diagnosis (only during pregnancy)
● May represent pre-proteinuric phase of preeclampsia or recurrence of chronic hyperten-

sion abated in midpregnancy
● May evolve to preeclampsia
● If severe, may result in higher rates of premature delivery and growth retardation than

mild preeclampsia
Transient hypertension ● Retrospective diagnosis (only after pregnancy)

● BP normal by 12 weeks’ postpartum
● May recur in subsequent pregnancies
● Predictive of future essential hypertension

AST, aspartate aminotransferase; ALT, alanine aminotransferase.

Box 57–1 Maternal Risk Factors for Preeclampsia

Primigravida
Positive family history (maternal or paternal)
Multiple gestations
Diabetes mellitus
Insulin resistance/obesity
Chronic hypertension
Preexisting renal disease
Extremes of reproductive age
Hydatidiform disease
History of severe early preeclampsia in a prior 

pregnancy
Collagen vascular disease
Black race
Increased circulating testosterone
Thrombophilias

Box 57–2 Risk Factors for Recurrent Hypertension in
Pregnancy

Early onset of hypertension in a prior pregnancy
Chronic hypertension
Persistent hypertension beyond 5 weeks postpartum
High baseline blood pressure early in pregnancy
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is preferred by many as first-line therapy, based on reports of
stable uteroplacental blood flow and child development stud-
ies out to 7.5 years showing no long-term adverse effects.13

Other treatment options are listed in Table 57–3. For all med-
ication choices, there are concerns regarding safety in preg-
nancy. In a meta-analysis of 45 randomized controlled trials of
treatment of mild to moderate hypertension in pregnancy
when using methyldopa, β-blockers, thiazide diuretics,
hydralazine, calcium antagonists, and clonidine, there was a
direct linear relationship between treatment-induced fall
in mean arterial pressure and the proportion of small-for-
gestational-age infants.14 Neither type of hypertension, type of
agent, nor duration of therapy explained this relationship.

There are no placebo-controlled trials evaluating the treat-
ment of severe hypertension in pregnancy, and none are like-

ly to be performed because of ethical concerns. Historical
experience with severe chronic hypertension in the first
trimester describes fetal loss rates of 50% and significant
maternal mortality, primarily occurring in pregnancies com-
plicated by superimposed preeclampsia.15

PREGNANCY IN WOMEN WITH RENAL
DISEASE

Women with renal diseases likely to progress should be
encouraged to complete their childbearing while their renal
function is well preserved. For women with mild renal disease
(serum creatinine below 1.4 mg/dl), fetal survival is moder-
ately reduced and the underlying disease does not generally

Table 57–2 Management of Chronic Hypertension in Pregnancy

Before conception
Evaluation for secondary hypertension Pheochromocytoma

Other causes if severe
Evaluation for target organ damage Cardiac function, LVH (echocardiography)

Renal disease (serum creatinine, proteinuria)
Change to medications safe for pregnancy Taper early

Titrate later
Lifestyle planning Restrict aerobic exercise

Avoid weight reduction
Moderate sodium intake
Avoid all alcohol and tobacco

Baseline laboratory testing Hematocrit, hemoglobin, platelet count, serum creatinine, uric
acid, urinalysis

During pregnancy
Selection of medications safe for pregnancy Table 57–3
Thresholds for treatment 150-160 mm Hg systolic

100-110 mm Hg diastolic
Laboratory monitoring Hematocrit, hemoglobin, platelet count, serum creatinine, uric

acid, AST, ALT, quantification of urine protein, serum albumin,
LDH, peripheral blood smear, coagulation studies

Delivery
Maternal indications Gestational age ≥38 weeks

Platelet count <100,000 cells/mm3

Deterioration in hepatic or renal function
Suspected placental abruption
Severe headache or visual changes
Severe epigastric pain, nausea, or vomiting

Fetal indications Severe fetal growth restriction
Concerning fetal testing results
Oligohydramnios

Acute/parenteral therapy Table 57–5
Postpartum
Lactation Withhold antihypertensive medication

Taper medication dosage
Selection of safe medications
Close monitoring for adverse effects

Late issues after hypertensive pregnancy
Persistent hypertension Evaluation for secondary causes

Change medication
Long-term risk Monitor blood pressure for future hypertension

Treat cardiovascular risk factors

LVH, left ventricular hypertrophy; AST, aspartate aminotransferase; ALT, alanine aminotransferase; LDH, lactate dehydrogenase.



worsen. In moderate or severe renal insufficiency, pregnancy
may accelerate the hypertension and the renal disease.7,16,17

A decrease in birthweight correlates directly with rising mater-
nal serum creatinine concentration.17 As renal failure progress-
es, hypertension may worsen because of volume overload,
requiring treatment with diuretics or dialysis. Conception
should be discouraged in chronic dialysis patients, as pregnan-
cy is associated with significant maternal morbidity. Renal
transplant recipients are advised to wait 1.5 to 2 years after suc-
cessful transplantation and undertake pregnancy only if renal
function is stable, with creatinine of 2.0 mg/dl or less. All preg-
nancies in transplant recipients are considered high risk, with
high rates of prematurity. No increase in structural malforma-
tions has been reported in these infants, and in the majority of
cases, maternal graft function does not deteriorate.18

PREECLAMPSIA

Preeclampsia is a pregnancy-specific syndrome of reduced
organ perfusion caused by vasospasm and activation of the
coagulation cascade. Although the pathologic changes are pri-
marily ischemic, the cause of preeclampsia remains unknown.
Current hypotheses focus on impaired placentation of the tro-
phoblast and incomplete vascular remodeling as underlying
pathogenic processes. Failure to develop the normal low-
resistance, high-flow vascular connections between endovascu-
lar trophoblasts and the maternal spiral arteries results in
reduced placental perfusion and a generalized disturbance in
endothelial function. Postulated causes include inadequate
immune tolerance, activation of inflammatory cytokines, and
genetic mechanisms. Research efforts have been restricted by the
lack of a de novo animal model and the difficulties inherent in

predicting which women will develop preeclampsia before it
presents.

Clinically preeclampsia is manifest by hypertension and
proteinuria. Generalized vasoconstriction and reduced plasma
volume lead to systemic hypoperfusion and reduced blood
flow to multiple organs. The degree of blood pressure elevation
may be mild, not reflective of the severity of the disease in the
various vascular beds. Proteinuria is defined as the urinary
excretion of 300 mg protein or greater in a 24-hour urine col-
lection (usually equivalent to a dipstick measure of 30 mg/dl,
“1+ dipstick” or more). A random urine protein:creatinine
ratio has been shown to correlate closely with 24-hour urine
protein measurements in pregnancy.19 Preeclampsia should be
suspected in the absence of proteinuria when other symptoms
or signs are present (Table 57–4).

PREVENTION

Prevention of preeclampsia has been frustrated by lack of
knowledge of its underlying cause. Current strategies focus on
identifying women at higher risk as targets for early disease
recognition, close monitoring, and delivery when indicated.
Although early small trials suggested benefit, several large
multi-center trials of low-dose aspirin failed to demonstrate a
protective effect over placebo.20-22 Based on subgroup analysis,
selective treatment for certain women at higher risk (specifi-
cally women with the antiphospholipid syndrome) may be
reasonable. Calcium supplementation has effectively reduced
the incidence of preeclampsia in third world women with low
calcium intake but offers no benefit for low-risk women in the
United States23,24 Recent attention has focused on a potential
role for antioxidant vitamins to defend against oxidative stress
as a mediator of preeclampsia.

TREATMENT

Treatment for preeclampsia is palliative, because it does not alter
the underlying pathophysiology of the disease. Delivery is always
appropriate therapy for the mother but may not be so for the
fetus, particularly when the fetus is very premature (< 32 weeks’
gestation). For a preterm fetus without evidence of fetal com-
promise in a woman with mild disease, valuable time may be
gained by postponing delivery under close monitoring.
Regardless of gestational age, delivery should be strongly con-
sidered when there are signs of fetal distress or intrauterine
growth retardation or signs of maternal risk, including severe
hypertension, hemolysis, elevated liver enzymes, and low platelet
count (termed the HELLP syndrome), deteriorating renal func-
tion, visual disturbance, headache, or epigastric pain (see Table
57–4). Vaginal delivery is preferable to cesarean delivery to avoid
the added stress of surgery. Antihypertensive therapy is pre-
scribed only for maternal protection. It does not improve peri-
natal outcomes and may reduce uteroplacental blood flow. The
choice of agent and route of administration depend on antici-
pated timing of delivery. If it is likely to be more than 48 hours
until delivery, an oral agent is selected (see Table 57–3).
Methyldopa is preferred based on its safety record, with labetalol
increasingly used as an effective alternative with few side effects.
If delivery is imminent, parenteral agents are used. Appropriate
agents and initial dosages are listed in Table 57–5.

599Hypertension in Pregnancy

Table 57–3 Oral Treatment of Hypertension in Pregnancy

Agent Comments

Methyldopa Preferred based on stable utero-
placental blood flow and long-
term child development studies13

β-Blockers Reports of intrauterine growth
retardation (atenolol)42,43

Generally safe
Labetalol Increasingly preferred to methyl-

dopa due to reduced side effects
Clonidine Limited data
Calcium antagonists Limited data

Most experience with nifedipine
and isradipine
No increase in major terato-
genicity with exposure44

Diuretics Not first-line agents
Probably safe
Most experience with thiazide
diuretics

Angiotensin-converting Contraindicated45,46

enzyme inhibitors, Reports of fetal toxicity and
angiotensin II receptor death
antagonists 
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Treatment is initiated for persistent diastolic levels of 105 to 110
mm Hg or higher before induction, aiming for diastolic pres-
sures of 95 to 105 mm Hg. Although hydralazine has been con-
sidered first-line parenteral therapy, a recent meta-analysis of
randomized trials of short-acting antihypertensive treatment
suggested greater maternal and fetal complication rates with
hydralazine as compared with labetalol or nifedipine.25

TREATING HYPERTENSION DURING
LACTATION

Although all studied antihypertensive agents are excreted into
human breast milk, differences in lipid solubility and extent of
ionization of the drug at physiologic pH affect the milk:plasma
ratio.26 Breast-feeding can usually be done safely with attention
to antihypertensive drug choices. For mildly hypertensive moth-
ers who wish to breast-feed for a few months, medication may
be withheld with close monitoring of blood pressure. Following
discontinuation of nursing, therapy can be restarted. For
patients with more severe blood pressure elevation, the clinician
may consider reducing drug dosages while monitoring mother
and infant. No short-term adverse effects have been reported
from exposure to methyldopa or hydralazine. If a β-blocker is

indicated, propanolol and labetalol are preferred. Diuretics may
reduce milk volume and thereby suppress lactation. ACE
inhibitors and ARBs should be avoided based on reports of
adverse fetal and neonatal renal effects. Given the scarcity of
data, it is important to monitor all breast-fed infants of mothers
taking antihypertensive agents for potential adverse effects.

RISK FOR HYPERTENSION AND
ATHEROSCLEROSIS AFTER A
HYPERTENSIVE PREGNANCY

Past epidemiologic studies failed to relate preeclampsia or
eclampsia with first pregnancy to a greater future risk of
hypertension or cardiovascular disease.27-29 Rates of subse-
quent hypertension among women who had eclampsia as
multiparas were higher, but the prevalence among nulliparous
eclamptic women was reported to be no greater than in the
general population. Hypertension or preeclampsia/eclampsia
in any subsequent pregnancy predicted a threefold to fourfold
higher rate of cardiovascular death.28 In contrast, it is well estab-
lished that transient hypertension recurs in a high proportion
of subsequent pregnancies and predicts later development of
chronic hypertension at recurrence rates of 80% to 90%.30-32

A growing body of evidence indicates higher risk for future
development of hypertension after a hypertensive pregnancy
for women with a family history of hypertension, more severe
hypertension during pregnancy, and multiparity.33-35 Of 238
women followed 7 to 12 years after a hypertensive pregnancy,
26% had hypertension and another 10% borderline hyperten-
sion as compared with 2% and 6.5%, respectively, in a group of
matched controls.36 Systolic blood pressure in early pregnancy
was the single most important factor predicting systolic blood
pressure at follow-up. In contrast, in a series of 26 pairs of prim-
iparous women matched for age, race, weight, and year of deliv-
ery, no difference in frequency of hypertension was reported at

Table 57–4 Clinical Characteristics and Laboratory Tests
Used to Discriminate Preeclampsia from Chronic
Hypertension

Chronic 
Preeclampsia Hypertension

Age Extremes of age Older (≥30 yrs)

Parity Nulliparous Often multiparous

Time of diagnosis After 20 weeks Before 20 weeks
of hypertension

Maternal risk Yes No
factors for 
preeclampsia

Hypertension/ Yes Yes
preeclampsia in 
prior pregnancies

Proteinuria Yes No
(>300 mg/24 
hours)

Serum uric acid Elevated (≥5.5 Normal to low
mg/dl)

Elevated liver Yes No
enzymes

Thrombocytopenia Yes No

Headache, blurred Yes No
vision, epigastric 
abdominal pain

Persistent 
hypertension >12
weeks postpartum No Yes

Table 57–5 Acute/Parenteral Treatment of Hypertension in
Preeclampsia

Hydralazine 5-mg IV bolus, then 10 mg every
20 to 30 minutes to a maximum
of 25 mg, repeat in several
hours as necessary

Labetalol (second-line) 20-mg IV bolus, then 40 mg 10
minutes later, 80 mg every 10
minutes for two additional doses
to a maximum of 220 mg

Nifedipine (controversial) 10 mg PO, repeat every 20 min-
utes to a maximum of 30 mg
Caution when using nifedipine
with magnesium sulfate, can see
precipitous blood pressure drop
Short-acting nifedipine is not
approved by FDA for managing
hypertension

Sodium nitroprusside 0.25 μg/kg/min to a maximum
(rarely when others fail) of 5 μg/kg/min

Fetal cyanide poisoning may
occur if used for more than 4
hours



a mean of 10 years later.37 Microalbuminuria, a marker of
increased risk for cardiovascular disease, has been reported at
higher frequency after preeclampsia than after normotensive
pregnancy with or without hypertension in women with no evi-
dence for diabetes mellitus.38,39 Preeclampsia has been linked to
other markers of persistent endothelial dysfunction including
increased plasma levels of von Willebrand factor, fibrinogen,
cholesterol, triglycerides, and very-low-density lipoprotein.40

Few data address the late cardiovascular consequences of
hypertensive pregnancy. A review of maternity records on 7543
Icelandic women reported higher death rates from ischemic
heart disease (IHD) among women with any hypertension in
pregnancy (RR 1.47, 95% CI 1.05-2.02), based on death certifi-
cates, autopsy, and hospital records over the next 43 to 60 years.41

In contrast to earlier reports, the relative risk of IHD death was
higher among eclamptic women and those with preeclampsia
than those with hypertension alone. These data suggest that the
endothelial dysfunction seen in the uterine spiral arteries during
a hypertensive pregnancy may manifest as ischemic heart disease
later in life. It is evident from a number of follow-up studies that
women whose pregnancies are normotensive are a select group,
less likely to develop chronic hypertension than the general pop-
ulation. Thus, pregnancy may be considered a screening test for
chronic hypertension. Based on these findings, a recent consen-
sus document concluded that women who have had preeclamp-
sia are more prone to hypertensive complications in subsequent
pregnancies; the risk is higher for recurrence with earlier pres-
entation during the index pregnancy; recurrence rates are high-
er for those experiencing preeclampsia as multiparas as com-
pared with nulliparous women; and preeclampsia reappearance
rates may be population specific.1
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Hypertension may occur at any phase of childhood, from the
newborn period through adolescence. The literature on
hypertension generally regards hypertension in children and
adolescents as a “special population” problem that should be
approached as a unique issue. Compared with hypertension in
adults, childhood hypertension is defined differently and
occurs less frequently. Secondary causes of hypertension are
detected more frequently in children than in adults, which
often requires a different approach in evaluation of the hyper-
tension. Childhood hypertension also has some striking simi-
larities to hypertension in adults. Severe untreated hyperten-
sion in children has as poor an outcome as it does in adults.1

Children with essential hypertension can express the same risk
factors for cardiovascular disease (CVD) as adults; and
children with hypertension can benefit from interventions to
control the blood pressure (BP). An important aspect of BP
surveillance in the young is to distinguish between elevated BP
signaling an underlying disease (i.e., secondary hypertension),
and when elevated BP in childhood is an early expression of
primary (essential) hypertension.

DEFINITION OF HYPERTENSION
IN CHILDHOOD

The definition of hypertension in adults is based on the level of
BP that is linked with an increase in risk for cardiovascular
events. Although the risk for cardiovascular events increases as
systolic blood pressure (SBP) rises above 115 mm Hg,2 hyper-
tension continues to be defined as BP that exceeds 140/90 mm
Hg regardless of adult age or gender. However, in children, with
the exception of extreme hypertension noted previously, there
are not yet data that link a level of BP with subsequent cardio-
vascular events. In the absence of such data, hypertension is
defined statistically. The results of several large epidemiologic
studies that measured BP in healthy children3-7 provide data
from which the normal distribution of BP in healthy children
and adolescents in the United States has been established.5 An
analysis of BP data on healthy children in Europe describes a
very similar BP distribution pattern in childhood.8,9

There is a progressive rise in the BP level with increasing age
concurrent with the normal age-related increase in height and
weight throughout childhood. Thus there is a consistent rela-
tionship of BP with body size in childhood, and there is a nor-
mal upward shift in BP with growth. A gender difference in BP
distribution emerges in adolescence that is concurrent with a
gender difference in height.

Hypertension is defined as BP at or above the 95th per-
centile on the BP distribution for age and sex.3 This definition
delineates the top segment of the normal BP distribution at
each phase of childhood. With the expansion of the epidemi-
ologic data, and with further analysis of the growth-related
determinants of BP in childhood, the 95th percentile is fur-
ther adjusted for height.5 The present definition of hyperten-

sion in children and adolescents is SBP and/or diastolic blood
pressure (DBP) that is equal to or greater than the 95th per-
centile for age, sex, and height. High normal BP or “prehyper-
tension” is SBP or DBP that is between the 90th and 95th per-
centile for age, sex, and height. Normal BP is SBP and DBP
that is less than the 90th percentile for age, sex, and height.
Table 58–1 provides the level of BP for the 95th and 90th per-
centile for age, sex, and height for boys, and Table 58–2
provides the same percentile levels for girls.5

Hypertension can also occur in newborn infants. There are
limited data on normal levels of BP in newborns and very
young infants.6,7,10 When daily BP measurement in healthy
newborns is examined, there is a rapid and consistent increase
in BP from day of birth through the first 5 days of life.11 This
upward shift in BP over a few days reflects the normal hemo-
dynamic transition from intrauterine to extrauterine life.
Similar observations were made in a larger study on newborn
infants that included a broad range of birth weight and gesta-
tional age.12 There is a direct relationship of BP with both
birth weight and gestational age at birth. Regardless of birth
weight or gestational age at birth, there is a transition, reflect-
ed by a progressive increase in BP that occurs during the first
5 days of postnatal life. Subsequently, BP is directly related to
body weight and age, in terms of gestation or postconception-
al age. This relationship is depicted in Figure 58–1. As can be
seen in the figure, the upper 95% confidence limit (CL) for a
term infant (40 weeks’ postconceptional age) is 90 mm Hg for
SBP. BP levels that exceed 90 mm Hg are considered to be
hypertensive in a term infant, and by 4 to 6 weeks of age (44
to 46 weeks postconceptional age), a SBP that exceeds 100 mm
Hg is hypertension.

MEASUREMENT OF BLOOD PRESSURE
IN THE YOUNG

Measurement of BP in children and adolescents should be
performed in a standardized manner that is similar to the
methods used in the development of the BP tables. In the
ambulatory clinic setting, the preferred method for BP meas-
urement in children is by auscultation with a standard sphyg-
momanometer.

Correct BP measurement in children requires the use of a
cuff that is appropriate for the size of the child’s upper arm.13

A technique that can be used to select a BP cuff size of appro-
priate size is to select a cuff that has a bladder width that is
approximately 40% of the arm circumference midway
between the olecranon and the acromion. This will usually be
a cuff bladder that will cover 80% to 100% of the circumfer-
ence of the arm. Most manufacturers of BP cuffs provide lines
on the cuff that are useful in choosing the correct cuff size for
a given child. The equipment necessary to measure BP in chil-
dren 3 years of age through adolescence includes three pedi-
atric cuffs of different size, as well as a standard adult cuff, an
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Table 58–1 Blood Pressure Levels for Boys by Age and Height Percentile

Systolic Blood Pressure by Percentile  Diastolic Blood Pressure by 
Blood Pressure of Height, mm Hg† Percentile of Height, mm Hg†

Age, Yr Percentile 5th 10th 25th 50th 75th 90th 95th 5th 10th 25th 50th 75th 90th 95th

1 50th 80 81 83 85 87 88 89 34 35 36 37 38 39 39
90th 94 95 97 99 100 102 103 49 50 51 52 53 53 54
95th 98 99 101 103 104 106 106 54 54 55 56 57 58 58
99th 105 106 108 110 112 113 114 61 62 63 64 65 66 66

2 50th 84 85 87 88 90 92 92 39 40 41 42 43 44 44
90th 97 99 100 102 104 105 106 54 55 56 57 58 58 59
95th 101 102 104 106 108 109 110 59 59 60 61 62 63 63
99th 109 110 111 113 115 117 117 66 67 68 69 70 71 71

3 50th 86 87 89 91 93 94 95 44 44 45 46 47 48 48
90th 100 101 103 105 107 108 109 59 59 60 61 62 63 63
95th 104 105 107 109 110 112 113 63 63 64 65 66 67 67
99th 111 112 114 116 118 119 120 71 71 72 73 74 75 75

4 50th 88 89 91 93 95 96 97 47 48 49 50 51 51 52
90th 102 103 105 107 109 110 111 62 63 64 65 66 66 67
95th 106 107 109 111 112 114 115 66 67 68 69 70 71 71
99th 113 114 116 118 120 121 122 74 75 76 77 78 78 79

5 50th 90 91 93 95 96 98 98 50 51 52 53 54 55 55
90th 104 105 106 108 110 111 112 65 66 67 68 69 69 70
95th 108 109 110 112 114 115 116 69 70 71 72 73 74 74
99th 115 116 118 120 121 123 123 77 78 79 80 81 81 82

6 50th 91 92 94 96 98 99 100 53 53 54 55 56 57 57
90th 105 106 108 110 111 113 113 68 68 69 70 71 72 72
95th 109 110 112 114 115 117 117 72 72 73 74 75 76 76
99th 116 117 119 121 123 124 125 80 80 81 82 83 84 84

7 50th 92 94 95 97 99 100 101 55 55 56 57 58 59 59
90th 106 107 109 111 113 114 115 70 70 71 72 73 74 74
95th 110 111 113 115 117 118 119 74 74 75 76 77 78 78
99th 117 118 120 122 124 125 126 82 82 83 84 85 86 86

8 50th 94 95 97 99 100 102 102 56 57 58 59 60 60 61
90th 107 109 110 112 114 115 116 71 72 72 73 74 75 76
95th 111 112 114 116 118 119 120 75 76 77 78 79 79 80
99th 119 120 122 123 125 127 127 83 84 85 86 87 87 88

9 50th 95 96 98 100 102 103 104 57 58 59 60 61 61 62
90th 109 110 112 114 115 117 118 72 73 74 75 76 76 77
95th 113 114 116 118 119 121 121 76 77 78 79 80 81 81
99th 120 121 123 125 127 128 129 84 85 86 87 88 88 89

10 50th 97 98 100 102 103 105 106 58 59 60 61 61 62 63
90th 111 112 114 115 117 119 119 73 73 74 75 76 77 78
95th 115 116 117 119 121 122 123 77 78 79 80 81 81 82
99th 122 123 125 127 128 130 130 85 86 86 88 88 89 90

11 50th 99 100 102 104 105 107 107 59 59 60 61 62 63 63
90th 113 114 115 117 119 120 121 74 74 75 76 77 78 78
95th 117 118 119 121 123 124 125 78 78 79 80 81 82 82
99th 124 125 127 129 130 132 132 86 86 87 88 89 90 90

12 50th 101 102 104 106 108 109 110 59 60 61 62 63 63 64
90th 115 116 118 120 121 123 123 74 75 75 76 77 78 79
95th 119 120 122 123 125 127 127 78 79 80 81 82 82 83
99th 126 127 129 131 133 134 135 86 87 88 89 90 90 91

*Blood pressure percentile was determined by a single reading.
† Height percentile was determined by standard growth curves.



oversized cuff, and a thigh cuff for leg BP measurement. The
latter two cuffs may be needed for use in obese adolescents.

BP measurement in children should be conducted in a
quiet and comfortable environment after 3 to 5 minutes of
rest. With the exception of acute illness, the BP should be
measured with the child in the seated position with the cubital
fossa supported at heart level. It is preferable that the child has
her or his feet on the floor while the BP is measured, rather
than her or his feet dangling from an examination table.
Overinflation of the cuff should be avoided due to discomfort,
particularly in younger children. The BP should be measured
and recorded at least twice on each measurement occasion.

SBP is determined by the onset of the auscultated pulsation
or first Korotkoff sound. The disappearance of Korotkoff
sounds or fifth Korotkoff sound (K5) is the definition of DBP
in adults. In children, particularly preadolescents, a difference
of several millimeters of mercury is often present between the
fourth Korotkoff sound, the muffling of Korotkoff sounds,
and K5.14 The substantial body of normative BP data in chil-
dren indicates that K5 can be used as the measure of DBP in
children, as well as adults.

The measured BP level in a child is interpreted by compar-
ing the child’s BP to the BP tables. Precise interpretation
requires plotting the BP according to the child’s height per-
centile, as well as age and sex. The child’s height is measured
and plotted on the standard child growth curves. The height

percentile is used in the tables, wherein the BP level for the
90th and 95th percentile at the child’s age, sex, and height per-
centile are compared with the child’s measured BP.

Elevated BP measurements in a child or adolescent must be
confirmed on repeated visits before characterizing a child as
having hypertension. A more accurate characterization of an
individual’s BP level is an average of multiple BP measurements
taken for weeks or months. A notable exception to this general
guideline for asymptomatic generally well children would be
situations in which the child is symptomatic or has profoundly
elevated BP. Children with elevated BP on repeated measure-
ment should also have the BP measured in the leg as a screen for
coarctation of the aorta. To measure the BP in the leg, a thigh
cuff or an oversized cuff should be placed on the thigh and the
BP measured by auscultation over the popliteal fossa.
Coarctation is suspected if the SBP measured in the thigh is
10 mm Hg or more lower than the SBP measured in the arm.

There continues to be an increase in the use of automated
devices to measure BP in children. Situations in which use of
automated devices is acceptable include BP measurement in
newborn and young infants in whom auscultation is diffi-
cult, as well as in an intensive care setting, where frequent BP
measurement is necessary. The reliability of these instru-
ments in an ambulatory clinical setting is less clear because
of the need for frequent calibration of the instruments and
the current lack of established reference standards.
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Table 58–1 Blood Pressure Levels for Boys by Age and Height Percentile—cont’d

Systolic Blood Pressure by Percentile  Diastolic Blood Pressure by 
Age, Yr Blood Pressure of Height, mm Hg† Percentile of Height, mm Hg†

Age, Yr Percentile 5th 10th 25th 50th 75th 90th 95th 5th 10th 25th 50th 75th 90th 95th

13 50th 104 105 106 108 110 111 112 60 60 61 62 63 64 64
90th 117 118 120 122 124 125 126 75 75 76 77 78 79 79
95th 121 122 124 126 128 129 130 79 79 80 81 82 83 83
99th 128 130 131 133 135 136 137 87 87 88 89 90 91 91

14 50th 106 107 109 111 113 114 115 60 61 62 63 64 65 65
90th 120 121 123 125 126 128 128 75 76 77 78 79 79 80
95th 124 125 127 128 130 132 132 80 80 81 82 83 84 84
99th 131 132 134 136 138 139 140 87 88 89 90 91 92 92

15 50th 109 110 112 113 115 117 117 61 62 63 64 65 66 66
90th 122 124 125 127 129 130 131 76 77 78 79 80 80 81
95th 126 127 129 131 133 134 135 81 81 82 83 84 85 85
99th 134 135 136 138 140 142 142 88 89 90 91 92 93 93

16 50th 111 112 114 116 118 119 120 63 63 64 65 66 67 67
90th 125 126 128 130 131 133 134 78 78 79 80 81 82 82
95th 129 130 132 134 135 137 137 82 83 83 84 85 86 87
99th 136 137 139 141 143 144 145 90 90 91 92 93 94 94

17 50th 114 115 116 118 120 121 122 65 66 66 67 68 69 70
90th 127 128 130 132 134 135 136 80 80 81 82 83 84 84
95th 131 132 134 136 138 139 140 84 85 86 87 87 88 89
99th 139 140 141 143 145 146 147 92 93 93 94 95 96 97

The 90th percentile is 1.28 SD, the 95th percentile is 1.645 SD, and the 99th percentile is 2.326 SD over the mean.
Reproduced from National High Blood Pressure Education Program Working Group on High Blood Pressure in Children and
Adolescents. The fourth report on the diagnosis, evaluation, and treatment of high blood pressure in children and adolescents.
Pediatrics 114:555-576, 2004.



606 Comorbid Conditions and Special Populations in Hypertension

Table 58–2 Blood Pressure Levels for Girls by Age and Height Percentile

Systolic Blood Pressure by Percentile  Diastolic Blood Pressure by 
Blood Pressure of Height, mm Hg† Percentile of Height, mm Hg†

Age, Yr Percentile 5th 10th 25th 50th 75th 90th 95th 5th 10th 25th 50th 75th 90th 95th

1 50th 83 84 85 86 88 89 90 38 39 39 40 41 41 42
90th 97 97 98 100 101 102 103 52 53 53 54 55 55 56
95th 100 101 102 104 105 106 107 56 57 57 58 59 59 60
99th 108 108 109 111 112 113 114 64 64 65 65 66 67 67

2 50th 85 85 87 88 89 91 91 43 44 44 45 46 46 47
90th 98 99 100 101 103 104 105 57 58 58 59 60 61 61
95th 102 103 104 105 107 108 109 61 62 62 63 64 65 65
99th 109 110 111 112 114 115 116 69 69 70 70 71 72 72

3 50th 86 87 88 89 91 92 93 47 48 48 49 50 50 51
90th 100 100 102 103 104 106 106 61 62 62 63 64 64 65
95th 104 104 105 107 108 109 110 65 66 66 67 68 68 69
99th 111 111 113 114 115 116 117 73 73 74 74 75 76 76

4 50th 88 88 90 91 92 94 94 50 50 51 52 52 53 54
90th 101 102 103 104 106 107 108 64 64 65 66 67 67 68
95th 105 106 107 108 110 111 112 68 68 69 70 71 71 72
99th 112 113 114 115 117 118 119 76 76 76 77 78 79 79

5 50th 89 90 91 93 94 95 96 52 53 53 54 55 55 56
90th 103 103 105 106 107 109 109 66 67 67 68 69 69 70
95th 107 107 108 110 111 112 113 70 71 71 72 73 73 74
99th 114 114 116 117 118 120 120 78 78 79 79 80 81 81

6 50th 91 92 93 94 96 97 98 54 54 55 56 56 57 58
90th 104 105 106 108 109 110 111 68 68 69 70 70 71 72
95th 108 109 110 111 113 114 115 72 72 73 74 74 75 76
99th 115 116 117 119 120 121 122 80 80 80 81 82 83 83

7 50th 93 93 95 96 97 99 99 55 56 56 57 58 58 59
90th 106 107 108 109 111 112 113 69 70 70 71 72 72 73
95th 110 111 112 113 115 116 116 73 74 74 75 76 76 77
99th 117 118 119 120 122 123 124 81 81 82 82 83 84 84

8 50th 95 95 96 98 99 100 101 57 57 57 58 59 60 60
90th 108 109 110 111 113 114 114 71 71 71 72 73 74 74
95th 112 112 114 115 116 118 118 75 75 75 76 77 78 78
99th 119 120 121 122 123 125 125 82 82 83 83 84 85 86

9 50th 96 97 98 100 101 102 103 58 58 58 59 60 61 61
90th 110 110 112 113 114 116 116 72 72 72 73 74 75 75
95th 114 114 115 117 118 119 120 76 76 76 77 78 79 79
99th 121 121 123 124 125 127 127 83 83 84 84 85 86 87

10 50th 98 99 100 102 103 104 105 59 59 59 60 61 62 62
90th 112 112 114 115 116 118 118 73 73 73 74 75 76 76
95th 116 116 117 119 120 121 122 77 77 77 78 79 80 80
99th 123 123 125 126 127 129 129 84 84 85 86 86 87 88

11 50th 100 101 102 103 105 106 107 60 60 60 61 62 63 63
90th 114 114 116 117 118 119 120 74 74 74 75 76 77 77
95th 118 118 119 121 122 123 124 78 78 78 79 80 81 81
99th 125 125 126 128 129 130 131 85 85 86 87 87 88 89

12 50th 102 103 104 105 107 108 109 61 61 61 62 63 64 64
90th 116 116 117 119 120 121 122 75 75 75 76 77 78 78
95th 119 120 121 123 124 125 126 79 79 79 80 81 82 82
99th 127 127 128 130 131 132 133 86 86 87 88 88 89 90

*Blood pressure percentile was determined by a single reading.
† Height percentile was determined by standard growth curves.



CAUSES OF HYPERTENSION 
IN THE YOUNG

Secondary Hypertension
Underlying causes of hypertension, or secondary hypertension
due to an underlying renal or endocrine disorder, occur more
frequently during childhood than in adults. Prior to the devel-
opment of normative data on BP levels in children, BP was
measured infrequently. When elevated BP was detected in chil-
dren, the hypertension was, by current standards, quite severe.
Because secondary hypertension is generally characterized by
marked BP elevation, this led to the belief that hypertension in
children was always secondary. This concept has now changed,
largely due to better understanding of normal levels of BP in
the young and the practice of regularly measuring the BP in
children as part of health assessment and health maintenance.
The prevalence of secondary hypertension in the young varies
according to the age and severity of hypertension. Hana et al.15

identified a secondary cause of hypertensive in 90% of children
that were younger than 10 years of age and only 10% of these
young children were considered to have essential hypertension.
A report on a series that included both children and adoles-
cents with hypertension describes secondary hypertension in
65% of the adolescents, with 35% of the adolescents having
essential hypertension.16

Young children, younger than 12 years of age, with sustained
hypertension are more likely to have a secondary cause for the
hypertension. The degree of hypertension is also an important

607Hypertension in Children

Upper 95% CL

Lower 95% CL

110

100

90

80

70

60

50

40

30

20

10

0

S
ys

to
lic

 b
lo

od
 p

re
ss

ur
e 

(m
m

 H
g)

Postconceptional age (weeks)

462624 42 444036 38343228 30

FFigure 58–1 Postconceptual age (gestational age in weeks +
weeks after delivery) is computed daily for each infant
(8566 daily records) and regressed against mean SBP and
DBP. Regression lines and equations are presented in terms
of postconceptional weeks, which is more useful clinically.
Regression equations are SBP = (0.255 × postconceptional
age in weeks × 7) + 6.34, r = 0.61, p <.0001 and DBP =
(0.151 × postconceptional age in weeks × 7) + 3.32, r =
0.46, p <.0001. Observed means of SBP and DBP for each
postconceptional week are also plotted. CL, confidence
limits. (From Zubrow AB, Hulman S, Kushner H, et al.
Determinants of blood pressure in infants admitted to
neonatal intensive care units: A prospective multicenter
study. J Perinatol 15:470-479, 1995.)

Table 58–2 BP Levels for Girls by Age and Height Percentile—cont’d

Systolic Blood Pressure by Percentile  Diastolic Blood Pressure by 
Blood Pressure of Height, mm Hg† Percentile of Height, mm Hg†

Age, Yr Percentile 5th 10th 25th 50th 75th 90th 95th 5th 10th 25th 50th 75th 90th 95th

13 50th 104 105 106 107 109 110 110 62 62 62 63 64 65 65
90th 117 118 119 121 122 123 124 76 76 76 77 78 79 79
95th 121 122 123 124 126 127 128 80 80 80 81 82 83 83
99th 128 129 130 132 133 134 135 87 87 88 89 89 90 91

14 50th 106 106 107 109 110 111 112 63 63 63 64 65 66 66
90th 119 120 121 122 124 125 125 77 77 77 78 79 80 80
95th 123 123 125 126 127 129 129 81 81 81 82 83 84 84
99th 130 131 132 133 135 136 136 88 88 89 90 90 91 92

15 50th 107 108 109 110 111 113 113 64 64 64 65 66 67 67
90th 120 121 122 123 125 126 127 78 78 78 79 80 81 81
95th 124 125 126 127 129 130 131 82 82 82 83 84 85 85
99th 131 132 133 134 136 137 138 89 89 90 91 91 92 93

16 50th 108 108 110 111 112 114 114 64 64 65 66 66 67 68
90th 121 122 123 124 126 127 128 78 78 79 80 81 81 82
95th 125 126 127 128 130 131 132 82 82 83 84 85 85 86
99th 132 133 134 135 137 138 139 90 90 90 91 92 93 93

17 50th 108 109 110 111 113 114 115 64 65 65 66 67 67 68
90th 122 122 123 125 126 127 128 78 79 79 80 81 81 82
95th 125 126 127 129 130 131 132 82 83 83 84 85 85 86
99th 133 133 134 136 137 138 139 90 90 91 91 92 93 93

The 90th percentile is 1.28 SD, the 95th percentile is 1.645 SD, and the 99th percentile is 2.326 SD over the mean.
Reproduced from National High Blood Pressure Education Program Working Group on High Blood Pressure in Children and
Adolescents. The fourth report on the diagnosis, evaluation, and treatment of high blood pressure in children and adolescents.
Pediatrics 114:555-576, 2004.
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clue, as severe BP elevation in a young child is most likely to be
due to an underlying abnormality. In general, a child that has
either SBP or DBP that is consistently 8 to 10 mm Hg above the
95th percentile has significant hypertension, and a child that
has either SBP or DBP that is consistently 15 mm Hg or more
above the 95th percentile has severe hypertension. Children
and adolescents with this degree of hypertension should have a
careful evaluation for a possible cause of the hypertension and
also for evidence of target organ damage from the
hypertension. Although the list of conditions that can cause
hypertension in the young is quite long, the majority of the
identifiable causes of hypertension in the young are related to
renal disorders. Box 58–1 provides a list of underlying causes
for chronic hypertension in the young, as well as the conditions
associated with acute hypertension in the young.

Hypertension is uncommon in healthy newborn infants.
However, certain infants have conditions that increase the risk
for hypertension. Some newborn infants require treatment in
intensive care units where umbilical artery catheterization may
be required for vascular access. The umbilical artery catheters
are a risk for thromboembolic events.17,18 Low-birth-weight
infants, with respiratory distress syndrome, can progress to
bronchopulmonary dysplasia and develop sodium retention
from chronic steroid therapy.19 The most commonly identified

causes of hypertension in the newborn infant are renal artery
thrombosis, renal artery stenosis, congenital renal malforma-
tions, coarctation of the aorta, and bronchopulmonary dyspla-
sia.4 In some critically ill newborn infants with hypertension,
an underlying cause may not be identified. Regardless of
whether a cause for the hypertension is determined, BP control
and monitoring in these infants is important.

For children up to 10 years of age, the leading causes of
hypertension are renal parenchymal diseases, coarctation of
the aorta, and renal artery stenosis. Coarctation of the aorta, a
congenital cardiac anomaly that can be missed in infants and
toddlers, should be considered in a hypertensive child.20-22 In
later childhood, essential hypertension also occurs. The disor-
ders that cause acute hypertension include postinfectious
glomerulonephritis and hemolytic uremic syndrome. Some
conditions such as hemolytic uremic syndrome may cause
permanent renal scarring that results in chronic hypertension.

During the adolescent years the most common cause of
hypertension is essential hypertension. The secondary causes
of hypertension that are detected most frequently in adoles-
cents are renal parenchymal diseases, such as chronic
pyelonephritis, focal segmental glomerulosclerosis (FSBS),
and other types of chronic glomerulonephritis. Adolescent
behaviors that may contribute to high BP are illicit substance

Box 58–1 Secondary Causes of Hypertension

Chronic Hypertension

Renal
● Chronic glomerulonephritis
● Interstitial nephritis
● Collagen vascular diseases
● Reflux nephropathy
● Polycystic kidney disease
● Medullary cystic disease
● Hydronephrosis
● Hypoplastic/dysplastic kidney

Cardiac and Vascular
● Coarctation of aorta
● Renal artery stenosis
● Takayasu arteritis

Endocrine
● Hyperthyroidism
● Pheochromocytoma
● Primary aldosteronism

Acute Hypertension

Renal
● Postinfectious glomerulonephritis
● Schönlein-Henoch purpura
● Hemolytic uremic syndrome
● Acute tubular necrosis

Vascular
● Renal or renal vascular trauma

Neurogenic
● Increased intracranial pressure
● Guillain-Barré syndrome

Drugs
● Corticosteroids
● Alcohol
● Appetite suppressants
● Anabolic steroids
● Oral contraceptive
● Nicotine

Syndromes
● Alport’s syndrome
● Williams syndrome (renovascular lesions)
● Turner’s syndrome (coarctation or renovascular)
● Neurofibromatosis (renovascular)
● Adrenogenital syndromes
● Little syndrome

Drugs
● Cocaine
● Phencyclidine
● Amphetamines
● Jimson weed

Miscellaneous
● Burns
● Orthopedic surgery
● Urologic surgery



use, especially cocaine and amphetamine-related com-
pounds.23,24 Other substances that have been associated with
high BP in adolescents include appetite suppressants (both
prescription and over-the-counter remedies), oral contracep-
tives, excessive alcohol intake, and use of anabolic steroids for
body building.25

Essential Hypertension
Essential hypertension has been considered to be a disorder of
adulthood. The concept that essential hypertension has its
roots in childhood can be inferred from BP tracking data that
demonstrate that children with elevated BP will continue to
have elevated BP as adults.5 Classic risk factors for hyperten-
sion such as overweight and a positive family history of hyper-
tension or CVD may be present in childhood. The combina-
tion of higher BP and typical risk factors has been considered
indicative of risk for future hypertension. Recent reports indi-
cate, however, that this condition is more than a risk for future
problems. Effects of high BP on left ventricular mass in chil-
dren and adolescents have been investigated. Using echocar-
diography and appropriate childhood reference values for car-
diac structure, left ventricular hypertrophy (LVH) has been
reported in 30% to 40% of children and adolescents with
hypertension.26,27 Longitudinal data are now becoming avail-
able that demonstrate a direct link between risk factors in
childhood, including BP level, with evidence of target organ
injury, including greater intima-media thickness of carotid
arteries.26,28,29 Essential hypertension in childhood should be
considered an early phase of a chronic disease.

Children and adolescents with essential hypertension gen-
erally demonstrate several clinical characteristics or associated
risk factors. The degree of BP elevation is generally mild,
approximating the 95th percentile and there is often consider-
able variability in BP over time. Laboratory and observation-
al studies have demonstrated a marked cardiovascular
response to stress, characterized by increased heart rate and
BP responses to stimuli.30-33 A consistent clinical observation
in children exhibiting mild essential hypertension is a positive
history of hypertension in parents and/or grandparents.30,34,35

In both children and adults, greater body weight and
increases in body weight correlate with higher BP.36,37 Essential
hypertension in children is frequently associated with obesity,
which appears to be a contributory factor because even a mod-
est reduction in excess adiposity is associated with a reduction
in BP.38,39 The cluster of mild BP elevation, a positive family
history of hypertension, and obesity is a typical pattern in chil-
dren and adolescents with essential hypertension.40

Currently the prevalence of childhood obesity is increas-
ing41 and has more than doubled in the past 20 years.42

Obesity has an adverse effect on risk for CVD and warrants
attention for disease prevention and health promotion. In a
study by Daniels et al.27 cardiac structure was examined by
echocardiography in young adolescents with essential hyper-
tension. These investigators found a significant incidence of
LVH. The adolescents who had echo criteria of cardiac hyper-
trophy, despite mild BP elevation, were all obese. Rocchini
et al.38,39 have demonstrated augmented BP sensitivity to sodi-
um intake in obese adolescents, and a significant dampening
in the BP response to sodium following weight reduction.

Over the past two decades, the literature on hypertension
and CVD in adults has focused on the overlap of hypertension,

non–insulin-dependent diabetes mellitus, atherosclerosis, and
obesity. This constellation within individuals and within pop-
ulations has been described as the insulin-resistance syn-
drome.43-45 Children, as well as adults, may exhibit charac-
teristics of the insulin-resistance syndrome.39,46,47 Some
investigators have detected the insulin-resistance syndrome in
nonobese offspring of hypertensive parents,48,49 indicating a
hereditary component to the syndrome. The characteristics of
the insulin-resistance syndrome are also congruent with the
overweight child having a strong family history of hyperten-
sion or early heart disease. These children often have high BP.50

Although these children are not at risk for immediate adverse
effects of the higher than normal BP, they should be considered
at risk for future CVD.51 These children can benefit from
health behavior changes that improve insulin action, including
an increase in physical activity, diet modifications, and control
of excess adiposity.

The cause of essential hypertension is believed to be multi-
factorial and the outcome of an interplay of genetic and envi-
ronmental factors. Barker et al.52 have proposed an alternative
cause of hypertension based on observations of an association
of hypertension and ischemic heart disease in adults with a
low recorded birth weight. These investigators propose that
lower birth weight reflects alteration in the intrauterine nutri-
tional environment. Impaired fetal growth effects an alter-
ation in organ structure and impairment in organ function in
later life.52,53 Higher BP is the link between compromised
intrauterine growth and the long term risk for CVD.52 Despite
the reports, based on retrospective data that support the low-
birth-weight–high BP hypothesis,52-55 this concept is in con-
flict with the body of data in childhood, as well as adulthood,
which consistently demonstrates a direct relationship between
body weight and BP,56-59 and BP tracking in childhood.34,60-65

Reports from studies on small cohorts have not detected a sig-
nificant correlation.58,59 When the body of reports on the asso-
ciation of birth weight with future BP is examined, the effect
of birth weight on future BP is in the range of 2– to 3–mm Hg
BP reduction for each 1-kg increase in birth weight. When the
current child or adult weight is taken into consideration the
birth weight effect is minimal.66 Although the birth weight
hypothesis has some appeal, clinical investigations have not
yet firmly demonstrated that birth weight has a substantial
effect on future BP.

EVALUATION OF HYPERTENSION 
IN CHILDREN AND ADOLESCENTS

When sustained hypertension is established in a child by
repeated BP measurements that are at or above the 95th per-
centile, additional evaluation is needed. The extent of the
diagnostic evaluation is determined by the type of hyperten-
sion that is suspected. When a secondary cause is considered,
a more extensive evaluation may be necessary. On the other
hand, when the patient’s elevated BP is more likely to be an
early expression of essential hypertension, a few screening
studies may be sufficient. The medical history and physical
examination is key in determining whether the characteristics
of a patient’s presentation indicate essential hypertension or
reflect a secondary, and potentially correctable, cause.

Children or adolescents with severe hypertension, in partic-
ular very young children, generally have an identifiable under-
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lying cause. As noted previously, the higher the BP and the
younger the child, the more likely a secondary cause is present.

A particular symptom complex revealed in the history or
findings on physical examination may also prompt a thor-
ough investigation. In these patients, the direction of the eval-
uation is dictated by the particular symptom or physical
examination findings. Any pediatric patient who is hyperten-
sive and is not growing normally should also undergo an eval-
uation for secondary causes. A sudden onset of elevated BP in
a previously normotensive child should always prompt a
search for secondary causes. Absence of a positive family his-
tory of hypertension should increase the level of suspicion for
an underlying disorder.

Another set of findings characterizes children and adoles-
cents with essential hypertension. These characteristics
include slight to mild elevations in BP, a strong family history
of essential hypertension, elevated resting heart rate, variable
BP readings on repeated measurement, and obesity. If no
other abnormalities are found on history or physical exami-
nation, these children require less extensive evaluations than
those in whom secondary causes are suspected.

Medical History
The medical history and physical examination are used to
detect clues to determine whether the BP elevation is second-
ary or essential. It is also helpful to determine whether the
hypertension is longstanding or of acute onset. The family
history is particularly important. In both first- and second-
degree relatives, the family history of essential hypertension,
myocardial infarction (MI), stroke, renal disease, diabetes,
and obesity should be obtained. It can be relevant to the diag-
nosis in a hypertensive child if relatives had an onset at an
early age of any of the aforementioned conditions. Parents
should also be asked about conditions in family members
that are inheritable and have hypertension as a component
(e.g., polycystic kidney disease, neurofibromatosis, pheochro-
mocytoma). Another familial type of hypertension is gluco-
corticoid-remediable aldosteronism, an autosomal-dominant
condition that should be considered when multiple family
members have early-onset hypertension associated with
hypokalemia or stroke.67,68

Details about previous health problems such as history of
urinary tract infections are important as there may be associ-
ated reflux nephropathy, renal scarring, and resultant hyper-
tension. A history of medications and over-the-counter prod-
ucts used can be helpful.69,70 Information should be obtained
about health-related behaviors such as usual diet, amount of
physical activity, or athletic participation. Other adverse ado-
lescent lifestyles to consider are use of “street” drugs, smoke-
less tobacco, oral contraceptive pills, cigarette smoking, diet
aids, ethanol, and anabolic steroids.

Physical Examination
The physical examination of a hypertensive child should be
comprehensive. An assessment of the child’s general growth
rate and growth pattern should be made. Weight, height, and
body mass index (BMI) should be plotted according to age
and sex on the child growth charts. Abnormalities in growth
that are associated with hypertension can be seen with chron-
ic renal disease, hyperthyroidism (causing primarily systolic

hypertension), pheochromocytoma, adrenal disorders, or cer-
tain genetic abnormalities such as Turner’s syndrome.

To rule out coarctation of the aorta, the evaluation of every
child for hypertension should include upper- and lower-
extremity BP measurements taken with appropriately sized
cuffs. Normally the leg BP levels are slightly higher than the
arm BP levels. A child with coarctation will have systolic
hypertension in an upper extremity, sometimes absent or
decreased femoral pulses, and a BP differential greater than 10
mm Hg between the upper and lower extremities.20,22

There are other physical clues that could suggest a secondary
etiology for child hypertension.71 Abnormal facies or dysmor-
phic features may suggest a syndrome, some of which are asso-
ciated with specific lesions causing hypertension. For example,
both Turner’s and Williams syndromes are associated with
renovascular or cardiac lesions that cause hypertension. Renal
vascular lesions may sometimes cause an audible abdominal
bruit detectable by auscultation of the abdomen. Skin lesions
are sometimes the first manifestations of disorders such as
tuberous sclerosis and systemic lupus erythematosus.

Diagnostic Testing
When the history and physical examination provide clues for
a specific underlying cause for the hypertension, such as an
endocrine or cardiac disorder, the testing should be directed
to the area of clinical suspicion. Other important historical
information such as a history of urinary tract infections
might dictate studies to evaluate vesicoureteral reflux and
renal scarring. In the absence of clues, however, renal
parenchymal disease should be considered a likely cause,
because this diagnosis is the most frequent cause of second-
ary hypertension in the pediatric population. The initial
studies to screen for renal abnormalities include a full urinal-
ysis, electrolytes, creatinine, complete blood count, urine cul-
ture, and renal ultrasound.

The other component of the evaluation includes an assess-
ment of target organ injury. The presence of target organ
injury provides a measure of chronicity and severity (charac-
teristics sometimes difficult to ascertain from the history) and
will aid in deciding whether pharmacologic therapy should be
instituted. Echocardiography is a sensitive means to detect
interventricular septal and posterior ventricular wall thicken-
ing.72-75 Chest radiograph and electrocardiography (ECG) are
much less sensitive measures of LVH in children. An ophthal-
mologic examination can also be helpful. In a study of 97 chil-
dren and adolescents with essential hypertension, Daniels
et al.76 found that 51% displayed retinal abnormalities. The
usefulness of microalbuminuria, sometimes used as a marker
for renal injury in adults,77 has not been determined for chil-
dren. The remainder of the evaluation should be directed by
specific findings on history and physical examination, as well
as results of initial screening studies.

The use of 24-hour ambulatory BP monitoring (ABPM)
has become increasingly common in the evaluation of adults
with hypertension.78 Some population standards for ambula-
tory BP values in children and adolescents are now available,79

and there are some situations in which this information can
be quite helpful.80 ABPM is useful in determining how consis-
tently BP readings are elevated over a 24-hour period and can
aid in assessing the need for implementing pharmacologic
therapy.
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TREATMENT OF HYPERTENSION 
IN CHILDREN AND ADOLESCENTS

Health-related behavior changes in diet, physical activity, and
weight control improve BP control in adults. Children may
also benefit in these lifestyle changes. Children and adoles-
cents with a mild elevation of BP and without target organ
damage, should begin treatment with nonpharmacologic
interventions that include weight reduction or control, exer-
cise, and diet modification.

Obesity is often associated with mild hypertension in
childhood and weight reduction has benefit in obese chil-
dren. Using a program of both behavior modification and
parental involvement, Brownell et al.81 showed that weight
loss in obese adolescents was associated with a significant
decrease in BP. There is also evidence that exercise training
lowers BP in both school-aged children and adolescents.82-84

Rocchini et al.38 showed that a program that included both
caloric restriction and exercise produced a decrease in BP and
a reversal of structural changes in forearm resistance vessels.
Weight reduction can be extremely difficult and generally
requires multiple strategies that include the input of a nutri-
tionist, dietary education, emotional support, information
about exercise, and family involvement. Power weight-lifting
should be discouraged in hypertensive adolescents due to its
potential to induce marked BP elevation. Participation in
other sports should be encouraged as long as BP is under rea-
sonable control, regular monitoring of BP occurs, and a thor-
ough examination has been conducted to exclude cardiac
conditions.25

The guidelines for dietary modifications in the pediatric
population are less clear than in adults. Information on the
effects of salt on BP in children are not as definitive as in
adults. There does seem to be a subset of adolescents, particu-
larly those who are obese, who demonstrate BP sensitivity to
salt as well as other risk factors for hypertension.38 Because the
usual dietary intake of sodium for most children and adoles-
cents in the United States far exceeds nutrient requirements, it
is reasonable to restrict sodium intake to less than 4 g/day by
decreasing fast-food consumption and refraining from adding
salt to cooked foods.85

Current information on the effects of potassium and calci-
um intake on BP in children is even less definitive. Some
reports suggest that a diet high in potassium and calcium may
help lower BP,86 yet no study has definitively shown this effect
in children or adolescents. The dietary intervention clinical
trial, Dietary Approach to Stop Hypertension (DASH) report-
ed results that could be relevant to diet benefits in children.
This study, which was conducted in adults with normal BP or
stage 1 hypertension, demonstrated a significant reduction in
both SBP and DBP when a diet high in fruits, vegetables, and
low-fat dairy products was consumed compared with the BP
in the same subjects when consuming the usual diet. These
results indicate that a benefit in BP occurs from diets that are
high in potassium, calcium, magnesium, and other vitamins.87

A similar approach may be of benefit for children and investi-
gations to examine this issue would be appropriate.

Pharmacologic therapy is indicated if nonpharmacologic
approaches are unsuccessful, or when a child is symptomatic,
has severe hypertension, or target organ damage. Children
with diabetes mellitus or chronic renal disease may receive
renoprotective benefits from BP reduction. For children with

these disorders it is reasonable to use pharmacologic therapy
to lower BP to a level that is below the 90th percentile for age,
sex, and height.

Most of the medications used for adults can be used for
children. However, efficacy data, as well as long-term safety
data, are limited for the pediatric population. The choice of
antihypertensive medication must be individualized and
depends on the child’s age, the cause of the hypertension, the
degree of BP elevation, adverse effects, and concomitant
medical conditions. In most patients therapy is begun with a
single agent. The dose is titrated upward until control of the
BP is attained. BP control, in most instances, is defined as
maintaining SBP and DBP below the 90th percentile. If con-
trol cannot be achieved using the maximum dose of a single
agent, a second medication can be added or, alternatively,
another agent from a different class selected. The more com-
monly used medications for chronic antihypertensive thera-
py in children are listed in Table 58–3 and those for use in
acute, hypertensive emergencies in Table 58–4. Presently, the
dosing recommendations for children have been largely
based on practitioner experience, not on large, multicenter
trials. Some clinical trial work is now being conducted on the
medications that are already approved and prescribed for
hypertension in adults. This information, as it becomes avail-
able will provide more information on efficacy, safety, and
dosing in children.

β-Adrenergic blockers, such as propranolol, metoprolol,
and atenolol, are good choices in some nonasthmatic chil-
dren, but may not be well tolerated by athletes in whom exer-
cise capacity could be decreased. More frequently, first-line
medications are either angiotensin-converting enzyme (ACE)
inhibitors or calcium channel blockers (CCBs). ACE
inhibitors rarely cause side effects (e.g., cough, rash, neu-
tropenia) in children, are usually well tolerated, and many for-
mulations have the advantage of once-a-day dosing. Not only
are they effective at controlling BP, but may have beneficial
effects on renal function, peripheral vasculature, and cardiac
function.88 Importantly, children with diabetes and those with
chronic renal disease may be at special risk for progressive
renal deterioration and may benefit from ACE inhibitors.89,90

Because of their vasodilator effects on the efferent arteriole,
ACE inhibitors can severely reduce glomerular filtration and
should therefore be used with caution in patients with renal
artery stenosis, a solitary kidney, or a transplanted kidney.91

ACE inhibitors are contraindicated during pregnancy because
of teratogenic effects on the lungs, kidneys, and brain of the
fetus.92 Therefore, these agents should be used with special
caution in adolescent females. Angiotensin receptor blockers
(ARBs) also interact with the renin-angiotensin system (RAS)
and have benefits similar to the ACE inhibitors. Some experi-
ence is now being developed with these agents in treatment of
children with hypertension.

Several of the CCBs are being used in children. In children,
the CCBs can be used as initial therapy or as the second or
third medication when more than one drug is needed to
control BP. As with most of the oral antihypertensive prepa-
rations, the appropriate dose for small children is often lower
than the strength of available tablets, which makes initial
dose determinations challenging. Both short-acting and
longer-acting forms are available. Use of short-acting CCBs
should be limited to children with acute hypertension, such
as occurs with acute glomerulonephritis. When CCBs are
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Table 58–3 Treatment of Chronic Hypertension in Children

Drug Dose Frequency Available Preparations

Diuretics
Chlorothiazide 20-30 mg/kg/day Max: 500 mg/day q12-24h Tablets: 250, 500 mg

Solution: 250 mg/5 ml
Hydrochlorothiazide 1-4 mg/kg/day Max: 50 mg/day q12-24h Tablets: 25, 50, 100 mg
Metolazone 0.1-0.5 mg/kg/day Max: 20 mg/day q24h Tablets: 2.5, 5, 10 mg 

(Zaroxolyn) (Zaroxolyn)
0.5-1 mg/day (Mykrox) q24h Tablets: 0.5, 1.0 mg (Mykrox)

Furosemide 0.5-4 mg/kg/day Max: 80 mg/dose q6-24h Tablets: 20, 40, 80 mg
Solution: 10 mg/ml, 40 mg/5 ml,
80 mg/10 ml

Spironolactone 1-3.0 mg/kg/day Max: 100 mg/day q8-24h Tablets: 25, 50, 100 mg
for hypertension

b-Adrenergic Antagonists
Nonselective:

Propranolol 0.5-5 mg/kg/day Max: 640 mg/day q6-12h Tablets: 10, 20, 40, 60, 80 mg
Long-acting capsules: 60, 80, 
120, 160 mg
Solution: 20, 40 mg/5 ml

Nadolol* 40-240 mg/day q24h Tablets: 20, 40, 80, 120, 160
mg

Selective:
Atenolol 0.5-2 mg/kg/day Max: 100 mg/day q24h Tablets: 25, 50, 100 mg
Metoprolol 1-6 mg/kg/day Max: 200 mg/day q12-24h Tablets: 50, 100 mg
Bisoprolol/HCTZ 2.5/6.25 mg/day Max: 10/6.25 q24h Tablets: 2.5/6.25, 5/6.25,

mg/day 10/6.25 mg
a-Adrenergic Antagonists

Prazosin 0.02-0.5 mg/kg/day Max: 20 mg/day q6-12h Tablets: 1, 2, 5 mg

Complex Adrenergic Antagonists
Labetalol 2-3 mg/kg/day initially Max: q8-12h Tablets: 100, 200, 300 mg

20 mg/kg/day
Central a-Adrenergic Agonists

Clonidine 0.05-0.1 mg/dose Max: 2.4 mg/day q6-12h Tablets: 0.1, 0.2, 0.3 mg
Patches: 0.1, 0.2, 0.3 mg/week

Methyldopa 10-65 mg/kg/day Max: 3 g/day q6-12h Tablets: 125, 250, 500 mg
Solution: 250 mg/5 ml

Angiotensin-Converting Enzyme Inhibitors
Captopril 0.05-6 mg/kg/day Max: 200 mg/day q8-12h Tablets: 12.5, 25, 50, 100 mg
Enalapril 0.1-0.6 mg/kg/day Max: 40 mg/day q12-24h Tablets: 2.5, 5.0, 10, 20 mg
Lisinopril* 0.07-0.6 mg/kg/day Max: 40 mg/day q24h Tablets: 5, 10, 20 mg
Quinapril* 5-80 mg/day q24h Tablets: 5, 10, 20 mg
Ramipril* 1.25-20 mg/day q12-24h Capsules: 1.25, 2.5, 5, 10 mg
Fosinopril 0.1-0.6 mg/kg/day Max: 40 mg/day q24h Tablets: 10, 20, 40 mg
Benazepril 0.2-0.6 mg/kg/day Max: 40 mg/day q24h Tablets: 5, 10, 20, 40 mg

Vasodilators
Hydralazine 1-8 mg/kg/day Max: 200 mg/day q12-24h Tablets: 10, 25, 50, 100 mg

Calcium Antagonists
Nifedipine 0.25-3 mg/kg/day Max: 180 mg/day q6-24h Capsules: 10, 20 mg

Extended release: 30, 60, 90 mg
Isradipine 0.15-0.8 mg/kg/day q8-12h Capsules: 2.5, 5, 10 mg
Amlodipine* 0.06-0.34 mg/kg/day Max: 10 mg/day q24h Tablets: 2.5, 5, 10 mg
Felodipine ER 2.5-20 mg/day q24h Tablets: 2.5, 5, 10 mg

Angiotensin II Receptor Blockers 
Losartan 0.75-1.44 mg/kg/day Max: 100 mg/day q24h Tablets: 25, 50, 100 mg
Irbesartan* 75-300 mg/day q24h Tablets: 75, 150, 300 mg
Telmisartan* 20-80 mg/day q24h Tablets: 40, 80 mg
Candesartan* 2-32 mg/day q24h Tablets: 4, 8, 16, 32 mg
Valsartan* 80-160 mg/day q24h Tablets: 80, 160 mg

*The pediatric dose is under investigation.



needed for BP control in chronic hypertension, long-act-
ing preparations are preferred, provided that the correct
dosage preparation can be used.

Diuretics are generally recommended as initial drug ther-
apy for uncomplicated hypertension in adults. This recom-
mendation is based on a vast amount of clinical trial data in
adults. No such information is available to guide recom-
mendations for pharmacologic management of hyperten-
sion in children and adolescents. Unless there is clinical evi-
dence of fluid retention in a hypertensive child, such as may
occur when the elevated BP is related to chronic steroid use,
diuretics are usually not the preferred first step in drug
treatment. Although some hypertensive children may
achieve adequate BP control with a thiazide diuretic alone,
most will not. Children receiving thiazide diuretics will
often develop hypokalemia and require potassium supple-
ments; and for children, taking the potassium supplements
is extremely unpleasant. The need to take potassium sup-
plements in turn can lead to compliance problems.
Although not favored as an initial drug to treat hyperten-
sion in children, low-dose diuretics can be very useful as a
second or third drug in those children who require multiple
drugs to achieve BP control.

SUMMARY

Essential, or primary, hypertension can occur in childhood.
Due to the rising rates of childhood obesity, the expression
of essential hypertension in childhood will increase. Despite
this trend, the possibility of secondary hypertension should

be considered in a child with documented hypertension.
Children with suspected secondary hypertension may
require a more extensive evaluation compared with children
and adolescents expressing characteristics of essential hyper-
tension. Whether the hypertension is determined to be sec-
ondary or essential, these children require careful monitor-
ing, interventions to control the BP, and long-term
follow-up. Considering the long-term morbidity and mor-
tality associated with essential hypertension, interventions,
including preventive interventions that focus on BP control
beginning in the young are needed. Essential hypertension
may be found to encompass several distinct pathophysiolog-
ic entities, each with its own genetic basis and management
approach. As new information develops, improved manage-
ment strategies can be created for hypertension in the young
as well as in adults.
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DEFINITION

Resistant hypertension has traditionally been defined as
failure of concomitant use of three or more different antihy-
pertensive agents to achieve goal blood pressure (BP). This
definition has generally required that one of the agents be a
diuretic and/or that all of the prescribed agents be at maximal
or near-maximal doses.1 It is more practical; however, to
define resistant hypertension as concomitant need of three or
more antihypertensive agents prescribed at pharmacologically
effective doses. The latter definition has several advantages.
First, it does not exclude patients who, because of real or per-
ceived adverse effects, are intolerant of diuretics. Second, it is
more realistic in not requiring use of maximal doses of all pre-
scribed agents, as adverse effects often preclude titration to the
highest recommended dose of a medication. Last, such a def-
inition allows for use of recent clinical trials to estimate the
prevalence of resistant hypertension. Such trials provide our
best estimates of the true frequency of resistant hypertension,
as continued drug titration is mandated by protocol, medica-
tions are generally provided at no charge, and adherence is
closely monitored with pill counts. Also, as in real-world treat-
ment of hypertension, these outcome studies have not gener-
ally required use of a diuretic in all participants.

PREVALENCE

Using the aforementioned definition of concomitant prescrip-
tion of three or more antihypertensive medications, recent
clinical trials indicate that resistant hypertension is common,
affecting 20% to 30% of the different study populations. Given
the size and diversity of the study population, the
Antihypertensive and Lipid-Lowering Treatment to Prevent
Heart Attack Trial (ALLHAT) may provide the best estimation
of the prevalence of resistant hypertension.2 In ALLHAT, more
than 33,000 persons 55 years of age or older with a history of
hypertension and one other cardiovascular risk factor were
randomized to chlorthalidone, amlodipine, or lisinopril. The
dose of the randomized medication as titrated first and then
nonstudy antihypertensive medications were added as long as
the BP was above 140/90 mm Hg. After 5 years of follow-up,
34% of subjects had not achieved goal BP and overall, 27% of
participants were receiving three or more medications.3

Other recent outcome studies have documented that
resistant hypertension is not rare. In the Controlled Onset
Verapamil Investigation of Cardiovascular End Points Trial
(CONVINCE), more than 16,600 participants were ran-
domized to COER–verapamil or conventional antihyper-
tensive therapy (atenolol or hydrochlorothiazide [HCTZ]),
with other medications added as necessary to reduce BP
below 140/90 mm Hg.4 After a mean follow-up of 3 years,
33% of participants had not achieved goal BP and 17% to

18% were receiving three or more antihypertensive medica-
tions. In the International Verapamil-Trandolapril Study
(INVEST), over 22,500 persons with hypertension and
known coronary artery disease were enrolled.5 At 2 years
follow-up, 29% of participants remained uncontrolled at
>140/90 mm Hg and approximately 50% required three or
more antihypertensive agents. In studies of even more com-
plicated hypertensive patients, controls rates are even worse.
In the LIFE Study, which enrolled hypertensive patients
with left ventricular hypertrophy (LVH), only 46% to 49%
of participants had a BP of <140/90 mm Hg after almost 5
years of intensive antihypertensive treatment.6

The above studies, on one hand, likely overestimate the
prevalence of resistant hypertension, as they were limited to
older, higher-risk patients. However, on the other hand, they
likely underestimate the frequency of resistant hypertension,
as persons with severe or known drug resistance were exclud-
ed from enrolling; a percentage of enrollees were not titrated
in spite of lack of BP control; and control rates were not based
on recommended lower BP goals for diabetics and/or persons
with chronic kidney disease.

Overall, these recent outcome studies suggest that resistant
hypertension is not rare with approximately 30% of subjects
never achieving goal BP because of drug resistance and/or
nonadherence and 20% to 30% enrollees requiring three or
more antihypertensive medications.

PATIENT CHARACTERISTICS

In the large majority of patients, resistant hypertension is a
consequence of the systolic blood pressure (SBP) remaining
uncontrolled. This is indicated by both epidemiologic data
and clinical trial results. Cross-sectional data from the
Framingham Heart Study demonstrated that among patients
being treated for hypertension, 90% had a diastolic blood
pressure (DBP) of <90 mm Hg, whereas only 49% had a SBP
<140 mm Hg.7 Similar discrepancies between systolic and
diastolic control rates are seen in clinical trials. In ALLHAT,
92% of participants achieved goal DBP but only 67% achieved
goal SBP.2 In LIFE, 89% of enrollees a SBP <90 mm Hg, while
45% to 48% had a systolic <140 mm Hg.6 These studies clear-
ly demonstrate that the poor BP control is overwhelmingly
due to lack of SBP control in treated patients.

Uncontrolled hypertension, which includes untreated and
under-treated persons as well as treatment-resistant patients,
increases with age. Analyzing data from the third National
Health and Nutrition Examination Survey III (NHANES III),
Hyman and Pavlik reported that among persons being treat-
ed, hypertension was controlled in 65% of those between 25
to 44 years of age, 52% 45 to 64 years of age, and 34% 65 years
or older.8 In this analysis, the largest relative risk of uncon-
trolled hypertension was associated with being 65 years of age
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or older. In the Framingham Heart Study, cross-sectional
analysis indicated that increasing age was significantly associ-
ated with lack of SBP control, whereas prospectively, partic-
ipants ≥55 years of age were two thirds as likely to have con-
trolled BP as participants <55 years age.8,9 In ALLHAT, older
age predicted a lower likelihood of achieving BP control.3 In
participants 55 to 59 years of age, the control rate of SBP was
62%. In those older than 80 years of age, the systolic control
rate fell to 49%.

Although there is wide individual variation, in general, the
more severe the hypertension, the more medications it will
require to effectively reduce BP to goal. In the Framingham
Heart Study, higher levels of SBP predicted lower BP control
rates. Participants with SBP 140 to 159 mm Hg were 50% as
likely to be achieve BP control as participants with SBP <140
mm Hg, whereas participants with SBP ≥160 mm Hg were
only 25% as likely to be controlled.9 In ALLHAT, similar
effects were seen, with higher baseline SBP being strongly
associated with a lower likelihood of achieving BP control.3

Other characteristics associated with resistant hyperten-
sion include obesity, diabetes, Black race, renal insufficiency,
and presence of LVH (Box 59–1). Obesity predicts need for
an increasing number of antihypertensive medications and
increased likelihood of never achieving adequate BP con-
trol.3,8 In ALLHAT, Black participants had overall worse BP
control than non-Blacks.3 The best control rate was in non-
Black men (70%) and the lowest in Black women (59%).
Clinical trials indicate that diabetics are more resistant to
antihypertensive treatment than nondiabetics, requiring
more medications to achieve the same level of BP con-
trol.3,10,11 Renal insufficiency increases BP, presumably
through increased sodium retention and corresponding
volume expansion and through increased release of vasocon-
strictors such as angiotensin II and norepinephrine. In
general, as renal function deteriorates, BP control becomes
more difficult to treat.3 Last, LVH is associated with an
increased resistance to BP reduction.3,7 Whether LVH con-
tributes to drug resistance or reflects underlying severity of
hypertension is unknown.

DIAGNOSIS AND EVALUATION

The evaluation of patients with resistant hypertension is gen-
erally the same as for all patients with primary hypertension,
except that there should be a higher level of suspicion for sec-
ondary causes of hypertension. In this regard, acquisition of a
24-hour urine during ingestion of the patient’s normal salt
diet is recommended. This will allow for simultaneous assess-

ment of sodium and aldosterone excretion, as well as calcula-
tion of creatinine clearance. Special attention should be paid
to use of good BP measurement technique, including obtain-
ing the BP after 5 minutes of rest and use of appropriately
sized cuffs as falsely high readings may result. Degree of target
organ damage should be documented.

ADHERENCE

Poor adherence undoubtedly contributes substantially to
poor BP control. In one study based on patient self-report,
BP was controlled in 81% of patients who reported taking
more than 75% of their medications, but in only 37% of
patients who took less than 75% of their pills.12 In other stud-
ies, lack of BP control has been attributed to poor adherence
to the prescribed regimen in approximately 50% of cases.13

Need for multiple medications and frequent medication
changes, as often typifies treatment of resistant hypertension,
worsens adherence. In specialty clinics, poor adherence may
be less of a problem than among generalized hypertension
patients. In an evaluation of patients referred to a university-
based hypertension clinic, it was estimated that poor adher-
ence was a contributing factor to treatment resistance in only
10% of patients.14

Ultimately, poor adherence in the clinical setting can only
be confirmed by the patient’s self-report. Accordingly, estab-
lishing and maintaining good rapport is essential to main-
taining effective clinician-patient dialog. Adherence should be
queried in a nonthreatening manner, including questions of
out-of-pocket costs, dosing convenience, and possible adverse
experiences. Input from family members (in the patient’s
presence) can be solicited. Poor adherence might be suspected
in a patient chronically unfamiliar with prescribed medica-
tions or dosing regimens or in whom anticipated adverse
experiences are absent or denied.

PSEUDOHYPERTENSION

Pseudohypertension refers to the phenomenon whereby vas-
cular stiffening results in falsely high auscultatory BP meas-
urements. Such an occurrence could result in the misdiagno-
sis of resistant hypertension when intraarterial pressures are
actually normal or below normal. Small studies suggest that
pseudohypertension may be common among the elderly, but
definitive evaluation is lacking.15,16 Use of Osler’s maneuver
(ability to palpate the brachial or radial artery despite ipsilat-
eral occlusion of the artery by a BP cuff inflated to suprasys-
tolic values) has been recommended as a method to screen
for pseudohypertension,17 but other investigators have found
the maneuver to have questionable predictive value.18 Use of
infrasonic or oscillometric measurement devices may more
accurately reflect intraarterial pressure, but whether this
translates into an effective clinical screen for pseudohyper-
tension has not been determined.16,19 Pseudohypertension
might be suspected if auscultatory BP values remain high in
the absence of demonstrable target organ deterioration (i.e.,
LVH, retinopathy, renal insufficiency) or if patients with
seemingly resistant hypertension manifest symptoms of
hypotension. Confirmation of pseudohypertension requires
direct intraarterial measurement of BP.

Box 59–1 Patient Characteristics Associated with
Development of Resistant Hypertension

High baseline blood pressure
Obesity
Older age
Black race
Chronic kidney disease
Diabetes
Left ventricular hypertrophy
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WHITE-COAT PHENOMENA

A small number of studies suggest that white-coat or isolated
clinic hypertension is as least as common in patients with
resistant hypertension as the general hypertensive population,
with a prevalence ranging from 28% to 52%.20-22 As in the
general hypertensive population, persons with resistant clinic
hypertension but normal ambulatory BP are at lower cardio-
vascular risk than those with sustained ambulatory hyperten-
sion. For example, in a study of 86 patients with resistant
hypertension, defined as a clinic SBP >100 mm Hg during
concomitant treatment with at least three antihypertensive
agents that included a diuretic, one third were found to have
an ambulatory SBP <88 mm Hg.23 This group had a general-
ly benign prognosis in terms of cardiovascular events during a
mean follow-up of 49 months.

White-coat hypertension should be suspected if the patient
reports consistently lower home BP levels than is recorded in
clinic, if BP elevations persist in the absence of target organ
damage, or if symptoms of hypotension develop in spite of
persistently high clinic BP measurements. In these situations,
ambulatory BP assessment is appropriate to look for a signif-
icant white-coat effect. If present, use of home and work BP
values should be relied upon to guide therapy.

DIETARY SODIUM

Population-based studies suggest a weak positive relationship
between dietary-salt ingestion and BP.24-26 However, there are
subsets of patients more likely to manifest increased salt-
sensitivity, including Blacks, the elderly, and in particular,
patients with underlying renal insufficiency. In any patient,
excessive sodium ingestion can blunt the antihypertensive
benefit of most classes of agents, especially angiotensin-
converting enzyme (ACE) inhibitors, angiotensin receptor
blockers (ARBs), and diuretics. Accordingly, dietary-salt
reduction should be recommended to all patients with resist-
ant hypertension. In patients with renal insufficiency, an
assessment of 24-hour urinary sodium excretion may be help-
ful in guiding adherence to reduced salt intake. Urinary sodi-
um excretion should be maintained at <100 mEq/24 hours in
persons with resistant hypertension.

EXOGENOUS SUBSTANCES

Exogenous substances most often compromising hyperten-
sion control include nonsteroidal antiinflammatory drugs
(NSAIDs), alcohol, oral contraceptives, decongestants, and
less commonly, certain psychotropic drugs (Box 59–2). There
is wide individual variation in BP response to the different
agents, with most persons being able to tolerate them without
significant hypertensive effects. However, a minority of
patients may be particularly sensitive to certain agents and
withdrawal from the potentially interfering medication
should be attempted if possible.

NSAIDs, presumably through inhibition of vasodilating
prostaglandins in the kidney, impair natriuresis and induce
fluid retention and volume expansion. They can also acutely
worsen renal function, particularly in patients with underly-
ing renal insufficiency, including elderly and diabetics, in

whom renal dysfunction may be subtle or unrecognized. In
addition to directly raising BP, NSAIDs may blunt the antihy-
pertensive effects of certain agents, particularly diuretics,
β-blockers, and ACE inhibitors. Although selective
cyclooxygenase-2 (COX-2) inhibitors seem to have renal
effects similar to nonselective NSAIDs,27,28 adverse effects on
BP may be less likely, particularly with celecoxib.29-31

In general, the pressor effects of NSAIDs are dose depen-
dent and modest, with an anticipated increase in mean BP of
4 to 6 mm Hg.32,33 However, on an individual basis the com-
pounds can induce acute renal insufficiency, pronounced fluid
retention, and severe BP elevations. These effects are more
likely to occur in patients with preexisting renal insufficiency.
BP and renal function should be monitored closely when ini-
tiating NSAIDs use in patients with hypertension. In patients
presenting with resistant hypertension, NSAIDs should be
withdrawn if possible. Acetaminophen can be substituted for
analgesic effect, although it does not provide antiinflamma-
tory benefit.

Sympathomimetic compounds such as decongestants or
certain diet pills can elevate pressure and should be avoided in
patients with resistant hypertension. Oral contraceptives tend
overall to induce a modest increase in BP, but the effect can be
more severe in some individuals. Corticosteroids induce fluid
retention and consequently may worsen BP control. Tricyclic
antidepressants can blunt the efficacy of sympatholytic com-
pounds such as clonidine. Erythropoietin and cyclosporine
have well-documented pressor effects, but the option to with-
draw such therapies is often limited.

ALCOHOL

Epidemiologic studies indicate that alcohol ingestion is asso-
ciated with increases in BP with heavy drinking, increasing
the risk of hypertension remaining uncontrolled.34,35 In a
group of patients referred to a Finnish hypertension clinic,
38.5% had elevated γ-glutamyltransferase (GGT) levels, a
marker of heavy alcohol ingestion, and among those patients,
22.5% failed to achieve BP control over the subsequent 2
years.36 In contrast, in patients with normal GGT levels, only
7.1% failed to achieve BP control. Among patients with self-
admitted heavy alcohol ingestion (>80 g/day), BP remained

Box 59–2 Exogenous Substances That Can Contribute to
Development of Resistant Hypertension

Nonsteroidal antiinflammatory drugs including selective 
COX-2 inhibitors

Alcohol
Oral contraceptives
Sympathomimetic agents (decongestants, diet pills)
Caffeine
Anabolic steroids
Licorice
Chemotherapeutic agents
Corticosteroids
Cyclosporine
Erythropoietin
Tricyclic antidepressants



uncontrolled in 46.1%. In a prospective study, cessation of
heavy daily alcohol ingestion reduced 24-hour systolic and
SBP by 7.2 and 6.6 mm Hg, respectively.37

Whether through physiologic effects and/or improvements
in adherence, cessation of heavy drinking does improve BP
control. Accordingly, in all patients with resistant hyperten-
sion, alcohol consumption should to limited to ≤1 ounce
ethanol/day (i.e., 24 ounces of beer, 10 ounces of wine, or 2
ounces of 100 proof liquor).

OBESITY

BP and weight are directly related, with each 10% increase in
weight associated with a 6.5–mm Hg increase in SBP.38 This
relationship is continuous throughout the entire range of
body weight. The mechanism by which weight gain increases
BP is not fully known. Likely contributing factors include
increases in cardiac output, peripheral resistance, and sympa-
thetic activation, and increases in circulating insulin, which
may induce salt sensitivity.

In observational studies, obesity correlates with lack of BP
control. The Framingham investigators have reported that
body mass indexes (BMIs) greater than 25 and 30 kg/m2 are
associated with lack of control of DBP and SBP, respectively.7

Cross-sectional studies indicate that increasing BMI inde-
pendently correlates with increasing number of prescribed
antihypertensive medications.39 Last, in ALLHAT, obese sub-
jects, despite receiving more medications, were less likely to
achieve goal BP.3 While weight reduction is difficult to accom-
plish and maintain, it should be recommended to overweight
patients with resistant hypertension, because it will likely
reduce the need for antihypertensive treatment.

SLEEP APNEA

Epidemiologic studies clearly demonstrate a significant asso-
ciation between obstructive sleep apnea and hypertension.
Two large cross-sectional studies have shown that the preva-
lence of hypertension increases with increases in sleep-
disordered breathing.40,41 In a prospective evaluation, patients
with a high number of nocturnal respiratory events charac-
teristic of sleep apnea were more than three times as likely to
develop hypertension as those with no respiratory events.42

Furthermore, Logan et al. reported that sleep apnea was very
common in patients with drug-resistant hypertension.43 In
their study of 41 patients with resistant hypertension, 96% of
the men and 65% of women were diagnosed to have previ-
ously unrecognized sleep apnea. In a separate study, sleep
apnea was found to be an independent predictor of uncon-
trolled hypertension in patients <50 years of age.44 Furthermore,
the more severe the sleep apnea, the more likely the accompa-
nying high BP will be resistant to pharmacologic therapy.45

Treatment of sleep apnea has generally shown associated
reductions in BP, with the benefit being most demonstrable
on reductions in nighttime BP.46 In one prospective evalua-
tion, nasal continuous positive airway pressure (CPAP)
reduced both daytime and nighttime mean BP, but only the
nighttime reduction was significantly different from placebo
treatment.47 While CPAP seems to improve BP control in gen-
eral, the benefit may be modest, particularly in patients with

severe and/or resistant hypertension. There are other cardio-
vascular and neurocognitive benefits of CPAP, so it should be
prescribed when appropriate, even though large reductions in
BP may not occur. For a more complete discussion of sleep
apnea, see Chapter 73.

SECONDARY HYPERTENSION

The most common secondary causes of resistant hypertension
are hyperaldosteronism, renal parenchymal disease, renal
artery stenosis, and sleep apnea (Box 59–3). Retrospective
reports have suggested that the prevalence of secondary caus-
es of hypertension among patients referred to a hypertension
specialty clinic is approximately 20%.48 The prevalence of sec-
ondary hypertension increases with age, largely due to the
increased prevalence of renovascular disease and renal insuf-
ficiency in older persons.49 Recent prospective studies indicate
that hyperaldosteronism is the most common cause of sec-
ondary hypertension.

Hyperaldosteronism
A growing body of evidence indicates that primary aldostero-
nism (PA) is much more common than thought historically.
In an extensive evaluation that included more than 600 hyper-
tensive persons, Mosso et al. found that the prevalence of PA
increases according to the severity of the hypertension
(Figure 59–1).50 Applying JNC VI (Sixth Report of the Joint
National Committee on Prevention, Detection, Evaluation,
and Treatment of High Blood Pressure) staging criteria to
untreated patients, PA was diagnosed in 2% of those with
stage 1 hypertension (140-159/90-99 mm Hg), 8% of those
with stage 2 hypertension (160-179/100-109 mm Hg), and
13% among patients with stage 3 hypertension (>180/110
mm Hg). Earlier, Lim et al. had reported a PA rate, based on
an elevated plasma aldosterone:plasma renin activity ratio
(ARR), of 14% among hypertensive patients randomly select-
ed from a family physician database.51 Loh et al.52 reported a
prevalence of 18% among 350 unselected hypertensive
patients attending primary care clinics in Singapore.

These studies are just a few of many that report PA to be a
common cause of hypertension. PA is particularly common in
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Box 59–3 Secondary Causes of Resistant Hypertension

Common Causes
Primary aldosteronism
Renal artery stenosis (fibromuscular dysplasia, 

atherosclerotic)
Renal parenchymal disease
Sleep apnea

Rare Causes
Cushing’s disease
Pheochromocytoma
Coarctation of the aorta
Hypercalcemia
Carcinoid syndrome
Central nervous system tumors
Acromegaly



patients with resistant hypertension. In a prospective evalu-
ation of Black and white patients with resistant hyperten-
sion, defined as uncontrolled hypertension in spite of use of
three or more antihypertensive agents, Calhoun et al.53 found
an overall prevalence of PA of approximately 20% (see
Figure 59–1). These results are consistent with a study from
separate investigators reporting a prevalence of PA of 17%
among patients referred to hypertension specialists for
uncontrolled hypertension.54

The reason for the increased prevalence of PA is unknown.
Early studies of aldosteronism may have underestimated the
prevalence of PA by evaluating small numbers of selected
patients, such as those presenting with hypokalemia. The
high prevalence of PA is also likely related to expanded
screening of hypertensive patients. Recently described asso-
ciations between obesity, sleep apnea, and aldosteronism
suggest a possible mechanistic relationship between body
weight and aldosterone excess, but such a relation remains
speculative.55,56

As indicated by the aforementioned reports, PA has become
the most common secondary cause of hypertension.
Accordingly, PA should be excluded in all patients with resist-
ant hypertension. PA responds well to treatment, particularly
in the absence of long-standing hypertension, with either
resection of the hypersecreting adenoma or with use of aldos-
terone antagonists such as spironolactone or eplerenone. (See
Chapter 75 for a more complete discussion.)

Renovascular Disease
Fibromuscular dysplasia accounts for less than 10% of cases of
renal artery stenosis. It typically affects young women between
the ages of 15 and 50. Angioplasty is successful in up to 100%
of patients, the majority of whom will have significant
improvement in BP.57 Restenosis occurs in approximately 10%
of cases postangioplasty. Captopril renography is very sensi-
tive in screening for fibromuscular dysplasia.57

Atherosclerosis accounts for 90% of the cases of renal
artery stenosis. It generally occurs in patients >50 years of age
and is more common in smokers and in patients with other
atherosclerotic disease, particularly peripheral vascular dis-
ease. Patients will often present with exacerbation of previ-
ously controlled hypertension. Angioplasty of atherosclerotic
renal artery lesions is less successful than with fibromuscular
dysplastic lesions, however, with use of stents, short-term
success rates approach 100% with restenosis occurring to
11% to 23% of patients at 1 year follow-up.58,59 Captopril
renography has diminished sensitivity in patients with renal
insufficiency, such as elderly patients or those with long
standing hypertension. Duplex ultrasonography, gadolinium-
enhanced magnetic resonance angiography, or computed to-
mographic angiography can provide effective screening of
atherosclerotic renal disease, depending on institutional
experience.

Although revascularization helps preserve renal function,
the BP response to angioplasty of atherosclerotic lesions is
often limited. Studies suggest that less than one third of those
will be cured of their hypertension.57 This response rate may
be improved with stenting, but prospective studies evaluating
outcomes following angioplasty and stenting are needed. (See
Chapter 74 for a more complete discussion of renovascular
hypertension.)

Renal Parenchymal Disease
Renal insufficiency secondary to renal parenchymal disease
commonly contributes to resistant hypertension. The most
common causes of renal insufficiency are diabetes and poorly
controlled hypertension. Such patients are often volume
expanded and have increased sensitivity to salt. Renal insuffi-
ciency is generally indicated by an elevated serum creatinine.
In patients with reduced muscle mass, such as some elderly
patients, significant renal disease may be unrecognized unless
creatinine clearance is estimated. An estimate of creatinine
clearance in the absence of 24-hour urine collection can be
obtained based on prediction equations corrected for age,
gender, and body size.1,60

Pheochromocytoma
Pheochromocytoma is a rare cause of resistant hyperten-
sion. In the report by Anderson et al.,49 pheochromocytoma
was diagnosed in 0.3% of 4429 patients referred to their
hypertension clinic. Pheochromocytoma is easily screened
for by assessment of 24-hour urinary excretion of cate-
cholamines or plasma metanephrines.61 It should be sus-
pected in patients with sustained or episodic hypertension
complicated by headache, palpitations, or diaphoresis.
(See Chapter 76 for a comprehensive discussion of
pheochromocytoma.)
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TREATMENT FOR RESISTANT
HYPERTENSION

The best treatment for resistant hypertension is based on iden-
tification and reversal of contributing factors. Accordingly,
there should be a thorough screening for poor adherence, use
of interfering substances, renal insufficiency, and secondary
causes of hypertension, in particular aldosteronism. Obesity
and sleep apnea, if present, should be treated.

In an evaluation of patients referred to a hypertension spe-
cialty clinic, failure of treatment after excluding secondary caus-
es of hypertension, was attributed to ineffective regimens, most
commonly inadequate dosing of prescribed agents and lack of
appropriate use of long-acting diuretics.14 Antihypertensive
agents should be prescribed in the maximum tolerated dose.
Use of combination products improves adherence by reducing
pill burden, simplifying the dosing regimen, and reducing out-
of-pocket costs to the patient. Unless poorly tolerated, use of
long-acting diuretics will significantly enhance BP control, par-
ticularly in patients already receiving vasodilators. Unless there
is significant renal insufficiency (creatinine clearance <60
ml/min), thiazide diuretics are appropriate. Loop diuretics may
be needed in patients with renal insufficiency or who are receiv-
ing potent vasodilators. Long-acting agents are preferred; if a
short-acting agent such as furosemide is prescribed, it should be
taken twice a day.

Use of aldosterone antagonists may provide additional BP
reduction, even in patients already receiving a diuretic. It has
been observed that low-dose spironolactone, 12.5 to 50 mg daily,
when added to a regimen that included a diuretic, ACE inhibitor
or ARB, and a calcium channel blocker (CCB) provided signifi-
cant additional BP reduction (Figure 59–2).62 It is interesting to
note that BP reduction was achieved even in patients without
true PA, suggesting additional diuretic effects of the aldosterone
antagonist when added to multidrug regimens, and/or a role for
aldosterone in causing resistant hypertension even in the
absence of excess hormone levels (Figure 59–3).

In patients in whom BP remains uncontrolled in spite of
use of three or more medications, referral to a hypertension
specialist is appropriate. A focused evaluation of contributing
factors and especially exclusion of secondary causes of hyper-
tension, along with expert tailoring of the prescribed medica-
tions should serve to maximize treatment.48,63

SUMMARY

Resistant hypertension is most often a consequence of poor-
ly controlled systolic hypertension. Common reversible con-
tributing factors include nonadherence, obesity, heavy alco-
hol consumption, and NSAID use. Prevalent secondary
causes of resistant hypertension include hyperaldosteronism,
renal insufficiency, renal artery stenosis, and sleep apnea. Of
these, hyperaldosteronism may be the most common.
Pharmacologic treatment of resistant hypertension requires
use of maximum tolerated doses of multiple agents including,
if possible, a long-acting diuretic. Addition of aldosterone
antagonists to multidrug regimens may provide greater BP
reduction.
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624 Chapter 60

Patients with dysfunction of autonomic cardiovascular regu-
lation often present with extremes of blood pressure (BP) or
heart rate (HR), especially when they assume an upright pos-
ture. Some have disorders with a well-understood pathophys-
iologic substrate, whereas others are less well understood and
their mechanisms are under intensive investigation. In this
chapter we focus on three major dysautonomic categories:
(1) severe dysautonomias (pure autonomic failure [PAF] and
multiple system atrophy [MSA]), rare conditions in which
orthostatic hypotension is present; (2) mild dysautonomias
(orthostatic intolerance/postural tachycardia syndrome
[POTS] and neurally mediated syncope [NMS]), more com-
mon disorders, but with poorly characterized pathophysiolo-
gies, in which orthostatic hypotension is intermittent or
absent, and in which tachycardia may be present; and
(3) baroreflex failure, in which exaggerated BP and HR
swings are exacerbated by emotional or physical stress (as
opposed to gravity). Clinical features of some autonomic dis-
orders are shown in Table 60–1.

SEVERE DYSAUTONOMIAS

Pure Autonomic Failure (Idiopathic
Orthostatic Hypotension)
In 1925, Bradbury and Eggleston1 described the clinical pres-
entation of severe autonomic failure: orthostatic hypotension
with an unchanging HR, supine hypertension, reduced sweat-
ing, reduced basal metabolic rate, impotence, nocturia, consti-
pation, and anemia. They demonstrated pharmacologically
the failure of both sympathetic and parasympathetic nervous
systems, together with denervation hypersensitivity to respec-
tive agonists. In these cases, garments that prevented pooling
of blood in the lower part of the body helped the patients, and
successful symptomatic pharmacotherapy with sympath-
omimetic amines was soon reported.2

PAF is a disease process primarily involving the ganglion
and the postganglionic neurons; central nervous system
(CNS) involvement is rare. Lewy bodies have been found in
autonomic neurons. The disease tends to progress slowly and
has a good prognosis. Compared with normal individuals,
patients with PAF have a significantly lower supine level of
plasma norepinephrine.

Multiple System Atrophy (Shy-Drager
Syndrome )
MSA is a sporadic, progressive, neurodegenerative disease of
uncertain cause characterized by predominant autonomic dys-
function and various combinations of extrapyramidal, pyram-

idal, and cerebellar dysfunction.3 MSA is characterized by a
progressive loss of neuronal and oligodendroglial cells in mul-
tiple sites in the CNS. The cause of MSA is unknown. This rare
disorder (prevalence 2-15 per 100,000; men affected more
commonly than women) has an age of onset of 55 years with
median survival of only 9 years from the first symptom.4

Autonomic symptoms often develop first—orthostatic
hypotension, urinary incontinence, or erectile dysfunction.
Patients who develop Parkinsonian symptoms often demon-
strate a poor or temporary response to levodopa therapy. PAF
and MSA are compared in Table 60–2.

Orthostatic Hypotension
The orthostatic hypotension in PAF is often extraordinarily
severe 5 (Figure 60–1), being greatest early in the day and after
a large meal. In mildly affected individuals, orthostatic
hypotension may be present only after a meal. It may be pres-
ent in the morning but not later in the day or only after climb-
ing stairs or walking up a hill. Even small body temperature
elevation (e.g., due to infection) greatly reduces BP. Patients
learn to avoid hot environments because they lower BP.6

The upright BP may fall by 60/30 mm Hg or more in the
most severely affected patients and cannot be accurately meas-
ured sphygmomanometrically. For this reason, it is useful to
monitor disease severity with the standing time (the length of
time a patient can stand motionless before the onset of symp-
toms of orthostatic hypotension). As soon as the herald
symptom of orthostatic hypotension appears, the patient is
allowed to sit down and the time is recorded. If the patient is
able to stand for 3 minutes without symptoms, a reliable BP
determination can then usually be obtained.7 Many patients
who have small increases in standing time (e.g., from 30-120
seconds) may have a substantial increase in functional capaci-
ty. It is important to remember to treat the patient and not the
standing BP. Patients can sometimes tolerate a standing systolic
blood pressure (SBP) as low as 70 mm Hg without dizziness or
syncope, probably because their cerebral blood flow is main-
tained at an adequate level because of the capacity of their
cerebral circulation to undergo autoregulation.8

Supine Hypertension in Pure Autonomic
Failure/Multiple System Atrophy
Many patients with PAF or MSA also have supine hyperten-
sion, even when they are not taking pressor medications.
Supine hypertension can be undetected if BP is measured only
in the seated position. In a study of 117 autonomic failure
patients at our institution, 56% had supine diastolic blood
pressure ≥90 mm Hg, and in 43% it was ≥95 mm Hg.9 Supine
BPs as high as 228/140 mm Hg were observed. The results of

Orthostatic Hypotension and Autonomic
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this study show that supine hypertension is common in auto-
nomic failure and frequently can be severe. The mechanisms
responsible for supine hypertension in these patients are not
known. It has been reported that patients with autonomic fail-
ure have a normal plasma volume,10 so an increase in intravas-
cular volume is not likely to be responsible for supine hyper-
tension. We previously found that autonomic failure patients
with supine hypertension had a normal cardiac output, so
their hypertension was due to increased peripheral vascular
resistance.11 Because plasma norepinephrine and renin are
low in these patients, it is unlikely that they play a substantial
role in this increased vascular resistance. Other mediators that
increase smooth muscle tone (vasopressin, endothelin,

decreased nitric oxide production) need to be addressed in
future studies.

Treatment in Pure Autonomic
Failure/Multiple System Atrophy
Patients with asymptomatic orthostatic hypotension require
no treatment. They should, however, be closely observed for
the development of symptoms. Symptomatic patients can be
treated nonpharmacologically by applying external support
(by bandages firmly wrapped around the legs or by custom-
fitted counter-pressure support stockings) and by using phys-
ical counter-maneuvers (leg-crossing, squatting, abdominal
compression, bending forward or placing one foot on a chair)
to reduce venous pooling in upright position.12 Patients with
PAF and MSA demonstrate a very significant pressor
response to drinking 16 fluid ounces (480 ml) of room tem-
perature water. This simple therapy can be used throughout
the day as needed.13 If orthostatic symptoms continue, phar-
macologic treatment consisting of the mineralocorticoid flu-
drocortisone,14 pressor drugs,15 or pyridostigmine16 can be
added. As patients with severe autonomic failure have a high
incidence of anemia, which may contribute to their symp-
toms, erythropoietin has been used. This treatment has
reversed anemia and improved upright BP.17 An approach to

Table 60–1 Clinical Features of Autonomic Disorders

Feature PAF POTS BF

Orthostatic hypotension +++ +/− +/−
Postprandial hypotension +++ − −
Episodic hypotension + ++ +++
Supine hypertension ++ +/− +
Chronic hypertension − − ++
Labile hypertension − +/− +++
Orthostatic tachycardia +/− +++ +
Episodic tachycardia − ++ +++
Syncope +++ +/− +
Diaphoresis − + +++
Flushing − ++ +++
Emotional volatility − ++ +++

(Adapted from Robertson D. Disorders of autonomic cardiovas-
cular regulation: Baroreflex failure, autonomic failure, and ortho-
static intolerance syndromes. In Laragh JH, Brenner BM [eds].
Hypertension: Pathology, Diagnosis and Management. New
York, Raven Press, 1995; pp 941-959.)
PAF, pure autonomic failure; POTS, postural tachycardia syn-
drome; BF, baroreceptor failure.

Table 60–2 Characteristics of Pure Autonomic Failure
and Multiple System Atrophy

Pure Autonomic Multiple System
Feature Failure Atrophy

CNS involvement No Multiple
Lesion location Ganglionic/ Central/

postganglionic preganglionic
Progression Slow Fast
Prognosis Good Poor
Cerebellar signs No Common
Extrapyramidal No Common

signs
Supine plasma NE Low Normal
Standing plasma NE Low Low
Lewy bodies Noradrenergic None

cells
BP response to ↑↑ ↑↑↑

water

CNS, central nervous system; NE, norepinephrine; BP, blood
pressure.
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FFigure 60–1 Blood pressures (BP) in patients with various
dysautonomic syndromes. Standing systolic blood pressures
(SBPs) in normal persons and in patients with autonomic
failure (AF), acute baroreceptor failure (Acute BF), chronic
baroreceptor failure (Chronic BF), and severe essential
hypertension (HBP). The widest part of each diamond
depicts the most common standing SBP seen in typical
patients, while the height depicts the range of pressures seen
throughout the day. Patients with AF have the lowest
standing BP. Extremely high BPs are seen in acute BF, and
these can exceed the BPs seen in severe hypertension. After
several months (Chronic BF), the standing SBP is usually near
normal, but great variability is still seen. (Reprinted from
Robertson RM. Baroreflex failure. In Robertson D, Low PA,
Polinsky RJ [eds]. Primer on the Autonomic Nervous System.
San Diego, CA, Academic Press, 1996; with permission).
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treatment of orthostatic hypotension is schematically shown
in Figure 60–2.18

However, these agents also aggravate supine hypertension.
One approach for treating orthostatic hypotension in patients
with supine hypertension is to use only short-acting pressor
agents early in the day.19 Transdermal nitrates, oral clonidine,
and oral hydralazine at bedtime are sometimes effective for
the treatment of overnight supine hypertension. Patients are
also encouraged to sleep with the head of the bed elevated 6 to
10 inches to avoid supine hypertension.9

MILD DYSAUTONOMIAS

Orthostatic Intolerance/Postural
Tachycardia Syndrome
Orthostatic intolerance/POTS is the most common disorder of
the regulation of BP after essential hypertension. It is present
in approximately 500,000 Americans. It tends to occur in

younger individuals (most are younger than age 35) and
women are affected most often. Homeostatic adjustments to
the upright posture20 for some reason fail, and disabling symp-
toms may occur.21 The symptoms are described as dizziness,
visual changes, head or neck discomfort, throbbing of the
head, poor concentration, tiredness or weakness. Palpitations,
tremulousness, fatigue, and anxiety are also seen. Generally,
there is little or no fall in BP5 (see Figure 60–1). These symp-
toms are attributed to inadequate perfusion of the CNS.

POTS is very poorly characterized in terms of pathophysi-
ology. In the 1920s it was shown that orthostatic symptoms
occur in patients now considered to have PAF.1 Over the sub-
sequent 80 years, our understanding of the heterogeneity of
orthostatic disorders and autonomic failure has improved.7

The contrasting features of PAF and orthostatic intolerance/
POTS are presented in Table 60–3.

Postural tachycardia, the most constant feature of POTS, has
caused investigators to consider several possibilities to explain
the syncope. If there were a circulating vasodilator,22 or a
reduced “effective” blood volume,23-25 the orthostatic tachycar-
dia might be an appropriate autonomic compensatory response
mediated through the baroreflex to maintain adequate BP and
cardiac output.26 It is possible that this hemodynamic response
may not be sufficient to adequately perfuse the CNS, but a more
likely explanation may be dysregulation in local vascular beds.
A number of possible vasodilators have been investigated:
bradykinin,22 atrial natriuretic factor,27 histamine, and
prostaglandin D2.

28 However, it does not appear that vasodila-
tors are a common cause for this disorder.

These largely negative studies have caused investigators to
look elsewhere to explain POTS. Some proposed that an
abnormally sensitive cardiac β1-adrenoreceptor could result in
orthostatic tachycardia in situations in which the sympathetic
nervous system (SNS) is activated.29 Orthostatic intolerance
occurs in many patients with the mitral valve prolapse syn-
drome.30 Some investigators reported an apparent “supercou-
pling” of β2-adrenoreceptors: Although receptor number and
affinity were not abnormal, activation of lymphocyte β2-
adrenoreceptors from patients resulted in greater cyclic
adenosine monophosphate accumulation than in normal per-
sons,31 suggesting an abnormal coupling of the receptors to
the guanine nucleotide regulatory complex. All of these obser-
vations strongly suggest that the major abnormality underly-
ing POTS remains undiscovered.

The elevated normal and raised plasma norepinephrine
levels32 and elevated urinary norepinephrine excretion33 found

Orthostatic hypotension

No treatment
necessary

Symptomatic

Relief of symptoms Continued symptoms

Nonpharmacologic measures

Asymptomatic

No further treatment Pharmacologic
measures

•  ↑ Dietary-salt intake
•  ↑ Fluid intake
•  Drink caffeinated beverages
•  Avoid hot environments
•  Limit activities early morning
   and after meals
•  Waist-high compression
   stockings

Long-acting
• Fludrocortisone
• Erythropoietin

Short-acting
• Midodrine
• Phenylephrine
• Yohimbine
• Indomethacin

FFigure 60–2 A useful strategy for the treatment of orthostatic
hypotension. (Adapted from Jordan J, Shannon JR,
Biaggioni I, et al. Contrasting actions of pressor agents in
severe autonomic failure. Am J Med 105:116-124, 1998;
with permission.)

Table 60–3 Contrasting Features Between Pure Autonomic
Failure and Postural Tachycardia Syndrome

Postural 
Pure Autonomic Tachycardia 

Feature Failure Syndrome

Hemodynamic Hypotension Tachycardia
perturbation

Syncope on standing Early Late
Age at onset >50 years <35 years
Gender Male = Female Female >> Male
Upright Low High

norepinephrine
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in some patients with POTS supports the view that increased
SNS activation is responsible for the disorder. On the other
hand, the observation of delayed recovery from the bradycar-
dia of phase IV of the Valsalva maneuver and increased HR
variability30 suggests that there might be an imbalance in cen-
tral autonomic regulation, a view that has been strengthened
by evidence that there is raised muscle sympathetic nerve traf-
fic even at rest in some patients with POTS.34

It has also been suggested that POTS may be explained, per-
haps paradoxically, by impairment in sympathetic function.
Loss of the galvanic skin response (a sympathetic marker) on the
soles of the feet has been noted.35 The cause of orthostatic intol-
erance might thus be partial (or selective) denervation of the
lower extremities that allows pooling of blood with upright pos-
ture. This hypothesis is based on an analogy to certain sensory
and motor neurologic disorders, in which selective impairment
of neurons may occur distally, with or without more proximal
progression. Viral and/or immunologic causes could be opera-
tive.36 In addition, patchy impairment of autonomic neuronal
function could occur so that some areas remain intact. The heart
might, for example, remain normally innervated while the distal
extremities could have innervation impaired.37 Observations of
reduced clearance of norepinephrine from the circulation in
some patients with POTS support this view.38

No pharmacotherapy of POTS is generally effective,
although individual agents may be somewhat helpful in
selected patients.39 The most widely employed agents are the
β-adrenoreceptor antagonists, given to attenuate the sympto-
matic tachycardia on standing. Patients often respond to very
low doses of nonselective β-blockers (e.g., propranolol 1-20
mg two to three times per day). Another approach is to use the
α2-adrenoreceptor agonists (e.g., clonidine) to minimize sym-
pathetic activation.40 Finally, fludrocortisone has been
employed in an attempt to increase blood volume.41 It is note-
worthy that all of these drugs have a well-established capacity
to lower plasma renin activity in normal persons. If low plas-
ma renin activity contributes to the pathophysiology of ortho-
static intolerance,42 it is possible that the currently used agents
are marginally effective precisely because, along with the pri-
mary actions that constitute the rationale for their use, they
also have a counterproductive action at the level of the juxta-
glomerular apparatus. If this were true, it would mean that
therapeutic alternatives that did not suppress renin ought to
be sought. One potential alternative that is known to raise
renin levels is exercise.43

In summary, orthostatic intolerance/POTS is a final com-
mon clinical expression of multiple pathophysiologic process-
es that alter the normal response to upright posture. Two
pathophysiologies seem to represent a substantial proportion
of patients with POTS: (1) a partial dysautonomia due to
impairment of the peripheral autonomic system and (2) a
hyperadrenergic orthostatic intolerance in which the abnor-
mality is in the CNS. With improved dissection of these and
other pathophysiologies and improved matching of therapy to
pathophysiology, improved therapeutic strategies for manage-
ment of these patients will emerge.

Neurally Mediated Syncope
Syncope is a sudden, transient loss of consciousness with
spontaneous recovery that is associated with a loss of postur-
al tone. It is very common, with conservative estimates that

3% of the general population has experienced at least 1 syn-
copal spell and is responsible for more than 1% of hospital
admissions.44 Neurally mediated syncope (NMS), or reflex
fainting, is the most common cause of syncope, especially in
those patients without evidence of structural heart disease.
NMS most commonly occurs following prolonged sitting or
standing, although it can also occur with exercise (initiation
or peak exercise) or with emotional/psychologic triggers (e.g.,
phlebotomy). In contrast to POTS, NMS is associated with
intermittent postural hypotension, with normal orthostatic
BPs more than 99% of the time.

The pathophysiology of NMS is not completely under-
stood, but a frequently used pathophysiologic model is shown
in Figure 60–3.45 The most common hypothesis argues that
the initiating event is a pooling of blood in the legs (from pro-
longed sitting or standing) with a resultant reduction in
venous return (preload) to the heart. The fall in BP leads to a
baroreceptor-mediated increase in sympathetic tone, with a
subsequent increase in chronotropic and inotropic effect. The
vigorous cardiac contraction, in the setting of an underfilled
ventricle, is thought to stimulate ventricular afferents in the
left ventricle that trigger a reflex loss of sympathetic tone and
an associated increase in vagal tone. The adrenal gland also
releases epinephrine in response to this stress. The result is
clinical hypotension and/or bradycardia.

The history and physical examination are at the heart of the
diagnosis. A clinical diagnosis can be made with these alone in
most cases. The history should focus on the circumstances
surrounding the syncope, the associated symptoms before and
after the event, and any collateral history from witnesses. The
past medical history may contain evidence of structural heart
disease and coexisting medical conditions, which both point
away from NMS. Medications may provoke syncope, and a
family history of sudden death may point to an arrhythmic
cause. Historical features of NMS have been found to include
a female gender, younger age, associated diaphoresis, nausea,
or palpitation, and postsyncopal fatigue.44 A long duration of
spells (from the first lifetime spell) also suggests NMS. The
physical examination should focus on ruling out structural
heart disease and focal neurologic lesions.

Tilt table testing involves subjecting patients to head-up tilt
at angles of 60 to 80 degrees, in an attempt to induce either
syncope or intense presyncope, with a reproduction of pre-
senting symptoms.46 Passive tilt tests simply use upright tilt for
up to 45 minutes to induce vasovagal syncope.44 Provocative
tilt tests use a simultaneous combination of orthostatic stress
and drugs such as isoproterenol, nitroglycerin, or adenosine to
provoke syncope with a slightly higher sensitivity, but reduced
specificity. There is little agreement about the best protocol.
Recent studies with implantable loop recorders have called the
value of tilt testing into question.47 Tilt tests are contraindicat-
ed in patients with severe aortic or mitral stenosis, or critical
coronary or cerebral artery stenosis.

Treatment of Neurally Mediated Syncope
Most patients should simply be reassured about the usual
benign course of NMS and instructed to avoid those situa-
tions that precipitate fainting. They should be taught to rec-
ognize an impending faint and urged to lie down (or sit down
if that is not possible) quickly. This will not be enough for
some patients, and other treatment options may be necessary.
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Pharmacologic therapy has only inconsistent results.44

Although salt replenishment and fludrocortisone have not
been rigorously studied, they are both commonly used
because of low side effect profile and probable efficacy.
β-Adrenergic antagonists are commonly used for this disor-
der, but with only poor evidence of effectiveness.48 The α1-
agonist midodrine has been found to decrease the rate of
recurrent syncope among frequent fainters,49 but other agents
in this class have not had the same results.50 In one well-
designed study, the selective serotonin reuptake inhibitor
paroxetine was found to be effective.51 Orthostatic training
has been described as an effective nonpharmacologic therapy
for patients with recurrent NMS,52 but this therapy has not
been properly studied. Permanent dual-chamber pacemakers
were initially a very promising therapy,53 but recent evidence
suggests only a modest benefit.54 Pacemaker implantation is
not currently a front-line therapy for NMS.

BAROREFLEX FAILURE

Arterial baroreflexes maintain arterial pressure within a nar-
row range. The baroreflex arc can be damaged at any site: at
the baroreceptors (stretch-receptors) in the vasculature
(mainly in the carotid sinus), in the course of the glossopha-
ryngeal or vagal nerves, or at the nuclei in the brain stem. In
humans, baroreflex failure is a rare disorder, which is usually
related to neck surgery, neck irradiation therapy for malignant
tumors, brain stem lesions, or bilateral carotid body tumors.55

Failure of the baroreflex at any point produces a characteristic
clinical syndrome. It is presumably caused by an inability to
buffer supramedullary input to cardiovascular control centers
in the brain stem.55 It has been shown in numerous animal
studies and in humans that nearly complete denervation of
the carotid and aortic baroreceptors is necessary to cause fla-
grant baroreflex failure, (i.e., all baroreceptors, both glos-
sopharyngeal and vagus nerves or the brain stem nuclei have
to be damaged).55,56

At Vanderbilt University’s Autonomic Dysfunction
Center we identified 36 patients with arterial baroreflex failure
(out of approximately 2700 referred with severe disorders of
autonomic function). Reasons for referral were evaluation of
essential hypertension, suspicion of pheochromocytoma,

uncontrolled severe hypertension, and assumption that glos-
sopharyngeal or vagal nerves had been damaged. The causes
for baroreflex failure included surgery and irradiation of throat
carcinoma in three patients, surgical section of the glossopha-
ryngeal nerve for glossopharyngeal neuralgia in a patient with
previously sustained injury to the contralateral glossopharyn-
geal and vagus nerves, the familial paraganglioma syndrome in
four patients, and a marked bilateral cell loss in the nuclei of
the solitary tract (found at subsequent autopsy) in the setting
of a degenerative neurologic disease of medullary and higher
structures in one patient. The familial paraganglioma syn-
drome is a genetic disorder in which affected individuals devel-
op multiple benign noncatecholamine-producing tumors.
These tumors physically damage the glossopharyngeal and
vagus nerves, leading to baroreflex failure. In two patients no
cause could be documented.

Patients usually present with arterial hypertension, usually
episodic but occasionally sustained. Labile, episodic hyperten-
sion is often seen in patients who develop baroreflex failure
gradually (e.g., years after neck irradiation) or with a chronic
disorder. In contrast, sustained hypertension is especially severe
in patients with acute interruption of the baroreflex arc (see
Figure 60–1). Arterial pressures of 310/150 mm Hg have been
seen, with resultant hypertensive crises. The clinical picture is
often similar to that of pheochromocytoma, where arterial
hypertension and tachycardia also occur together. Patients have
the same subjective sensations of warmth or flushing, palpita-
tions, headache, and diaphoresis. The diagnosis of pheochro-
mocytoma57 can be ruled out by computed tomography scan-
ning, metaiodobenzylguanidine (MIBG) scanning, adrenal
arteriography, or venous norepinephrine sampling (see
Chapter 76). In contrast to patients with a pheochromocytoma,
patients with baroreflex failure show stability or improvement
in their hypertension over time.

There is sometimes emotional lability or nervousness in
patients with baroreflex failure, more prominent at the time of
BP elevation.55 The loss of the baroreflex buffering capacity
causes much more pronounced effects of cortical influences
on the vasomotor centers in patients with baroreflex failure.
Pain, emotion, visual attention, or mental arithmetic may
have a much greater effect in patients than in normal subjects.
Cold pressor test (placing the patient’s hand in ice water for
1 minute) in normal persons caused an increase in systolic
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FFigure 60–3 Pathophysiologic model of
neurally mediated syncope. Multiple
potential triggers lead to a loss of
sympathetic tone, an increase in vagal
parasympathetic tone, and the
adrenomedullary release of epinephrine
with resultant hypotension and
bradycardia leading to syncope. SNS,
sympathetic nervous system. (Adapted
from Raj SR, Robertson RM. Neurally
mediated syncope. In Robertson D,
Biaggioni I, Burnstock G, et al. [eds].
Primer on the Autonomic Nervous System.
San Diego, CA, Academic Press; 2003;
pp 249-251; with permission.)



arterial pressure of 24 ± 7 mm Hg with the BP normalizing
within a few minutes of hand rewarming; in patients with
baroreflex failure, responses of 56 ± 14 mm Hg were noted,58

and these sometimes persisted for 30 minutes despite hand
rewarming (Figure 60–4).

The hallmark diagnostic feature of baroreflex failure is a
parallel increase in BP and HR with stress and a substantial
parallel decrease with sedation or rest. There is no reflex
decrease in HR after pressor agents and no reflex increase in
HR after vasodilators. In normal persons an increase in BP of
20 mm Hg with phenylephrine will decrease the HR by 7 to 21
beats per minute (bpm), and a decrease in BP of 20 mm Hg
with sodium nitroprusside will increase the HR by 9 to 28
bpm. Patients with baroreceptor failure, however, do not alter
their HR by more than 4 bpm with either drug.58

Plasma norepinephrine levels parallel the BP changes.
During surges of sympathetic activity associated with
hypertensive-tachycardic episodes, plasma norepinephrine
levels as high as 2260 pg/ml (13.36 nM) have been seen.
During quiescent periods, norepinephrine levels may be nor-
mal (111-360 pg/ml [0.66-2.13 nM]). There can be diagnostic
confusion with POTS, because POTS is sometimes also asso-
ciated with elevated catecholamines and volatile BP.

Acute administration of clonidine decreases BP, HR, and
plasma catecholamine levels in patients with baroreflex failure

and is therefore useful as a diagnostic test to distinguish barore-
flex failure from pheochromocytoma.59 Clonidine is the most
effective drug in terms of decreasing the number and the sever-
ity of hypertensive crises. Diazepam is used to control stress.

In contrast to the majority of patients with nonselective
baroreflex failure (with loss of parasympathetic efferent dis-
charge), occasional patients with this syndrome have intact
parasympathetic control of the HR. They have a lesion involv-
ing only the afferent arc of the baroreflex (selective barorecep-
tor failure). In addition to undamped sympathetic tone, they
can also have excessive vagotonic reactions. Such patients have
phases of severe hypertension and tachycardia alternating
with prolonged episodes of severe bradycardia and asystole.60

They require unique therapeutic strategies, including medica-
tions that attenuate sympathetic nerve traffic, medications
that increase BP, and, in some cases, implantation of a cardiac
pacemaker.
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This chapter describes the means by which manufacturers
gain permission to bring antihypertensive drugs to the U.S.
market. Some of the chapter is applicable only to oral antihy-
pertensive formulations intended for long-term use, but much
of it applies equally well to intravenous antihypertensive for-
mulations and, indeed, to drugs other than antihypertensives.

Before a drug may be promoted as an antihypertensive on
the U.S. market, the claim of antihypertensive efficacy must be
approved by the U.S. Food and Drug Administration (FDA).
An antihypertensive product might theoretically avoid FDA
jurisdiction by never appearing in interstate commerce, but
the notion of “interstate commerce”’ has been so broadly con-
strued that this option is more apparent than real.

Federal regulations do not prevent U.S. physicians from
prescribing, or U.S. pharmacists from dispensing, medications
(or other substances) for nonapproved uses. Medical insurers,
however, frequently refuse to reimburse patients for the cost of
such prescriptions. After medical misadventures, physicians
may find it difficult to defend a therapeutic choice that was
not FDA approved. Perhaps for these reasons, and with the
notable exception of immediate-release nifedipine prepara-
tions (approved in the United States only for the treatment of
chronic stable angina, but widely prescribed as antihyperten-
sives), unapproved products are not frequently prescribed as
antihypertensives by U.S. physicians.

Would-be manufacturers have adequate incentives, then, to
obtain FDA approval for an antihypertensive claim. To obtain
that approval, the sponsor must demonstrate the following:

● The product is of known and stable composition, and can
be reliably manufactured and distributed.

● There is an identifiable population in whom the product is
reproducibly effective and reasonably safe.

● It is possible to lay out evidence-based instructions for use
of the product.

CHEMISTRY AND BIOPHARMACEUTICS

If a product is not of stable composition, then there is little
point in discussing its clinical effects. In general, a drug’s man-
ufacturer is required to formalize the work of synthesis, com-
pounding, packaging, and labeling, so that little is left to judg-

mental variation. The manufacturer is also required to estab-
lish a system of controls, to verify at various stages of manu-
facture that things are what they should be. The details of
these requirements will not be of interest to most clinicians.

The proposed product must also be studied to determine
the pharmacokinetics (absorption, distribution, metabolism,
and excretion) of its active ingredient(s). Sometimes develop-
ment of the to-be-marketed formulation proceeds in parallel
with clinical trials; in these cases, special bioavailability trials
may need to be done to demonstrate that the to-be-marketed
formulation is not substantially different from the formula-
tion(s) tested in clinical trials. In addition, samples of the final
product in final packaging must be shown to survive storage
for the claimed shelf life.

TOXICOLOGY

FDA consent is required when a novel chemical substance is
given experimentally to a human being in the United States.
Before that time, the manufacturer of a new antihypertensive
will generally have done studies to demonstrate that the new
drug is antihypertensive in animals. Such studies are not
required,* but in the case of antihypertensives some such
studies are almost always performed, to reassure the manufac-
turer (and the FDA) that antihypertensive efficacy in humans
can be plausibly anticipated, justifying the risks and costs of
human trials. Once antihypertensive efficacy has been demon-
strated in humans, the animal-efficacy data are no longer of
great interest.

Toxicologic studies in animals, unlike studies of antihyper-
tensive efficacy, are strictly required. In general, human trials
are permitted only after the FDA has reviewed animal studies
in which maximal-tolerated doses were administered for as
long as, or longer than, the proposed exposure in human
trials. Unlike the efficacy studies in animals, some of these tox-
icology studies retain their importance throughout the
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*Because many human illnesses have no animal models, the FDA could
not reasonably require demonstrations of efficacy in animals for all
drug claims. Even in hypertension (where animal models are available),
a drug effective in humans might conceivably not be effective in any
nonhuman species.



development process and after approval. In particular, some
toxicologic studies (reproductive and carcinogenicity studies)
are not analogous to any feasible human trials.

CLINICAL TRIALS

The earliest human trials are those that are traditionally called
phase 1 trials. These studies may be unblinded and nonran-
domized; their purpose is not to demonstrate antihyperten-
sive efficacy, but rather to investigate human pharmacokinet-
ics and metabolic pathways, to detect unanticipated adverse
effects, and to begin the search for well-tolerated doses with
some evidence of antihypertensive activity in humans. The
subjects in phase 1 trials are conventionally healthy young
adult volunteers; a typical trial might utilize only a dozen or so
such volunteers, each exposed once or a few times to one or
two doses. If the product is to be taken orally, there will be at
least one study to determine the extent to which the rate and
extent of absorption are affected by food. More complexly, if
metabolism and elimination of the product’s ingredients have
been found to be dependent on renal function, or on the func-
tion of one or another of the cytochrome P450 pathways in
the liver or the gut, or if administration of the product results
in induction or inhibition of those pathways, then other stud-
ies will need to investigate potential interactions between this
product and at least a few of the important other products
that interact with the same pathways.

Using the results of the phase 1 studies, the phase 2 studies
are generally double-blind, randomized, placebo-controlled
trials. In a typical such trial, each of a few dozen patients is
randomized to receive a few weeks of treatment with a regi-
men of placebo or the new drug. In other trials done around
this time or a bit later, investigators recruit patients who are
diabetic, who have hepatic or renal dysfunction, or who are
receiving various unrelated drugs (e.g., antianginal drugs,
cholesterol-lowering drugs, oral contraceptives) that are fre-
quently received by reasonably large numbers of hypertensive
patients. These various middle-stage trials greatly increase
the total accumulated number of patient-days of exposure to
the new drug, and sometimes they reveal adverse effects that
were not apparent earlier. If all goes well, they suggest which
regimens are most worth examining in the definitive trials.

As the phase 2 studies are completed, the trials that are
intended to provide definitive proof of efficacy are designed
and begun. These phase 3 trials are typically randomized,
double-blind, placebo-controlled, parallel-group trials compar-
ing two or three regimens of the new drug (different doses, dif-
ferent interdosing intervals) with placebo, with each trial fol-
lowing a few hundred hypertensive patients for 2 or 3 months.
In the case of a combination product (say, a combination of an
angiotensin-converting enzyme [ACE] inhibitor and a thiazide
diuretic), the phase 3 trials are typically of parallel-group “fac-
torial” design, in which patients are randomized to each of the
possible combinations of (1) one dose from among several pos-
sible doses (including placebo) of the first drug and (2) one
dose from among several possible doses (again, including place-
bo) of the second drug. The primary metric of each of these tri-
als is the placebo-corrected change in blood pressure (BP), usu-
ally seated diastolic blood pressure (DBP), although systolic
blood pressure (SBP) is increasingly of equal importance. One
of these trials is said to have succeeded when analysis shows that

one or more regimens have effects that are significantly superi-
or to those seen with placebo. Documentation of the phase 3
trials is usually the last-completed component of the package
that an applicant submits to the FDA for marketing approval.

The phase 1/phase 2/phase 3 nomenclature is widely used,
but the conventional distinctions are increasingly blurry. In
recent years, for example, some investigators have done even
their earliest trials using patients, healthy except for hyperten-
sion, instead of healthy volunteers.

SUBMISSION OF THE APPLICATION

A typical complete application comprises about 200,000 pages
of text and tables, collected into volumes of about 500 pages
each. A little more than half of the application is typically
devoted to the clinical trials, which usually have involved a
total of 1500 to 3000 patients.* Under the Prescription Drug
User Fee Act (1997, amended 2002), the application must be
accompanied by a filing fee; for 2004, the fee was $573,500.

Although FDA permission is required for human drug
experiments within the United States, there is no requirement
that a development program include any U.S. trials at all, so a
program based entirely on non-U.S. trials might theoretically
not come to the FDA’s attention until the moment that the
application was submitted. This theoretical possibility has
never been realized; sponsors and investigators of new antihy-
pertensives have always availed themselves of the opportunity
to meet with the FDA on multiple earlier occasions during
development. In an early meeting, the topic might be the
order in which various potential claims might best be studied,
or what studies might be useful to estimate the importance of
a worrisome toxicologic finding. In later meetings, the spon-
sor and FDA might discuss which drug-drug interactions were
most reasonable to explore, or the design of the phase 3 trials.
Still later, most sponsors visit the FDA to discuss the format-
ting of the application and the design of any computer-based
aids for the FDA reviewers.

REVIEW OF THE APPLICATION

Some drug products are approved not on the basis of new tox-
icologic and clinical data, but rather on the basis of chemical
identity (and physical near-identity) to previously approved
products. Applications describing such products (“generics”)
are handled by the FDA’s Office of Generic Drugs (OGD). The
pertinent chemical and biopharmaceutic criteria used by
OGD are sufficient to guarantee that new drug/old drug dif-
ferences are small compared with the expected interpatient
and intrapatient variability. The details of those criteria will
probably be of little interest to readers of this volume.
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*No specific requirement for overall patient exposure is present in FDA
regulations, but the FDA has accepted as “guidelines” the notions that
there should be at least 1500 patients studied, at least 500 followed for at
least 6 months, and at least 100 followed for a year or more. These num-
bers were the consensus recommendations of “harmonization” discus-
sions among the FDA and its counterparts in Europe and Japan. This
patient exposure greatly exceeds what is needed for a demonstration of
antihypertensive efficacy, and it is determined by the desire to detect
adverse effects that might not be apparent in smaller populations.



Applications for new antihypertensive drug products come
to the FDA’s Division of Cardio-Renal Drug Products
(DCRDP). As of late 2003, the staff of DCRDP included 11
physicians (down from 16 in 1999), 13 toxicologists (down
from 15), and 12 administrative and technical personnel (up
from 11). In addition, there were at that time 8 chemists,
8 biopharmaceutic reviewers, and 5 statisticians who—
although not formally members of DCRDP—were assigned
full-time to the support of the DCRDP.

Filing
Within 60 days of the arrival of a new application, the DCRDP
must decide whether the application is capable of being
reviewed at all. Rarely, the DCRDP decides that an application
is incomplete on its face,* so review would be impossible. In
such cases, the DCRDP formally “Refuses To File” the applica-
tion, and further processing is omitted. The “Refusal to File”
action (like all others) is subject to appeal and reversal; in
addition, a manufacturer may insist that an application be
filed (and reviewed) despite the initial refusal by the DCRDP.

Criteria of Approvability
Before a product is approved for marketing, the sponsor must
have demonstrated to the FDA that the product is produced
by a securely repeatable process, and that its bioavailability has
been described. The specific requirements in these areas are
narrowly technical, and they are probably not of interest to
most clinicians.

The clinical and toxicologic requirements are of broader
interest. The FDA does not look to the clinical trials for a use-
ful estimate of the magnitude of antihypertensive effect. That
magnitude varies, of course, from patient to patient. In the
clinical treatment of hypertension, drugs are titrated to effect,
and any given drug is used only in patients who appear to
respond to it. If a treatment is effective in a given patient, then
it is immaterial that its antihypertensive effect in other
patients is small or even absent. But because natural variations
in BP are often similar in amplitude to the effects of therapy,
the clinical trials may be the only setting in which active drugs
can reliably be distinguished from placebos, and this distinc-
tion is at the center of the clinical review.

To demonstrate superiority to placebo, it is theoretically not
necessary to do a placebo-controlled trial. If a new antihyper-
tensive regimen were shown to be unequivocally superior to an
approved regimen of an approved antihypertensive agent, the
new drug could be approved. If, on the other hand, trials
seemed to show only that the new drug were similar to
approved therapy, then interpretation would be much more
difficult. Such results might reflect genuine shared superiority
to placebo, but they might instead reflect only that the trials
had been so poorly executed that even a totally ineffective new
drug could not have been distinguished from the approved
therapy. In any event, the FDA has never seen an application
for approval of an antihypertensive drug in which the major
phase 3 trials were not placebo-controlled. The primary met-

ric of each trial is usually the baseline-adjusted seated DBP,
but other measurements of BP (seated systolic, supine systolic
and diastolic, standing systolic and diastolic) are also per-
formed. Responder rates* are usually recorded, but—in
part because of their necessarily arbitrary definitions, in part
because of their statistical inefficiency—they have not been
used as primary measures. Trials are usually powered to show
that each of several doses of test drug is significantly superior
to placebo, but sometimes the analysis uses a trend test to
show only that taking all of the trial results together, the
observed BPs cannot reasonably be believed to have been
unrelated to the administered doses of test drug. In factorial
trials, where individual cells of the randomization may each
receive relatively few patients, a two-dimensional analog of
the trend test1 is especially attractive.

From the widespread adoption of p ≤.05 as the threshold of
meaningful statistical significance, and from the Federal regu-
lations’ requirement (21 CFR §314.126) that approvals be
supported by “adequate and well-controlled studies” (note the
plural), the FDA has come to expect that any approvable anti-
hypertensive claim would be supported by at least two trials,
each successful by the criterion of p ≤.05. A single trial with
p ≤.05 × 0.05 ÷ 2 = 0.00125† could in principle provide equal-
ly strong evidence,‡ but no antihypertensive application to
date has ever rested its case on such an argument.§

FDA policy with respect to antihypertensives is derived
from the landmark historical placebo-controlled trials that
demonstrated the benefits of treatment with respect to the
irreversible outcomes of stroke and similar hard endpoints. As
described in Chapters 1 and 29 to 35, these trials employed
antihypertensive medications of many different classes, always
in stepped-therapy schemes, and usually starting with a
diuretic or β-blocker. In every such trial with adequate statis-
tical power to show a difference, antihypertensive therapy was
seen to be superior to placebo. While the fractional reduction
in event rate was consistently large, the absolute benefit—at
least in patients with mild or moderate disease—was general-
ly small, typically only a few averted events per thousand years
of patient treatment.

Because the benefits of antihypertensive treatment have
been so consistent across such a wide range of regimens, the
FDA believes (with Dr. Jan Staessen and the Clinical Trialists
Collaborative Group; see Chapter 29) that reduction of BP—
however achieved—can be expected to be associated with a
reduction in the incidence of irreversible vascular events.
Accordingly, the FDA considers antihypertensive efficacy to
have been demonstrated when the regimen in question is
shown to reduce BP.
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*For example, one application revealed that during a few months of
storage, the to-be-marketed product came to contain large quantities of
a degradation product whose carcinogenicity had not been studied in
any species.

*For example, the fractions of patients whose last measured seated dias-
tolic blood pressure (DBP) was below 90 mm Hg or at least 10 mm Hg
less than it had been at baseline.
†That is, two trials rejecting the null hypothesis with each p ≤.05 (0.05 ×
0.05), and both results in the same tail of the distribution (÷ 2).
‡ As could, say, four trials, each successful with p ≈ .3.
§ A treatment that is nontrivially antihypertensive in patients with mild to

moderate hypertension can easily be distinguished from placebo in small,

short trials (a few hundred patients for a few weeks), so these statistical

thresholds (whatever their exact levels) are not much of a hurdle. They

are much more of an issue in other clinical areas (e.g., congestive heart

failure), and they may become important in hypertension if claims are

sought on the basis of the large, hard-endpoint trials.



On the other hand, the small absolute benefit of antihyper-
tensive treatment could easily be outweighed by a small inci-
dence of unrelated toxic effects, possibly an incidence too
small to be reasonably estimated from the total experience in
a typical package of clinical trials. The clinical and toxicologic
reviewers must be satisfied that a new antihypertensive regi-
men is unlikely to be more toxic than those that, in the hard-
endpoint trials, provided a net positive benefit.

Special additional criteria are imposed on fixed-dose com-
bination products. Because any combination therapy exposes
the patient to the potential adverse effects of each component,
the FDA requires that each component of a combination
product contribute to the antihypertensive effect, and that
there be well-defined situations in which the combination
offers antihypertensive efficacy that is superior to that provid-
ed by monotherapy with one or another of the components.
Some additional considerations related to fixed-dose combi-
nation products were described in a 1994 editorial.2

Why New Hard-Endpoint Trials Are Not
Required
To avoid relying on uncertain predictions of long-term toxic-
ity, the FDA could require that before any new antihyperten-
sive regimens could be approved, net benefit would need to
have been demonstrated in new hard-endpoint trials. The
FDA’s adoption of such a requirement has been proposed
from time to time, and some of the difficulties of such a poli-
cy were discussed at the Cardio-Renal Advisory-Committee
meeting of October 20, 1995.

Because most of the reported hard-endpoint trials were
performed before the availability of some currently available
drugs, and especially because they predated our current
knowledge of effective dosing of diuretics, limiting FDA
approval to hard-endpoint-trial–based therapy would not
result in treatment recommendations that would be accept-
able to most modern clinicians. The regimens tested in the
hard-endpoint trials were shown to provide net benefit, but
our knowledge of these regimens’ toxicity* suggests that cur-
rent recommendations (although not strictly based on hard-
endpoint data) are likely to provide greater net benefit.

Also, the very success of the hard-endpoint trials of the
1970s and 1980s makes it ethically impossible to perform sim-
ilar placebo-controlled trials today. When interventions have
been shown to prevent a substantial incidence of irreversible
harm, it is no longer permissible to assign patients to inactive

therapy.† Without placebo controls, and probably without
control regimens identical to any of the creaky, now disfa-
vored regimens of the reported hard-endpoint trials, net ben-
efit would be difficult to demonstrate.

Finally, many of the possible hazards of antihypertensive
therapy can be reliably estimated from hard-endpoint trials in
other clinical areas. Of course, it is always possible that an anti-
hypertensive regimen will turn out to induce obscure organ
toxicity (e.g., agranulocytosis, pancreatitis) whose net effect,
integrated over the years of treatment, will negate the benefit of
pressure reduction. To the extent, however, that the toxicity of
antihypertensive therapy is likely to be directly related to car-
diovascular effects (e.g., from excessive rate or extent of pres-
sure reduction), that toxicity can often be assessed by looking
at the results of relatively short hard-endpoint trials in which
the same therapy was given to patients (e.g., those with
myocardial infarctions or congestive heart failure) who might
be expected to be unusually sensitive to such effects.

Primary Reviews
In the usual case, the application is formally accepted for fil-
ing, and the various sections of the application are reviewed
more-or-less independently by specialists from the separate
disciplines. In particular, separate primary reviews are con-
tributed by a chemist, a toxicologist, and a biopharmaceutist.
If the proposed product is to be administered parenterally, an
additional review is provided by a microbiologist. In each of
these disciplines, the primary reviewer’s work is not consid-
ered complete until it has been cosigned by a supervisor. In
many cases, the initial nonclinical reviews reveal various gaps
in the manufacturer’s documentation of its data and control
procedures. The reviews lead to correspondence between the
agency and the manufacturer, and thereafter to a (usually)
convergent series of supplemental submissions and reviews.

Review of the clinical trials is handled differently.
Sometimes there are separate reviews by a statistician and a
physician, but more often the statistician and a physician (or
two or three physicians) jointly produce a single review, divid-
ing the work among themselves under the direction of a team
leader who is then responsible for integrating the group’s work
into a coherent document. In addition to writing their
review(s), the clinical reviewers will usually identify a few trial
sites for routine audit by FDA field personnel. Like the non-
clinical reviews, a clinical review often leads to correspondence
intended to fill in gaps in documentation. In their conclusions,
primary clinical reviews attempt to identify the clinical data
whose interpretation should lead to approval or nonapproval,
with suggestions for labeling in the event of approval.

Secondary Reviews
On average, each volume of an application submitted to
DCRDP will cause the generation of about one page of pri-
mary review, so the several primary reviews add up to a few
hundred pages of text. The primary reviews are then brought
together by a team leader (always a physician), who prepares a
secondary review of (typically) a few dozen pages, including
overall recommendations for approval/nonapproval and
labeling. The secondary reviewer’s recommendations regard-
ing approval and labeling may differ from those of the pri-
mary reviewers, but the primary reviews are not revised on
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*They often used doses of hydrochlorothiazide and triamterene up to
100 and 300 mg/day, respectively, and often used hydralazine (up to 200
mg/day) and α-methyldopa (up to 2 g/day) as the first add-ons.
† Similar considerations are prominent in other clinical areas in which the
goal of treatment is to reduce the incidence of irreversible harm. In con-
gestive heart failure, for example, patients in a typical placebo-controlled
trial receive either (an ACE inhibitor and placebo) or (an ACE inhibitor
and the test drug). Omission of ACE inhibitors would be impermissible,
because ACE inhibitors reduce mortality in this condition.

Despite the use of ACE inhibitors, patients with congestive heart fail-
ure have high mortality compared with age-matched controls, so the
possibility of additional clinical benefit from an additional drug is not
far-fetched. In hypertension, on the other hand, it may be unrealistic to
expect that a new drug will provide additional hard-endpoint benefit
when it is added to a regimen that is already providing blood pressure
control that is thought to be adequate.



this account. In this situation, the secondary reviewer will
devote some of the review to discussion of the arguments that
were raised by the primary reviewers.

Advisory Committee
At approximately this point in the review process, issues raised
by the application may optionally be brought to a public meet-
ing of the FDA’s Cardio-Renal Advisory Committee. The
Committee comprises 10 to 12 clinicians and statisticians,
appointed for 4-year terms. In most years, the Committee will
have three or four 2-day meetings, during which a total of 8 to
10 applications will be discussed. Sometimes the DCRDP turns
to the Committee for help in reaching a difficult decision
about a specific application, but Committee meetings are more
often used to bring complex regulatory issues to public aware-
ness, usually (not always) with initial reference to a pending
application. At most meetings, the Committee ultimately dis-
cusses and votes on a series of formal questions posed to the
Committee by the DCRDP. The decisions of the Committee
are not binding upon the FDA, but it is unusual for the FDA to
contravert strong recommendations from the Committee.

Tertiary and Quaternary Reviews
After the Committee meeting (if any), a tertiary review (usu-
ally just a few pages long) is written by the DCRDP Director.
If the DCRDP Director disagrees with the secondary reviewer
or the Advisory Committee, then his or her review will gener-
ally explain the disagreement.

With two other divisions, DCRDP is a component of the
FDA’s Office of Drug Evaluation I (ODE I). The FDA’s deci-
sion authority about applications that come to DCRDP is held
by ODE I, but this decision authority is often, on a case-by-
case basis, delegated to DCRDP for applications (new formu-
lations, new fixed-dose combinations, and so on) that do not
involve new chemical substances. Applications for products
containing new chemical substances are passed to ODE I for
quaternary review.

Action Letters
The tertiary (or quaternary) review describes the FDA’s deci-
sion as to whether or not the application is approvable, and an
“Action Letter” is then sent to the sponsor of the application.
An Action Letter describes the application as Nonapprovable,
Approvable, or Approved.

A Nonapprovable letter must describe the deficiencies in
the application that led to the FDA’s negative conclusion. At
the other extreme, an Approval letter is usually short and sim-
ple. Marketing of the product is not permitted until the
issuance of an Approval letter.

The third type of Action Letter, the Approvable letter, was
originally used for products that appeared to be safe and
effective, but with respect to which there remained minor
gaps in the chemistry description, unsettled portions of label-
ing, or other deficiencies that appeared to be straightfor-
wardly reparable. The typical Approvable letter was then fol-
lowed by no more than a few weeks of faxes and meetings
before the predictable appearance of an Approval letter. More
recently, apparently as a response to time constraints
imposed upon the FDA by the Prescription Drug User Fee
Act, Approvable letters have been less closely coupled to ulti-
mate approval.

The total elapsed time from the DCRDP’s receipt of the
application to its issuance of the Action Letter averaged about
14 months in the late 1990s. The DCRDP declines to release
any newer statistics, and such statistics would in any event be
difficult to interpret, in view of recent changes in the use of
Approvable letters.
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638 Chapter 62

INTRODUCTION

The regulation of blood pressure is achieved in part through
the control of sodium chloride (NaCl) balance, which is
largely dependent on regulation of NaCl excretion by the
kidney.1 Accordingly, many forms of blood pressure are
associated with abnormalities in Na+ and Cl− transport
along the renal tubule.2 Furthermore, an important staple in
the treatment of hypertension has been diuretic agents,
which work by directly inhibiting Na+ transporters and
channels that mediate renal tubule Na+ reabsorption. This
chapter reviews the mechanism of diuretic action, focusing
on the molecular properties of the Na+ transporters and
channels that they inhibit. We focus on diuretic agents that
work by blocking transport and specifically do not discuss
mineralocorticoid receptor antagonists, angiotensin II
receptor antagonists, and blockers of adrenergic receptors,
which work in part by increasing NaCl excretion but do so
indirectly.

Fundamentally, there are three main groups of direct-acting
diuretic agents (Figure 62–1): (1) “loop diuretics” such as
furosemide or bumetanide, which block the type 2 Na+, K+-2Cl−

cotransporter (NKCC2) of the thick ascending limb of Henle
(TAL); (2) thiazides and related diuretics, which block the Na+-
Cl− cotransporter (NCC) of the distal convoluted tubule
(DCT); and (3) amiloride and its congeners, which block the
epithelial sodium channel (ENaC) expressed in the connecting
tubule and collecting duct (CD) portions of the renal tubule.
The major portions of this chapter summarize the properties of
these transporters and address the mechanisms involved in
blockade of these transporters.

Figure 62–1 and Table 62–1 summarize the major renal
tubule segments and the major renal tubule transporters
expressed in them. A filtrate of blood plasma generated in the
renal glomerulus is delivered sequentially to the proximal
tubule, the loop of Henle, the distal convoluted tubule, the
connecting tubule, and the collecting duct. Each segment
reabsorbs a fraction of NaCl delivered to it. The collecting
duct carries out the final adjustments in urinary composition
and is the site of fine control of Na+ transport by aldosterone,
angiotensin II, and vasopressin.

Renal tubules are epithelial structures that transport NaCl
from their lumens to the interstitium and thereby back to the
blood. As is true of all epithelial cells, renal tubule epithelial
cells consist of two membrane domains (apical and basolat-
eral) separated by a tight junction that connects each cell to
its immediate neighbors. Transcellular transport of Na+

across an epithelium therefore requires transport across
both the apical and basolateral plasma membranes. The
basolateral transport pathway is the same for each renal
tubule segment, namely the Na+, K+-ATPase, which trans-

ports three Na+ ions out of the cell and two K+ ions into the
cell per adenosine triphosphate (ATP) γ-phosphate bond
hydrolyzed.3 Na+,K+-ATPase consist of two subunits, a non-
glycosylated α subunit and a chaperone-like β subunit,
which is not directly involved in ion transport but is neces-
sary for normal trafficking of the assembled complex to the
plasma membrane.4 The Na+,K+-ATPase in the kidney tubule
consists of α1β1 complexes.5 Hypothetically, drugs that target
the Na+, K+-ATPase such as the cardiac glycoside, ouabain,
could serve as diuretics. However, the therapeutic ratio for
such drugs is too low for them to be effective diuretics, and
they exert toxic effects on the Na+, K+-ATPase isoform in the
heart prior to any significant diuretic effect in the kidney.

The diuretic agents considered in this review increase Na+

excretion by blocking Na+ transporters in the apical plasma
membrane of renal tubule cells. Their efficacy depends on
the process of active transepithelial secretion of the drugs
from blood to lumen in the late part of the proximal convo-
luted tubule and early part of the proximal straight tubule.6

Because this process concentrates the diuretics at their site
of action, the renal tubule lumen, the therapeutic ratio for
these agents tends to be very high. Although commonly
used diuretics such as the loop diuretics, thiazides, and
amiloride can inhibit Na+ transport at extrarenal sites, cir-
culating levels necessary for effective inhibition of renal
tubule transporters are usually too low to have extrarenal
effects, owing to the proximal tubule secretory mechanism.
However, acute or chronic renal failure can result in signifi-
cant impairment of the proximal secretory mechanism,
resulting in relative resistance to these diuretics.7,8 Under
these circumstances, the clinician needs to increase diuretic
doses to overcome this resistance, resulting in a greater like-
lihood of toxicity.

It is interesting that there are no effective diuretics that are
targeted to transporters in the proximal tubule, the renal
tubule segment that is responsible for two thirds of renal
tubule Na+ reabsorption. A major reason for the lack of such
agents has been revealed in studies of renal tubule function in
mice in which the major proximal Na+ transporter NHE3
(sodium-hydrogen exchanger, type 3) has been deleted.9

These mice do not manifest high rates of salt and water excre-
tion as might be expected. Instead, increased salt and water
delivery to the macula densa results in activation of the tubu-
loglomerular feedback mechanism, which markedly lowers
glomerular filtration rate. Therefore NaCl balance is main-
tained, despite a marked reduction in proximal NaCl absorp-
tion in these mice, through a marked decrease in glomerular
filtration rate.

In the remainder of this chapter we focus on the properties
of the apical Na+ transporters and channels that are targets for
loop diuretics, thiazide diuretics, and amiloride.

Diuretics: Mechanisms of Action
Mark A. Knepper, Thomas Kleyman, Gerardo Gamba
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LOOP DIURETICS

Transport Mechanisms in the Thick
Ascending Limb of the Loop of Henle
The TAL is responsible for the reabsorption of about 15% to
20% of the NaCl in the glomerular filtrate. In addition, the
TAL also plays important roles in divalent cation (Ca2+ and
Mg2+) and ammonium ion (NH4

+) reabsorption. However, its
chief role is regulation of water excretion through the dilution
of luminal fluid and the concentration of the surrounding
interstitium. Concentration of the interstitium is a result of a
process called “countercurrent multiplication”10 and is critical
to the generation of a final urine that is concentrated relative
to plasma. This functional capacity is necessary for the sur-
vival of land mammals, including humans.

The molecular mechanism of salt reabsorption by TAL is
shown in Figure 62–2. As in the rest of the nephron, in TAL the
salt is transported from the luminal side to the interstitial space
because of the polarized expression of the Na+, K+-ATPase (the
“sodium pump”) to the basolateral membrane. This pump
produces a continuous efflux of sodium ions into the intersti-
tial space, reducing the intracellular sodium concentration,
thus generating a gradient for sodium transport in which api-
cal sodium is transported into the TAL cells. As shown in
Figure 62–2, the major pathway for sodium reabsorption in the
apical membrane of the TAL is the Na+,K+-2Cl− cotransporter.
This is a secondary carrier that takes advantage of the gradient
for Na+ transport to translocate K+ and Cl− from the lumen
into the TAL cells against their respective electrochemical gra-
dients. This Na+,K+-2Cl− cotransporter is the main pharmaco-
logic target of loop diuretics (furosemide, bumetanide,
ethacrynic acid, torasemide, and piretanide). Loop diuretics
exert their action by direct interaction with the Na+,K+-2Cl−

cotransporter in the TAL.
As shown in Figure 62–2, salt reabsorption in the TAL

requires the simultaneous function of at least six proteins pro-
duced by different genes. Salt enters the cell across the apical
plasma membrane, together with K+, through the Na+,K+-2Cl−

cotransporter. The sodium and chloride ions leave the cell in
the basolateral membrane through the Na+,K+-ATPase and the
Cl− channels (CLC-Kb), respectively. The Na+,K+-ATPase is
composed of two subunits: the α- and β-subunits that are

CNT:
α ENaC
β ENaC
γ ENaC

CCD:
α ENaC
β ENaC
γ ENaC

OMCD:
α ENaC
β ENaC
γ ENaC

All segements:
     Na,K-ATPase - α-subunit
     Na,K-ATPase - β-subunit

DCT:
TSC/NCC

PCT, PST:
NHE3

NaPi-2

TAL:
BSC1/NKCC2

Loop
diuretics

Thiazides

Amiloride

FFigure 62–1 Diuretic targets along the renal tubule. The
tubule segments and main transporters are depicted. Tubule
segments are: PCT, proximal convoluted tubule; PST, proximal
straight tubule; TAL, thick ascending limb of Henle’s loop;
DCT, distal convoluted tubule; CNT, connecting tubule; CCD,
cortical collecting duct; OMCD, outer medullary collecting
duct.

Table 62–1 Major Na Transporter and Na Channel Proteins in the Kidney

Name Identification Location* No. Amino Acids Actual MW (kDa)§

NHE3 Type 3 Na-H exchanger PT, DL, TAL (apical) 831 84
NKCC2 Type 2 Na,K-2Cl cotransporter TAL (apical) 1095 163
NCC Na-Cl cotransporter DCT (apical) 1022 165
ENaC-α α-subunit of epithelial Na channel CNT, CD (apical) 699 86
ENaC-β β-subunit of epithelial Na channel CNT, CD (apical) 640 88
ENaC-γ γ subunit of epithelial Na channel CNT, CD (apical) 649 85
NKA-α1 Na,K-ATPase, α1-subunit All segments 1023 98

(basolateral)
NKA-β1 Na-,K-ATPase, β1-subunit All segments 304 50

(basolateral)

*Tubule segments: Proximal tubule (PT), descending limb of Henle’s loop (DL), thick ascending limb of Henle’s loop (TAL), distal convo-
luted tubule (DCT), connecting tubule (CNT), collecting duct (CD).
§Actual molecular weight (MW) determined by immunoblotting.
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products of two different genes. The α-subunit is not glycosy-
lated and plays a catalytic and transport role. In contrast, the
β-subunit is glycosylated and is required for successful target-
ing of the Na+,K+-ATPase complex to the plasma membrane.
A similar situation occurs with CLC-Kb, since it is also com-
posed of two subunits—CLC-Kb, the pore-forming subunit,
and a protein known as Barttin that is required to drive CLC-
Kb to the basolateral membrane.

Potassium ions entering the cell across the apical plasma
membrane are largely returned to the tubular lumen via an
inwardly rectifying K+ channel known as the renal outer
medullary potassium channel (ROMK). Potassium recycling
into the lumen is required for NaCl reabsorption by the TAL.
Because the potassium concentration in the glomerular ultra-
filtrate (4 mEq/L) is much lower than that of sodium (145
mEq/L) or chloride (110 mEq/L), without the recycling path-
way for potassium, the concentration of this cation in the
lumen of the TAL would be rapidly reduced below the mini-
mum required for transport. As a consequence, the function
of the Na+,K+-2Cl− cotransporter would stop because of
depletion of K+ from the lumen. The recycling, however,
assures that potassium concentration within the TAL lumen
will always be enough to allow the proper function of the
Na+,K+-2Cl− cotransporter. The potassium recycling, together
with the movement of sodium and chloride to the interstitial
space, generates a positive voltage within the TAL lumen that
drives the reabsorption of a second cation through the para-
cellular pathway. Because the tight junctions are permeable to
sodium, magnesium, and calcium, all three ions are reab-
sorbed at rates dependent on their luminal concentrations.
Thus the coordinated function of the Na+,K+-2Cl− cotrans-
porter, the apical K+ channels, and the basolateral 
Cl− channels makes the TAL epithelial cells thermodynamically
more efficient, since two cations are reabsorbed at the expense
of the ATP needed to pump one.11

The functional description of the molecular mechanisms
for salt reabsorption in the TAL cells helps us to understand
the mechanism by which loop diuretics exert their effects in
the kidney. By blocking the function of the Na+,K+-2Cl−

cotransporter, loop diuretics reduce the salt reabsorption rate
in the TAL. As a consequence, an increased amount of salt is
delivered to the distal nephron, increasing the fractional
excretion of salt into urine, thus producing natriuresis and
diuresis. Increased delivery of NaCl to the macula densa
would normally result in a compensating decrease in

glomerular filtration rate as a result of activation of the tubu-
loglomerular feedback (TGF) mechanism.12 Such compensa-
tion does not occur when increased NaCl delivery is mediated
by loop diuretics because the TGF mechanism is dependent
on the function of the bumetanide-sensitive Na+,K+-2Cl−

cotransporter present in the macula densa cells. This cotrans-
porter has been demonstrated to be same one (NKCC2) as
that in the TAL cells.13

Greater delivery of NaCl to the connecting tubule and col-
lecting duct results in greater Na+ reabsorption by the princi-
pal cells in these segments, resulting in greater potassium
secretion. In addition, the greater rate of sodium transport
indirectly cause a greater rate of H+ secretion by the interca-
lated cells of the connecting tubule and outer medullary col-
lecting duct. For these reasons, one potential, undesired con-
sequence of loop diuretic administration can be increased
fractional excretion of potassium and hydrogen, resulting in
hypokalemia and metabolic alkalosis.

Molecular Biology of the Apical Na+,K+-
2Cl− Cotransporter
Two genes encoding isoforms of the Na+,K+-2Cl− cotrans-
porters have been identified. They belong to the family of elec-
troneutral cation-chloride coupled cotransporters, known in
the human genome database as SLC12. SLC12A1 gene encodes
the renal-specific Na+,K+-2Cl− (NKCC2) that is exclusively
expressed in the TAL of the kidney. This gene is located in
human chromosome 15.14 SLC12A2 gene encodes the ubiqui-
tous Na+,K+-2Cl− cotransporter (NKCC1), which is expressed
in several tissues and cell lines and is located on human chro-
mosome 5.15,16 NKCC2 shares a basic structural topology with
the members of the cation-chloride gene family. As shown in
Figure 62–3, A, NKCC2 is a glycoprotein of 1095 amino acids
with molecular weight of ~165 kDa featuring a central
hydrophobic region containing 12 putative transmembrane
domains that are flanked by amino and carboxyl-terminal
hydrophilic domains, presumably located within the cell. The
extracellular hydrophilic loop between putative transmem-
brane domains S7 and S8 contains two N-glycosylation motifs.
Several putative protein kinase A (PKA) and protein kinase C
(PKC) phosphorylation sites are present within the amino and
carboxyl-terminal domains.

At least six isoforms of NKCC2 are expressed in the mouse
kidney because of the combination of two alternative splicing
mechanisms.17 As shown in Figure 62–3, on one hand, two iso-
forms are produced by truncation of the carboxyl-terminal
domain. The longer isoform (Figure 62–3, A) is the 1095 amino
acid residue protein, whereas the shorter isoform (Figure
62–3, B) is composed of 770 residues. Interestingly, the longer
isoform is the Na+,K+-2Cl− cotransporter, whereas the trun-
cated isoform encodes a K+-independent but nevertheless
furosemide-sensitive Na+-Cl− cotransporter that is activated by
hypotonicity and inhibited by cyclic adenosine monophosphate
(cAMP) analogs.18 This truncated isoform seems to be impor-
tant in salt reabsorption along TAL during water diuresis states.
On the other hand, the SLC12A1 gene contains three 96 bp
mutually exclusive cassette exons designated A, B, and F19,20 that
encode for 32 amino acid residues that are part of the trans-
membrane domain 2 and the connecting segment between
transmembrane domains 2 and 3 (see Figure 62–3). Thus this
splicing mechanism produces three proteins that are identical,

Apical

Loop
diuretics

Basolateral

Barttin
 Cl–

Na+, Ca2+, Mg2+

Na+

K+

K+

2Cl– Ca2+

2K+

3Na+

FFigure 62–2 Molecular physiology of ion transport in the
thick ascending loop of Henle.
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except in the sequence of these 32 residues that comes from one
of the three mutually exclusive exons. Because these two splic-
ing mechanisms can be combined with the carboxyl-terminal
domain splicing, six isoforms can be produced: three with long
carboxyl-terminal domains (that can be A, B, or F in the second
transmembrane domain) and three with short carboxyl-termi-
nal domains (that can be A, B, or F).17,21

The splicing event producing three long carboxyl-terminal
domain isoforms named A, B, and F has remarkable effects in
the TAL physiology. Early studies on isolated cortical or
medullary TAL segments by Burg22 and by Rocha and Kokko23

clearly showed that medullary TAL transports NaCl more rap-
idly than the cortical TAL, but the diluting power was greater
in the cortical TAL.24 These observations suggested hetero-
geneity of the transport properties along the TAL. Supporting
this conclusion, a higher apparent affinity for Cl− was
observed in cortical than in medullary TALH.25-29 In this
regard, the splicing isoforms A, B, and F exhibit axial distribu-

tion along the TAL (Figure 62–4). The F isoform is absent in
the cortical but present in the medullary TAL, with higher
expression in the inner stripe of the outer medulla. The A iso-
form is present in both cortical and medullary TAL, and the
B isoform is present only in the cortical TAL.19,20,30 In agree-
ment with this distribution, the affinity for the cotransported
ions varies among the three isoforms. The affinity profile is:
B > A > F.31,32 Thus, at the beginning of the TAL, where salt
concentration is high, the main isoform is the F, exhibiting the
lower affinity, while at the end of TAL, where further dilution
is required, the main isoform is the B that exhibits the highest
affinity. The A isoform is expressed along the entire TAL and
is also the one with the highest capacity for ion transport.31

Thus, by producing three isoforms of the Na+,K+-2Cl−

cotransporter, alternative splicing of the SLC12A1 gene
underlies the heterogeneity of salt transport in the TAL.

Regulation of the Na+,K+-2Cl−

Cotransporter
As discussed previously, the NaCl reabsorption in the TAL
plays a central role in the regulation of water balance by driv-
ing concentrating and diluting processes. Consistent with this
role, NaCl transport in this segment is regulated by the antid-
iuretic hormone vasopressin. As demonstrated in isolated per-
fused tubule studies, vasopressin has rapid actions to increase
NaCl absorption by the TAL.33,34 The effect is mediated by
cAMP and appears to involve trafficking of the Na+,K+-2Cl−

cotransporter, NKCC2, from an intracellular vesicular pool to
the apical plasma membrane.35-37 It may be dependent in part
on phosphorylation of the transporter in the amino-terminal
tail region.35 In addition, the stimulatory effect of vasopressin
on NKCC2 trafficking appears to be related to inhibition by
cAMP of an inhibitory effect of the 770 amino acid short iso-
form of NKCC2 on trafficking of the full length isoform (vide
supra).36,37 Other hormones, including parathyroid hormone,
calcitonin, and glucagon also increase intracellular cAMP in
the TAL cell38 and stimulate concomitant increases in NaCl
absorption rate,39,40 presumably by the same mechanism as
demonstrated for vasopressin. Prostaglandin E2 has been
demonstrated to have a short-term inhibitory effect on NaCl
absorption in the TAL,41 presumably via its ability to inhibit
cAMP production in TAL cells.42 Another mediator that regu-
lates TAL NaCl transport via effects in NKCC2 is nitric oxide
(NO), which directly inhibits NaCl absorption in isolated per-
fused TALs.43

A B

FFigure 62–3 Proposed topology and splice variants of the
mouse apical, renal-specific Na+,K+ -2Cl− cotransporter. 
A, The long isoform that encodes the Na+,K+ -2Cl−
cotransporter. B, The short isoform that encodes the Na+ -Cl−
cotransporter contains 55 amino acid residues at the end of
the C-terminal domain (highlighted in gray) that are not
present in the longer isoform. The region of the
transmembrane domain 2 and the interconnecting segment
between transmembrane domains 2 and 3 that are
highlighted in gray depict the region of the mutually
exclusive cassette exons A, B, or F. In this region, both the
long and the short isoform can be either A, B, or F. Two
glycosylation sites are depicted in the extracellular loop
between membrane segments 7 and 8 by two little
evergreen bushes. The localization of the putative
phosphorylation sites for protein kinase A or C are shown in
circles or boxes, respectively.
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Outer medulla
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FFigure 62–4 Distribution of the isoforms A, F,
and B of the Na+,K+-2Cl− cotransporter along
the TALH.
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In addition to the short-term effect of vasopressin on
NKCC2 trafficking or activity, long-term increases in circulat-
ing vasopressin levels have been demonstrated to increase the
abundance of the NKCC2 protein in TAL cells.44 This action
results in a long-term potentiation of NaCl transport in the
TAL, as demonstrated in isolated perfused tubule studies.45

Paralleling the short-term inhibitory effect of prostaglandin
E2 on NaCl transport in the TAL, long-term changes in
prostaglandin E2 levels appear to modulate NKCC2 expres-
sion in the TAL.46 In these studies, cyclooxygenase inhibitors
indomethacin or diclofenac increased NKCC2 abundance, an
effect that was reversed by administration of a prostaglandin
E2 analog, misoprostol.

In addition to actions of agents that signal predominantly
in the TAL via cAMP, regulatory mediators that signal via
other mechanisms also regulate NKCC2 expression in the
TAL. For example, NO, which increases cyclic guanosine
monophosphate in cells, increases NKCC2 expression as evi-
denced by observed decreases in abundance in response to
inhibition of nitric oxide synthases by N-nitro-L-arginine
methyl ester (L-NAME).47 Furthermore, angiotensin II infu-
sion was also found to increase NKCC2 abundance in the
TAL,48 although inhibition of angiotensin II type 1 (AT1)
receptors by candesartan49 or deletion of AT1a receptors in
mice50 did not produce the opposite effects. Quite possibly the
effect of angiotensin II infusion on NKCC2 expression is indi-
rect and related to local changes in NO or PGE2 levels.

Potential Role of the Na+,K+-2Cl−

Cotransporter in Arterial Hypertension
Because of similarities of Bartter’s syndrome to Gitelman syn-
drome, it was speculated that Bartter syndrome, an
autosomal-recessive disorder, was due to reduction in the
NaCl transport function of the TAL. Bartter’s syndrome is
characterized by hypokalemic metabolic alkalosis, with
hypocalciuria and normomagnesemia,51 as well as renal salt
wasting, polyuria, arterial hypotension, and nephrocalcinosis.
Mutations in at least five genes result in Bartter’s syndrome.52

Thus this is a monogenic but heterogeneous disease. In all
cases, the function of the TAL is affected. Inactivating muta-
tions in the genes encoding the proteins involved in salt reab-
sorption in TAL produce Bartter’s syndrome types I, II, III,
and IV. These are the Na+,K+-2Cl− cotransporter,14,53-56 the api-
cal K+ channel ROMK,57-63 the basolateral Cl− channel CLC-
Kb,64,65 and the chaperon subunit of the Cl− channel known as
Barttin,66-68 respectively. In addition, “gain of function” muta-
tions of the calcium-sensing receptor also cause Bartter’s syn-
drome.69,70 Activation of the calcium-sensing receptor that is
expressed in the basolateral membrane of the TAL reduces the
activity of the Na+,K+-2Cl− cotransporter and the ROMK
channels. Thus the participation of all these genes, including
the Na+,K+-2Cl− cotransporter, in the genesis of a syndrome
that exhibits arterial hypotension shows that they are among
the genes involved in defining the blood pressure levels and
thus are potentially involved in hypertension.

Loop Diuretics in the Treatment
of Hypertension
Loop diuretics can potentially be used for treatment of hyper-
tension. Because loop diuretics reduce salt reabsorption in the

TAL, their potency as natriuretic agents is superior to thiazides
or the K+-retaining diuretics. However, in terms of lowering
the blood pressure, loop diuretics are less effective than thi-
azides. In addition, these diuretics have never been tested in
outcome trials, and they must be dosed twice daily or more
frequently. For all these reasons, loop diuretics, unlike thi-
azides, are unsatisfactory for the chronic treatment of hyper-
tension and are not recommended for the treatment of stage
1 or stage 2 uncomplicated hypertension. Instead, loop diuret-
ics are very useful to treat essential hypertension complicated
by heart failure, edema and/or renal insufficiency. Thus the
more common clinical settings in which loop diuretics are
prescribed included edematous states caused by congestive
heart failure, chronic renal failure, nephrotic syndrome, or
chronic liver disease to induce natriuresis and diuresis.

THIAZIDE-TYPE DIURETICS

Transport Mechanisms in the Distal
Convoluted Tubule
The distal convoluted tubule (DCT) is a specialized segment of
the nephron located between the TALH and the collecting duct
in which 5% to 7% of the glomerular filtrate is reabsorbed. As
is the TAL, the DCT is also involved in calcium excretion and in
concentrating urine, in addition to regulating NaCl balance.71

The molecular mechanism of salt reabsorption in the DCT is
shown in Figure 62–5. Similar to most of the renal epithelium,
the sodium gradient from lumen to interstitium is generated
and maintained by a very intense activity of the Na+,-K+-ATPase
that is polarized to the basolateral membrane.72 The DCT
begins a few cells after the macula densa and is divided in two
segments known as “early” and “late” segments.73 Most studies
in rat, mouse, rabbit, and human kidney agree that along the
whole DCT, the major sodium reabsorption pathway in the api-
cal membrane is the Na+-Cl− cotransporter NCC. In the early
DCT, this is the only Na+ transport pathway identified so far,
whereas in late DCT, NCC expression overlaps with that of the
ENaC, vide infra.71,73-77 As shown in Figure 62–5, the apical
Na+-Cl− cotransporter in the DCT is the major target for the
thiazide-type diuretics (chlorthalidone, hydrochlorothiazide,
bendroflumethiazide, and metolazone).71,78

The thiazide-type diuretics were introduced into clinical
medicine in 195779 and were followed by the more-potent
loop diuretics (furosemide, bumetanide, and ethacrynic acid).

Apical

Thiazides Basolateral

Na+

Cl–

3Na+

2K+

FFigure 62–5 Molecular physiology of salt transport in the
early distal convoluted tubule.
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Several years later the first clue to the mechanism of action of
thiazides was elucidated by Kunau et al.,80 who demonstrated
that thiazides inhibited Cl− reabosrption in the distal nephron
and not in the proximal tubule as was originally proposed.
Then Stokes et al.81 showed for the first time that thiazides
inhibited a Na+-Cl− cotransporter. These authors used a uri-
nary bladder preparation from the winter flounder.82,83 With
this preparation, Stokes et al.81 unequivocally showed that thi-
azides competitively inhibited the salt reabsorption by block-
ing the function of the apical Na+-Cl− cotransporter. A few
years later, Ellison et al.,71 using in vivo microperfusion, final-
ly defined the existence of a thiazide-sensitive Na+-Cl−

cotransporter as the major pathway for salt reabsorption in
the DCT. It was later observed that tracer [3H]metolazone was
able to bind with high affinity to membrane preparations
from rat renal cortex.84,85 These studies showed that both Na+

and Cl− needed to be present for binding of [3H]metolazone
to renal cortex. It was observed that cations stimulated the
binding of tracer metolazone following a saturation curve
compatible with Michaelis-Menten behavior, whereas Cl− pro-
duced a biphasic effect: At low Cl− concentration, the binding
was stimulated, whereas at higher concentration, it was inhib-
ited. Following these observations, it was proposed that to
block the function of the cotransporter, the thiazides probably
compete with Cl− for the same binding site on the cotrans-
porters.85 However, careful analysis of the functional proper-
ties of the rat cotransporter has recently revealed that thi-
azides compete with both Na+ and Cl−.86

In the DCT, salt and Ca2+ reabsorption rates are reciprocal-
ly related. Blocking or reducing the activity of the Na+-Cl−

cotransporter increases Ca2+ reabsorption, while increased
expression or activity of the Na+-Cl− cotransporter reduces
Ca2+ reabsorption.87 The mechanism by which thiazide
diuretics affects calcium reabsorption is still unclear, but most
evidence suggests that thiazide action and calcium reabsorp-
tion may be functionally linked through an indirect mecha-
nism. Thiazides reduce NaCl entry at the apical membrane,
but intracellular Na+ is continuously pumped out of the cell
by the Na+,K+-ATPase at the basolateral membrane. Thus
intracellular Na+ concentration is reduced, and as a conse-
quence, DCT cells become hyperpolarized, increasing the
electrochemical driving force for Ca2+ entry at the apical
membrane through Ca2+ channels.88 This secondary effect of
thiazides on Ca2+ reabsorption constitutes the basis for their
use in the treatment of calcium stone disease and may also
explain the protective effect of thiazides in osteoporosis.89,90

Molecular Biology of the Apical Na+-Cl−

Cotransporter
With a functional expression strategy in Xenopus laevis oocytes,
the first electroneutral Na+-coupled Cl− cotransporter to be
identified at the molecular level was the thiazide-sensitive
Na+-Cl− cotransporter (NCC) from the winter flounder urinary
bladder.91 Then, with a cRNA probe constructed from the fish
cDNA, the mammalian cDNA encoding the NCC was isolated
by homology.78 The functional expression of fish and mam-
malian NCC in Xenopus oocytes gives rise to a 22Na+ transport
uptake mechanism that is Cl− dependent and inhibitable by thi-
azide-type diuretics, with an inhibition profile (polythiazide >
metolazone > hydrochlorothiazide > chlorothiazide) similar to
the clinical potency of thiazides and to that previously shown

for inhibition of Cl−–dependent Na+ absorption,92 as well as the
thiazide competition for the high-affinity [3H]metolazone
binding sites on kidney cortical membranes.84

NCCs share a similar secondary topology with the other
members of the Na+-coupled Cl− cotransporter family, as
deduced from the hydrophobicity analysis following the Kyte-
Doolittle algorithm.93 The human NCC is a glycoprotein of
1022 amino acid residues, with core molecular weight of ~120
kDa, that shows the basic structure of 12 putative transmem-
brane domains flanked by two hydrophilic amino- and car-
boxyl-terminal domains containing several putative PKC and
PKA phosphorylation sites (Figure 62–6). Mutation analysis
of rat NCC has shown that there are two N-linked glycosyla-
tion sites in the loop between S7 and S8 that are absolutely
required for the protein to be functional.94 The protein is
extensively glycosylated, increasing its molecular weight to
163 kDa as measured by immunoblotting studies.95

Eight members of the cation-coupled Cl− cotransporter
gene family have been identified from vertebrate sources. A
phylogenetic tree depicting the relationship between members
in this family is shown in Figure 62–7. Two genes encode the
NKCC1 and NKCC2 Na+,K+-2Cl− cotransporters,78,96 one gene
encodes NCC91 (see later), and there are four genes encoding
isoforms of the K+-Cl− cotransporters: Three are ubiquitously
expressed (KCC1, KCC3, and KCC4),97 and another gene
exhibits brain-specific expression (KCC2).98 In addition, one
gene encodes a member of the family known as CIP (cotrans-
porter interacting protein) for which the function is still
unknown.99,100 As Figure 62–7 shows, two branches are clear-
ly separated. One includes the Na+-coupled Cl− cotransporters
NKCC1, NKCC2, and NCC, whereas the other includes the
Na+-independent, K+-coupled Cl− cotransporters KCC1 to
KCC4. Homology between the Na+-coupled Cl− cotrans-
porters and the K+-coupled Cl− cotransporters is ~20 %. The
degree of identity between NKCC1, NKCC2, and NCC is more
than 50%. The strongest homology is observed in the trans-
membrane domains but is also evident in the interconnecting
loops as well as in the C-terminal domain.

1 2 3 6 74 5 8 9 10 11 12

NH2 COOH

FFigure 62–6 Proposed topology of the distal convoluted
tubule thiazide-sensitive Na+-Cl− cotransporter. The central
hydrophobic domain features 12 membrane spanning
domains shown by numbers. Two glycosylation sites are
shown in the putative extracellular loop between membrane
domains 7 and 8 as two little evergreen bushes.



Regulation of the Na+-Cl− Cotransporter
With the advent of high-quality polyclonal antibodies to all
the major Na+ transporters expressed along the renal tubule,
profiling techniques have been used to investigate the pattern
of Na+ transporter abundance changes under different physi-
ologic and pathophysiologic circumstances (for review see ref-
erences 101-103). These studies have been coupled with other
approaches to show that NCC expression is highly regulated
by multiple factors that are known to modulate the renal
excretion of sodium and hence the arterial blood pressure.
Such studies have revealed that an important regulator of
NCC is the mineralocorticoid aldosterone.

Early micropuncture studies in adrenalectomized rats
showed an increase in sodium tubule fluid:plasma concentra-
tion ratio in the DCT104 that was decreased to control levels by
aldosterone. In addition, in vivo microperfusion investiga-
tions have shown that aldosterone increases thiazide-sensitive
salt transport in the DCT.105 Aldosterone has been shown to
increase [3H]metolazone binding in membrane fractions
from renal cortex, a measure of NCC abundance,106 and by
immunoblotting with specific anti-NCC antibodies, it has
been demonstrated that elevated plasma aldosterone concen-
tration is associated with increase in the NCC abundance in
renal cortex, regardless of whether plasma aldosterone is
increased by aldosterone infusion95 or dietary-sodium restric-
tion.107 The increment in NCC abundance in response to
dietary-salt restriction is significantly higher than the increase
observed in the subunits of the amiloride-sensitive Na+ chan-
nel.107,108 It has been shown that infusions of aldosterone in
dexamethasone-replaced adrenalectomized rats clearly
increase NCC abundance in renal cortex and that this incre-
ment is prevented by spironolactone.109 Additionally, it has
been demonstrated that the furosemide-induced increase in
NCC expression can be abrogated with spironolactone.110

These findings suggest that aldosterone regulation of NCC
protein is mediated through the classical mineralocorticoid
receptor. Interestingly, however, existing evidence indicates
that NCC regulation by mineralocorticoids must be indirect
(i.e., unrelated to NCC gene transcription), because there has
been a consistent failure to detect changes in NCC mRNA lev-
els in response to dietary-salt restriction111,112 or furosemide
administration.110,111 Indeed, a study in which NCC mRNA

and protein levels were assessed simultaneously showed that
the increase in NCC protein induced by dietary NaCl restric-
tion was not associated with detectable changes in NCC
mRNA levels.108

In addition to regulation by aldosterone, the abundance of
NCC protein in kidney is regulated in several conditions in
which aldosterone levels are not affected, indicating that NCC
is a target for other hormones and regulators. NCC abundance
is moderately increased by vasopressin administration
(DDAVP).113 Furthermore, when the kidney undergoes escape
from vasopressin-induced water retention after the develop-
ment of hyponatremia, NCC abundance is more markedly
increased.114 The authors proposed that this increase in NCC
abundance in response to water retention may be associated
with inappropriate secretion of antidiuretic hormone.

Despite the positive regulation by aldosterone, NCC is the
only transport protein that is decreased during the aldos-
terone escape phenomenon,115 suggesting that NCC is one of
the principal targets of pressure natriuresis. A similar conclu-
sion has been drawn by Majid and Navar based on measure-
ments of pressure natriuresis in intact dogs.116 NCC abun-
dance is also increased in hyperinsulinemic conditions such as
obesity,117 streptozotocin administration,118 or insulin infu-
sions,119 suggesting that increased sodium reabsorption by
NCC could be implicated in the development of hypertension
in these conditions (see following).

NCC is positively regulated by estradiol120 and by the acid-
base status121: Metabolic acidosis induces a decrease in NCC
abundance, whereas metabolic alkalosis increases it.
Potassium depletion reduces expression of NCCs by a mecha-
nism not related to aldosterone because a decrease in NCC
mRNA levels is involved.122 Finally, NCC protein expression is
up-regulated in an animal model of prenatally programmed
hypertension123 and down-regulated in animal models of
chronic liver disease124 and chronic renal failure,125 suggesting
that NCC is implicated in the development of hypertension
and the urinary abnormalities observed in these syndromes.
Therefore, regulation of NCC expression appears to be an
important cog in the overall mechanism by which the kidney
regulates sodium excretion.

Potential Role of NCC in Arterial
Hypertension
Given the important physiologic role for the Na+-Cl− cotrans-
porters in the kidney, it was expected that mutations in these
genes would play a role in human pathophysiology. Because of
the resemblance between the inherited hypokalemic metabol-
ic alkalosis syndromes and the clinical and metabolic picture
of chronic diuretic intoxication, the NCC (gene SLC12A3)
was a strong candidate gene for such a disease. More than 80
different mutations along the human SLC12A3 gene have
been found to be present in patients with Gitelman’s syn-
drome,126-128 and all Gitelman’s patients that have been geno-
typed have mutations in the SLC12A3 gene, suggesting that no
other genes are involved in Gitelman’s syndrome. The com-
plete linkage that was observed between Gitelman’s syndrome
and the locus for NCC, located in human chromosome 16,
strongly suggested that inactivating mutations of this gene
were associated with Gitelman’s disease.126,127,129 Subsequently,
a phenotype resembling Gitelman’s syndrome was obtained in
mice by targeted disruption of the NCC gene,130 and
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Figure 62–7 Phylogenetic tree of the electroneutral Na-
coupled chloride cotransporter family SLC12.



heterologous expression in Xenopus laevis oocytes of mouse
NCC cRNA containing some of the point mutations reported
in Gitelman’s kindreds revealed that the resulting NCC pro-
teins are nonfunctional.131,132 Thus, inactivating mutations of
NCC are the cause of Gitelman’s syndrome. One of the major
features of this disease is the reduction in the arterial blood
pressure. The study of 199 members of a single large family
with Gitelman’s syndrome, containing 60 subjects with both
alleles normal, 113 with mutation in one allele, and 26 with
mutations in both alleles, revealed that Gitelman’s patients
(those having both alleles mutated) develop arterial hypoten-
sion, while heterozygous subjects, those with one normal and
one mutated allele, do not exhibit a significant decrease in
arterial blood pressure. However, urinary Na+:Cr ratio was sig-
nificantly higher in homozygous and eterozygous persons, as
compared with normal subjects, indicating that a compensa-
tory increase in dietary sodium uptake corrected arterial
hypotension in heterozygous subjects.133

NCC is implicated in the pathophysiology of a salt-
dependent hypertension syndrome known as pseudohypoaldos-
teronism type II (PHAII) or Gordon’s syndrome. PHAII is an
autosomal-dominant disease caused by mutations in the gene
encoding a particular serine/threonine kinase named WNK4.134

PHAII is a mirror image of Gitelman’s syndrome because
PHAII patients develop arterial hypertension accompanied by
hyperkalemic metabolic acidosis. Mayan et al.135 have shown
that the PHA syndrome is particularly sensitive to treatment
with thiazide diuretics, because the reduction of mean arterial
pressure in response to only 20 mg of hydrochlorothiazide in
patients with PHAII is 6 to 7 times greater than in patients with
essential hypertension. Thus NCC was proposed as a candidate
gene for PHAII, but no linkage was observed between the pres-
ence of the disease and the NCC locus in PHAII kindreds.136

However, it has been shown by two independent groups that
one function of wild-type WNK4 is to inhibit activity of the
Na-Cl cotransporter NCC via reduced cell surface expression of
the cotransporter137,138 and that WNK4-bearing PHAII-type
mutations lose the ability to inhibit NCC expression. These
observations suggest that loss of WNK4 negative regulation of
NCC activity is at least one of the mechanisms for increasing
arterial blood pressure in PHAII patients because of an
increased reabsorption of salt in the distal nephron.139 Thus, by
regulating the extracellular fluid volume, NCC is important for
the regulation of arterial blood pressure and therefore is a can-
didate gene in the genesis of essential arterial hypertension.

Thiazide-Type Diuretics in the Treatment
of Hypertension
In 1957, Frederick C. Novello and James M. Sprague synthe-
sized chlorothiazide, the first benzothiadiazine that exhibited a
strong diuretic effect and was clinically useful,79 a major break-
through in the treatment of hypertension. Almost 50 years
after the discovery of thiazide diuretics, these compounds are
still considered by many clinicians as the first-line drug in the
treatment of hypertension. According to the recommendation
of the Seventh Report of the Joint National Committee on
Prevention, Detection, Evaluation, and Treatment of High
Blood Pressure (JNC 7),140 thiazide diuretics should be used as
the initial drug therapy for most hypertensive patients, either
alone or in combination with other antihypertensive agents.
Thiazide-type diuretics have been investigated in controlled

clinical trials of antihypertensive therapy. In most of these tri-
als, including the Antihypertensive and Lipid-Lowering
Treatment to Prevent Heart Attack Trial (ALLHAT), thiazides
have been superior to other antihypertensive drugs in prevent-
ing at least some of the cardiovascular complications of hyper-
tension.141 Thus, according to JNC 7, thiazides are the recom-
mended drug for initial therapy in most patients with stage 1
hypertension (systolic blood pressure between class 140 and
159 mm Hg and/or diastolic blood pressure between 90 an 99
mm Hg),140 although the report makes clear that angiotensin-
converting enzyme (ACE) inhibitors, angiotensin receptor
blockers, β-blockers, or calcium channel blockers can be con-
sidered as acceptable alternatives. In addition, JNC 7 recom-
mendations are that thiazide diuretics should also be included
when combination therapy is in order. In patients with stage 2
hypertension (systolic blood pressure >160 mm Hg and/or
diastolic blood pressure >100 mm Hg) a two-drug combina-
tion is recommended, usually a thiazide-type diuretic plus an
ACE inhibitor, an angiotensin receptor blocker, a β-blocker, or
a calcium channel blocker. Interestingly, despite the fact that
JNC VI and 7 recommend thiazide-type diuretics as first-line
therapy for hypertension, they appear to be underutilized.142

AMILORIDE CONGENERS

Transport Mechanisms in the Collecting
Duct
ENaCs are expressed in apical plasma membranes of principal
cells in the distal nephron (Figure 62–8), extending from the late
distal convoluted tubule through the inner medullary collecting
duct. These channels are the major pathway that mediates reab-
sorptive Na+ transport across epithelial cell layers in conjunction
with a basolateral Na+,K+-ATPase and are selectively inhibited by
submicromolar concentrations of the diuretic amiloride.
Epithelial Na+ channels have a key role in the regulation of uri-
nary Na+ reabsorption, extracellular fluid volume homeostasis,
and control of blood pressure and are a major site of action of
key volume regulatory hormones such as aldosterone.143

Cloning and Characteristics of ENaC
The epithelial Na+ channel is composed of three structurally
related subunits—termed α-, β-, and γ-ENaC—that share
limited sequence identity.144 These channels have a tetrameric
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structure consisting of two α-, two β-, and one γ-subunit that
surround a central pore.145 The α-subunits are on opposite
sides of the pore, separated by β- and γ-subunits.146 Figure
62–9 depicts a linear representation of the three subunits.
They are polypeptides of 641 to 670 amino acid residues with
molecular weight between 72 and 76 kDa. Each subunit has
two membrane-spanning domains separated by a large extra-
cellular domain and intracellular amino- and carboxyl-
termini.147,148 The extracellular loops are highly glycosylated,
increasing the molecular weight of each subunit, and possess
several cysteine-rich regions that are conserved in all members
of the ENaC family, suggesting that disulfide bridges among
isoforms could play an important role in the tertiary structure
of the protein. The channel pore is formed by the regions
immediately preceding and extending through the second
membrane-spanning domain. Sites that restrict K+ perme-
ation through the channel and sites where amiloride interacts
with the channel are found within the area just preceding the
second membrane-spanning domain.149,150

ENaCs are members of a growing gene superfamily.151

Members include genes identified in Caenorhabditis elegans
based on mutations that result in mechanosensation defects
(mecs) or neuronal degeneration (degs), H+-gated channels
(referred to as ASIC) that have a role in nociception, a
peptide-gated channel cloned from the marine snail Helix
aspers, and a family of ion channels found in the fruit fly
Drosophila melanogaster.

Regulation of Na+ Channels
ENaC activity is regulated by several hormones that modulate
extracellular volume and blood pressure, including aldos-
terone, arginine vasopressin, insulin, angiotensin II (via AT1
receptors in the collecting duct), and endothelin. ENaC activ-
ity is also regulated by a variety of factors within the urinary
space. For example, serine proteases, such as prostasin, are
secreted into the tubular lumen and activate Na+ channels,
presumably by cleaving Na+ channel subunits.152-154 Urinary
acidification and mechanical forces, such as shear stress asso-
ciated with increases in rates of tubular flow, activate EnaC.155

Figure 62–10 illustrates the regulation of ENaC surface
expression in the apical membrane of collecting duct cells.
The C-termini of ENaC subunits have a proline-rich protein
interaction module, referred to as a “PY” domain. Nedd4
(neural precursor cells expressed developmentally down-
regulated) is a ubiquitin ligase that contains multiple “WW”
domains156 that are protein interaction modules that recog-
nize and bind PY domains. WW domains are made up of 35
to 40 amino acid residues containing two conserved trypto-
phan (W) residues that are spaced 20 to 22 amino acid
residues apart. Nedd4 binds to ENaC β- and γ-subunits
through WW-PY interactions and facilitates the transfer of
ubiquitin to the ENaC subunits. Channel ubiquitination
serves as a signal for internalization of channels from the plas-
ma membrane and degradation.157,158 Mutations described in
patients with Liddle’s syndrome result in deletions of or muta-
tions within the PY domain that disrupt the binding of Nedd4
to ENaC and subsequent channel ubiquitination. Na+ channels
with Liddle’s syndrome mutations reside at the plasma mem-
brane for a significantly longer time than wild-type channels,
leading to enhanced Na+ reabsorption by the collecting duct. A
number of Nedd4 isoforms have been described, and the role
of specific Nedd4 isoforms in the regulation of ENaC is
presently being explored.

A number of studies have provided new insights regarding
mechanisms by which aldosterone regulates epithelial Na+

channels. Aldosterone increases the expression of the 
α-subunit of ENaC in specific renal tubular segments, as well as
expression of channels at the luminal membrane.107,159 A grow-
ing number of aldosterone-regulated genes have been identi-
fied. The serum- and glucocorticoid-regulated kinase (sgk) is
an aldosterone-induced protein that, when co-expressed with
ENaC, results in an increase in surface expression of Na+ chan-
nels.160 Sgk has a PY motif and binds the protein Nedd4.
Subsequent sgk-mediated phosphorylation of Nedd4 prevents
the interaction of Nedd4 with ENaC and reduces Nedd4-medi-
ated ubiquitination and internalization of ENaC.161,162

Liddle’s Syndrome and
Pseudohypoaldosteronism Type I
Na+ channel gain-of-function mutations have been identified
in patients with Liddle’s syndrome, a rare disorder character-
ized by volume expansion, hypokalemia, and hypertension.
Patients with this disorder have mutations in genes encoding
ENaC β- or γ-subunits that result in either truncations of the
intracellular carboxyl-termini or amino acid substitutions
within the PY motifs of the β- or γ-subunits.143,163,165 As dis-
cussed previously, these mutations are thought to disrupt the
binding of Nedd4 to ENaC and prevent Nedd4-dependent
inhibition of channel expression. Furthermore, certain com-
mon human epithelial Na+ channel polymorphisms segregate
with blood pressure (i.e., βT594M), suggesting that these poly-
morphisms are associated with altered activity of the chan-
nel.166 Rare mutations of the mineralocortoid receptor that
result in receptor activation by progesterone have been associ-
ated with early-onset hypertension that is exacerbated by preg-
nancy.167 Specific disorders of mineralocorticoid and glucocor-
ticoid metabolism are also associated with hypertension and
are reviewed in Chapter 75.

Na+ channel loss-of-function mutations have been identi-
fied in patients with an autosomal-recessive variant of type 1
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FFigure 62–9 Linear representation of the proposed topology
of the epithelial sodium channel α-, β-, and γ-subunits. The
boxes in black marked as M1 or M2 are the transmembrane
helices. The extracellular loop located between M1 and M2
contains several glycosylation sites (depicted as little
evergreen bushes).
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pseudohypoaldosteronism, a disorder characterized by volume
depletion, hypotension, and hyperkalemia.168 Mutations in the
mineralocorticoid receptor have been reported in patients with
an autosomal-dominant variant of type 1 pseudohypoaldos-
teronism, a relatively mild form of pseudohypoaldosteronism
that tends to remit with age.169

Amiloride Congeners
Amiloride was discovered during a search for diuretics that
could prevent the kaliuresis that was observed with thiazide
and loop diuretics.170 Amiloride induces a mild natriuresis fol-
lowing oral administration while exerting an antikaliuretic
effect. Both the natriuresis and antikaliuretic effects are due to
inhibition of the epithelial Na+ channel.171 In the late distal
convoluted tubule through the cortical collecting duct, Na+

reabsorption via epithelial Na+ channels is tightly coupled to
K+ secretion that is mediated by apical membrane K+ chan-
nels. Activation of Na+ channels enhances K+ secretion, where-
as inhibition of Na+ channels is associated with an inhibition of
K+ secretion. The major apical membrane K+ channel in the
distal nephron is a member of the family of inwardly rectifying
K+ channels referred to as Kir1.1 or ROMK.172 Other K+ chan-
nels, including a large conductance Ca2+-activated K+ channel,
commonly referred to as maxi K+, also participate in renal K+

secretion in the collecting duct.173,174

Increased tubular flow rates in the collecting duct occur
with administration of thiazide or loop diuretics. As men-
tioned previously, increased tubular flow rates in collecting
ducts activate epithelial Na+ channels and enhance rates of
Na+ reabsorption. Furthermore, an increase in tubular flow
rates in collecting ducts activates maxi K+ channels. Thus the
kaliuresis observed with thiazide and loop diuretics reflects
both flow-dependent activation of epithelial Na+ channels and
maxi K+ channels in cortical collecting ducts.

Amiloride is a substituted pyrazinolyguanidine, and it is the
charged, or protonated, form of amiloride that blocks the Na+

channel. The pKa of amiloride is 8.8 in water, and amiloride is
largely protonated in the distal nephron where urinary acidi-
fication occurs.175 Other organic cations, including tri-
amterene and trimethoprim, inhibit Na+ channels and func-
tion as K+-sparing diuretics.176,177 These organic cations
apparently block the channel’s pore, and residues that likely
participate in amiloride binding have been localized to a
region immediately preceding the channel’s selectivity filter.178

Mineralocorticoid antagonists, such as spironolactone and
eplerenone, are also K+-sparing diuretics. Spironolactone is

often used in the clinical setting of cirrhosis and extracellular
fluid volume expansion. Administration of spironolactone in
the setting of severe congestive heart failure has been associat-
ed with a reduction in mortality.179 However, side effects asso-
ciated with administration of spironolactone, including
gynecomastia, limit its clinical use. Eplerenone represents a
member of a new class of selective mineralocorticoid receptor
antagonists that may provide physicians with an alternative to
spironolactone that is better tolerated.180 A recent publication
from the Eplerenone Post-Acute Myocardial Infarction Heart
Failure Efficacy and Survival Study (EPHESUS) indicated that
administration of eplerenone to patients following myocar-
dial infarction complicated by heart failure was associated
with a reduction in mortality and morbidity.181 Eplerenone
was extremely well tolerated in the EPHESUS trial.

Amiloride in the Treatment
of Hypertension
Diuretics are used in the treatment of hypertension and ede-
matous states, including congestive heart failure and cirrhosis.
Amiloride has been used alone as a diuretic in the treatment
of these disorders, although more-potent diuretics that affect
different sites in the nephron, including thiazides and loop
diuretics, are more frequently used in this setting. Both thi-
azide and loop diuretics induce kaliuresis, and amiloride is
most often administered to prevent kaliuresis, because
hypokalemia may lead to further elevations in blood pressure
in patients with hypertension.182,183 In addition, hypokalemia
is also associated with insulin resistance, diabetes, arrhyth-
mias, and sudden death.184-186 Amiloride may be used to pre-
vent hypokalemia and hypertension associated with elevated
circulating levels of glucocorticoids or mineralocorticoids and
in patients with inherited disorders associated with Na+ chan-
nel activation such as Liddle’s syndrome. Amiloride also exerts
Mg2+-sparing effects and the combined use of amiloride and
loop diuretics, such as furosemide, may prevent diuretic-
induced Mg2+ wasting.187 The major side effect associated with
administration of amiloride and other K+-sparing diuretics is
hyperkalemia. Although approximately 10% of patients
receiving amiloride in the absence of a kaliuretic diuretic may
develop hyperkalemia, defined as a serum K+ concentration of
greater than 5.5 mEq/L, the incidence of hyperkalemia
decreases to a few percent when amiloride is administered
with a thiazide diuretic. The incidence of hyperkalemia in
patients receiving K+-sparing diuretics increases in patients
receiving β-adrenergic blockers or ACE inhibitors. In
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addition, the incidence of hyperkalemia is increased in
patients with renal insufficiency, diabetes mellitus, metabolic
or respiratory acidosis, and in the elderly. The use of K+-
sparing diuretics is also associated with an increase in urinary
pH and decrease in serum bicarbonate concentration, which
reflects a decrease in proton secretion in the distal nephron.
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The seventh report of the Joint National Committee on
Prevention, Detection, Evaluation, and Treatment of High
Blood Pressure (JNC 7) from the National High Blood
Pressure Education Program of the National Heart Lung and
Blood Institute has reiterated the recommendation of JNC
III thru VI that β-adrenergic blockers are appropriate alter-
natives as first-line treatment for hypertension.1 These
recommendations are based on the reduction of patient
morbidity and mortality when these drugs are used in large
clinical trials. Although there is no consensus as to the mech-
anisms by which β-blocking drugs lower blood pressure
(BP), it is probable that some or all of the modes of action
referred to in Box 63–1 are involved.2

Thirteen orally active β-adrenergic blockers are approved in
the United States for the treatment of hypertension (Table
63–1). In addition, intravenous labetalol is approved for the
management of hypertensive emergencies. Oral bisoprolol in
combination with a very-low-dose diuretic is available as a
first-line antihypertensive treatment, the first such β-blocker
combination so approved for the treatment of hypertension.3

The various β-blocking agents differ in terms of the presence
or absence of intrinsic sympathomimetic activity (ISA),
membrane-stabilizing activity (MSA), β1-selectivity, α-adren-
ergic blocking activity, and relative potencies and durations of
action. Nevertheless, all β-blockers studied to date appear to
have favorable BP-lowering effects when used in appropriate
dosages.4,5

PHARMACODYNAMIC PROPERTIES

Membrane-Stabilizing Activity
At concentrations well above therapeutic levels, certain 
β-blockers have a quinidine-like or local anesthetic
membrane-stabilizing effect on the cardiac action potential.
There is no evidence that MSA is responsible for any direct
negative inotropic effect of the β-blockers, because drugs with
and without this property can depress left ventricular func-
tion. However, MSA can manifest itself clinically with massive
β-blocker intoxications.2,4

β1-Selectivity
When used in low doses, β1-selective blocking agents such as
acebutolol, betaxolol, bisoprolol, esmolol, atenolol, and meto-
prolol inhibit cardiac β2-receptors but have less influence on
bronchial and vascular β-adrenergic receptors (β2). In higher
doses, however, β1-selective blocking agents also block 
β2 receptors. Accordingly, β1-selective agents may be safer than
nonselective ones in patients with obstructive pulmonary dis-
ease, because β2 receptors remain available to mediate adren-
ergic bronchodilation. However, even selective β-blockers may

aggravate bronchospasm in certain patients, and so these
drugs should generally not be used in patients with bron-
chospastic disease.2,4

A second theoretical advantage is that unlike nonselective 
β-blockers, β1-selective blockers in low doses may not block
the β2 receptors that mediate dilation of arterioles. It is possi-
ble that leaving the β2 receptors unblocked and responsive to
epinephrine may be functionally important in some patients
with asthma, hypoglycemia, hypertension, or peripheral vascu-
lar disease treated with β-adrenergic blocking drugs.2,4

Intrinsic Sympathomimetic Activity
or Partial Agonist Activity
Certain β-adrenergic receptor blockers possess partial agonist
activity at β1-adrenergic receptor sites, β2-adrenergic receptor
sites, or both. In a β-blocker, this property is identified as a
slight cardiac stimulation, which can be blocked by pro-
pranolol. The β-blockers with this property slightly activate the
β receptor in addition to preventing the access of natural or
synthetic catecholamines to the receptor. In the treatment of
patients with arrhythmias, angina pectoris of effort, or hyper-
tension, drugs with mild-to-moderate partial agonist activity
appear to be as efficacious as β-blockers lacking this property.
It is still debated whether the presence of partial agonist activ-
ity in a β-blocker constitutes an overall advantage or disad-
vantage in cardiac therapy. Drugs with partial agonist activity
cause less slowing of the heart rate at rest than do propranolol
and metoprolol, although the increments in heart rate with
exercise are similarly blunted. β-Blocking agents with nonse-
lective partial agonist activity reduce peripheral vascular resist-
ance and may also cause less depression or atrioventricular con-
duction delay compared with drugs lacking this property.2-6

α-Adrenergic Activity
Carvedilol and labetalol are β-blockers with antagonistic prop-
erties at both α- and β-adrenergic receptors and direct
vasodilator activity. Like other β-blockers, they are useful in the
treatment of hypertension and angina pectoris. However, unlike
most β-blocking drugs, the additional α-adrenergic blocking
actions of carvedilol and labetalol lead to a reduction in periph-
eral vascular resistance that may maintain cardiac output.
Whether concomitant α-adrenergic blocking activity is actually
advantageous in a β-blocker remains to be determined.2,4

PHARMACOKINETIC PROPERTIES

Although the β-adrenergic blocking drugs as a group have
similar therapeutic effects, their pharmacokinetics are
markedly different (Tables 63–2 and 63–3). Their varied aro-
matic ring structures lead to differences in completeness of

b-Adrenergic Blockers
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gastrointestinal absorption, amount of first-pass hepatic
metabolism, lipid solubility, protein binding, extent of distri-
bution in the body, penetration into the brain, concentration
in the heart, rate of hepatic biotransformation, pharmacologic
activity of metabolites, and renal clearance of the drugs and
their metabolites, which may influence their clinical useful-
ness in some patients.2,4,7

The β-blockers can be divided by their pharmacokinetic
properties into two broad categories: those eliminated by
hepatic metabolism, which tend to have relatively short
plasma half-lives, and those eliminated unchanged by the
kidney, which tend to have longer half-lives. Propranolol and
metoprolol are both lipid soluble, are almost completely
absorbed by the small intestine, and are largely metabolized
by the liver. They tend to have highly variable bioavailability

and relatively short plasma half-lives. A lack of correlation
between the duration of clinical pharmacologic effect and
plasma half-life may allow these drugs to be administered
once or twice daily.2,4

In contrast, agents such as atenolol and nadolol are more
water soluble, are incompletely absorbed through the gut, and
are eliminated unchanged by the kidney. They tend to have
less variable bioavailability in patients with normal renal
function, in addition to longer half-lives, allowing one dose a
day. The longer half-lives may be useful in patients who find
compliance with frequent β-blocker dosing a problem.2,4

Extended-release formulations of metoprolol and pro-
pranolol are available that allow once-daily dosing of these
drugs. Studies have shown that both long-acting propranolol
and metoprolol provide much smoother curves of daily
plasma levels than do comparable divided doses of conven-
tional propranolol and metoprolol. In addition, a delayed-
release/extended-release chronotherapeutic formulation of
propranolol has become available, which is dosed at night to
address circadian variations in BP in an attempt to blunt early
morning elevations while providing 24-hour BP control.8

Early morning BP peaks have been associated with increased
cardiovascular and cerebrovascular events, but the clinical sig-
nificance of early morning BP blunting with delayed-release
drugs has not yet been shown.9 Sublingual and nasal spray
formulations that can provide immediate β-blockade have
been tested in clinical trials.2,4

Ultra-short-acting β-blockers are now available and may be
useful where a short duration of action is desired (e.g., in
patients with questionable congestive heart failure [CHF]).
One of these compounds, esmolol, a β1-selective drug has
been shown to be useful in the treatment of perioperative
hypertension and supraventricular tachycardias. The short
half-life (approximately 15 minutes) relates to the rapid
metabolism of the drug by circulating and hepatic esterases.
Metabolism does not seem to be altered by disease states.10
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Box 63–1 Proposed Mechanisms to Explain the
Antihypertensive Actions of β-Blockers

1. Reduction in cardiac output
2. Central nervous system effect
3. Inhibition of renin-angiotensin-aldosterone system
4. Reduction in plasma volume
5. Reduction in vasomotor tone
6. Reduction in peripheral vascular resistance
7. Improvement in vascular compliance
8. Resetting of baroreceptor levels
9. Effects on prejunctional β receptors: reduction in

norepinephrine release
10. Attenuation of pressor response to catecholamines

with exercise and stress

(From Frishman WH. Clinical Pharmacology of the 
β Adrenoceptor Blocking Drugs, 2nd ed. Norwalk, Appleton-
Century-Crofts, l984. With permission.)

Table 63–1 Pharmacodynamic Properties of β-Adrenergic Blocking Drugs Used for Hypertension in the United States

β1-Blockade Potency Relative Intrinsic Sympathomimetic Membrane-Stabilizing 
Drug Ratio (Propranolol = 1.0) β1-Selectivity Activity Activity

Acebutolol 0.3 + + +
Atenolol 1.0 ++ 0 0
Betaxolol 1.0 ++ 0 +
Bisoprolol* 10.0 ++ 0 0
Carteolol 10.0 0 + 0
Carvedilol† 10.0 0 0 ++
Labetalol‡ 0.3 0 +? 0
Metoprolol 1.0 ++ 0 0
Nadolol 1.0 0 0 0
Penbutolol 1.0 0 + 0
Pindolol 6.0 0 ++ +
Propranolol 1.0 0 0 ++
Timolol 6.0 0 0 0

(Adapted from Frishman WH. Alpha and beta-adrenergic blocking drugs. In Frishman WH, Sonnenblick EH, Sica DA (eds).
Cardiovascular Pharmacotherapeutics, 2nd ed. New York, McGraw Hill, 2003; pp 67-97.)
*Bisoprolol is also approved as a first-line antihypertensive therapy in combination with a very-low-dose diuretic.
†Carvedilol has additional α1-adrenergic blocking activity without peripheral β2-agonism.
‡Labetalol has additional α1-adrenergic blocking activity and direct vasodilatory activity (β2-agonism); it is
available for use in intravenous form for hypertensive emergencies.
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EFFECTS ON BLOOD PRESSURE

β-Adrenergic blockers, alone and in combination with other
antihypertensives, reduce BP in patients with combined sys-
tolic and diastolic hypertension and with isolated systolic
hypertension.11-14 Uncommonly, there is a paradoxical eleva-
tion of systolic blood pressure during β-blockade in persons
with severe aortic arteriosclerosis, presumably due to the
increased stroke volume caused by rate slowing in the setting
of increased impedance. Escalating doses of β-blockers and
combined α-β–blockers can induce salt and water retention,
making diuretics a common adjunctive therapy.15 The β-
blocking drugs are considered to be an alternative first-line
treatment for hypertension and are also indicated for patients
having concomitant angina pectoris, arrhythmias, hyper-
trophic cardiomyopathy, congestive cardiomyopathy, hyper-
dynamic circulations, essential tremor, and migraine
headaches.2,6,15-21 Some β-adrenergic blockers are also found
to reduce the risk of mortality in survivors of acute myo-
cardial infarction (MI), with and without heart failure.22,23

The drugs can be used with caution in pregnancy, and appear
to be especially useful in treating and preventing perioperative
hypertension.24,25

Most antihypertensive drugs, including β-blockers, may
reduce left ventricular mass and wall thickness.26,27 However,
in an outcome study of patients with stage 2 hypertension and
ECG evidence of left ventricular hypertrophy (LVH), it was
shown that losartan had a greater effect on LVH regression
compared with atenolol, despite similar BP control.28 Using a
primary composite endpoint of death, stroke, and cardio-
vascular morbidity, there was a significant benefit in favor of
losartan.29

There is evidence that some β-adrenergic blockers (those
not having partial agonist activity) may not be as effective as
other antihypertensive treatments in Black patients. Similar
observations have been made in older patients.30 However,
when combined with a diuretic, β-blockers appear to be as
effective as other combination treatment regimens in both
Black and elderly patients.2,4

The α-β–blocker, labetalol, is the only β-blocker indicated
for parenteral management of hypertensive emergencies and
for treatment of intraoperative and postoperative hyper-
tension. It can also be used in oral form to treat patients with
hypertensive urgencies.2,4

ADVERSE EFFECTS AND
CONTRAINDICATIONS

β-Adrenergic blockers should not be used in patients with
asthma, chronic obstructive pulmonary disease, unstable CHF
with systolic dysfunction, heart block (greater than first
degree), or sick sinus syndrome.2-6 The α-β–blocker carvedilol
can be used to reduce morbidity and mortality in those
patients having hypertension and stable New York Heart
Association (NYHA) class II-IV heart failure who are receiving
diuretics, angiotensin-converting enzyme (ACE) inhibitors,
and digoxin.16,31,32 The β1-selective agents bisoprolol and long-
acting metoprolol used in an extended-release formulation
have also been shown to reduce morbidity and mortality in
patients with stable NYHA class II-III heart failure.33,34

β-Blockers should be used with caution in insulin-
dependent diabetes because they may worsen glucose intoler-
ance and mask the symptoms of and prolong recovery from
hypoglycemia. There is probably a shorter recovery period
from hypoglycemia with β1-selective adrenergic blockers.2,4

β-Blockers should not be discontinued abruptly in patients
with known ischemic heart disease.2-6 In a prospective cohort
study, it was found that antihypertensive therapy with β-
blockers was associated with a greater incidence of type 2 dia-
betes than was the use of ACE inhibitors, diuretics, and cal-
cium channel blockers.35 However, this increased risk of
diabetes must be weighed against the proven benefit of
β-blockers in reducing the risk of cardiovascular events.36

Perhaps for this reason, JNC 7 recommended β-blockers as
having “compelling indications” for use in patients with dia-
betes in whom the leading cause of death is cardiovascular
disease.

β-Blockers may increase levels of plasma triglycerides and
reduce those of high-density lipoprotein cholesterol.37

Despite this effect, β-blockers without ISA are the only agents
conclusively shown to decrease the rate of sudden death,
overall mortality, and recurrent MI in survivors of acute
MI.22 β-Blockers with ISA or α-blocking activity have little or
no adverse effect on plasma lipids.37

Dreams, hallucinations, insomnia, and depression can
occur during therapy with β-blockers.5,38 These symptoms
provide evidence of drug entry into the central nervous
system (CNS) and may be more common with the highly
lipid-soluble β-blockers (propranolol, metoprolol), which
presumably penetrate the CNS better. It has been claimed that
β-blockers with less lipid-solubility (atenolol, nadolol) cause
fewer CNS side effects.39,40 This claim is intriguing but its
validity has not been corroborated by other extensive clinical
experiences.41,42

There are special considerations when β-blockers are com-
bined with other drugs.43-45 Combinations of diltiazem or ver-
apamil with β-blockers may have additional sinoatrial and
atrioventricular node depressant effects, and may also pro-
mote negative inotropy.43 Combinations of β-blockers and
reserpine may cause marked bradycardia and syncope.
Combination with phenylpropanolamine, pseudoephedrine,
ephedrine, and epinephrine can cause elevations in BP due to
unopposed α-receptor–induced vasoconstriction.
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660 Chapter 64

THE SYMPATHETIC NERVOUS SYSTEM
IN BLOOD PRESSURE REGULATION

In the human vasculature, there are two types of adrenocep-
tors, alpha (α) and beta (β), which are transmembrane recep-
tors initiating biologic signals. Since the discovery of the 
α- and β-adrenergic receptors (adrenoceptors) more than 50
years ago,1 α-adrenoceptors (αAR) have been shown to par-
ticipate in the physiologic regulation of vascular resistance
and also play a role in hypertension2 and other cardiovascular
disorders such as myocardial hypertrophy.3 To understand the
role of αAR and the modulation of receptor function in
hypertension by pharmacologic antagonists of αAR, it is nec-
essary to be familiar with the contributions of the sympathet-
ic nervous system (SNS) to the development of hypertension
(see Chapter 6).2,4-6

Effective organ perfusion requires appropriate resistance to
blood flow to maintain arterial pressure. The arterial pressure
is regulated by changes in cardiac output and/or systemic vas-
cular resistance. The dominant regulator of vascular resistance
is smooth muscle tone, which helps regulate the most impor-
tant determinant of resistance to flow, the cross-sectional area
of a vessel. Two major neurohormonal systems—the auto-
nomic nervous system (ANS) and the renin-angiotensin-
aldosterone system (RAAS)—regulate smooth muscle tone.
The peripheral ANS has three main components: (1) the SNS,
which comprises the autonomic outflow from the thoracic
and high lumbar segments of the spinal cord; (2) the
parasympathetic nervous system (PNS), which includes the
outflow from the cranial nerves and the low lumbar and
sacral spinal cord; and (3) the enteric nervous system, the
intrinsic neurons in the wall of the gut. In addition to the
blood vessels, the urinary bladder, penis, and prostate also
have smooth muscle cells that are innervated by SNS and
PNS neurons to help regulate micturition, erection, and ejac-
ulation.7,8 As noted later, the SNS influences on lower urinary
tract function play an important role in benign prostatic
hyperplasia (BPH)9 and lower urinary tract symptoms
(LUTS),10 both common conditions among older males with
hypertension.

ABNORMALITIES OF THE SYMPATHETIC
NERVOUS SYSTEM IN HYPERTENSION

A number of abnormalities have been identified in high blood
pressure, most notably increased SNS activity, which
contributes to an increase in vasoconstriction and total periph-
eral vascular resistance. Studies have demonstrated in both
borderline and mild hypertension an increased cardiac β-
adrenergic drive with increased cardiac output and faster heart
rate and an increased vascular α-adrenergic drive. A longitudi-
nal study over 20 years showed the gradual transformation of

such patients to established hypertension with normal cardiac
output and increased vascular resistance.11 Mechanisms that
underlie this transition from high cardiac output to high vas-
cular resistance involve modifications of SNS receptors and a
dominant role for αAR. There is functional down-regulation
of β-adrenergic responsiveness in the heart12 plus alteration of
vascular anatomy and function4 followed by a steady increase
in vascular resistance. An exaggerated response of blood vessels
to adrenergic and nonadrenergic vasoconstrictors13 likely con-
tributes to the steady increase in vascular resistance during this
evolution of hypertension.

THE SUBTYPES OF a-ADRENOCEPTORS

Almost all vasomotor neurons are adrenergic, with the neuro-
transmitter norepinephrine producing vasoconstriction by
acting on a specific type of transmembrane receptor on the
vascular smooth muscle, the αAR. Within αAR there now
identified six subtypes—which are designated α1A, α1B, α1D,
α2A, α2B, and α2C—and one other candidate (α1L), which may
be a conformational state of the α1A adrenoceptor.14-16

Table 64-1 lists further details about these six subtypes.17

Furthermore, the vascular endothelium is now known to be
more than a passive anatomic barrier that contacts the blood.
Instead, the endothelium is an important organ possessing at
least two different αAR subtypes (α2A, α2C) and three 
β-adrenoceptor subtypes (β1, β2, and β3), which either direct-
ly or through the release of nitric oxide actively participate in
the regulation of the vascular tone. The precise roles for each
of these multiple subtypes of adrenoceptors in the regulation
of blood pressure are not completely defined.

MOLECULAR MECHANISM OF 
a1-ADRENOCEPTOR ACTIVATION

Stimulation of the αAR complex begins when circulating nor-
epinephrine binds to the postsynaptic α1-adrenoceptor
(α1AR), thus activating the receptor.18 As shown in detail in
Figure 64-1, innervation of smooth muscle by sympathetic
nerve terminals involves a tight junction (or “synapse”), so
there is close proximity of neural membranes to smooth mus-
cle cells. The synaptic gap (or “cleft”) between the neural end-
ings and the smooth muscle cells is visible only with an elec-
tron microscope. The neural components of these synapses
are described as “presynaptic”; the smooth muscle compo-
nents, including the α1AR, are “postsynaptic.” Sympathetic
nerve impulses travel down the nerve, depolarize the nerve
terminal, and stimulate the release of norepinephrine into the
synaptic cleft by exocytosis. Exocytosis occurs when
norepinephrine-containing vesicles in the nerve terminals
bind to presynaptic neural membranes; the fused vesicles then

α-Adrenoceptor Blockers
James L. Pool
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open and empty their neurotransmitter (norepinephrine)
into the synaptic cleft, where it is available to bind to postsy-
naptic adrenoceptors.

The postsynaptic α1AR is a complex structure that spans
the width of the smooth muscle cell membrane, with specific
topographic features on its outer surface that “recognize” and
bind the newly released norepinephrine. This α1AR complex
includes (1) the α1AR, (2) a “transducer subunit”—the gua-
nine nucleotide releasing protein (GNRP), (3) a “catalytic
subunit”—phospholipase C (PLC), and (4) the dual “second
messengers”—inositol 1,4,5-trisphosphate (IP3) and diacyl-
glycerol (DAG). When circulating norepinephrine binds to the
transmembrane α1AR, this “activates” the receptor and initi-

ates a cascade of events. The activated α1AR couples with a
GNRP to activate PLC, which hydrolyzes phosphatidylinositol
4,5-bisphosphate (PIP2) to generate IP3 and DAG. Release of
the newly synthesized IP3 initiates a sharp rise in the cytoplas-
mic, ionized calcium (Ca2+) by releasing intracellular stored
Ca2+. The large and transient increase in Ca2+ activates chlo-
ride channels, leading to a membrane depolarization, which
opens voltage-gated Ca2+ channels, releasing Ca2+ into the
cytoplasm, resulting in contraction of the smooth muscle cell.
In addition, the other “second messenger,” DAG, transiently
activates protein kinase C (PKC), which increases the opening
probability of Ca2+ channels through a phosphorylation-
dependent process, thus increasing cytoplasmic Ca2+.

a-ADRENOCEPTORS IN THE
URINARY BLADDER AND
LUMBOSACRAL SPINAL CORD

During the development of BPH and LUTS in males, obstruc-
tion to urine flow is attributed to two components: (1) a “stat-
ic” or anatomic component (enlarged prostate gland) and (2)
a “dynamic” or functional component (increased smooth
muscle tone in the bladder neck, the prostate capsule, and the
fibromuscular stroma of the prostate gland). Up to 40% of

Table 64–1 α1-Adrenoceptor Subtypes (1995 Classification)

Cloned Human
Native Cloned Receptors Chromosome
Receptors Receptors (Historical) Location

α1A α1a α1a C8

α1B α1b α1b C5

α1D α1d α1a/d, α1a C20

Sympathetic neuron

Extracellular

Vascular smooth muscle membrane
Synaptic cleft

Exocytosis of
norepinephrine (NE) from

sympathetic neuron

Intracellular
GNRP

Activated
PLC

PIP2

IP3
Ca+2

Ca
+2

Ca+2

Ca
+2

Ca
+2

Ca +2

Ca
+2

Ca +2

Ca+2

Ca+2

Ca+2

Ca+2 Ca +2

DAG

DAG

NE

NE

NE
NE

NE
NENE

NE

NE

α1-
adrenoceptor

NE

FFigure 64–1 Sympathetic nerve impulses depolarize nerve terminals and stimulate the release of norepinephrine (NE) into the
synaptic cleft by the process of exocytosis. NE-containing vesicles in nerve terminals bind to presynaptic neural membranes;
then the fused vesicles open, emptying NE into the synaptic cleft, where it is available to bind to adrenoceptors (AR). The
active α1AR couples with a guanine nucleotide releasing protein (GNRP) (Gq/G11) to activate phospholipase C (PLC), which
hydrolyzes phosphatidylinositol 4,5-bisphosphate (PIP2) to generate inositol 1,4,5-trisphosphate (IP3) and diacylglycerol
(DAG). IP3 releases intracellular stored Ca2+. Not shown in this figure are two additional intracellular events. The large and
transient increase in Ca2+ activates chloride channels, leading to a membrane depolarization that opens voltage-gated Ca2+

channels. Also, DAG transiently activates protein kinase C (PKC), which increases the opening probability of Ca2+ channels
through a phosphorylation-dependent process. This complex α1AR pathway causes the physiologic action (contraction) of NE
in vascular smooth muscle.
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total urethral pressure is due to α-adrenergic tone, and the rest
is due to static pressure from the enlarged prostate.19

Relaxation of this smooth muscle tone by α1AR blockers
increases urinary flow and improves LUTS in patients with
BPH.20

Although a simplified explanation of this therapeutic effect
was provided initially, the exact role of the SNS in the regula-
tion of micturition in normal and BPH persons remains
uncertain. Early findings suggest that two types of spinal
α1AR mechanisms are involved in reflex bladder activity.7

Facilitatory α1AR in bulbospinal pathways from the brainstem
to the lumbosacral spinal cord contribute to neural control of
the lower urinary tract. In the urinary outflow tract, α1AR are
located in smooth muscle cells of the neck of the urinary
bladder, capsule of the prostate, and fibromuscular stroma of
the prostate. Stimulation of α1AR in the bladder outflow tract
increases resistance to urine flow. The frequency of the reflex
to urinate is inhibited by afferent α1AR in the spinal cord. The
descending limb of the micturition reflex pathway may be
facilitated by α1AR. For control of the micturition reflex,
selective α1 adrenoceptor antagonists (α1ARA) are used, and
it is thought that these drugs have dual sites of action, includ-
ing both the central nervous system and the smooth muscle of
the lower urinary tract.

SELECTIVE POSTSYNAPTIC 
a1-ADRENOCEPTOR BLOCKADE

When stimulated, α1AR, located postsynaptically in smooth
muscle, produce vasoconstriction of the blood vessels.
Sympathetic overactivity in hypertension results in an excess
stimulation of postsynaptic α1AR. Consequently, there
emerged a sound therapeutic rationale for the use of selective
α1ARA in the treatment of hypertension. By selectively
inhibiting the vascular α1AR and thereby inhibiting the
receptor-mediated response to norepinephrine, these agents
reduce blood pressure via a decrease in peripheral vascular
resistance (Figure 64-2).21 The reduction in blood pressure is
achieved with little or no change in central hemodynamic
parameters such as heart rate, stroke index, or cardiac index.
As shown in Figure 64-2, these favorable hemodynamic effects
of selective α1 inhibitors are evident during exercise, when
cardiac performance is better preserved with α1-blockers than
with β-blockers.

AN OVERVIEW OF a-ADRENOCEPTOR
ANTAGONISTS

Nonselective α-adrenoceptor antagonists, phentolamine
and phenoxybenzamine, which bind to both α1 and α2 recep-
tors, were discovered first. However, three categories of α-
adrenoceptor blockers have been introduced over the past four
decades, including nonselective (α1+ α2), presynaptic α2, and
postsynaptic α1ARA. Table 64-2 lists clinically available and
major research drugs available in this class. Selective, postsy-
naptic α1ARA, often referred to as “α1-blockers” or simply “α-
blockers,” lower blood pressure primarily by post-synaptic
α1AR blockade. In this respect, selective α1ARAs differ from
nonselective α-blockers including the competitive inhibitor
phentolamine and the noncompetitive inhibitor phenoxyben-

zamine.22 Importantly, stimulation of presynaptic α2-
adrenoceptors inhibits norepinephrine release. Nonselective
α-blockade prevents this inhibition and causes α2 receptors to
increase norepinephrine release, with resultant β-
adrenoceptor-mediated tachycardia, enhanced renin secretion,
and attenuation of postsynaptic α1 inhibition. In fact, selective
blockade of these presynaptic α2-adrenoceptors with a drug
such as yohimbine can lead to a rise in blood pressure. As a
result of these pharmacodynamic consequences of nonselec-
tive α-adrenoceptor blockade, these agents were unsuccessful
in treatment of essential hypertension and symptomatic BPH.

Phentolamine, a parenteral drug, is used almost exclusively
for emergent and urgent severe hypertension with excess cat-
echolamine release (see Chapter 78). The oral, nonselective
and noncompetitive α inhibitor phenoxybenzamine remains
an important agent in the preoperative management of
pheochromocytoma and cases of inoperable metastatic
pheochromocytoma (see Chapter 76). In contrast to the non-
selective drugs, the selective α1ARAs, which include the three
major marketed antihypertensive agents doxazosin, prazosin,
and terazosin (Figure 64-3), reduce vascular tone in capaci-
tance vessels and resistance vessels to provide a balance of pre-
load and afterload reduction, thus avoiding vasodilation
(afterload reduction) without venodilation (preload reduc-
tion), which would promote an increase in cardiac output and
heart rate.

A unique feature of two of the selective α1ARAs—labetalol
and carvedilol—is blockade of β1- and β2-adrenoceptors.
Labetalol is an equal molar mixture of four stereoisomers.
One stereoisomer is an α1ARA, which is equivalent to ~10%
of α-blockade with phentolamine. Another isomer is a nons-
elective β-adrenoceptor antagonist with partial agonist activi-
ty, and the other two isomers are inactive. The isomer that is a 
β-adrenoceptor antagonist was developed separately as a drug
(dilevalol) but was removed from world markets because of
serious hepatotoxicity. Labetalol lowers arterial pressure by
reducing vascular resistance as a consequence of blockade of
α1AR and stimulation of peripheral β2-adrenoceptors. In
contrast, carvedilol is predominately a nonselective β-blocker
and selective α1ARA, which is indicated for the treatment of
heart failure and/or hypertension. The ratio of α1- to 
β-adrenoceptor antagonist potency for carvedilol is 1:10.

TREATMENT OF HYPERTENSION WITH
a1-ADRENOCEPTOR ANTAGONISTS

Clinical studies have shown α1ARA to lower blood pressure
through reduction of vascular resistance without significant
effects on heart rate, cardiac output, or central hemodynamic
parameters in hypertensive patients.23 In normotensive per-
sons who have normal sympathetic tone and peripheral vas-
cular resistance, blood pressure effects are not clinically signif-
icant, which has contributed to their utility in the treatment of
conditions other than hypertension, such as BPH and
Raynaud’s disease. Prazosin, terazosin, and doxazosin are
effective antihypertensive agents, whether used as monother-
apy or as part of a regimen of multiple antihypertensive drugs.
Because of their longer duration of action, doxazosin and ter-
azosin have generally replaced prazosin in treatment of blood
pressure. Their effects are additive to those of angiotensin
converting enzyme (ACE) inhibitors, angiotensin receptor
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antagonists, β-blockers, calcium channel blockers, diuretics,
and direct-acting vasodilators. About 50% of mild to moder-
ate essential hypertensives treated with monotherapy in
placebo-controlled trials achieved diastolic blood pressures
<90 mm Hg but lesser systolic blood pressure control <140
mm Hg.24 In large placebo-controlled hypertension studies,
doxazosin or terazosin once daily lowered blood pressure at
24 hours by ~10/8 mm Hg as compared with placebo in the
standing position and ~9/5 mm Hg in the supine position.

Age, race, and gender do not influence blood pressure
response to selective α1-blockers. In clinical practice for
more than a decade, α1-blockers have had their widest
application as one component of multiple drug regimens
for the treatment of moderate to severe hypertension.
Although less pronounced than with potent vasodilators,
monotherapy with α1-blockers promotes sodium and water
retention. Use of a diuretic prevents fluid retention and can
markedly enhance the antihypertensive effect of the drugs.
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FFigure 64–2 During chronic treatment of 12 patients for 1 year with doxazosin, there is a marked decrease in the total
peripheral resistance index at rest and exercise, but maintenance of normal central hemodynamic parameters, including stroke
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INEFFECTIVE FOR TREATMENT 
OF HEART FAILURE

α-Blockers have not shown sustained benefits in chronic
congestive heart failure (CHF). Mortality from left ventricu-
lar dysfunction is not improved by selective α1ARA. In the
1986 Veterans Administration Cooperative Study25 on the
effect of vasodilator therapy in chronic CHF, mortality in the
prazosin treatment group was similar to that in the placebo
group. Furthermore, chronic therapy in heart failure with
α1-blocker (doxazosin) plus β-blocker (metoprolol) pro-
duces effects identical to those seen in patients receiving 
β-blocker alone.

METABOLIC EFFECTS

Selective α1ARA have proven beneficial effects on the lipid
profiles of hypertensive patients. Several controlled studies

have demonstrated reductions in total cholesterol, low-
density lipoprotein (LDL) cholesterol and triglycerides and
increased levels of high-density lipoprotein (HDL) cholesterol
and the ratio of HDL cholesterol:total cholesterol.26 In hyper-
tensive patients with baseline values similar to the general
population, doxazosin produced small reductions in total
serum cholesterol (2%-3%), LDL cholesterol (4%), and a sim-
ilarly small increase in the HDL:total cholesterol ratio (4%).
These modifications of the serum lipid profile are the result of
several different mechanisms.27 These include an increase in
LDL cholesterol receptor number, a decrease in LDL choles-
terol synthesis, stimulation of lipoprotein lipase activity,
reduction of very-low-density lipoprotein (VLDL) cholesterol
synthesis and secretion, and a reduction in the absorption of
dietary cholesterol. In addition, a unique feature of the 6-
hydroxy and 7-hydroxy metabolites of doxazosin is the ability
to inhibit the oxidation of LDL cholesterol,28 which has an
important role in the initiation and progression of atheroscle-
rosis. In hypertensives with diabetes mellitus that are treated

Table 64–2 α1-Adrenoceptor Antagonists

α1 Selective α1 Nonselective α1 Selective
+ +

Antagonist Compound α1A α1B α1D α2 Nonselective β1+β2 Nonselective

Alfuzosin x x x
BMY 7378 x
Bunazosin x x x
Carvedilol* x x x x
Chloroethylclonidine x
Cyclazosin x
Doxazosin* x x x
Indoramin x x x
Labetalol* x x x x
MDL 72832 x
MDL 73005EF x
Moxisylyte§ x x x
Naftopidil x
Phenoxybenzamine* x x x x
Phentolamine* x x x x
Prazosin* x x x
RS 17053 x
RS 100329 x
SK&F 105854 x
SNAP 5150 x
(+)Niguldipine x
Tamsulosin* x x
Terazosin* x x x
Tolazoline* x x x
Trimazosin x x x
5-methylurapidil x
WB 4101 x x

*Approved by US Food and Drug Administration.
§Moxisylyte has a second generic name, thymoxamine.
Abbreviations and chemical names: BMY 7378 = 8-[2-[4-(2methoxyphenyl)-1-piperazinyl]ethyl]-8-azaspiro[4,5]decane-7,9 dione
dihydrochloride; MDL 72832 = {8-[4-(1,4-benzodioxan-2-ylmethylamino)butyl]-8-azaspirol[4,5]decane-7,9-dione HCl;
MDL 73005EF = {8-[2-(1,4-benzodioxan-2-ylmethylamino)ethyl]-8-azaspirol[4,5]decane-7,9-dione HCl;
RS 17053 = N-[2-(-cyclopropyl methoxy phenoxy)ethyl]-5-chloro-α, α-dimethyl-1H-indole-3-ethanamine HCl;
RS100329 = 5-methyl-3-[3-[4-[2-(2,2,2,-trifluoroethoxy)phenyl]-1-piperazinyl]propyl]-2,4-(1H)-pyrimidinedione;
SNAP 5150 = 5-(aminocarbonyl)-1,4-dihydro-2,6-dimethyl-4-(4-nitrophenyl)-3-((3-(4,4-diphenylpiperidin-1-yl)propyl)aminocarbonyl)pyri-
dine; WB 4101 = 2-(2-6dimethoxyphenoxyethyl)aminomethyl-1,4-benzodioxane HCl.
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with α1-blockers, improvements in insulin sensitivity and
reductions in elevated serum insulin levels and fasting glucose
have been demonstrated.29

ADVERSE DRUG EFFECTS

Selective α1-antagonists are generally well-tolerated, with a few
common adverse effects. In placebo-controlled trials, the symp-
toms that most commonly caused discontinuation of α1-antag-
onist therapy were asthenia (2%), nasal congestion (2%), and
dizziness (1%).24,30 Generally, there is no drug dose relationship
for clinical adverse effects. Dizziness secondary to α1-blockers is
not entirely understood, because patients can experience this
sensation without documented postural hypotension. However,
a major precaution is the so-called “first-dose phenomenon,”
which is severe, symptomatic orthostatic hypotension that usu-
ally occurs within 90 minutes after the first dose or when the
dose is increased rapidly. If the patient has concomitant treat-
ment with one or more agents (especially diuretic, β-blocker, or
verapamil), additional caution with the first dose is advisable.
However, syncope is uncommon, occurring in <1% of patients
when an initial, small dose (1 mg or less) was taken at bedtime
as monotherapy. Men should be cautioned that the combine of
α1-blocker and sildenafil (Viagra), tadalafil (Cialis), or varde-
nafil (Levitra) could produce marked hypotension.
Postmenopausal women with pelvic relaxation syndrome and
individuals with certain types of urinary bladder dysfunction
can develop urinary incontinence with α1-blocker–mediated
relaxation of the bladder outlet.

There are no clinically important adverse effects on labora-
tory tests. Serum electrolytes, BUN, creatinine, glucose, and
uric acid are not altered. There are no significant effects on

renal function in hypertensive patients with normal, moder-
ate, or severe renal impairment. In placebo-controlled trials, a
greater percentage of α1-blocker patients had small decreases
in hematocrit, hemoglobin, white blood cell count, total
serum protein, and albumin levels from baseline values.
Except for the white blood cell count, these changes have been
attributed to hemodilution secondary to mild fluid retention.
The reduction of white blood cell counts remains unex-
plained, but individual reductions have been small, and pro-
longed drug treatment has not been associated with progres-
sive white blood cell count reductions.

ALLHAT TRIAL CHANGED 
a1-BLOCKER USE

The Antihypertensive and Lipid-Lowering Treatment to Prevent
Heart Attack Trial (ALLHAT) was a large, randomized, double-
blind superiority trial comparing four antihypertensive drugs—
chlorthalidone, doxazosin, amlodipine, and lisinopril—with a
total of 42,448 recruited patients.31,32 The participants were men
and women aged ≥55 years with hypertension plus an addition-
al risk factor for coronary heart disease. At a median follow-up
of 3.3 years in 9067 patients, the doxazosin and chlorthalidone
treatment groups had no difference in the primary endpoint of
fatal and nonfatal myocardial infarction.33 However, the doxa-
zosin limb of the study was discontinued because, compared
with the chlorthalidone group, there was a 25% higher incidence
of significant cardiovascular disease (Figure 64-4),34 which was
predominately the result of twice the incidence of CHF. There
was an early divergence of the Kaplan-Meier curves for CHF for
doxazosin and chlorthalidone after randomization, which has
raised questions about withdrawal of previous drug therapy
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(i.e., diuretics, ACE inhibitors, or β-blockers) among patients at
risk for CHF. ALLHAT has raised a number of questions that
cannot be answered because there was no placebo control and
systolic blood pressure control was not equal in the doxazosin
and chlorthalidone groups. As shown in Figure 64–5, systolic
blood pressure throughout the ALLHAT Trial was 2 to 3 mm Hg
higher in the doxazosin treatment arm. Nevertheless, this infor-
mation on the outcomes of long-term antihypertensive treat-
ment with α1ARA has led to α1ARA not being recommended as
a first-line treatment for hypertension in several countries.
However, ALLHAT was not designed to investigate the use of
α1ARA for (1) younger hypertensive subjects or hypertensives
with a lesser CHD risk factor profile, (2) diuretic-based combi-
nation therapy for the treatment of hypertension, (3) combined
treatment of hypertension and BPH, or (4) treatment of nor-
motensive patients with BPH, where α1ARAs remain the best
monotherapy for the control of symptoms.

In spring 2000, as a result of early, unfavorable results from
ALLHAT, α-blockers were no longer recommended as first-

line treatment for hypertension in high-risk patients. Stafford
et al.35 tracked trends in α-blocker prescriptions filled by com-
munity pharmacies and reports of α-blocker use in patient
encounters with office-based physicians from 1996 to 2002.
The authors used U.S. data from two sources: (1) α-blocker
prescription orders reported in the National Prescription
Audit—a random, computerized sample of about 20,000 of
29,000 pharmacies—and (2) office-based physician α-blocker
prescribing patterns reported in the National Disease and
Therapeutic Index, a random sample of about 3500 physician
offices. The researchers found that there had been steady
increases in new α-blocker prescriptions, dispensed prescrip-
tions, and physician prescribing from 1996 through 1999.
There was a moderate reversal in these trends following the
early termination and subsequent publications of ALLHAT in
early 2000. Between 1999 and 2002, new annual α-blocker
prescription orders declined by 26%, from 5.15 million to 3.79
million, dispensed prescriptions by 22%, from 17.2 million to
13.4 million, and physician-reported drug use by 54%, from
2.26 million to 1.03 million.

a-BLOCKERS EXPAND MANAGEMENT
OF BENIGN PROSTATIC HYPERPLASIA

For men older than the age of 60 years, LUTS associated with
BPH and obstruction occur in up to 70%.36 Before effective
medical management, men with bothersome LUTS were
observed for variable lengths of time until they were consid-
ered suitable candidates for transurethral prostatectomy
(TURP). In the early 1970s, α-blockers emerged as an effective
treatment option for LUTS secondary to BPH to relieve both-
ersome symptoms.20 Medical therapy evolved into the major
clinical option in the management of BPH, including men
with mild to severe LUTS. Before α-blockers, there was no
suitable treatment option for mild LUTS. There was a dra-
matic increase in prescriptions for medical therapies and a
decline in the use of TURP. Today, medical therapy is the
dominant form of treatment for BPH.

The lack of specificity and side effects of nonselective 
α-blockers limited their use in LUTS patients. Although
developed for the treatment of essential hypertension, selec-
tive α1-blockers contributed largely to the growth of medical
therapy for BPH. In 1987, terazosin was approved in the
United States for treatment of hypertension; in 1994, it was

Primary endpoint

      CHD (fatal CHD + nonfatal MI)

Secondary endpoints

      All-cause mortality

      Stroke

      Combined CVD

      CHF (fatal, hospitalized)

0.5
Favors

doxazosin

1.5 21
Favors

chlorthalidone

1.03 (0.92–1.15)

1.03 (0.94–1.13)

1.26 (1.10–1.46)

1.20 (1.13–1.27)

1.66 (1.46–1.89)

.62

.50

.001

<.001

<.001

RR (D/C)
95% CI p -Value

FFigure 64–4 The principal outcomes of
the ALLHAT Trial for the α-blocker
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are shown for the primary CHD
endpoint and the four major secondary
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ratio; D/C, doxazosin compared with
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approved for treatment of LUTS, followed by approval of dox-
azosin for both indications. Finasteride, the 5-α-reductase
inhibitor that blocks the conversion of testosterone to dihy-
drotestosterone, was the first drug approved by the FDA in
1992 to treat BPH. However, α-blockers became the predomi-
nant medical therapy because of excellent efficacy in relieving
LUTS. Generally, 59% to 86% of men using α-blockers will see
a decrease in symptoms.36 Symptoms generally improve in 2 to
3 weeks. Terazosin and doxazosin typically improve urinary
flow rate by 2 to 2.5 ml/sec. Tamsulosin introduced the concept
of uroselectivity. Targeting the α1a- and α1b-adrenoceptors in
the bladder neck and prostate, tamsulosin achieves a greater
effect on the prostate and a similar degree of improvement in
both urine flow rates and symptoms with fewer cardiovascular
side effects as compared with nonselective agents. Tamsulosin
has become the most widely used α1-blocker for BPH in the
United States; it eliminates the need for titration and has fewer
side effects. However, the incidence of retrograde ejaculation
with higher doses of tamsulosin approaches 20%.

The Veterans Affairs (VA) Cooperative BPH Study37 in 1996
was the first large-scale study (n =1229) to compare an 
α-blocker (terazosin), a 5-α-reductase inhibitor (finasteride),
and the combination of these two agents for the improvement
of LUTS and urine flow rate in BPH. This 1-year VA trial
showed that terazosin achieved greater improvement in symp-
toms and flow rate as compared with finasteride, which was
similar to placebo. The combination of terazosin and finas-
teride was not better than α-blocker alone. The 4-year Proscar
(finasteride) Long-Term Efficacy and Safety Study (PLESS)38

with 3040 men reported the impact of finasteride alone as
compared with placebo on disease progression defined as
acute urinary retention (AUR) and BPH surgery. Finasteride
reduced the incidence of AUR by 57% and surgery for BPH by
55% as compared with placebo, which established a role for
finasteride in long-term management of BPH. Men with
moderate to severe symptoms and an enlarged prostate
respond best to finasteride therapy. Men with little or no
enlargement of the prostate are less likely to experience
improvement in symptoms or reduction in events with finas-
teride. The size of the prostate does not predict improvements
in LUTS symptoms during α-blocker therapy.

In 2003, the Medical Therapy of Prostatic Symptoms
(MTOPS) Trial39 with 3047 men, which lasted 4.5 years,
established a role for combination drug therapy with α-
blocker and finasteride. The “overall risk of clinical progres-
sion”—defined as an increase from baseline of ≥4 points in
the American Urological Association (AUA) symptom score,
acute urinary retention, urinary incontinence, renal insuffi-
ciency, or recurrent urinary tract infections—was significant-
ly reduced by doxazosin by 39%, by finasteride by 34%, and
by a combination of doxazosin and finasteride by 66% as
compared with placebo. Long-term combination therapy
with doxazosin and finasteride was safe and reduced the risk
of overall clinical progression of BPH more than did treat-
ment with either drug alone. Combination therapy and finas-
teride alone reduced the long-term risk of AUR and the need
for invasive BPH therapy. The principal effect of doxazosin
on progression was prevention of a 4-point rise in AUA
symptom score.

These long-term, large clinical trials of medical therapy for
BPH have clarified treatment options. α-Blockers offer the
best monotherapy for symptom relief of LUTS. The available

selective α-blockers have similar effects on symptoms and
flow rate. Finasteride prevents disease progression, whether
defined by symptoms, AUR, or surgery. Finally, combination
therapy with an α-blocker plus finasteride is the most-
effective treatment for BPH symptoms and disease progres-
sion, and the ideal candidates for combination therapy have
moderate or severe symptoms and prostate enlargement.
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INTRODUCTION

In the management of hypertension and cardiovascular dis-
ease, multiple treatment strategies have come and gone over
the last four decades. The stepped care approach was popular
for some time. The diuretic-based stepped care approach to
hypertension therapy is supported by sound outcomes data
from numerous randomized, controlled trials.1 However,
adopting a stepped care approach to the treatment of hyperten-
sion neglects the diverse individualized pathophysiology of this
condition. Its advocates value the clarity of standardization of
hypertension treatment, while others are displeased with its
inflexible nature.

The concept of individualized therapy has gradually
evolved, particularly in the context of the recent treatment
experience with angiotensin-converting enzyme (ACE)
inhibitors. Over the past two decades, the renin-angiotensin-
aldosterone (RAA) axis has been increasingly viewed as
wielding an important influence on hypertension and target
organ disease and thus has emerged as an attractive target for
pharmacologic intervention. Of drugs known to interrupt
the RAA axis, the treatment experience is greatest for ACE
inhibitors.2

The ACE inhibitor class has expanded to include 10 ACE
agents available in the United States and many more world-
wide. In addition to their vasodepressor properties, ACE
inhibitors effectively slow the progression of renal, cardiac,
and/or vascular disease.2,3 Thus it was a logical step in their
development to seek additional indications for treatment of
congestive heart failure (CHF), postmyocardial infarction
(post-MI), and diabetic nephropathy (Tables 65–1 and 
65–2).2,3 A therapeutic indication has also been granted for
the ACE inhibitor ramipril for the treatment of the high-
risk cardiac patient without discernable left ventricular
dysfunction.4

This chapter broadly discusses the pharmacokinetics, phar-
macodynamics, response, and outcomes data for ACE
inhibitors. The reader is directed to sources that provide
more-comprehensive discussion of particular themes that
cannot be discussed because of space constraints, such as the
properties and function of ACE (Chapter 9) and outcome tri-
als of ACE inhibitors (Chapter 35).

PHARMACOLOGY

The first orally active ACE inhibitor was the sulfhydryl-
containing compound captopril, which was introduced in
1981. Subsequently, the more long-acting compound
enalapril maleate, a prodrug requiring in vivo hepatic and
intestinal wall esterolysis to yield the active diacid inhibitor
enalaprilat, and lisinopril became available. All orally admin-
istered ACE inhibitors are prodrugs with the exception of

lisinopril and captopril.5 It was originally thought that forma-
tion of the active diacid metabolites of ACE inhibitors, such as
enalapril, would be inhibited in the presence of hepatic
impairment, as in advanced CHF. This slowdown in metabo-
lism proved to be inconsequential, however.6

ACE inhibitors are structurally heterogeneous. The bind-
ing ligand for ACE separates these drugs into three groups:
sulfhydryl-, phosphinyl-, and carboxyl-containing moieties.
The purported pharmacologic advantages of sulfhydryl-
containing ACE inhibitors, such as captopril, are to date clin-
ically unproved, but the sulfhydryl group found on captopril
is widely viewed as the source of the more-frequent skin
rashes—usually maculopapular in type—and the dysgeusia
seen with this compound.7 The suggestion that the phos-
phinyl group, found on fosinopril, might favorably alter its
penetration into the myocardium and thereby improve
myocardial inotropic and lusitropic responses is likewise
unproved.8

ACE inhibitors can be further distinguished by differences
in rate and extent of absorption, plasma protein binding, sys-
temic half-life, and mode of systemic disposition, but they
behave quite similarly in how they lower blood pressure (BP)
(Table 65–3).3,5,9,10 Beyond the issue of dosing frequency, these
pharmacologic differences are seldom of sufficient conse-
quence to govern selection of an agent.3,10 Two pharmacolog-
ic considerations for the ACE inhibitors, route of systemic
elimination and tissue-binding, have recently generated con-
siderable discussion and merit additional comment.11,12

Route of Elimination
In the presence of chronic kidney disease (CKD), the ACE
inhibitors ramipril, enalapril, fosinopril, trandolapril, and
benazepril do not accumulate with repetitive dosing, suggest-
ing that these prodrugs either undergo biliary clearance
directly or that their conversion to an active diacid form is
independent of renal function.13-15 Each of these prodrug
ACE inhibitors is marginally active, so the absence of accu-
mulation in CKD should not be viewed as evidence of a clin-
ically relevant dual route of elimination for these drugs. ACE
inhibitor accumulation in CKD is most germane for the
diacid metabolites (typically the active form) of these com-
pounds. The diacid metabolites of fosinopril and tran-
dolapril, fosinoprilat and trandolaprilat, are the only ones
that undergo dual renal and hepatic elimination.14,15 The sys-
temic clearance of all other ACE inhibitors is largely renal,
declining early in the course of CKD and occurring as a func-
tion of varying degrees of filtration and tubular secretion.11

ACE inhibitor accumulation has yet to be associated with
known side effects, such as cough or angioneurotic edema.
However, elevations in ACE inhibitor concentrations can be
accompanied by significantly reduced BP and its organ-
directed sequelae.16

Angiotensin-Converting Enzyme Inhibitors
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Table 65–1 FDA-Approved Indications for ACE Inhibitors

High-Risk Patients Without Left 
Drug HTN CHF Diabetic Nephropathy Ventricular Dysfunction

Captopril ● ● (post-MI)* ●

Benazepril ●

Enalapril ● ●
†

Fosinopril ● ●

Lisinopril ● ● (post-MI)*

Moexipril ●

Perindopril ●

Quinapril ● ●

Ramipril ● ● (post-MI) ●

Trandolapril ● ● (post-MI)

*Captopril and lisinopril are indicated for CHF treatment both postmyocardial infarction and as adjunctive therapy in general heart
failure therapy.
†Enalapril is indicated for asymptomatic, left ventricular dysfunction.
ACE, angiotensin-converting enzyme; HTN, hypertension; CHF, congestive heart failure; MI, myocardial infarction.

Table 65–2 ACE Inhibitors: Dosage Strengths and Treatment Guidelines

Usual Total Dose and/ Usual Total Dose and/
or Range—Hypertension or Range—Heart Failure Fixed-Dose

Drug Trade Name (Frequency day) (Frequency day) Comment Combination*

Benazepril Lotensin 20-40 (1) Not FDA approved for Lotensin HCT 
heart failure

Captopril Capoten 12.5-100 (2-3) 18.75-150 (3) Generically Capozide†

available

Enalapril Vasotec 5-40 (1-2) 5-40 (2) Available Vaseretic
generically and 
intravenously

Fosinopril Monopril 10-40 (1) 10-40 (1) Renal and hepatic Monopril-HCT
elimination

Lisinopril Prinivil, Zestril 2.5-40 (1) 5-20 (1) Generically Prinizide,
available Zestoretic

Moexipril Univasc 7.5-30 (1) Not FDA approved for Uniretic
heart failure

Perindopril Aceon 2-16 (1) Not FDA approved for 
heart failure

Quinapril Accupril 5-80 (1) 10-40 (1-2) Accuretic

Ramipril Altace 2.5-20 (1) 10 (2) Indicated in 
high-risk vascular
patients

Trandolapril Mavik 1-8 (1) 1-4 (1) Renal and hepatic Tarka
elimination

*Fixed-dose combinations in this class typically contain a thiazide-like diuretic.
†Capozide is indicated for first-step treatment of hypertension.



Tissue Binding
The physicochemical differences among ACE inhibitors,
including binding affinity, potency, lipophilicity, and depot
effect, allow for the arbitrary classification of ACE inhibitors
according to affinity for tissue-ACE.12,17,18 The extent to which
tissue ACE is blocked by an ACE inhibitor is a function of
both the inhibitor’s intrinsic binding affinity and the free
inhibitor concentration found within that tissue. The tissue-
based free inhibitor concentration is in a continuous state of
flux and at any one time is determined by the sum of ACE
inhibitor delivered to tissues and residual ACE inhibitor
released from tissues for reentry into the bloodstream. The
quantity of ACE inhibitor conveyed to tissues is determined
by several pharmacologic variables including dose frequency/
amount, absolute bioavailability, plasma half-life, and tissue
penetration. When blood levels of an ACE inhibitor are
high—typically in the first third to half of the dosing
interval—tissue retention per se of an ACE inhibitor is not
needed for an enduring level of ACE inhibition. However, as
ACE inhibitor blood levels fall during the second half of the
dosing interval, two factors—inhibitor binding affinity and
tissue retention—take on added importance if functional ACE
inhibition is to be maintained.

The question arises as to whether the degree of tissue ACE
inhibition may extend to efficacy differences between the var-
ious ACE inhibitors. In this regard, there appears to be little
difference among the various ACE inhibitors in their capacity
to reduce BP. When relative drug-to-drug BP responses differ
among ACE inhibitors, it is generally the result of dissimilar
half-lives of the compounds under study.

An additional consideration is whether ACE inhibitors with
high tissue affinity differ in their ability to provide BP-
independent target organ protection, as has been theorized for
ramipril in the Heart Outcomes Prevention Evaluation
(HOPE).19 In this regard, endothelial function has been
observed to improve more regularly with the higher tissue-

ACE affinity compounds, such as quinapril and ramipril. If
improvement in endothelial function is accepted as a surro-
gate for protection from target organ events, then relevant dif-
ferences may exist among ACE inhibitors.

However, there have been no direct head-to-head outcomes
trials comparing ACE inhibitors with different tissue affinity.
Results of the limited head-to-head comparisons available do
not convincingly support the claim of overall superiority for
lipophilic ACE inhibitors.20,21

APPLICATION OF PHARMACOLOGIC
DIFFERENCES

Because there is little that truly separates one long-acting ACE
inhibitor from another in the treatment of hypertension, cost
has assumed increased importance.22 For pricing to be key in
the selection of an ACE inhibitor is not unreasonable if the
drug were being used only for the control of BP. ACE
inhibitors, however, are also extensively used for their car-
diorenal outcomes benefits, and only a limited number of ACE
inhibitors have been studied in this context. The term class
effect has entered into the discussion of both of these aspects of
ACE inhibitor use but is relevant to one and not the other.

Class effect is a phrase often invoked to legitimatize substi-
tution of one ACE inhibitor for another that has been specif-
ically studied in a disease state, such as CHF or diabetic
nephropathy.19,23-25 The concept of class effect is well suited
for application to the BP effects of ACE inhibitors, where
scant difference exists among the numerous agents in the
class. The concept of class effect, already vague in its defini-
tion, becomes even more ambiguous when “true” dose equiv-
alence for a non-BP endpoint, such as rate of progression to
end-stage renal disease (ESRD) or survival in the setting of
CHF, is being determined for the various ACE inhibitors.
Determining ACE inhibitor dose equivalence from outcomes
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Table 65–3 Predominant Hemodynamic Effects of ACE Inhibitors

Hemodynamic Parameter Effect Clinical Significance

CARDIOVASCULAR
Total peripheral resistance Decreased
Mean arterial pressure Decreased
Cardiac output Increased or no change These parameters contribute to a 
Stroke volume Increased general decrease in systemic blood 
Preload and afterload Decreased pressure
Pulmonary artery pressure Decreased
Right atrial pressure Decreased
Diastolic dysfunction Improved
RENAL
Renal blood flow Usually increased Contributes to the renoprotective
Glomerular filtration rate Variable, usually unchanged effect of these agents

but may ↓ in renal failure
Efferent arteriolar resistance Decreased
Filtration fraction Decreased
PERIPHERAL NERVOUS SYSTEM
Biosynthesis of noradrenaline Decreased Enhances blood pressure lowering
Reuptake of adrenaline Inhibited effect and resets baroreceptor 
Circulating catecholamines Decreased function



trials is confounded by differing dose frequency, titration
requirements, and level of renal function in individual stud-
ies.26-31 The latter is particular relevant to the elderly, because
senescence-related changes in renal function extend the func-
tional half-life of ACE inhibitors (renally cleared) and make
it nearly impossible to determine “true” dose equivalence
between various drugs in the class. In interpreting the results
of outcome studies with ACE inhibitors, it is prudent to
assume that the benefits derive from the compound being
tested, for the outcome being studied, at the per protocol
dose and frequency of dosing. However, despite these caveats
about the difficulty in establishing dose equivalence, the cli-
nician can estimate equivalent doses among the various ACE
inhibitors if ACE inhibitor substitution is planned.

MECHANISM OF ACTION
AND HEMODYNAMIC EFFECTS

The site of ACE inhibitor activity (within the RAA axis) can
be pinpointed at the pluripotent ACE, an enzyme known to
catalyze the conversion of angiotensin I to angiotensin II, as
well as to facilitate the degradation of bradykinin to assort-
ed peptides.17,32 However, ACE inhibition, as a means to
reduce angiotensin II levels has inherent limitations.17 ACE
inhibition fails to suppress production of angiotensin II by
alternative enzymatic pathways—such as chymase and other
tissue-based proteases.17,33 These alternative pathways repre-
sent the principal mode of angiotensin II generation in
several tissues, including the myocardium and the vascula-
ture of humans.34,35 With long-term administration of an
ACE inhibitor, these alternative pathways become involved in
a sequence of events culminating in a return of angiotensin-
II concentrations to pretherapy levels (“angiotensin II
escape”).

Substrate for these alternative pathways is obtained from
the increase in angiotensin I levels arising from a disinhibi-
tion of renin secretion by ACE inhibition–induced reduc-
tions in circulating angiotensin II.35,36 Because ACE
inhibitors reduce angiotensin II levels for only a limited peri-
od of time (weeks) during chronic administratin, other
mechanisms must account for their persistent BP-lowering
effect.36,37 One possibility is that increased concentrations of
the vasodilator bradykinin enhance the release of nitric
oxide (NO), stimulate the production of endothelium-
derived hyperpolarizing factor, and accentuate the release of
prostacyclin (PGI2).38,39 Moreover, ACE is also responsible
for the degradation of angiotensin-(1-7), an angiotensin
peptide with the capacity to counterbalance a number of the
pleitrophic (renal and vascular) effects of angiotensin II
(see Chapter 10).39 The contribution of angiotensin “frag-
ments” (many of which are physiologically active) and
prostaglandins/NO to the antihypertensive effect of ACE
inhibitors is still debated.39,40

Conversely, nonsteroidal antiinflammatory drugs
(NSAIDs) and selective cyclooxygenase inhibitors (COXIBs),
such as celecoxib and rofecoxib, attenuate the BP-lowering
effect of a number of antihypertensive drugs including ACE
inhibitors.41,42 This occurs more commonly in salt-sensitive
hypertensives, as in many elderly patients.42 A question that
remains unresolved is the degree to which aspirin (acetylsali-
cyclic acid [ASA]) administration interferes with the anti-

hypertensive and/or cardioprotective effects of an ACE
inhibitor.43-45 Low-dose ASA (100 mg/day or less) appears to
minimally affect the BP reduction seen with ACE inhibi-
tion.43,44 For example, in the Hypertension Optimal
Treatment (HOT) study, long-term, low-dose ASA did not
interfere with the BP-lowering effect of antihypertensive com-
binations, which in many cases included ACE inhibitors.44

However, higher doses, generally above 236 mg/day, can blunt
the antihypertensive response to an ACE inhibitor and possi-
bly neutralize the clinical benefits of ACE inhibitors in
patients with heart failure.45

A reduction in both central and peripheral sympathetic
nervous system (SNS) activity accounts for a portion of the
antihypertensive effect of an ACE inhibitor (Table 65–3).46,47

ACE inhibitors preserve circulatory reflexes and baroreceptor
function; thus they do not reflexly increase heart rate when BP
is reduced.48 The latter property accounts for the low inci-
dence of postural hypotension with ACE inhibitors and pro-
vides an important safety benefit in elderly persons, who as a
group are typically predisposed to orthostatic hypotension.49

ACE inhibitors also improve endothelial function, facilitate
vascular remodeling, and favorably modify the viscoelastic
properties of structurally abnormal blood vessels (see
Chapters 14 and 15).50,51 These vascular effects are the likely
explanation for the incremental reduction in BP with the
long-term use of ACE inhibitors.

BLOOD PRESSURE–LOWERING EFFECT

All ACE inhibitors available in the United States are FDA-
approved for the treatment of hypertension (see Table 65–2).
Based on outcome data, the Seventh Report of the Joint
National Committee on the Prevention, Detection, Eval-
uation, and Treatment of High Blood Pressure (JNC 7); the
World Health Organization/International Society of Hyper-
tension; and European Society of Hypertension/European
Society of Cardiology now recognize ACE inhibitors as an
option for first-line therapy in patients with essential hyper-
tension, especially in those with a high coronary disease risk
profile, diabetes with renal disease/proteinuria, CHF, and/or
post MI.1,52-55

The enthusiasm for the use of ACE inhibitors extends
beyond the issue of effectiveness, because they are comparably
efficacious as (and no better than) most other drug classes,
including diuretics, β-blockers, and calcium channel blockers.
Response rates with ACE inhibitors range from 40% to 70% in
stage 1 or 2 hypertension, with salt intake and race serving as
important variables in determining the response.56 In inter-
preting clinical trial results with ACE inhibitors, a distinction
should be made between the mean reduction in BP (which is
typically highly significant) and the percentage of individuals
who are poor, average, and excellent responders (which may
vary considerably among studies).

There are few predictors of the vasodepressor response to
ACE inhibitors. Although ACE gene polymorphism (and spe-
cific genotypes), among other genetic determinants, have been
suggested to predict the antihypertensive response to an ACE
inhibitor, findings have been sufficiently inconsistent to warrant
a wait-and-see attitude for genotyping.57 There has also been a
limited predictive relationship between the pretreatment and/or
posttreatment PRA value (used as a marker of RAA axis activity)
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and the fall in BP with an ACE inhibitor. However, when hyper-
tension is marked by significant elevation of PRA (activation
of the RAA axis), as in renal artery stenosis, the response to an
ACE inhibitor can be profound.58

Certain patient groups, including low-renin, salt-sensitive,
volume-expanded individuals such as the diabetic and African
American hypertensives, are generally less responsive to ACE
inhibitor monotherapy. However, the BP response to an ACE
inhibitor can be highly variable in African American and dia-
betic patients, with some individuals in these groups experi-
encing significant falls in BP. The low-renin state characteris-
tic of the elderly hypertensive differs from other low-renin
forms of hypertension in that it reflects the consequences of
senescence-related changes in the RAA axis and not volume
expansion.59 The elderly generally respond well to ACE
inhibitors in conventional doses,60 although senescence-relat-
ed renal failure, which slows the elimination of most ACE
inhibitors, complicates interpretation of dose-specific treat-
ment successes.

Results from a number of head-to-head trials support the
comparable antihypertensive efficacy and tolerability of the
various ACE inhibitors if comparable doses of the individual
ACE inhibitors are given (see Table 65–2). However, there are
differences among the ACE inhibitors, as to the time to onset
and/or duration of effect, which may relate to the absorption
and tissue distribution characteristics of a compound.

Enalaprilat is the lone ACE inhibitor available in an intra-
venous form; however, multiple choices exist for the orally
available ACE inhibitors.3 ACE inhibitors labeled as “once-
daily” vary in their ability to reduce BP for a full 24 hours, as
defined by a trough:peak ratio >50%.61 Consequently, in
deciding on the dosing frequency for ACE inhibitors, one
should bear in mind that response patterns to these drugs
are highly individualized, with many patients requiring a
second daily dose to maintain effect. However, in the elderly,
senescence-related changes in renal function (and reduced
renal clearance of the compound) and/or giving a high dose
may obviate a second ACE inhibitor dose during the 24-hour
treatment period.62

A frequent question asked is what steps to take when an
ACE inhibitor fails to normalize BP. This question is best
answered in the context of the magnitude of the response. If
there is a minimal BP-reducing effect, then a switch to an
alternative drug class is justified unless continuation of an
ACE inhibitor is indicated on the basis of a high cardiac
and/or renal risk profile. However, ACE inhibitor nonrespon-
ders fairly regularly “respond” on addition of a diuretic or a
calcium channel blocker, so very few patients should have
an ACE inhibitor discontinued simply based on a failure to
“respond” to monotherapy.

If the BP response to an ACE inhibitor is modest, one can
increase the daily dose (possibly by reverting to twice-daily
administration), understanding that the dose-response curve
for ACE inhibitors, like many antihypertensive agents, is fair-
ly steep at the beginning doses and flattens thereafter.63-64

Increasing the dose of an ACE inhibitor does not generally
change the peak effect; rather, it extends the duration of
response. In fact, several of the shorter-acting ACE inhibitors,
such as enalapril, can behave as once-a-day medications if
high-enough daily doses are given to prolong the duration of
effect. A final consideration with ACE inhibitor therapy is that
of an incremental benefit (over several weeks) on BP relating

to factors such as vascular remodeling and/or improvement in
endothelial function.51

ACE INHIBITORS IN COMBINATION
WITH OTHER AGENTS

The BP-lowering effect of an ACE inhibitor is improved with
the simultaneous administration of a diuretic, particularly in
salt-sensitive forms of hypertension.65 This pattern of
response has encouraged the development of fixed-dose com-
bination products, composed of an ACE inhibitor and varying
doses (as low as 12.5 mg) of a thiazide-type diuretic.65,66 The
rationale for combining these two drug classes arises from the
observation that diuretic-related sodium depletion activates
the RAA axis, causing BP to shift to an angiotensin II–depend-
ent mode, a circumstance most responsive to the BP-reducing
effect of an ACE inhibitor.

β-Blockers have also been administered in conjunction
with ACE inhibitors, an approach that was possible per proto-
col in the Antihypertensive and Lipid-Lowering Treatment to
Prevent Heart Attack Trial (ALLHAT).53 The β-blocker
atenolol was the most commonly added second medication in
ALLHAT. A potential physiologic basis for this combination is
that β-blockade blunts the reactive rise in PRA that goes along
with ACE inhibitor therapy; alternatively, this combination
can be considered for use in the setting of coronary artery dis-
ease, with any BP gain being a secondary consideration.67

When a meaningful reduction in BP follows from the addition
of a β-blocker to an ACE inhibitor, it is often accompanied by
a reduction in pulse rate. Alternatively, adding a peripheral α-
antagonist, such as doxazosin, to an ACE inhibitor can further
reduce BP, albeit without a clear mechanistic basis.68

The BP-lowering effect of an ACE inhibitor is enhanced with
the addition of a CCB, either dihydropyridine or non-dihy-
dropyridine, and this has been the basis for several fixed-dose
combination products.69-71 Adding an ACE inhibitor to a CCB
is also helpful in attenuating the peripheral edema commonly
seen with CCB therapy.72 In addition, preliminary evidence
supports use of CCB-therapy in attenuating the reduction in
glomerular filtration rate (GFR) that can accompany ACE
inhibitor treatment.73 This is of particular relevance to the eld-
erly, since one reason for underuse of ACE inhibitors in older
persons is fear of inducing a decline in renal function super-
imposed on preexisting renal dysfunction. This CCB-ACE
inhibitor hemodynamic interaction at a renal level may occa-
sionally result in false-positive captopril renography studies.

The efficacy of both ACE inhibitors and angiotensin-
receptor blockers (ARBs) as antihypertensive agents is well
established. This has fueled the belief that in combination,
these two drug classes may provide an incremental benefit in
both BP reduction and target organ protection. However,
there is insufficient evidence to support a general recom-
mendation for the combination of these two drug classes in
BP management.74,75

Studies have established the utility of ACE inhibitors in
the management of hypertensive patients otherwise unre-
sponsive to multiple drug combinations, such as a diuretic
together with minoxidil, a CCB and/or a peripheral α-block-
er.76 If an acute reduction in BP is needed, oral or sublingual
captopril—with an onset of action as soon as 15 minutes
after administration—can be administered. An additional
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option for the management of hypertensive emergencies is
intravenous enalaprilat, with a dose of 0.625 mg represent-
ing a maximal effective dose (higher doses may only extend
the duration of action).77 ACE inhibitors should be adminis-
tered cautiously in patients suspected of marked activation
of the RAA axis (e.g., prior treatment with diuretics and/or
immediately post-MI. In such persons, sudden and extreme
falls in BP—so-called first dose hypotension—have been
observed.78

ACE INHIBITORS IN HYPERTENSION
ASSOCIATED WITH OTHER DISORDERS

ACE inhibitors effectively regress left ventricular hypertro-
phy (LVH).79 This is an important property of ACE
inhibitors, given that LVH portends a significant future risk
of sudden death or MI.80 ACE inhibitors can be safely uti-
lized in patients with coronary artery disease (CAD) and are
indicated for secondary prevention after acute MI.2,3 The
ACE inhibitor perindopril has been shown to reduce cardio-
vascular risk in a low-risk population with stable CAD and
no apparent heart failure.81 Although they are not proven
coronary vasodilators, ACE inhibitors improve hemodynam-
ic factors such that myocardial oxygen consumption is
reduced with no worsening of angina and possibly some
attendant reductions in ischemia (Table 65–3). For example,
ACE inhibitors do not reflexively increase myocardial sym-
pathetic tone in hypertensive patients with angina, as can
take place with other antihypertensives.82,83

ACE inhibitors are useful in the treatment of both isolat-
ed systolic hypertension and systolic-predominant forms of
hypertension, in part because of their capacity to improve
artery compliance.51,84 They are also of value in the treat-
ment of patients with cerebrovascular disease, because they
preserve cerebral autoregulation in the face of reduced BP,
a property of particular relevance to the elderly hyperten-
sive.85 ACE inhibitors dilate both small and large arteries
and can be used safely in patients with peripheral arterial
disease (PAD). They may favorably modify the pattern
and/or the course of intermittent claudication.86 Of the
9297 patients in the HOPE study, 4051 had PAD—defined
by a history of PAD, claudication, or an ankle-brachial
index <0.90. These patients had a reduction in the primary
endpoint similar to those without PAD, indicating that ACE
inhibition lowers the risk of fatal and nonfatal ischemic
events in PAD patients.87

ACE inhibitors are preferred agents in the hypertensive
diabetic patient for both BP reduction and organ protec-
tion, a use presumably independent of BP lowering.88 It is
often necessary to coadminister a diuretic, because the BP-
lowering effect of ACE inhibitor monotherapy is modest in
the low-renin, volume-expanded form of hypertension
characteristic of the diabetic. A final consideration in the
hypertensive diabetic relates to the effect of ACE inhibitors
on lipid parameters and/or insulin resistance. Although an
unambiguous effect on serum lipids and/or insulin resist-
ance has yet to be demonstrated for ACE inhibitors,89 both
the CAPtopril Prevention Project (CAPPP) and HOPE
studies showed that the ACE inhibitors captopril and
ramipril, respectively, decreased the incidence of new-onset
type 2 diabetes mellitus.90,91

TARGET ORGAN EFFECTS AND RECENT
CLINICAL TRIALS

Renal
JNC 7 recommends the use of ACE inhibitors in patients with
hypertension and CKD to both control hypertension and slow
the rate of progression of renal failure.1,54 However, the reno-
protective features of ACE inhibitors should never substitute
for tight BP control, which is of paramount importance in the
management of the hypertensive CKD patient. In this regard,
JNC 7 suggests a goal BP of <130/80 mm Hg in albuminuric
patients (>300 mg/day) with or without CKD.54 In hyperten-
sive CKD patients, ACE inhibitor monotherapy (without relat-
ed diuretic administration) rarely yields a brisk BP-lowering
response—because of the volume dependency of this form of
hypertension. For example, in the African American Study of
Kidney Disease (AASK), hypertensive African American CKD
patients treated with ramipril and randomized to a mean arte-
rial BP of 102 to 107 mm Hg required three additional med-
ications on average to achieve this goal BP range.92

Both macroproteinuria and microalbuminuria have
emerged as strong markers for the rate of CKD progression.93

In particular, microalbuminuria foreshadows the progression
of diabetic nephropathy and should be routinely measured in
all diabetics.93 The choice of risk terms (macroproteinuria or
microalbuminuria) is by no means absolute in that the parti-
tion values for urine albumin:creatinine ratio, used to identi-
fy microalbuminuria, are without a specific threshold value.94

Proteinuria also serves as an independent risk factor for fatal
and nonfatal cardiovascular events.94,95 Screening for microal-
buminuria is recommended in all diabetics and increasingly
in others perceived to be at high risk for renal or cardiovascu-
lar disease.96,97 It is now recommended that proteinuria be
therapeutically targeted when present in either diabetic or
non diabetic renal disease.98,99 ACE inhibitors and ARBs effec-
tively reduce protein excretion and thereby are important
tools in the treatment of microalbuminuria or macroalbu-
minuria with or without concomitant hypertension.99,100

ACE inhibitors have renoprotective effects in various set-
tings, including established type 1 insulin-dependent diabetic
nephropathy,24 type 2 non–insulin-dependent diabetic
nephropathy,101,102 normotensive type 1 diabetic patients with
microalbuminuria,103 and an assortment of nondiabetic renal
diseases.98,104-106 In some diabetic patients, ACE inhibitor ther-
apy has resulted in the remission of nephrotic range protein-
uria and long-term stabilization of renal function.107,108

However, aggressive BP control (<130/80 mm Hg) in eld-
erly patients with type 2 diabetes and preserved renal func-
tion has been shown to stabilize renal function regardless of
whether the initial therapy was with an ACE inhibitor or a
calcium channel blocker.109,110 ACE inhibitor therapy is also
beneficial in nondiabetic renal diseases. In AASK, ramipril
was more effective than amlopidine in limiting the decline in
GFR in patients with hypertensive nephrosclerosis and a uri-
nary protein:creatinine ratio >0.22.106 Moreover, a meta-
analysis of ACE inhibitor use in nondiabetic renal disease
concluded that ACE inhibitors conferred renal benefit in
nondiabetic patients with >0.5 g/day of proteinuria.111 In
many of the studies making up this meta-analysis, the target
BP was <140/90 mm Hg, which is important in that the reno-
protective effects of ACE inhibitors (compared with other
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antihypertensive agents) may not be as conspicuous at lower
BP values.

However, positive renal outcomes with ACE inhibitors in
nephropathic states are not guaranteed. In the Ramipril Efficacy
in Nephropathy (REIN) study, patients with proteinuric chron-
ic nephropathies were assigned randomly to treatment with the
ACE inhibitor ramipril or placebo plus conventional antihyper-
tensive therapy. ACE inhibitors significantly reduced the rate of
proteinuria, the decline in GFR, and the risk of ESRD in
patients with >3 g/day of proteinuria; however, during the
study period, those with proteinuria less than 2 g/24 hours, type
2 diabetes, or polycystic kidney disease did not benefit to an
appreciable extent from ACE inhibitor therapy.112

ACE inhibitor regimens shown to slow the rate of CKD
progression include captopril 25 mg three times per day,
enalapril 5 to 10 mg/day, benazepril 10 mg/day, and ramipril
2.5 to 5 mg/day.3 Each of these compounds is renally cleared;
thus it can be presumed that reduced renal clearance under
the circumstances of CKD extended their pharmacologic
effect.113 Whereas it is accepted that the beneficial effects of
ACE inhibition are greatest when urinary protein excretion is
excessive (> 3 g/24 hours),114 the ACE inhibitor dose provid-
ing optimal renoprotection is still debated. For example, low-
dose ramipril (1.25 mg/day) had no effect on cardiovascular
and renal outcomes of patients with type 2 diabetes and albu-
minuria, despite a slight decrease in BP and urinary albu-
min,116 whereas in the HOPE trial, ramipril given at a high-
end dose (titrated to 10 mg/day) prevented or delayed the
progression of microalbuminuria.115 Dose titration of an ACE
inhibitor should be viewed in the context of the therapeutic
endpoint, because reduction in protein excretion, lipid
parameters, and BP exhibit differing dose responses to up-
titration of an ACE inhibitor.117,118 For example, in chronic
proteinuric nondiabetic nephropathies, up-titration of the
ACE inhibitor lisinopril to maximum tolerated doses
improves hypertriglyceridemia and hypercholesterolemia
(through increases in serum albumin/total protein concentra-
tion and thereby oncotic pressure by a direct, dose-dependent
effect). These lipid benefits occur with upward dose titration
even though the majority of the BP-lowering effect is realized
with low-end doses of lisinopril (Figure 65–1).118

ACE inhibitor treatment offers a variety of potentially ben-
eficial renal effects involving hemodynamic, cellular, and lipid-
related pathways. However, the positive hemodynamic effects
of ACE inhibition can sometimes be misconstrued to represent
a “nephrotoxic” process. ACE inhibitors transiently reduce
GFR in tandem with reductions in glomerular capillary pres-
sures.119,120 Such falls in GFR are typically inconsequential,
generally of the order of 10% to 15% and usually reversible,
and in point of fact, predictive of renal protection in the long
term.120 The elderly are more prone to frequent reductions in
GFR with ACE inhibitors, at least in part because of their
more-extensive microvascular and macrovascular renal disease
(see Side Effects of ACE Inhibitors).121 A question commonly
put forward, particularly in the elderly, is whether a specific
level of renal function exists at which an ACE inhibitor should
not be started. There is not a specific level of renal function
that prohibits the start of an ACE inhibitor unless clinically
important hyperkalemia is anticipated.

Four factors can be viewed as possible modifiers of the renal
effects of ACE inhibition. First, a low-sodium intake enhances
both the antiproteinuric and antihypertensive response to ACE

inhibition.122,123 Second, short-term studies indicate that
dietary protein restriction adds to the ACE inhibitor effect on
protein excretion in nephrotic patients, implying that the com-
bination of ACE inhibition and dietary-protein restriction
could prove more effective than ACE inhibition alone in slow-
ing the progression of CKD.124 A third factor is nocturnal
resistance to the antiproteinuric effect of ACE inhibition
despite 24-hour persistence of the BP effect.125 Finally, inherit-
ed variations in the activity of ACE exist because of two com-
mon polymorphisms of the ACE gene (I [insertion] and D
[deletion]), giving rise to three potential genotypes II, ID, and
DD. The DD genotype is associated with higher circulating
ACE levels and an increased pressor response to infused
angiotensin I as compared with the II genotype, with the ID
genotype displaying intermediate characteristics.126

The observation that DD patients were at increased risk for
MI and ischemic cardiomyopathy was the first indication that
the inherited variation in ACE activity might be of clinical sig-
nificance.127 One observational study has shown that renal
function declines more precipitously in diabetic CKD patients
with the DD genotype, and when such patients are given ACE
inhibitors, they do not show significant reductions in either
protein excretion or the rate of CKD progression.128 Although
a promising concept, pharmacogenetic studies to date do not
provide a definitive answer as to whether the antiproteinuric
effect of ACE inhibition (or renal failure progression rate) is
adversely affected (or bettered) by a specific ACE genotype.129

Cardiac
ACE inhibitor therapy provides positive outcome benefits in a
number of cardiac scenarios, including CHF,23,28,130 post-
MI,131-134 and the hypertensive patient with a high definable
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FFigure 65–1 Percent changes versus baseline in mean
arterial pressure (MAP), 24-hour urinary protein excretion
rate, and serum albumin at different lisinopril treatment
periods in 22 patients with nondiabetic proteinuric
nephropathies. (*p <.05, **p <.01 vs. baseline). With
permission from Ruggenenti P, Mise N, Pisoni R, et al.
Diverse effects of increasing lisinopril doses on lipid
abnormalities in chronic nephropathies. Circulation
107:586-592, 2003.118



cardiac risk.19,52,53,81 This benefit exists both in normotensive19

and hypertensive19,52,53 individuals and in those with varying
risk profiles.19,52,53,81 This beneficial effect has been observed
with several ACE inhibitors, suggesting that a class effect may
be present for the positive cardiac outcome benefits of these
compounds.19,52,53,81 Placebo-controlled and open-label trials
suggest that ACE inhibitors improve CHF symptomatology
and more importantly, reduce the risk of death and hospital-
ization from CHF.23,28,130 These positive outcome results have
established ACE inhibitors as first-line therapy in the treat-
ment of CHF.135,136 ACE inhibitors decrease angiotensin II
production (at least in the short term)34,35 and thereby read-
just the neurohumoral imbalance of CHF.137,138 Low doses of
ACE inhibitors are sufficient to improve exercise tolerance
and CHF symptoms27,30 and arrest the weight loss otherwise
seen with progressive CHF.139 However, improvement in CHF
mortality requires high-dose ACE inhibitor therapy.28,31

The treatment of CHF should include sequential titration
of ACE inhibitors to doses proven to favorably affect mortali-
ty in randomized clinical trials. The ability to reach these
doses in the CHF patient oftentimes proves challenging,
because systemic hypotension and/or a decline in GFR often
arise with high-dose ACE inhibitor therapy.140,142 Thus, reach-
ing full ACE inhibitor doses calls for a well-developed under-
standing of the relationship between volume status, BP, and
the sought-after ACE inhibitor dose.140,141

Several ACE inhibitors—including captopril, fosinopril,
lisinopril, quinapril, ramipril, and trandolapril—now can
claim positive outcomes data in various types of CHF.130,131

Despite these compelling outcomes data, physician prescrib-
ing practice has lagged behind. Only a modest fraction (50%-
75%) of CHF patients eligible for ACE inhibitor therapy actu-
ally receive the therapy.143,144 Moreover, the ACE inhibitor
doses commonly used in real-world practice on average are
less than one half the targeted dose proven effective in ran-
domized, controlled trials.143,144 Factors predicting the use and
optimal dosing of ACE inhibitors include the treatment set-
ting (prior hospitalization and/or specialty clinic follow-up),
the prescribing physician (cardiology specialty vs. family prac-
titioner/general internist), the patient status (increased sever-
ity of symptoms, male, younger), and the drug (lower fre-
quency of administration).143 Underdosing of ACE inhibitors
has a negative economic impact in CHF because it is associat-
ed with more frequent CHF hospitalizations.145

Enalapril, captopril, lisinopril, and trandolapril have been
shown to significantly reduce morbidity and mortality over a
wide range of ventricular dysfunction in the post-MI
patient.131,133,134 In a hemodynamically stable patient (systolic
BP >100 mm Hg) following an MI, an oral ACE inhibitor
should be initiated (generally within the first 24 hours of the
event), particularly if the MI is accompanied by depressed left
ventricular function.146 The hemodynamic effects and overall
benefit of ACE inhibition are gained early after an MI, with
the 30-day survival increasing by 40% in the first day, 45% in
days 2 to 7, and approximately 15% thereafter.147 Recent
trends show a promising increase in ACE inhibitor prescrip-
tions for patients discharged following an acute MI.132

Captopril, lisinopril, ramipril, and trandolapril are
approved for specific post-MI left ventricular dysfunction,
and enalapril is indicated for use in asymptomatic left ven-
tricular dysfunction (see Table 65–1).3 The consistency of
these findings suggests a class effect for this facet of ACE

inhibitor use.134 There are too few data to conclude that there
are clinically significant differences among the ACE inhibitors
in the post-MI setting, given both the lack of head-to-head
trials and the variability of study circumstances for particular
ACE inhibitors.133,134

Several trials have assessed the utility of ACE inhibitors in
modifying cardiac endpoints.19,52,53,81 These trials have com-
pared ACE inhibitor therapy to either placebo19,81 or an active
comparator such as a thiazide diuretic.52,53 A number of these
trials have been interpreted as showing that ACE inhibitors
have particular advantages in reducing cardiovascular disease
outcomes. However, available data demonstrate insignificant
differences in total major cardiovascular events between regi-
mens based on ACE inhibitors, calcium antagonists, and
diuretics or β-blockers, taken in the context of ACE
inhibitor–based regimens reducing BP less.148 Ethnic back-
ground of the study participants may also be an important
determinant of the efficiency of ACE inhibitors in outcome
trials. For example, the ALLHAT trial53 showed a smaller
reduction of total major cardiovascular events with the ACE
inhibitor lisinopril than with the diuretic chlorthalidone, in
large part because of the large proportion of African
American patients in the study and the much smaller reduc-
tion in BP achieved with lisinopril in that subgroup.

Stroke
Given the significant public health impact of stroke and the
identification of both nonmodifiable (age, gender, race/-
ethnicity) and modifiable (BP, diabetes, lipid profile, and
lifestyle) risk factors, early prevention strategies are increasing-
ly being put into practice. When a patient suffers a stroke, the
focus of care becomes the prevention of secondary events. This
can be accomplished with antiplatelet and lipid-lowering, as
well as BP-reduction, strategies. Despite the clear risk reduc-
tion with effective realization of these preventative strategies,
new approaches are needed. One such “new” approach is to
determine whether the stroke benefit gained from BP reduc-
tion is unique to the agent employed—such as an ACE
inhibitor or an ARB—or a simple consequence of upgrading
the hemodynamic profile.149-151 The data supporting ACE
inhibitors in reducing stroke rate have been mixed.150,152 In the
ALLHAT study, stroke incidence was 15% greater with the ACE
inhibitor lisinopril (primarily in African Americans) than with
the thiazide-type diuretic chlorthalidone.53 In part, this was
related to the less-effective BP reduction in the lisinopril group
than in the chlorthalidone group. Similar negative data for
ACE inhibitors and stroke arose from the Perindopril
Protection Against Recurrent Stroke Study (PROGRESS) of
the ACE inhibitor perindopril in the context of secondary
stroke prevention.149 In this study, 6105 hypertensive and non-
hypertensive patients who had sustained a stroke without a
major disability within the past 5 years were randomized to a
4-mg dose of perindopril with or without a 2.5-mg dose of
indapamide (diuretic therapy was at the discretion of the treat-
ing physician). BP was reduced by an average of 9/4 mm Hg in
the active treatment group, resulting in a 28% reduction in risk
of major stroke in all participants. This reduction of risk
extended to all forms of stroke (major disabling, hemorrhagic,
ischemic, or unknown) to patients with and without hyperten-
sion and with and without diabetes. The most beneficial effect
was seen in the group receiving perindopril and indapamide,
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in which BP decreased by 12/5 mm Hg. Surprisingly, patients
who received perindopril monotherapy had no reduction in
cerebrovascular morbidity and mortality despite a significant
5/3–mm Hg fall in BP.149 The PROGRESS data are important
becasuse it has been debated whether the long-term lowering
of BP in patients who have sustained a prior cerebrovascular
event reduces recurrent stroke rate comparably with the bene-
fit observed for primary stroke prevention with BP reduction.

The HOPE trial results with the ACE inhibitor ramipril
showed that the benefits of lowering BP on the risk of stroke
are not confined to patients with hypertension. Compared
with placebo, ramipril reduced the risk of any stroke by 32%
and that of fatal stroke by 61%. Benefits were consistent across
baseline BPs, concomitant drug use, and subgroups defined by
the presence or absence of previous stroke, peripheral arterial
disease, diabetes, or hypertension.153 Based on the HOPE
study, the American Heart Association guidelines for the pri-
mary prevention of stroke recommend ramipril to prevent
stroke in high-risk patients and in patients with diabetes and
hypertension.154

SIDE EFFECTS OF ACE INHIBITORS

A syndrome of “functional renal insufficiency” has been
observed as a class effect with ACE inhibitors.155 This phe-
nomenon was initially reported in patients with renal artery
stenosis and a solitary kidney or bilateral renal artery stenosis.
Predisposing conditions include dehydration, CHF, NSAID
use, and/or either microvascular or macrovascular renal dis-
ease.142,156 The mechanism common to these conditions is a
fall in afferent arteriolar flow. When this occurs, glomerular
filtration temporarily declines. In response to this reduction
in glomerular filtration, local production of angiotensin II

increases. In concert with this increase in angiotensin II, the
efferent or postglomerular arteriole constricts, reestablishing
hydrostatic pressures in the more proximal glomerular capil-
lary bed.

The abrupt removal of angiotensin II, as occurs with an
ACE inhibitor (or an ARB), will acutely dilate the efferent
arteriole in tandem with a reduction in systemic BP. In
combination, these hemodynamic changes drop glomerular
hydrostatic pressure such that glomerular filtration plum-
mets. This type of “functional renal insufficiency” is best
treated by discontinuation of the responsible agent, careful
volume expansion (if intravascular volume contraction is a
contributing factor), and, if warranted on clinical grounds,
evalution for the presence of renal artery stenosis
(Figure 65–2).140

Hyperkalemia is an additional ACE inhibitor–associated
side effect.157 ACE inhibitor–related hyperkalemia occurs
infrequently unless a specific predisposition to hyperkalemia
exists, such as diabetes or CHF with renal failure (receiving
potassium-sparing diuretics or potassium supplements).158,159

Conversely, ACE inhibitors reduce the potassium loss that
ordinarily accompanies diuretic therapy.

A dry, irritating, nonproductive cough is a common com-
plication of ACE inhibitor treatment, with an incidence of up
to 44%.160 Cough is a class effect of ACE inhibitors and has
been attributed to an increase in bradykinin and/or other
vasoactive peptides such as substance P, which may play a sec-
ond messenger role in setting off the cough reflex. Although
numerous therapies have been tried, few have had any lasting
success in eliminating ACE inhibitor–induced cough. The
sensible clinical approach for suspected ACE inhibitor–related
cough is to reassess the patient several weeks after drug dis-
continuation. Disappearance of the cough can then be taken
as proof of an ACE inhibitor cause.
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HYPOPERFUSION

Conditions causing
hypoperfusion

Hypotension
Renal arterial
  disease
Dehydration
Congestive heart
  failure

Afferent arteriole
(decreased flow)

Efferent arteriole
(constricted)

ACE INHIBITOR TREATED

Afferent arteriole
(decreased or
normal flow)

Efferent arteriole
(dilated)

FFigure 65–2 Schematic illustration of settings wherein ACE inhibitor therapy may worsen renal function. Conditions causing
renal hypoperfusion include systemic hypotension, high-grade renal artery stenosis, extracellular fluid volume contraction
(simplified as “dehydration” in the figure), administration of vasoconstrictor agents (NSAIDs or cyclosporine, not shown), and
CHF. These conditions typically increase renin secretion and angiotensin II production. Angiotensin II constricts the efferent
arteriole to a greater extent than the afferent arteriole, such that glomerular hydrostatic pressure and GFR can be maintained
despite hypoperfusion. When these conditions occur in ACE inhibitor–treated patients, angiotensin II formation and effect are
diminished, and GFR may decrease. (Adapted with permission from Circulation 104:1985-1991, 2001.140)



Nonspecific side effects of ACE inhibitors are generally
uncommon with the exception of taste disturbances, leukope-
nia, skin rash, and dysgeusia, which are largely seen in
captopril-treated patients.161 ACE inhibitor use has not been
associated with headache. In fact, ACE inhibitors have been
used for migraine prophylaxis, and they have been proven effec-
tive in reducing the risk of nitrate-induced headache.162

Angioneurotic edema is a potentially life-threatening complica-
tion of ACE inhibitors that is more common in Blacks.163

Angioedema of the intestine (more common in women) can
also occur with ACE inhibitor therapy, with a typical presenta-
tion of abdominal pain/diarrhea with or without facial and/or
oropharyngeal swelling (Figure 65–3).164 However, the use of
ACE inhibitors is not associated with a significantly increased
risk of acute pancreatitis.165 A final side effect of ACE inhibitors
is anemia. ACE inhibitors suppress the production of erythro-
poietin in a dose-dependent manner, which presents a particu-
lar problem when they are administered in the presence of renal
failure.166 Alternatively, this aspect of ACE inhibitor effect can
be used therapeutically in posttransplant erythrocytosis and
high-altitude polycythemia.167,168

SUMMARY

ACE inhibitors are used commonly to reduce BP or to provide
cardioprotection and/or renoprotection. They provide the
greatest target organ protection in patients with CHF, pro-
teinuric renal disease, or post-MI. Dosing guidelines exist for
each of these scenarios, although such guidelines may not be
followed as closely in clinical practice as is advised. ACE

inhibitor–related side effects are generally easily recognized
and, other than functional renal insufficiency, do not occur
more commonly other than in the elderly.
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Calcium antagonists are commonly used antihypertensive
drugs among prescribing physicians.1-4 In the Cardiovascular
Health Study, there was an increase in the use of calcium
antagonists from 14% in 1990 to 36% in 1999 among 5775
participants aged 65 years or older (Figure 66–1).4 The growth
of calcium antagonist use has been attributed to increased
drug advertising.5 Their use has not been influenced by the
academic controversy involving alleged excess cardiovascular
events, gastrointestinal bleeding, and cancer.6-12 There has
been a decline in their use among patients with coronary dis-
ease, decreasing from a peak of 57% in 1994 to 43% in 1999
(p <0.001).4 It remains to be seen whether the report of the
Antihypertensive and Lipid-Lowering Treatment to Prevent
Heart Attack Trial (ALLHAT) will influence treatment deci-
sions regarding calcium antagonist use.13

PHARMACOLOGY OF CALCIUM
ANTAGONISTS

Calcium antagonists are more heterogenous than other classes
of antihypertensive drugs (e.g., angiotensin receptor blockers).
They are divided into the phenylalkylamine (verapamil); ben-
zothiazepine (diltiazem); and 1,4-dihydropyridine (nifedipine-
like) classes.14 Others prefer simply to divide the calcium
antagonists into dihydropyridines (vasodilating) and non-
dihydropyridines (myocardial active) to emphasize their rela-
tive vascular to cardiac selectivity. The dihydropyridines may
be further subdivided based on their tissue selectivity (Figure
66–2). Tissue selectivity refers to the ratio calculated as a 50%
inhibition of vascular constriction versus inhibition of the
contractility of isolated myocardium.15 The higher the ratio,
the more selective the calcium antagonist is for vascular tissue
and the lower the potential for producing a negative inotropic
effect. All dihydropyridines other than nifedipine, lacidipine,
and lercanidipine have been referred to as second-generation
dihydropyridines.14,16 The third-generation dihydropyridines
lercanidipine and lacidipine are hydrophobic, membrane solu-
ble, and have a long duration of action.17

All calcium antagonists bind to the α1c-subunit of the
voltage-dependent L-type calcium channel, although the actual
binding sites differ among the three groups.18 By inhibiting the
influx of calcium from outside the cell to inside the cell through
the voltage-dependent L-type channel, actin and myosin do not
interact and vasodilation occurs. Mibefradil (Posicor), which
was withdrawn from the market because of drug-drug interac-
tions, blocked both the low-voltage T and the high-voltage L
channels.14,19 L-type channels are located on cardiac muscle,
arteries, and veins, as well as leukocytes, platelets, brain, retina,
salivary glands, gastric mucosa, pancreas, adrenal glands, pitu-
itary gland, and other smooth muscle (bronchial, gastrointesti-
nal, genitourinary, and uterine).18 This explains some side
effects and the diverse application of calcium antagonists to sys-

temic hypertension, angina pectoris, supraventricular arrhyth-
mias, subarachnoid hemorrhage, myocardial infarction,
Raynaud’s disease, esophageal spasm, primary pulmonary
hypertension, and migraine headaches.20 In addition to the
smooth muscle relaxation, there are other effects of calcium
antagonists that potentially lower blood pressure, including
acute and repetitive natriuresis,21,22 inhibition of aldosterone
release,23 inhibition of growth and proliferation of vascular
smooth muscle cells and fibroblasts,24 and interference with α2-
adrenoreceptor- and angiotensin-mediated vasoconstric-
tion.25,26 Antiatherogenic properties have been documented in
animal models (Figure 66–3),27,28 but results of studies of the
vascular effects of calcium antagonists in humans have been
mixed.29-33

Division of calcium antagonists into dihydropyridines and
nondihydropyridines differentiates their effects on myocardial
contractility, cardiac conduction, and glomerular hemody-
namics. Verapamil and diltiazem depress the sinoatrial (SA)
node slightly, decrease conduction through the atrioventricu-
lar (AV) node, and reduce myocardial contractility. Unlike the
dihydropyridines, there is less vasodilation and related vascular
side effects.34 The dihydropyridines increase or fail to reduce
intraglomerular pressure, completely abolish renal autoregula-
tion, and increase proteinuria and glomerulosclerosis.

There are differences in time to peak concentration and
elimination half-life among calcium antagonists (Table 66–1.
All except amlodipine, lacidipine, and lercanidipine are short-
acting in their native form and require novel drug delivery sys-
tems to prolong their duration of action.35-37 The short plasma
half-life of lercanidipine is misleading given its long duration
of action.17 The explanation for the discrepancy is that the
molecule is attached to the arterial wall and not circulating in
plasma. Several calcium antagonists (Covera-HS, Verelan-PM,
Cardizem LA) have been designed as chronotherapeutic for-
mulations.38-41 Because cardiovascular events are more likely to
occur in the early morning hours, the delivery system was cre-
ated to deliver peak plasma levels in the early morning hours
when taken at bedtime. Intravenous diltiazem, nicardipine,
and verapamil are available.

PHARMACOKINETICS

After oral dosing, all three classes of calcium antagonist
undergo first-pass metabolism by intestinal enterocytes and
the liver.42 Bioavailability is 20% for verapamil, 45% for dilti-
azem, and 45% to 75% for nifedipine. Amlodipine has a rela-
tively high bioavailability as compared with all other calcium
antagonists.43 All calcium antagonists are highly bound to
plasma proteins.

More than 90% of verapamil is absorbed; bioavailability is
reduced because of extensive first-pass metabolism44 but
increases with repetitive dosing. Verapamil is a substrate for
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cytochrome P450 CYP3A and P-glycoprotein. N-dealkylation
and O-demethylation are the primary metabolic pathways for
verapamil. There are 12 metabolites, but norverapamil has
20% of the pharmacologic activity of verapamil. Urinary
excretion accounts for 70% of the drug elimination. Clearance
is decreased in cirrhosis, in the elderly, and in women.45,46

Caution has been sounded for the use of sustained-release ver-
apamil in patients with chronic kidney disease.47

More than 90% of diltiazem is absorbed after oral adminis-
tration. Bioavailability is reduced because of extensive first-pass
metabolism.48 Diltiazem is a substrate for cytochrome P450
CYP3A and P-glycoprotein. O-deacetylation and N-demethyla-
tion followed by O-demethylation are the primary metabolic
pathways for diltiazem. Deacetyldiltiazem accounts for 15% to
35% of diltiazem levels and has at most 50% of the pharmaco-

logic effect of the parent compound. Clearance is decreased in
elderly patients.48

Almost 95% of nifedipine is absorbed after oral adminis-
tration.49 About 30% to 40% of the drug is eliminated with
first-pass metabolism. Oxidation results in three inactive
metabolites that are predominately excreted in the urine.
Unlike other calcium antagonists, amlodipine does not under-
go extensive first-pass metabolism.

DRUG DELIVERY SYSTEMS

Drug delivery systems for calcium antagonists are intended to
prolong the intrinsic duration of action of the drug, to
decrease dosing frequency and reduce side effects (Table 66–2).
Disadvantages for these drug delivery systems include post-
poned achievement of pharmacodynamic effect on initiation
of therapy, the potential for sustained toxicity, decreased
absorption with rapid gastrointestinal tract motility, and
adverse reactions caused by the delivery system. Care must be
taken when switching from a drug of one delivery system to
another by titrating the drug dose.

Plendil, Adalat CC, and Sular use the coat core system, which
is a hydrophilic gel surrounding active drug (Figure 66–4). The
drug diffuses across the hydrophilic gel matrix coat as it trav-
els throughout the gastrointestinal tract, and the matrix even-
tually erodes. Crushing or dividing the tablet exposes the
patient to the active drug acutely, resulting in flushing,
hypotension, and tachycardia.

The osmotic pump or Gastrointestinal Therapeutic System
(GITS) provides zero-order drug delivery and is used with
Procardia XL, Dynacirc CR, and Covera HS (Figure 66–5).50,51
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The osmotic pump contains two compartments, a polymer-
ic push compartment and an osmotic drug core; the entire
tablet is surrounded by a cellulosic membrane, which is per-
meable to water but not to the drug or the osmotic excipi-
ents.52 There is a laser-drilled opening on the drug side of the
tablet to allow dispensing of the drug as the polymeric push
compartment swells. Covera HS has two laser drill holes for
drug release and a special delay coat to time the release of
verapamil in the hours prior to awakening. The osmotic
pump is very hard, which increases the possibility for chip-
ping teeth, obstructing the gastrointestinal tract where there
is a stricture, and the theoretical possibility of eroding
through diverticula.53

Cardizem SR, Cardizem CD, Cardizem LA, Tiazac, Verelan,
Verelan PM, and Cardene SR use encapsulated beads.37

Cardene SR is a mixture of 25% immediate-release powder
and 75% slow-release beads.54 Cardizem CD consists of two
populations of beads: (1) 40% with a thin copolymer coat for
the initial 12 hours and (2) 60% with a thicker copolymer coat
for the next 12 hours.55 Tiazac consists of coated beads with a
monolayer microporous semipermeable polymer, which con-
trols the rate of drug diffusion in the gastrointestinal tract.
Cardizem LA differs from Tiazac in the amount of coating

applied to the beads. It is dosed at bedtime and formulated to
reach peak plasma levels between 6 A.M. and 12 noon. Verelan
is a multiparticulate bead system (Spheroidal Oral Drug
Absorption System, SODAS) that consists of 1-mm inert beads
surrounded by rate-controlling polymers that allow release of
verapamil without regard to pH (Figure 66–6). Similar to
Verelan, Verelan PM uses water-soluble and water-insoluble
polymers to delay release of verapamil for 4 to 5 hours.56

Isoptin SR and Calan SR consist of a mixture of verapamil
combined with polysaccharide sodium alginate, which
absorbs water and becomes gelatinous in the gastrointestinal
tract. Verapamil is released via diffusion through the matrix,
and surface erosion of the tablet. Unlike Verelan, this formu-
lation must be taken with food to avoid doubling the peak
plasma levels.

Dilacor XR uses the completely biodegradable Geomatrix
tablets, which consist of two slow hydrating barriers sand-
wiching a hydrophilic matrix core (Figure 66–7).57 Diltiazem
diffuses at a constant rate across the unprotected sides of the
active layer as the volume of the dry tablet increases from 0.19
to 2.21 ml with complete hydration. Each tablet contains
60 mg of diltiazem; thus three tablets are encapsulated for the
180-mg dose.
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Table 66–1 Comparative Pharmacokinetics of Calcium Antagonists

Time to Peak Elimination Half-life
Drug Absorption Bioavailability Protein Binding (hours) (hours)

Diltiazem CD 95% 40% 70-80% 10-14 5-8
Amlodipine >90% 60-65% 95% 6-12 35-45
Felodipine ER >99% 20% 99% 2.5-5 10-17
Isradipine CR 90-95% 15-24% 95% 7-18 8
Lercanidipine 44% 10-12% 98% 2-3 8-10
Nicardipine SR >90% 35% >90% 1-4 8.6
Nifedipine CC >90% 84-89% 92-98% 2.5-12 7
Nisoldipine CC >80% 5% >99% 6-12 7-12
Verapamil SR >90% 20-35% >90% 5.2-7.7 4.5-12

CC, coat core; CD, controlled delivery; CR, controlled release; ER, extended release; SR, sustained release.

Table 66–2 Novel Drug Delivery Systems for Calcium Antagonists

Generic Name Brand Name Dosing Interval Delivery System

Diltiazem Cardizem SR 2X/day Coated beads (Multiple)
Cardizem CD 1X/day Coated beads (2 Populations)
Cardizem LA 1X/day HS Coated beads (Multiple)
Tiazac 1X/day Coated beads (Multiple)
Dilacor 1X/day Geomatrix

Felodipine Plendil 1X/day Coat core
Isradipine DynaCirc CR 1X/day Osmotic pump
Nicardipine Cardene SR 2X/day Coated beads and powder
Nifedipine Procardia XL 1X/day Osmotic pump

Adalat CC 1X/day Coat core
Nisoldipine Sular 1X/day Coat core
Verapamil Calan SR 1-2X/day Sodium alginate matrix

Isoptin SR 1-2X/day Sodium alginate matrix
Verelan 1X/day Coated beads (multiple)
Covera HS 1X/day HS Osmotic pump with delay coat
Verelan PM 1X/day HS Multiple beads with delay coat



DRUG INTERACTIONS

Table 66–3 lists common pharmacokinetic drug-drug interac-
tions. Grapefruit juice inhibits cytochrome P450 CYP3A on
enterocytes58 and increases the bioavailability of felodipine by
200%, of nisoldipine by 150%, and of amlodipine or nifedip-
ine by 20% to 30%. Increases in verapamil levels following
grapefruit juice have been reported.59 Lithium neurotoxicity
occurs with verapamil use.60

There are several important pharmacodynamic interactions
between calcium antagonists and other drug classes. Drugs
that slow the heart rate or conduction or reduce contractility
can magnify those effects in combination with verapamil or
diltiazem. These includes β-blockers, α2-stimulants, digitalis,
amiodarone, flecainide, and disopyramide.

SIDE EFFECTS

Short-acting dihydropyridines are associated with flushing,
tachycardia, angina, dizziness, and headache caused by
vasodilation. Long-acting dihydropyridines avoid these
side effects but are associated with dose-dependent periph-
eral edema (Figure 66–8).51 The peripheral edema is caused
by a mismatch between arteriolar and venular dilation
favoring fluid extravasation.61,62 This side effect occurs less
commonly with the nondihydropyridine calcium antago-
nists. The peripheral edema is not associated with weight
gain and therefore is not responsive to diuretics. There
appears to be a lower rate of peripheral edema among the
third-generation dihydropyridines. In a multicenter
double-blind, parallel trial of 828 elderly hypertensives
treated with lacidipine 2 to 4 mg/day, lercanidipine 10 to 20
mg/day, or amlodipine 5 to 10 mg/day, the rate of edema
was 4.3%, 9.3%, or 19% (p <.0001), respectively.63 The
prevalence of peripheral edema is reduced when a convert-
ing enzyme inhibitor is combined with a dihydropyridine.
In an 8-week, double-blind, parallel group trial of 563
hypertensives, the rate of peripheral edema was 4.9% for
amlodipine 5 mg, 23.6% for amlodipine 10 mg, 2.2% for
amlodipine 5 mg/benazepril 10 mg, and 1.5% for amlodip-
ine 5 mg/benazepril 20 mg (p <.001).64

Gingival overgrowth (Figure 66–9) occurs with calcium
antagonists, cyclosporin, and phenytoin.65 The prevalence is
higher with nifedipine (38%) than with diltiazem (21%) or
verapamil (19%) or in control patients (4%).66 Attention to
plaque control is important. Rarely, gingivectomy is needed.

Figure 66–10 shows common side effects seen with dilti-
azem in a randomized controlled trial.55 Sinus bradycardia and
peripheral edema were seen with the higher doses of diltiazem.
Occasionally headache, dizziness, asthenia, fatigue, rash, and
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first-degree AV block were also reported. Figure 66–11 empha-
sizes that constipation occurs as a dose-dependent side effect
of verapamil.67 Dizziness, headache, and nausea also occur.
Rarely, hepatotoxicity, complete heart block, or skin eruptions
can occur. Calcium antagonists, including diltiazem and vera-
pamil, should be avoided in patients with heart failure (sys-
tolic dysfunction), because they are associated with heart fail-
ure exacerbations.68,69

CALCIUM ANTAGONISTS 
AS ANTIHYPERTENSIVES

Table 66–4 lists the calcium antagonists marketed in the
United States and their indications according to the Food and
Drug Administration. Not listed are nimodipine, which is
used for subarachnoid hemorrhage, and bepridil, an antiang-
inal drug that is rarely used.

687Calcium Antagonists

Table 66–3 Drug Interactions with Calcium Antagonists

Verapamil
Drug Levels ↑ Drug Levels ↓ Verapamil Levels ↑ Verapamil Levels ↓

Buspirone Lithium Ceftriaxone Diclofenac
Carbamazepine Oxcarbazepine Cimetidine Phenobarbital
Cyclosporine Clindamycin Phenytoin
Digitoxin Fluoxetine Rifampin
Digoxin Ketoconazole Sulfinpyrazone
Dofetilide Terfenadine
Imipramine
Metoprolol
Midazolam
Prazosin
Propranolol
Quinidine
Simvastatin
Theophylline

Diltiazem
Drug Levels ↑ Drug Levels ↓ Diltiazem Levels ↑ Diltiazem Levels ↓

Alfentanil Cimetidine Moricizine
Amlodipine Rifampin
Buspirone
Carbamazepine
Cilostazol
Cyclosporine
Digitoxin
Digoxin
Imipramine
Lovastatin
Methylprednisolone
Moricizine
Nifedipine
Propranolol
Quinidine
Simvastatin
Sirolimus
Tacrolimus
Theophylline

Nifedipine
Drug Levels ↑ Drug Levels ↓ Nifedipine Levels ↑ Nifedipine Levels ↓

Digoxin Quinidine Cimetidine Rifampin
Diltiazem Cyclosporine St. John’s Wort
Ginseng Dalfopristin
Ginkgo biloba Fluoxetine
Phenytoin Fluconazole
Propranolol Quinidine
Tacrolimus Quinupristin
Theophyllines Ranitidine
Vincristine Terfenadine



EFFICACY

Calcium antagonists are as effective as other antihypertensive
agents in lowering blood pressure. Two studies directly com-
pared multiple classes of antihypertensive medications in terms
of efficacy and side effects. The Treatment of Mild
Hypertension Study was a randomized, double-blind, placebo-
controlled trial of 902 men and women 45 to 69 years of age
with a diastolic blood pressure less than 100 mm Hg.70 All par-
ticipants were advised to reduce sodium and alcohol intake, lose
weight, and increase physical exercise. They were randomized to
placebo, chlorthalidone 15 mg/day, acebutolol 400 mg/day,
doxazosin 2 mg/day, amlodipine 5 mg/day, or enalapril
5 mg/day. If the blood pressure exceeded a prespecified thresh-
old, then enalapril 2.5 to 5 mg/day could be added to the diuret-
ic group or chlorthalidone 15 to 30 mg/day could be added to
all other groups. As shown in Figure 66–12, amlodipine was as
effective as the representative of any other antihypertensive
drug class at the dose of drug used and tended to be more effec-
tive than the angiotensin-converting enzyme inhibitor. The
greatest decline in left ventricular mass was seen in the

chlorthalidone group, as determined by serial echocardiograms
(Figure 66–13).71 The mean reduction in left ventricular mass
of 25 g was nearly identical in all groups (including acebutolol,
doxazosin, and enalapril, not shown), except chlorthalidone
(34 g, p = .03 vs. placebo). Erectile dysfunction was significant-
ly more common with chlorthalidone (Figure 66–14).72 At 24
months, the incidence of erectile dysunction was greatest with
chlorthalidone as compared with placebo (p = .025). At 48
months there was no difference among the groups. The average
decrease in low-density lipoprotein cholesterol was greater with
doxazosin than amlodipine (−11.3 mg/dl vs. −5.1 mg/dl, p <.01),
and the decline in triglycerides was greater with amlodipine than
acebutolol (−18.4 mg/dl vs. −6.4 mg/dl, p <.01). Amlodipine did
not change glucose, potassium, uric acid, or creatinine. The start-
ing dose of amlodipine (81.6%) and acebutolol (77.0%) was
more likely to be maintained than placebo (54.6%, p <.01).70

The only other trial that compared six classes of antihyper-
tensive drugs against placebo is a Veterans Affairs Cooperative
Study, a randomized, double-blind study that involved 1292
men with untreated diastolic blood pressure between 95 to
109 mm Hg.73-75 The following drugs were titrated over a peri-
od of 4 to 8 weeks: hydrochlorothiazide 12.5 to 50 mg/day,
atenolol 25 to 100 mg/day, clonidine 0.1 to 0.3 mg twice daily,
captopril 12.5 to 50 mg twice daily, prazosin 2 to 10 mg twice
daily, diltiazem sustained-release 60 to 180 mg twice daily, or
placebo. Treatment was deemed successful if the diastolic
blood pressure was less than 90 mm Hg after the titration
period and at 1 year of treatment (Figure 66–15). Diltiazem
was significantly better than captopril, prazosin or placebo
(p <.05).75 Diltiazem (21.6%) was less likely to fail to achieve
the titration goal of a diastolic blood pressure less than 90 mm
Hg as compared with atenolol (29.4%), clonidine (30.7%),
prazosin (34.2%), hydrochlorothiazide (38.1%), or placebo
(61%).73 Among younger and older African Americans, dilti-
azem achieved the highest treatment success rate after 1 year.
Figure 66–16 shows the change in left ventricular mass from
baseline in subjects whose pretreatment mass was greater than
350 g.76 At 8 weeks, diltiazem and prazosin significantly
reduced left ventricular mass (p <.01) to the greatest extent.
However, after 1 year, hydrochlorothiazide (p <.001), capto-
pril (p <.01), and atenolol (p <.05) were most effective.
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Figure 66–9 Gingival growth caused by a calcium
antagonist.



DEMOGRAPHICS

Calcium antagonists are believed to be more effective in eld-
erly and Black patients. Pharmacokinetic studies using
verapamil, diltiazem, and amlodipine document a lower
clearance and prolonged elimination half-life, as well as
greater declines in blood pressure in elderly patients than in
younger patients.45,48,77

In a double-blind, positively controlled, forced-dose titra-
tion study comparing atenolol, captopril, and verapamil
sustained release as single agents in the treatment of 394 Black
patients with a diastolic blood pressure 95 to 114 mm Hg, ver-
apamil was most effective in controlling blood pressure.78

Another study showed a slower clearance of nifedipine in
Black subjects (8.9 ± 0.7 ml/min/kg) as compared with white
subjects (11.6 ± 0.8 ml/min/kg; p = .00004).79 Figure 66–17
shows that in the Veterans Affairs Cooperative Study, dilti-
azem achieved the highest treatment success rate after 1 year
among younger and older African Americans.

Although gender has not generally been viewed as an
important factor in the response of antihypertensive agents,
data suggest that oral verapamil is not cleared as well and
plasma concentrations are higher among women.46,80 These
pharmacokinetic data translate well into differences in blood
pressure response, as documented by a metanalysis of three
randomized, double-blind, placebo-controlled trials of
controlled-onset, extended-release verapamil.81 When using
ambulatory blood pressure, the change in blood pressure
was −15.1/−10.4 mm Hg for women as compared with 
−10.0/−8.2 mm Hg for men (p <.001 for systolic and 
p = .003 for diastolic pressure).

SODIUM INTAKE AND NONSTEROIDAL
ANTIINFLAMMATORY DRUGS

The calcium antagonists differ from the angiotension-
converting enzyme inhibitors in that their blood
pressure–lowering effect is not augmented by sodium restric-
tion. In one small study, the change in blood pressure in
response to verapamil 120 mg dosed three times daily on a
low-sodium (9 mEq) diet was −18/11 mm Hg and on a high
sodium (212 mEq) diet −19/−14 mm Hg.82 Another double-
blind study randomized 397 salt-sensitive hypertensive
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verapamil in the treatment of stable angina pectoris. Am J
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patients to isradipine 2.5 to 20 mg twice daily, enalapril 2.5 to
20 mg twice daily, or placebo to evaluate modulation of blood
responses.83 This study observed that the decline in blood
pressure was greater for isradipine on a high- versus low-
sodium (−14.9/−10.1 mm Hg vs. −7.6/−4.8 mm Hg) diet,
whereas enalapril had a similar effect on both diets.

Nonsteroidal antiinflammatory agents attenuate the anti-
hypertensive effects most classes of blood pressure–lowering
drugs, probably because of inhibition of renal prostaglandin
production.84-87 However, calcium antagonists appear to be
resistant to this effect. In a randomized, double-blind, study of

162 hypertensive patients treated with sustained-release vera-
pamil hydrochloride 240 to 480 mg/day, participants were
randomized to ibuprofen, naproxen, or placebo for 3 weeks.88

There were no significant differences in sitting, standing, or
supine blood pressure with ibuprofen 400 mg dosed three
times daily or naproxen 500 mg dosed twice daily as compared
with placebo despite increased weight with both nonsteroidal
antinflammatory drugs (Figure 66–18). In another study, 100
patients were treated with nicardipine 30 mg three times daily
and then randomized to 375 mg of naproxen twice daily or
placebo for 4 weeks. Although weight increased by about
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Table 66–4 Indications for Calcium Antagonists

Generic Brand Name Stable Angina Vasospastic Angina Hypertension Supraventricular

Benzothiazepine
Diltiazem Cardizem X X X
Diltiazem Cardizem-SR X
Diltiazem Cardizem-CD X X X
Diltiazem Cardizem LA† X
Diltiazem Dilacor-XR X X
Diltiazem Tiazac X

Dihydropyridine
Amlodipine Norvasc X X X
Felodipine Plendil X
Isradipine DynaCirc X X
Isradipine DynaCirc-CR X
Nicardipine Cardene X X
Nicardipine Cardene-SR X
Nifedipine Adalat/Procardia X X
Nifedipine Adalat CC X
Nifedipine Procardia XL X X X
Nisoldipine Sular X

Phenylalkylamine
Verapamil Calan/Isoptin X X X X
Verapamil Calan-SR X
Verapamil Covera-HS† X X
Verapamil Isoptin-SR X
Verapamil Verelan X
Verapamil Verelan-PM† X

†Chronotherapeutic delivery system.
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systolic or diastolic blood pressure,
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Figure 66–15 Comparison of Six Antihypertensive Drugs—
Treatment Success: Veterans Administration Cooperative
Study. Treatment success is determined by a diastolic blood
pressure less than 90 mm Hg after 1 year of treatment.
Diltiazem was significantly better than captopril, prazosin,
or placebo (p <.05). (Derived from data of Materson BJ,
Reda DJ, Cushman WC. Department of Veterans Affairs
Single-Drug Therapy of Hypertension Study. Revised figures
and new data. Department of Veterans Affairs Cooperative
Study Group on Antihypertensive Agents. Am J Hypertens
8:189-192, 1995.)
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Monotherapy: Veterans Affairs Cooperative Study. The
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subjects whose pretreatment mass was greater than 350 g.
At 8 weeks diltiazem and prazosin significantly reduced left
ventricular mass (p <.01). However, after 1 year
hydrochlorothiazide (p <.001), captopril (p <.01), and
atenolol (p <.05) were most effective. (Derived from data of
Gottdiener JS, Reda DJ, Massie BM, et al. Effect of single-
drug therapy on reduction of left ventricular mass in mild to
moderate hypertension: Comparison of six antihypertensive
agents. The Department of Veterans Affairs Cooperative
Study Group on Antihypertensive Agents. Circulation
95:2007-2014, 1997.)



0.7 kg in the naproxen-treated subjects, there was no increase
in blood pressure.89 In a double-blind crossover study,
indomethacin 50 mg twice daily increased blood pressure in
patients treated with enalapril but not in patients treated with
amlodipine.90 The cyclooxygenase-2 (COX-2) inhibitors cele-
coxib and rofecoxib did not increase systolic blood pressure
over 6 weeks in a randomized, double-blind, controlled trial
of elderly hypertensive patients receiving a calcium antago-
nist.91 Future studies should examine the impact of nons-

teroidal treatment in the setting of calcium antagonists in
combination with other antihypertensive drugs.

COMBINATIONS WITH
ANTIHYPERTENSIVE DRUGS

Effective blood pressure control usually requires two or more
drugs. Figure 66–19 shows that the antihypertensive effects of
most drug classes are additive to calcium antagonists.92 The
combination of sustained-release verapamil and trandolapril
is additive for lowering blood pressure and reducing protein-
uria.93 The change in 24-hour ambulatory blood pressure in
31 elderly persons treated with felodipine 5 mg/day, candesar-
tan 16 mg/day, and their combination was −11.9/5.7 mm Hg,
−12.2/7.5 mm Hg, and −21.0/11.2 mm Hg (p <.005 as com-
pared with either monotherapy).94 In a double-blind,
placebo-controlled, 3 × 4 factorial design trial (n = 707) of
placebo; enalapril 5 mg/day or 20 mg/day; felodipine 2.5
mg/day, 5 mg/day, or 10 mg/day; and the various combina-
tions, the antihypertensive effects of the combinations were
additive. Also, the combinations had a lower rate of peripher-
al edema (4.1%) compared with felodipine monotherapy
(10.8%) but did not reduce the rate of cough, headache, or
dizziness. Diltiazem-extended and enalapril appear to be
additive, as are amlodipine and benazepril.95-98

Combining a dihydropyridine calcium antagonist with a 
β-adrenergic antagonist has the benefit of blocking the sympa-
thetic nervous system activation that occurs with short-acting
dihydropyridines. In a randomized, double-blind trial, 234
hypertensive patients were randomized to nicardipine 30 mg,
propranolol 40 mg, or the combination of each dosed three
times daily.99 The change in average supine blood pressure
after 6 weeks was −15.9/−13.8 mm Hg, −15.6/−12.6 mm Hg,
and −19.8/−15.7 mm Hg for nicardipine, propranolol, and the
combination. Although the combination was less than addi-
tive with respect to blood pressure, there were fewer vasodila-
tor side effects with the combination (5%) or propanolol
monotherapy (3%) as compared with nicardipine monother-
apy (14%, p ≤.05). Adding isradipine 2.5 to 5 mg dosed twice
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daily to pindolol, a β-blocker with intrinsic sympathomimet-
ic activity, reduced supine blood pressure by −18/−15 mm Hg
(p <.001) after 4 weeks.100 In a randomized, double-blind,
crossover study with 4-week treatment phases, 15 patients
received diltiazem 120 mg twice daily, atenolol once daily,
both drugs, or placebo.101 Compared with placebo, either
monotherapy reduced blood pressure by −8/−9 mm Hg; the
combination reduced blood pressure by −16/−13 mm Hg and
was superior to monotherapy (p <.05). The average PR inter-
val 2 hours after drug dosing was 0.164 second for placebo,
0.175 second for diltiazem, 0.174 second for atenolol, and
0.184 second for the combination. Other studies have com-
bined verapamil and propranolol.102 Combining verapamil or
diltiazem with a β-blocker increases the risk of sinus brady-
cardia or arrest, junctional escape rhythm, AV conduction
block, and heart failure.

Combining an α1-blocker with a calcium antagonist may be
synergistic.103 In a randomized, double-blind, crossover study,
each of 75 patients received amlodipine 10 mg, doxazosin 4 mg,
and the combination of amlodipine 5 mg and doxazosin 2 mg
daily for 6 weeks after a 2-week washout period.104 The change
from baseline was −29/−10 mm Hg for amlodipine monother-
apy, −28/−8 mm Hg for doxazosin monotherapy, and −41/−15
mm Hg for the half-strength combination. The mechanism
for the hypotensive response is unclear. One study observed
an increase in bioavailability of terazosin when added to vera-
pamil.105 The use of this combination requires great care in
slowly titrating the dose of the α1-blocker. The patient should
be told that his or her prescription must be refilled promptly
without any lapse to avoid severe orthostatic hypotension and
syncope.

Whether combining calcium antagonists and diuretics has
an advantageous effect on blood pressure control is contro-
versial.106-108 It has been suggested that the sequence of drug
administration may be important. Addition of isradipine to
hydrochlorothiazide-treated patients has been shown to be as
efficacious as adding propranolol,109 and factorial design trials
with verapamil and diltiazem have shown an additive antihy-
pertensive effect.110,111

The combination of a dihydropyridine to a nondihydropyri-
dine produces additive antihypertensive effects.112-114 One
study reported a decrease in blood pressure when either dilti-
azem sustained-release or verapamil sustained-relase was added
to nifedipine sustained-release.115 However, diltiazem more
effectively lowered blood pressure than did verapamil. This is
because nifedipine levels were higher when the drug was com-
bined with diltiazem (1430 ng●h/ml) than when it was com-
bined with verapamil (1134 ng●h/ml, p = .026) as compared
with baseline nifedipine levels (957 ng●h/ml). The combination
of verapamil and nifedipine was associated with more side
effects than the combination of diltiazem and nifedipine.115

MAJOR CLINICAL TRIALS

Calcium antagonists are effective antihypertensive and
antianginal agents. Major prospective clinical trials support
their role for treating hypertension without worsening overall
mortality. ALLHAT documents that the long-acting calcium
antagonist amlodipine does not increase cardiovascular or all-
cause mortality as compared with chlorthalidone.13 This
review will consider only hypertension trials (Table 66–5).

TRIALS OF CAROTID INTIMA-MEDIA
PROGRESSION

The Multicenter Isradipine Diuretic Atherosclerosis Study
(MIDAS) randomized 883 hypertensive patients to short-
acting isradipine or hydrochlorothiazide to assess the rate of
progression of carotid thickening over 3 years.31 Enalapril 2.5
to 10 mg twice daily could be added to attain a diastolic blood
pressure goal below 90 mm Hg. Systolic blood pressure was
reduced more with the diuretic. There was no difference in the
rate of progression of carotid thickening. Although there were
more hospitalizations for unstable angina with isradipine
treatment, there was no difference in all-cause mortality (p =
.81) or any major vascular event (p = .07).

The Verapamil in Hypertension and Atherosclerosis Study
(VHAS) randomized 498 patients to either sustained-release
verapamil or chlorthalidone over 4 years to assess the impact
on carotid intimal-medial thickness at six sites.32 Captopril
25 to 50 mg could be added if blood pressure remained
uncontrolled. For the first 6 months, the study was double-
blind and afterward was open-label. Blood pressure control
was similar with both drugs. The number of fatal and nonfa-
tal cardiovascular events was similar in the two groups. There
was significantly greater plaque regression in the group treat-
ed with verapamil as compared with chlorthalidone 
(p <.02). Furthermore, fatal and nonfatal cardiovascular
events occurred in 19 of 224 verapamil-treated and 35 of 232
chlorthalidone-treated patients.

A substudy of the International Nifedipine GITS Study:
Intervention as a Goal in Hypertension Treatment
(INSIGHT) examined progression of intima-media carotid
thickening in 439 patients treated with nifedipine GITS or
amiloride with hydrochlorothiazide over 48 months.116

Atenolol 25 to 50 mg or enalapril 5 to 10 mg could be added
if blood pressure was not controlled. There was no difference
in blood pressure control, but more progression in carotid
thickening was observed with the diuretic than with the calci-
um antagonist.

The European Lacidipine Study on Atherosclerosis (ELSA)
studied 2334 patients randomized to either lacidipine or
atenolol to assess the effect on carotid intima-media thickness
at four sites over 4 years.117 A diuretic could be added if blood
pressure was not controlled. Clinic blood pressure measure-
ments were similar between the two groups; however, 24-hour
blood pressure was lower with atenolol than lacidipine.
Despite this difference, there was less progression of intima-
media thickness with lacidipine than with atenolol. However,
there was no difference in the number cardiovascular events
between treatments.

TRIALS OF RENAL PROTECTION

Small short-term studies show proteinuria reduction with dil-
tiazem and verapamil in hypertensive diabetic patients.93,118

Many trials with dihydropyridine calcium antagonists do not
show similar protection. The Microalbuminuria Reduction
with Valsartan Study (MARVAL) reported a greater reduction
in urinary albumin excretion rate among diabetics with
microalbuminuria treated with valsartan versus amlodip-
ine.119 The African American Study of Kidney Disease and
Hypertension (AASK) randomized 1094 nondiabetic Black
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patients with hypertensive renal insufficiency (20-65 ml/min/
1.73 m2) to amlodipine, ramipril, or metoprolol extended-
release.120 This randomized, double-blind trial also included
two levels of blood pressure control. The average number of
additional drugs needed to control blood pressure was 2.75.
The amlodipine arm was terminated early because of greater
(50%) worsening of glomerular filtration rate (p = .03) and
more end-stage renal disease (p = .01) as compared with the
ramipril arm. Proteinuria also increased with amlodipine.
There was no difference in overall mortality.

The Irbesartan Diabetic Nephropathy Trial studied 1715
hypertensive diabetic patients with protein excretion ≥900
mg/24 hour and serum creatinine 1 to 3 mg/dl.121 Treatment
was randomized to irbesartan, amlodipine, or placebo, but
3.0 to 3.3 drugs were needed to achieve the target blood pres-
sure of 135/85 mm Hg or less. The rate of doubling of serum
creatinine was 39% lower with irbesartan as compared with
amlodipine (p < .001), and the rate of end-stage renal disease
was 24% lower with irbesartan (p = .06). There was no differ-
ence in total mortality. The number of cardiovascular events
was similar among all three groups (irbesartan, 29.7%;
amlodipine, 28.3%; and placebo, 32.5%).122 However, there
were fewer myocardial infarctions with amlodipine as com-
pared with placebo (4.7% vs. 8.1%, p = .021) and more cases
of heart failure with amlodipine as compared with irbesartan
(16.7% vs. 10.4%, p = .007). There were no differences among
the three groups with respect to cerebrovascular events,
although a protective trend was seen in amlodipine-treated
patients.

These trials suggest that amlodipine is not protective
against hypertensive or diabetic end-stage renal stage disease
as compared with ramipril or irbesartan. However, in ALL-
HAT (see later), the decline in glomerular filtration rate
(Figure 66–20) over 4 years was −2.9 ml/min/1.73 m2 for
amlodipine (p < .001 vs. diuretic), −7.6 ml/min/1.73 m2 for
chlorthalidone, and −7.0 ml/min/1.73 m2 for lisinopril (p =
.03 vs. diuretic).13 Also, INSIGHT reported less impaired renal
function with nifedipine GITS versus hydrochlorothiazide
combined with amiloride.123 These observations merit
prospective studies in hypertensive patients that have no evi-
dence of renal insufficiency at baseline. Also, studies that com-

bine a converting enzyme inhibitor with a dihydropyridine
have shown reductions in urinary albumin excretion compa-
rable with those seen with a converting enzyme inhibitor
alone.124 Thus, studies are needed that look at the impact of
various combinations on diuretic outcomes.

TRIALS IN ISOLATED SYSTOLIC
HYPERTENSION

The Systolic Hypertension in Europe (Syst-Eur) trial was a
randomized, double-blind, placebo-controlled study in
patients 60 years and older.125 Participants received placebo or
nitrendipine with enalapril and hydrochlorothiazide if needed
to achieve blood pressure control. Combination drug therapy
was frequently needed to lower the systolic blood pressure to
less than 150 mm Hg. The study was stopped prematurely
after 2 to 2.5 years because of a 42% reduction in fatal and
nonfatal stroke for active as compared with placebo treat-
ment. For fatal and nonfatal myocardial infarctions, however,
there was only a nonsignificant 30% reduction in events (p =
.12). Although not significant individually, when myocardial
infarction and heart failure events were combined, there was a
reduction in nonfatal cardiac endpoints (p = .03).

The role of a calcium antagonist in preventing vascular
dementia in older patients was evaluated in Syst-Eur.126,127

When the Mini-Mental Status Examination and computed
tomography of the brain were used as diagnostic criteria,
active treatment reduced the rate of dementia from 7.4 to 3.3
cases per 1000 patient years (p <.001).127 Because no other
class of antihypertensive drug has documented this finding,
the results should be replicated prospectively.

The Systolic Hypertension in China (Syst-China) trial
treated 2394 elderly hypertensive patients with placebo or
nitrendipine alone or in combination with captopril,
hydrochlorothiazide, or both.128 Treatment assignment was by
alternate allocation rather than randomization. The average
entry blood pressure was 171/86 mm Hg. With treatment, the
blood pressure declined by 11/2 mm Hg in the placebo group
and 20/5 mm Hg in the nitrendipine group. Total mortality
and stroke were significantly lower with active treatment, but
there was no difference between groups. There was no decline
in myocardial infarction, heart failure, or sudden death.

ASSESSMENT OF
CHRONOTHERAPEUTICS

The Controlled Onset Verapamil Investigation of
Cardiovascular Endpoints (CONVINCE) trial tested whether a
chronotherapeutic medication timed to deliver verapamil from
6 A.M. to noon is equivalent to traditional antihypertensive ther-
apy in preventing cardiovascular events.129-131 A group of 16,602
high-risk subjects 55 years or older with stages 1 to 3 hyperten-
sion were randomized to a chronotherapeutic preparation of
verapamil or traditional antihypertensive drugs (diuretic or β-
blocker). Additional drugs, including diuretics and converting
enzyme inhibitors, could be added to achieve blood pressure
control. The sponsor terminated the trial prematurely. There
was no difference in the combined endpoint of fatal and nonfa-
tal myocardial infarction and stroke at that point, but because
of the limited statistical power of the prematurely terminated
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trial, it was not possible to demonstrate equivalence of the treat-
ments. The authors concluded that, considered in the context of
other trials of calcium antagonists, their data indicate that the
effectiveness of calcium antagonist therapy in reducing cardio-
vascular outcomes is similar to but not better than traditional
diuretic or β-blocker treatment.131

TRIALS OF DIABETIC PATIENTS

The Appropriate Blood Pressure Control in Diabetes (ABCD)
trial was a prospective, double-blind, randomized study that
examined blood pressure control in 950 patients with type 2
diabetes mellitus with a diastolic blood pressure 80 mm Hg or
higher.132 The cohort in this single-center study was stratified
into a normotensive (n = 480) and a hypertensive group (n =
470). The hypertensive group was further stratified into treat-
ment goals of 80 to 89 mm Hg and 75 mm Hg.133 Patients
could receive nisoldipine 10 to 60 mg/day or enalapril 5 to
40 mg/day. If titration failed to achieve the target blood pres-
sure, then open-labeled hydrochlorothiazide and metoprolol
could be added, as well as other nonstudy medications. The
primary endpoint was the effect of blood pressure control on
24-hour creatinine clearance. The secondary endpoints
included the incidence of cardiovascular events. There was no
difference in blood pressure control between the enalapril and
nisoldipine groups, but fewer patients in the calcium antago-
nist group received a β-blocker (p = .035) or a diuretic
(p = .02). There were more fatal and nonfatal myocardial
infarctions in the nisoldipine group as compared with the
enalapril group (22 vs. 5, p = .001). This was subsequently
revised in a follow-up publication to 27 versus 9 (p = .029),
reducing the adjusted risk ratio from 7 to 4.2.134 This article
supported the posthoc analysis of the MIDAS trial, suggesting
that isradipine was associated with more cardiovascular
events in the presence of elevated glycosylated hemoglobin.9

The Fosinopril versus Amlodipine Cardiovascular Events
Randomized Trial (FACET) compared the effectiveness of
amlodipine 10 mg daily with fosinopril 20 mg daily on lipid
and diabetes control in a population of 380 hypertensive dia-
betics.135 If blood pressure was not controlled in this open-
label study, then the opposite drug was added. Although
there was no difference in the endpoint of glucose or lipid
control, there were more cardiovascular events in the
amlodipine monotherapy group (n = 141) than in the fos-
inopril monotherapy group (n = 131; 27 vs. 10 events (p =
.008). However, there were even fewer events in the combi-
nation group (n = 108; 4 events, p = .001).

MISCELLANEOUS TRIALS OF BLOOD
PRESSURE CONTROL

The Shanghai Trial of Nifedipine in the Elderly (STONE) was
a single-blind trial that used alternate treatment allocation.136

After a 4-week placebo period, 1632 patients received nifedip-
ine 10 to 30 mg twice daily or placebo. Captopril, dihy-
drochlorothiazide, or both could be added to either treatment
arm to attain blood pressure treatment goals. The average
decline in blood pressure was −22/−12 mm Hg for nifedipine
and −12/−8 mm Hg for placebo (p ≤ .0001 for both systolic
and diastolic blood pressure). There were more strokes and

arrhythmias in the placebo group, but there was no difference
in cardiovascular or total mortality.

The Hypertension Optimal Treatment (HOT) Study exam-
ined the effects of three levels of diastolic blood pressure con-
trol on cardiovascular events among 18,790 study partici-
pants with a PROBE design.137 This international trial
enrolled hypertensive patients 50 to 80 years of age with a
diastolic blood pressure between 100 and 115 mm Hg. The
targets for blood pressure control were ≤90, ≤85, or ≤80 mm
Hg. Treatment to achieve each level of blood pressure control
included stepwise increments of felodipine; a converting
enzyme inhibitor, β-blocker, or both; and hydrochloroth-
iazide. The primary aim was to assess the relationship
between major cardiovascular events (cardiovascular death
nonfatal myocardial infarction, and nonfatal stroke) and the
target blood pressures. The achieved blood pressures were
144/85, 141/83, and 140/81 mm Hg. There was no significant
reduction in major cardiovascular events with the lower
blood pressures; however, the trend for all myocardial infarc-
tion was significant (p = .05). Among the 1501 diabetic sub-
jects in HOT, there was a significant reduction in cardiovas-
cular events (p = .005) and cardiovascular mortality (p =
.045) but no reduction in stroke, myocardial infarction, and
total mortality.

TRIALS OF DRUG COMPARISONS

INSIGHT was a prospective, randomized, double-blind trial of
6321 patients with a blood pressure 150/95 mm Hg or higher
or systolic blood pressure 160 mm Hg or higher.123 Participants
were randomized to nifedipine GITS 30 to 60 mg or
hydrochlorothiazide 25 to 50 mg with amiloride 2.5 to 5 mg
daily. If blood pressure was not lowered by 20/10 mm Hg or
was greater than 140/90 mm Hg, then atenolol 25 to 50 mg or
enalapril 5 to 10 mg daily could be added. The primary com-
posite endpoint was cardiovascular death, myocardial infarc-
tion, stroke, and heart failure. There was no difference in the
primary endpoint but there were more cases of fatal myocar-
dial infarction (.05% vs. 02%, p = .017) and nonfatal heart fail-
ure (.08% vs. .03%, p = .028) among patients assigned to the
calcium antagonist as compared with conventional therapy.
There was no difference in all-cause mortality. New-onset dia-
betes occurred more commonly in the diuretic group (5.6% vs.
4.3%, p = .02). In the diabetic cohort (n = 1302), there was a
24% reduction in the composite of all-cause mortality death
from vascular cause and death from nonvascular cause in the
nifedipine group (p = .03).138

The Swedish Trial in Old Patients with Hypertension-2
(STOP-2) study used the prospective, randomized, open-
labeled, blinded endpoint (PROBE) design to compare the
effects of calcium antagonists to conventional drugs or con-
verting enzyme inhibition in 6614 elderly hypertensive sub-
jects aged 70 to 84 years. If either component of the blood
pressure was 180/105 mm Hg or greater, patients were ran-
domly assigned to one of three arms: conventional drugs
(atenolol 50 mg, metoprolol 100 mg, pindolol 5 mg, or
hydrochlorothiazide 25 mg plus amiloride 2.5 mg daily), cal-
cium antagonists felodipine 2.5 mg or isradipine 2.5 mg daily,
or converting enzyme inhibitors (enalapril 10 mg or lisinopril
10 mg daily).139 The actual drug choice within the assigned
group was not randomized. If blood pressure was not
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controlled to less than 160/95 mm Hg on hydrochlorothiazide
or a β-blocker, the alternative drug was added; for the con-
verting enzyme inhibitor, a diuretic was added, and for the
calcium antagonists, a β-blocker was added. There was no dif-
ference in the primary endpoint, cardiovascular mortality,
according to treatment. However, the converting enzyme
inhibitors were associated with a 23% lower rate of myocar-
dial infarction (12.8% vs. 16.7%, p = .018) and 22% lower rate
of heart failure (13.9% vs. 17.5%, p = .025) as compared with
the calcium antagonists.

The National Intervention Cooperative Study in Elderly
Hypertensives Study Group (NICS-EH) compared the out-
comes of a diuretic versus calcium antagonist treatment in
preventing cardiovascular events in elderly hypertensive
patients in Japan.140 After a 4-week placebo period, either
sustained-release nicardipine 20 to 40 mg or trichlormethi-
azide 2 to 4 mg daily was given to 414 participants 60 years or
older with a systolic blood pressure 160 to 220 mm Hg and a
diastolic blood pressure less than 115 mm Hg. Medication was
administered by using the double-dummy technique. After 5
years, blood pressure control was similar. There was no differ-
ence in the rate of cardiovascular endpoints in the two groups.

The Nordic Diltiazem (NORDIL) study studied 10,881
patients between 50 to 74 years with a diastolic blood pressure
100 mm Hg or higher by using a PROBE design.141 Patients
were titrated with diltiazem or conventional antihypertensive
drugs (diuretics, β-blockers, or both) to achieve a diastolic
blood pressure less than 90 mm Hg. A converting enzyme
inhibitor or α1-blocker could be added to either therapy. The
combined primary endpoint was any cardiovascular death
and nonfatal myocardial infarction or stroke. There was no
difference in the primary endpoint, but there were 20% fewer
strokes with diltiazem (6.4% vs. 7.9%, p = .04) than with con-
ventional therapy.

ALLHAT was a randomized, double-blind trial of 42,466
high-risk hypertensive patients 55 years or older comparing the
effects of treatment with chlorthalidone 12.5 to 25 mg
(n = 15,255) to amlodipine 2.5 to 10 mg (n = 9048), lisinopril
10 to 40 mg (n = 9054), and doxazosin 1 to 8 mg daily
(n = 9061) on the primary combined endpoint of fatal coro-
nary heart disease and nonfatal myocardial infarction.13 The
primary hypothesis of ALLHAT was that representatives of the
newer classes of antihypertensive drugs would be superior to
the diuretic in endpoint reduction. If blood pressure was not
controlled, atenolol 25 to 100 mg daily, clonidine 0.1 to 0.3 mg
twice daily, or reserpine 0.05 to 0.2 mg daily could be titrated.
Hydralazine 25 to 100 mg twice daily could be added for addi-
tional blood pressure control. The doxazosin arm was stopped
early because of higher rates of stroke and heart failure and
futility of finding significant advantage over the diuretic with
respect to the primary endpoint.142 However, blood pressure
was not as well controlled with doxazosin as with the diuretic.
Comparing chlorthalidone and amlodipine, there was no dif-
ference for the primary combined outcome, combined coro-
nary heart disease events, or end-stage renal disease.
Participants randomized to amlodipine had the lowest all-cause
mortality and stroke rates. Rates of cancer and gastrointestinal
bleeding were not increased with the calcium antagonist, nor
were there increases in hospitalized or treated angina. Only
heart failure occurred with a 38% higher incidence (p < .001).
The rate of heart failure increased very early in the trial. Critics
of ALLHAT have suggested that much of the investigator diag-

nosed heart failure in the trial was due to misdiagnosis or sec-
ondary to withdrawal of prior diuretics and to unmasking of
heart failure.143 Subsequent publications have validated the
diagnosis, at least for hospitalized and fatal cases.144,145 As previ-
ously stated, ALLHAT has disproved many of the criticisms pre-
viously directed against calcium channel blockers.

The Systolic Hypertension in the Elderly: Lacidipine Long-
term (SHELL) study was designed to compare a diuretic with
lacidipine on cardiovascular outcome in elderly patients with
isolated systolic hypertension, defined as a systolic blood pres-
sure 160 mm Hg or higher and a diastolic blood pressure 95
mm Hg or less.146 A composite of cardiovascular and cere-
brovascular events was the primary outcome. The study used
a PROBE design; however, 12 sites followed a double-blind
design for the first year. Patients (n = 1882) were randomly
assigned to chlorthalidone 12.5 mg or lacidipine 4 mg dosed
once daily after a 2-week washout period. If there was not a
reduction in systolic blood pressure 20 mm Hg or greater and
systolic blood pressure exceeded 160 mm Hg after 4 weeks,
chlorthalidone was titrated to 25 mg or lacidipine to 6 mg
daily. If blood pressure control was still not achieved after 1
month, then the dose of the assigned drug was reduced to the
starting dose and fosinopril 10 mg once daily was added. The
planned sample size of 4800 patients was not achieved.
Baseline blood pressure was 178/87 mm Hg. After 32 months,
blood pressure was reduced by 36/8 mm Hg in chlorthali-
done-treated patients and 35/8 mm Hg in the lacidipine-
treated patients. Low-dose monotherapy was taken by 72% of
lacidipine-treated and 47% of diuretic-treated patients. The
overall incidence of the primary endpoints was 9.3% with no
difference according to treatment. There was no significant
difference for individual cardiovascular events. Total mortali-
ty, a secondary endpoint, was comparable.

The International Verapamil SR/Trandolapril Study
(INVEST) enrolled 22,576 hypertensive patients with known
coronary artery disease and used a PROBE design.147 Patients
were randomized to sustained-release verapamil 240 mg once
daily or atenolol 50 mg once daily.147 Drugs were titrated to a
blood pressure goal of 140/90 mm Hg or 130/85 mm Hg for
patients with diabetes mellitus or chronic renal insufficiency.
Verapamil was titrated from 240 to 360 mg and trandolapril
from 2 to 4 mg with hydrochlorothiazide 25 mg added, if nec-
essary. Atenolol was titrated from 50 to 100 mg and
hydrochlorothiazide 25 to 50 mg with trandolapril 2 to 4 mg
added if needed. Diastolic and systolic blood pressure was con-
trolled in 91% and 64% of study participants, respectively. The
average decline in blood pressure at 24 months was −18.7/−10
mm Hg and −19.0/−10.2 mm Hg in the calcium antagonist and
β-blocker arms, respectively. Greater than 48% of subjects
required three or more drugs. The composite primary end-
point was nonfatal myocardial infarction, nonfatal stroke, and
total mortality. Blood pressure control was similar over the 4
years of the study. There was no difference between groups for
the composite primary endpoint or the individual compo-
nents, but new-onset diabetes was more common in the β-
blocker arm than the calcium antagonist arm (8.2% vs. 7.0%).

The Valsartan Antihypertensive Long-term Use Evaluation
(VALUE) trial compared the efficacy of valsartan and
amlodipine for reducing first cardiac events.148 The double-
blind trial enrolled 15,245 hypertensive patients. Valsartan 80
to 160 mg or amlodipine 5 to 10 mg was titrated with
hydrochlorothiazide 12.5 to 25 mg and other nonstudy
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medications to achieve a blood pressure less than 140/90 mm
Hg. The mean follow-up was 4.2 years. The average reduction
in blood pressure was 15.2/8.2 mm Hg and 17.3/9.9 mm Hg
for valsartan- and amlodipine-assigned patients, respectively
(p <.0001). The greatest decline in blood pressure was
observed during the first 3 months with amlodipine. There
was no difference in overall cardiac morbidity, cardiac mor-
tality, or total mortality. There were fewer myocardial infarc-
tions recorded with amlodipine (4.1%) compared with valsar-
tan (4.8%, p = .02). New onset diabetes was reduced by 23%
(p <.0001) with valsartan. Although there was no overall dif-
ference in the primary composite endpoint, there was a bene-
fit favoring amlodipine during the first 3 months, which par-
alleled the greatest difference between treatment regimens. An
exploratory analysis was undertaken using serial median
matching to compare similar patients based on demographics
and level of systolic blood pressure.149 Using this technique,
there was no difference in the composite endpoint, stroke,
death, or myocardial infarction; however, heart failure was
19% less among valsartan-treated patients.

TRIAL IN PROGRESS

Anglo-Scandinavian Cardiac Outcomes
Trial (ASCOT)
ASCOT is a 2×2-factorial designed trial of 19,342 hypertensive
patients with three additional cardiovascular risk factors ran-
domized to receive the calcium antagonist amlodipine 5 to 10
mg with the converting enzyme inhibitor perindopril 4 to 8
mg, if needed or the β-blocker atenolol 50 to 100 mg with
bendroflumethiazide 1.25 to 2.5 mg and potassium supple-
ments, if necessary.150 Doxazosin GITS 4 to 8 mg can be added
to either arm if blood pressure is not controlled. The 10,305
participants with nonfasting total cholesterol concentrations
≤6.5 mmol/L (≤207 mg/dl) were randomly assigned to ator-
vastatin 10 mg or placebo. The primary endpoint of ASCOT is
combined fatal coronary heart disease and nonfatal myocar-
dial infarction. The lipid arm (ASCOT-LLA) has been termi-
nated for benefit.151

SUMMARY

Calcium channel blockers will continue to be used by physi-
cians because they are effective in lowering blood pressure.
The ALLHAT study has proven their safety in hypertensive
patients. There was no increased risk of myocardial infarction,
cancer, or overall mortality as compared with chlorthalidone.
Care must be taken in using these medications in patients
with systolic heart failure or advanced renal insufficiency and
patients receiving multiple medications.
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705Chapter 67

INTRODUCTION

The main components of the renin-angiotensin system were
characterized by the mid-1950s. Leonard Skeggs and his group
in Cleveland had used hog renal renin and equine plasma
renin substrate to show that there are two forms of the peptide
product.1 The biologically inactive decapeptide angiotensin I
was found to be quickly transformed in plasma by a chloride-
dependent “converting enzyme” to the vasopressor octapep-
tide angiotensin II.2 The same laboratory also determined the
nature of the renin substrate molecule from which angiotensin
is generated, as well as the function of converting enzyme.
They found three important biochemical properties of the
converting enzyme: its anion dependence, its metalloprotein
nature, and its ability to catalyze the hydrolytic cleavage of a
dipeptide from the carboxyl terminus of its decapeptide sub-
strate. By 1956, these investigators had documented the pre-
cise amino acid sequence of angiotensin I and II.3

Skeggs suggested three possible avenues of therapeutic
effect on the renin-angiotensin system. The first possibility,
that of direct inhibition of the action of renin on its substrate,
remains to this day under study with several renin inhibitors
currently undergoing investigation (see Chapter 72). A second
proposal was to prevent the formation of the octapeptide
hypertenin II (angiotensin II) from its decapeptide precursor
by inhibition of the converting enzyme. This strategy has since
been extraordinarily successful through the development of
orally active angiotensin-converting enzyme (ACE) inhibitors
(see Chapters 9 and 65).

A third suggestion was to prevent the vasoconstrictive
action of angiotensin II on smooth muscle with inhibitory
compounds based on the structure of angiotensin II.4 Since
the mid-1990s, this latter approach has developed into a
mainstay of therapy for an increasing number of patients with
hypertensive circulatory and renal disorders. This chapter
outlines the increasingly important products of Skeggs’s
amazingly prescient hypotheses.

ANGIOTENSIN SYSTEM

Pathways for Angiotensin Generation
All of the known biologic actions of the renin-angiotensin
system are mediated by the angiotensin series of peptides. Of
these, the octapeptide angiotensin II has the broadest range of
activity and the greatest potency in circulatory regulation.
Most angiotensin II is formed in two steps through the
sequential catalytic action of renin and ACE on the substrate
angiotensinogen. In addition, some angiotensin II is formed
in cardiac and renal tissue through the action of other prote-
olytic enzymes, such as chymase and cathepsin on the
decapeptide angiotensin I.5

Actions of Angiotensin II
A primary function of the renin-angiotensin system is to
maintain perfusion when the circulation is threatened by vol-
ume depletion or hypotensive stress.6 In this respect, acute
effects of angiotensin II production include vasoconstriction,
increased aldosterone secretion with retention of salt,
increased thirst and release of antidiuretic hormone, and
amplification of sympathetic nervous system activity.7,8

Blood Vessels
Angiotensin II acts as a potent constrictor of precapillary
arterioles and, to a lesser extent, postcapillary venules.9 The
direct action at the vascular smooth muscle site appears to
account for most of the increase in peripheral resistance. The
vasoconstrictor effect of angiotensin II is mediated primari-
ly through direct binding to angiotensin II type 1 (AT1)
receptors on vascular smooth muscle.10 However, in certain
vascular beds, such as those perfusing skeletal muscle of the
extremities of humans, it has been demonstrated that 
α-adrenergic antagonists can appreciably attenuate the vaso-
constrictor effect of infused angiotensin II.11 This finding is
consistent with an important role for sympathetic augmen-
tation of the vascular action of angiotensin II. The vasocon-
strictor effect of angiotensin II is greatest in the splanchnic,
renal, and cutaneous vascular beds and is less in vessels of
the brain, lung, heart (coronary), and skeletal muscle. In the
latter regions, blood flow may actually increase during low-
dose infusions of angiotensin II due to the stronger effect of
elevated systemic blood pressure opposing the relatively
weak vasoconstrictor response in these areas.12

Adrenal Cortex
The angiotensin system has an important role in the regulation
of plasma volume through the actions of angiotensin II on the
adrenal gland and the kidney. Angiotensin II is the primary sec-
retagogue for the synthesis and release of aldosterone by cells of
the adrenal cortical zona glomerulosa. The cells of the zona
glomerulosa have a high density of AT1 receptors.13 Adrenal
secretion of aldosterone can be elicited by concentrations of
angiotensin II that are well below the threshold of a systemic
pressor response.13 Aldosterone acts on the distal tubule and
collecting duct of the kidney to promote reabsorption of sodi-
um in exchange for secretion of potassium and hydrogen ions.
The effect of increasing aldosterone levels is preservation of or
expansion of total body sodium and plasma volume.

Aldosterone has important profibrotic and hypertrophic
effects in the cardiovascular system (see Chapters 12 and
70).14 These include direct prosynthetic effects on collagen
1A1, 1A2, and 3A1, and indirect effects via transforming
growth factor-β1(TGF-β1).15 Aldosterone has also been shown
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to up-regulate the expression of AT1 receptors, suggesting pos-
itive feedback between the actions of angiotensin II and
aldosterone.16

Kidney
The rate-limiting step for the production of intrarenal
angiotensin II appears to be mostly dependent on renin
secreted by the cells of the juxtaglomerular apparatus.17 The
final catalytic step in the formation of renal interstitial
angiotensin II from its precursor molecule, angiotensin I,
appears to be predominantly via non-ACE pathways.18 The
kidney appears to be especially sensitive to the actions of
angiotensin II. Most of the intrarenal effects of angiotensin II
can be observed experimentally at circulating levels 10 to 100
times lower than required for its extrarenal actions.19

Angiotensin II receptors are found in the efferent and affer-
ent glomerular arterioles, the juxtaglomerular cells, glomerular
mesangial cells and podocytes, the basolateral and apical sur-
faces of proximal and distal tubular cells, the macula densa, the
collecting duct, and medullary interstitium.20 Effects of
angiotensin II have been observed in each of the major cellular
elements of the kidney, including cells of the microvasculature,
the mesangium, the tubular epithelium, and the interstitium.

Autoregulation of glomerular filtration rate in response to
variations in renal perfusion pressure is mediated predomi-
nantly, although not exclusively, through angiotensin II.21 At
the level of the preglomerular and postglomerular arterioles,
angiotensin II acts as a vasoconstrictor. The glomerular effer-
ent arterioles are highly sensitive to even low concentrations
of this peptide.22 The glomerular afferent arterioles are less
sensitive to the constrictor effects of angiotensin II, perhaps
due to differential production of vasodilator prostaglandins
and nitric oxide by these vessels.23 Also, angiotensin II pro-
duces a direct contractile response of the glomerular mesan-
gial cells, which tends to decrease the effective surface area
available for glomerular filtration.24 Modest increases in tissue
or circulating angiotensin II levels act to increase glomerular

hydrostatic pressure and filtration rate by the dual additive
effects of raised systemic perfusion pressure together with
heightened resistance of the postglomerular outflow. At high-
er levels of angiotensin II, the less sensitive preglomerular
afferent arterioles constrict, impeding glomerular perfusion.
Thus, reduced glomerular perfusion combined with the direct
contractile action of angiotensin II on the glomerular
mesangium may result in significant impairment of renal
blood flow and glomerular filtration rate. AT1 receptors on the
cell surface of the juxtaglomerular apparatus mediate an
inhibitory signal for renin release by these cells, thereby pro-
viding a key element in the rapid servocontrol of local and
systemic production of angiotensin II.

Angiotensin II, through activation of cytokines, such as
TGF-β, promotes mesangial cell proliferation and extracellu-
lar matrix deposition.25 Glomerular hypertension and
angiotensin II have also been shown to increase the rate of
glomerular podocyte loss.26 In aging and in several disease
states, these local actions of angiotensin II are likely to con-
tribute importantly to glomerulosclerosis and progressive
decline of filtration rate.

The proximal tubular epithelial cells express a high density
of AT1 receptors on both the basolateral and luminal mem-
branes.27 The density of receptors decreases from the most
proximal to distal portions of this segment.28 Low to moder-
ate concentrations of angiotensin II promote tubular reab-
sorption of filtered sodium and water.29 This is mediated
primarily through stimulation of the epithelial apical sodium-
proton pump.30 Also, glomerular autoregulation leads to
increased filtration fraction and concomitant elevation of per-
itubular capillary and interstitial oncotic pressure. The latter
serves to amplify the more direct, receptor-mediated actions
of angiotensin II on tubular sodium and fluid reabsorption.
Thus, angiotensin II within the usual physiologic range serves
to preserve or enhance net renal sodium retention by at least
three mechanisms: (1) direct receptor-mediated actions along
the proximal tubule, (2) indirect alterations of peritubular
Starling forces, and (3) indirectly through stimulation of
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adrenal aldosterone release and augmentation of basolateral
Na,K-ATPase along the distal tubular epithelium and collect-
ing duct.

Nervous System
The effects of angiotensin II on the nervous system are com-
plex (see Chapter 6). The earliest described action was the
central pressor effect. It has been demonstrated that infusion
of angiotensin II into the isolated cerebral circulation of dogs
was associated with a rise in systemic blood pressure even
though the angiotensin has no access to the systemic blood
vessels.31 Blockade of peripheral α-adrenergic receptors inhib-
ited this central action of angiotensin II, indicating that sym-
pathetic tone plays an important role.32 Ablation of the area
postrema inhibits the effects of centrally administered
angiotensin II, indicating that this area mediates angiotensin
II induced stimulation of sympathetic outflow.33

It has also been demonstrated that angiotensin II
enhances the activity of peripheral noradrenergic nerve ter-
minals. Angiotensin II stimulates the release of and inhibits
the reuptake of norepinephrine at peripheral sympathetic
nerve endings.7

Both intravenous and centrally administered angiotensin II
has been shown to provoke water intake and salt appetite and
also stimulate secretion of vasopressin and adrenocorti-
cotropic hormone.34 These central actions of angiotensin II
are thought to provide short and intermediate-term defense
for extracellular fluid volume in the hypovolemic or hypoten-
sive state. Although angiotensin II does not cross the blood-
brain barrier, there is evidence that its central actions may be
mediated through the subfornical organ.35 Finally, it has been
found that neurons at various locations in the central nervous
system are capable of synthesizing angiotensin II, presumably
for local release as a neuromodulator.

Structural Effects of Angiotensin II
Subpressor amounts of angiotensin II, when administered
over days to weeks, can produce hypertrophy of the myocardi-
um and vascular smooth muscle.36 These actions can be atten-
uated or prevented altogether with ACE inhibitors and
angiotensin receptor antagonists. In vascular smooth muscle
cell cultures, angiotensin II has been shown to enhance pro-
duction of extracellular matrix proteins, such as type V colla-
gen and fibronectin.37 Angiotensin II can also act as a mitogen
by promoting a proliferative response in fibroblasts, adrenal
cortical cells, and vascular smooth muscle cells.38 The growth
promoting effects of low levels of angiotensin II occur despite
down-regulation of the AT1 receptors.

Distribution of Angiotensin Receptors
Angiotensin II, like other peptidic hormones, elicits its cellular
actions by first binding to highly specific receptors located on
the cell membrane. In humans, two angiotensin II receptor sub-
types have been identified. The AT1 and AT2 receptor subtypes
have been cloned and characterized as members of the
superfamily of seven-transmembrane-spanning G-protein–
coupled receptors (see Chapter 11).39 The AT1 receptor
appears to mediate most of the known actions of the
angiotensins.

AT1 receptors have been demonstrated in a large number
of tissues, including vascular smooth muscle, adrenal zona
glomerulosa, mesangial and tubular epithelial cells of the kidney,
myocardium, neuronal tissue, and choroid plexus.40 The AT2
receptor subtype has been found in abundance in fetal mes-
enchymal cells, brain tissue, adrenal medulla, and uterus.40 The
physiologic functions and intracellular signaling mechanisms of
the AT2 receptor protein remain incompletely understood.
There is evidence that the AT2 receptor subtype can mediate
antiproliferative and apoptotic effects of angiotensin II.41

With the exception of the adrenal glomerulosa, prolonged
exposure of target organs to angiotensin II reduces respon-
siveness, an effect that has been shown to be associated with
internalization and phosphorylation of the AT1 receptor.42

Comparisons among different cell types reveal that receptor
density and magnitude of response to angiotensin II are not
always related. For example, vascular smooth muscle cells have
a much lower density of AT1 receptors than cells of the adre-
nal glomerulosa yet have a more rapid and dramatic response
to angiotensin II.43

DEVELOPMENT OF ANGIOTENSIN II
ANTAGONISTS

Peptide Analogs of Angiotensin II
Detailed analyses of the structural requirements of
angiotensin for binding to its receptors and studies of many
analogs of angiotensin II eventually led to the development of
saralasin, a potent angiotensin II receptor blocker (ARB).44

Saralasin is an octapeptide, which differs in structure from
angiotensin II at the first (sarcosine) and eighth (alanine)
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Table 67–1 Actions of Angiotensin II

Tissue Action

Vasculature Vasoconstriction
Promotes smooth muscle 
hypertrophy

Adrenal cortex Stimulates synthesis and 
secretion of aldosterone

Adrenal medulla Increases release of epinephrine
Kidney Vasoconstriction of the efferent

and afferent arterioles
Inhibition of renin release by
the juxtaglomerular apparatus
Stimulation of sodium reabsorp-
tion in the proximal tubule
Promotion of mesangial growth
and matrix deposition

Heart Stimulation of myocardial hyper-
trophy and collagen synthesis

Brain Stimulation of thirst and release
of vasopressin
Increase in central sympathetic
outflow

Peripheral sympathetic Presynaptic augmentation of 
nerve terminals norepinephrine release 



amino acid positions. Sarcosine is a nonmammalian amino
acid, which, when located at the N-terminal of angiotensin II,
was found to slow the degradation of the molecule. Saralasin
was shown to lower blood pressure and aldosterone levels in
humans in proportion to the circulating levels of angiotensin
II.45 Due to its peptide nature, saralasin required intravenous
administration, was expensive to manufacture, and had a
short half-life. Initially, saralasin was approved only as a diag-
nostic probe for renin-dependent forms of hypertension.46

Because this agent also possessed weak agonist action, it occa-
sionally produced a significant pressor effect in patients with
low renin forms of hypertension.47 The inconvenience and
expense of administration, coupled with the unpredictability
of response, markedly limited the application of saralasin in
the clinical mainstream. Following the development and
approval of the orally active converting enzyme inhibitors in
the early 1980s, saralasin was withdrawn from the market.

Medicinal Chemistry of Nonpeptide
Angiotensin II Receptor Antagonists
For several decades investigators struggled to identify potent
orally active ARBs. An important breakthrough occurred in
1982, when Furakawa et al. of the laboratories of Takeda
Ltd. in Japan identified and patented several 1-benzylimidazole
5 acetic acid derivatives that had specific angiotensin II recep-
tor binding activity.48 However, these initial compounds pos-
sessed only weak antihypertensive effects.49 Investigators at the
Dupont Merck Pharmaceutical Company postulated that the
imidazole compounds and angiotensin II bound to the same
receptor site, but the test molecules needed enlargement to bet-
ter mimic angiotensin II at its points of attachment to the

receptor. The molecular model employed by these investigators
suggested that there was overlap between the imidazole groups
with histidine at the 6-position of angiotensin II.50 The
lipophilic N-butyl group at the 2-position was pointed at the
Ieucine at the 5-position of the octapeptide. It was posited that
the benzyl group of the Takeda compound extended in the
direction of the N-terminal of angiotensin II. Elongation of the
compound by building the molecule toward the tyrosine site at
the 4-position of angiotensin II might increase potency.50

Addition of a carboxylic moiety at the para position of the
benzene ring improved receptor binding 10-fold and lowered
blood pressure when administered intravenously to renal
hypertensive rats. By enlarging the molecule with placement
of a second acidic phenyl group linked by a single carbon
atom to the first aromatic ring, binding affinity increased
another 10-fold, and oral bioavailability was markedly
enhanced.51 A significant and final improvement in bioavail-
ability and receptor binding was obtained when the carboxylic
moiety located on the second phenyl group was replaced by a
tetrazole at the ortho position.

BIPHENYL TETRAZOLE DERIVATIVES

Losartan is chemically described as 2-butyl-4-chloro-1-
[p- (o-1H-tetrazole-5-ylphenyl)-benzyl] imidazole-5-methanol
monopotassium salt and was the first approved nonpeptide
orally active antihypertensive agent with specific binding to
the AT1 receptor subtype.52 Maximum pharmacologic action
requires the oxidation of the 5-hydroxymethyl group on the
imidazole ring to form EXP3174, the carboxylic acid metabo-
lite of losartan.53
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The second AT1 subtype ARB to gain approval for clinical
use is valsartan. Investigators at Ciba (Novartis) in
Switzerland employed a strategy to open up the imidazole ring
and replace it with the acylated amino acid valine.54 The acidic
biphenyl tetrazole substituent is preserved. The carboxyl moi-
ety of the valine serves to preserve oral bioavailability with
high affinity receptor binding. Thus, valsartan is, like
EXP3174 (the active metabolite of losartan), a diacid. Unlike
losartan, valsartan does not require metabolic oxidation to
achieve maximum pharmacologic effect.55

Irbesartan is chemically described as 2-butyl-(1H-tetrazol-
5-yl) [1,1′-biphenyl]-4-yl [methyl]-1,3-diazespiro [4,4] non-
1-en. This compound was discovered by Sanofi Recherche of
France and has been jointly developed with Bristol-Myers
Squibb in the United States. The French investigators incor-
porated an imidazolinone moiety in place of the imidazole
heterocyclic ring. A carbonyl group functions as the hydrogen
bond acceptor in place of the 5-hydroxymethyl group of losar-
tan and the valine carboxylic acid group of valsartan.56 This
agent possesses a high affinity and specificity for AT1 recep-
tors. Irbesartan does not require biotransformation to achieve
its effects.57

Another successful approach has been to develop fused-
ring imidazoles. Candesartan cilexetil is an ester carbonate
benzimidazole prodrug that has been designed by Takeda
Ltd. and jointly developed with Astra-Zeneca.58 This agent
is rapidly metabolized to CV-11974, a highly potent AT1
receptor antagonist. The latter compound bears a C7 car-
boxyl group that is positioned in a fashion similar to the
imidazole carboxyl moiety of EXP3174, the active metabo-
lite of losartan.59

NONBIPHENYL TETRAZOLE DERIVATIVES

The Boehringer Ingelheim/Thomae research team has fol-
lowed a similar fused-ring approach but substituted a second
phenylimidazole moiety at the 6-position of the primary het-
erocycle.60 This compound, telmisartan, incorporates a car-
boxylic acid as the biphenyl acidic group that achieves greater
receptor antagonism than does the tetrazole analog.61

Investigators at SmithKline Beecham devised an alternative
model for the superimposition of the Takeda benzylimidazole
antagonists with angiotensin II. As with the Dupont model,
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the 2-chlorobenzyl substituent of the Takeda lead was pro-
posed to be spacially equivalent to the Tyr-4 position of
angiotensin II, and the aliphatic butyl group pointed toward
the Ile-5. However, the equivalence between the imidazole of
the Takeda lead and the His-6 of angiotensin II was not
assumed. Instead, the imidazole was thought to function as a
scaffold for positioning of substituent groups toward the
receptor.62 This led to a different but also successful approach
through refining the presentation of the carboxylic acid and
greater filling of the binding pocket for the Phe-8 side chain of
angiotensin II. Chain extension at the imidazole-5-position
via a trans-5-acrylic acid group yielded the final product,
eprosartan, which is 40,000-fold more potent than the origi-
nal Takeda lead.63

EFFECTS OF ANGIOTENSIN
ANTAGONISTS

Hemodynamic Effects
Angiotensin II antagonists reduce peripheral resistance and
systemic arterial pressure in hypertensive animals.64 The
depressor effect is more potent and more consistent in renin-
angiotensin dependent models, such as the 2-kidney 1-clip or
angiotensin-infusion forms of hypertension.65,66 Volume
expansion or bilateral nephrectomy appears to attenuate or
abolish the antihypertensive effect of the ARBs.67 In euvolemic
normotensive animals and humans, angiotensin II antagonists
have little effect. In the majority of hypertensive humans these
agents produce a significant reductions in peripheral resist-
ance and blood pressure.68,69

Lowering of peripheral resistance is most likely due to sev-
eral factors, especially direct binding to and antagonism of
vascular angiotensin II receptor sites and reversal of the vaso-
constrictive action normally mediated by angiotensin II.67

Augmentation of this effect may occur through binding and
blockade of angiotensin II receptors on sympathetic nerve
terminals with consequent attenuation of sympathetically
mediated vasoconstriction.70 ARBs have also been demon-
strated to enhance nitric oxide–mediated vascular endothelial
function.71 In normotensives ARB-induced declines in arteri-
al compliance and blood pressure have been found to corre-
late with pretreatment plasma renin activity.72

Cardiac Effects
Despite the angiotensin antagonist–induced decline in
peripheral resistance, heart rate is little affected in euvolemic
hypertensive animals and humans during ARB treatment.
This neutral effect on heart rate in the setting of lowered
peripheral resistance may be due to antagonism of
angiotensin II receptors at peripheral sympathetic sites, as well
as through centrally mediated actions of these agents.73

Based on several converging lines of evidence, it has been
predicted that AT1 antagonists would have an especially bene-
ficial effect on cardiac and vascular hypertrophy. Plasma
angiotensin II levels tend to increase during therapy with
these agents, most likely as a result of AT1 receptor–mediated
disinhibition of renin release by cells of the renal juxta-
glomerular apparatus.74 Also, it has been found that the car-
diac chymase-angiotensin system provides an alternate path

for angiotensin II formation that is independent of converting
enzyme.75 Moreover, there is evidence that the AT2 receptor
subtype can mediate an antiproliferative effect on vascular
cells.76 Thus, administration of a selective AT1 antagonist
would not only attenuate growth promoting effects mediated
by the AT1 receptor but also, as angiotensin II levels rise, may
enhance the antiproliferative effect mediated by the
unblocked AT2 receptor subtype.76

There is evidence that ARBs prevent angiotensin II mediat-
ed cardiac growth and remodeling.78,79 These effects may prove
to be of importance in the prevention or treatment of ischemic
or hypertensive cardiomyopathies. In experimental models of
coronary ischemia, losartan appears to have beneficial effects
on survival and on myocardial growth and remodeling.79,80

ARBs may also benefit the heart by decreasing collagen dep-
osition and cardiac fibrosis, by blocking angiotensin II effects
directly or aldosterone effects indirectly.81 ARBs may prevent
the development of atrial fibrillation by attenuation of struc-
tural remodeling of the atrial myocardium.82

There is experimental evidence that ARBs may improve
coronary reserve in hypertensive animals concomitant with a
reduction in cardiac mass.83,84 Alterations in coronary blood
flow are a function of coronary vasomotor tone, diastolic per-
fusion pressure, and left ventricular end-diastolic pressure, all
of which may be affected by ARBs.85,86 Thus, in the clinical set-
ting, the effects of ARBs on coronary flow are expected to vary.

Renal Effects
Through binding to AT1 receptor sites, the ARBs inhibit the
intrarenal actions of angiotensin II. In healthy persons on a
low-salt diet, an orally administered ARB was found to produce
a prompt dose-related increase in renal plasma flow and a
slightly delayed, but more prolonged, increase in plasma renin
activity.87 In patients with essential hypertension, ARBs gener-
ally have no discernible effect on glomerular filtration rate as
assessed by creatinine clearance.88 Renal blood flow is usually
unaffected by ARBs in the euvolemic animal or human.89

The overall effect of angiotensin II blockade on renal
hemodynamics depends on the nature and degree of local and
systemic counteracting responses. For example, in healthy
men on a very-low-salt diet, it has been found that renal blood
flow increases with an ARB administration to an extent that
equals or exceeds that following ACE inhibitor infusion.90 On
the other hand, compensatory activation of the sympathetic
nervous system may occur in response to a pronounced fall in
systemic blood pressure and, in turn, result in net renal vaso-
constriction and a decline in renal function.91 In the clinical
setting of salt or volume depletion ARBs may also produce a
decline in glomerular filtration rate, perhaps by interference
with glomerular blood flow autoregulation.92

In experimental models of unilateral renal artery stenosis,
ARBs consistently produce a decline in glomerular filtration
rate in the affected kidney.93 Reported effects on glomerular
filtration and renal blood flow in the contralateral kidney have
been variable.94 In patients with renal impairment and reno-
vascular occlusive disease, reversible increases in serum creati-
nine have been reported with ARB treatment.92,95

ARBs produce a modest natriuretic action through blockade
of proximal tubular AT1 receptor sites that mediate sodium
reabsorption.92 This effect is most evident in the volume
depleted state, in which the renin activation and the influence
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of the renin-angiotensin system are greatest.92,96 An additional
natriuretic action occurs through inhibition of aldosterone
synthesis and release by the adrenal zona glomerulosa cells.97,98

Reduced aldosterone-mediated distal tubular sodium reab-
sorption may contribute to the diuretic effect of the ARBs.

Administration of ARBs to animals with several forms of
experimental renal impairment produced a decline of pro-
teinuria in association with attenuated glomerular hydro-
static pressure. Moreover, because angiotensin II has the
potential for growth promoting effects at the mesangial tissue
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level, it has been speculated that angiotensin II receptor
blockade may exert additional effects on glomerular filtra-
tion at the basement membrane filtration barrier site.99 In
hypertensive patients with proteinuric renal disorders,
administration of losartan was associated with a decrease in
urinary protein, an increase in effective renal blood flow and
stable glomerular filtration rate.100 A number of clinical
studies have found that the administration of ARBs to
patients with diabetic and nondiabetic renal disorders is
associated with a reduction in proteinuria. The degree and
time course of the antiproteinuric response to these agents
vary considerably and appear to differ from that of the anti-
hypertensive effect. The peak of the ARB-antiproteinuric
dose-response curve has yet to be reported.

Among the ARBs, losartan appears to have the unique
property of exerting a modest uricosuric effect.101 The effect
is dose dependent and has been documented in normoten-
sive and hypertensive individuals with and without renal
impairment. It does not appear to be dependent on the
activity of the renin-angiotensin system and is not affected
by changes in salt intake. Infusion of the active metabolite of
losartan, EXP3174 has no effect on uric acid excretion, indi-
cating that the effect is specific to the parent drug losartan.101

The mechanism is not known but may be related to renal
tubular anion load competing with urate at the tubular
transport sites.

Nervous System
Angiotensin II antagonism appears to inhibit peripheral
sympathetic activity via blockade of presynaptic AT1 recep-
tors that normally amplify release of neurotransmitters.102

There is also evidence that these agents, when administered
intracerebrally to experimental animals, inhibit centrally
mediated sympathetic nervous outflow at the level of the
paraventricular nucleus.103 Drinking behavior and release of
vasopressin are also suppressed following central adminis-
tration of these agents.104

Behavior, Affect, and Cognition
In experimental animals ARBs have been shown to improve
cognitive function and anxiety-associated deficits.105 In
humans, a randomized trial comparing amlodipine with
losartan showed that the ARB treated group had higher mean
scores on the Psychological Well-Being Index after 12 weeks of
double-blind therapy, despite equivalent blood pressure
lowering.106

Blockade of the brain AT1 receptors has been shown in ani-
mals to reduce the sympathoadrenal and hormonal responses
to stress and prevent stress-induced gastric injury.107 It has
been suggested but not yet proven that there may be a role for
ARBs in the treatment of stress-related disorders and in the
preservation of cognition.107,108

The Study on Cognition and Prognosis in the Elderly
(SCOPE) was designed to assess the relative effects of can-
desartan versus placebo on cardiovascular outcomes and
cognition scores in 4500 elderly hypertensive patients. The
primary endpoint of combined cardiovascular mortality, non-
fatal stroke and myocardial infarction was slightly, but not sig-
nificantly, reduced in the ARB group. Cognitive function was
equally well preserved in both treatment groups.109

CLINICAL PHARMACOLOGY

The angiotensin AT1 receptor antagonists appear to occupy
space among the seven transmembrane helices of the receptor
protein. Interaction with amino acid residues in these regions
of the receptor molecule prevents the binding of angiotensin
II to the receptor.110 All currently available ARBs have been
shown to attenuate the circulatory, renal, endocrine, and neu-
rohumoral actions normally mediated by angiotensin II.
Unlike the earlier nonselective peptide antagonist, saralasin,
these agents are devoid of partial agonist effect. The ARBs
have been shown to cause a twofold to threefold rise in plas-
ma renin activity and a consequent rise in angiotensin II
concentration.111

At this time seven ARBs have U.S. Food and Drug
Administration (FDA) approval for the treatment of hyper-
tension. Losartan and irbesartan have also gained approval for
use in diabetic nephropathy. Ongoing and completed clinical
trials are evaluating various ARBs for treatment of additional
hypertension-related circulatory disorders.

It is important to note that ARBs and ACE inhibitors are
contraindicated during pregnancy. Several dozen cases of fetal
and neonatal morbidity and death have been reported in con-
junction with ACE inhibitor administration in the second or
third trimester of pregnancy.112 Fetal abnormalities have
included renal failure, oligohydramnios, limb and craniofacial
deformities, and hypoplastic lung development.

The ARBs differ from each other in their oral bioavailabili-
ty, rate of absorption, tissue distribution, metabolism, and
rate of elimination. Several of these agents act as prodrugs
with conversion to more biologically active metabolites.

Losartan Potassium
Losartan potassium is the first orally active ARB approved for
clinical use.113 It is chemically described as 2-butyl-4-chloro-
1[p-(o-1H-tetrazol-5-ylphenyl)-benzyl]imidazol-5-methanol
monopotassium salt. The potassium salt of losartan is well
absorbed orally with a systemic bioavailability of approxi-
mately 33%.114-116 It is rapidly absorbed with peak plasma lev-
els achieved in about 1 hour. Losartan has a relatively short
terminal half-life of 1.5 to 2.5 hours.117 Losartan undergoes
substantial first pass metabolism by the cytochrome P450
enzymes 2C9 and 3A4.118,119 The methyl hydroxyl group of
losartan located on the imidazole ring undergoes biooxidation
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Box 67–1 Hemodynamic and Neurohumoral Effects of AT1
Receptor Antagonists

Arterial vasodilation
Decrease in peripheral resistance
Reduction of serum aldosterone levels
Increase in plasma renin activity
Increase in plasma angiotensin II
Inhibition of peripheral sympathetic activity
Decreased glomerular filtration rate in volume depletion 

states
Increased glomerular filtration fraction in volume 

depletion states



to the carboxylated form of the compound, EXP3174.118

Approximately 50% of orally administered losartan is con-
verted to the active metabolite. EXP3174, with potency 15 to
30 times greater than that of losartan, is responsible for most
of the angiotensin receptor antagonism.117

The more active metabolite reaches peak concentration in 3
to 4 hours and has a longer terminal half-life of 6 to 9 hours.117

Food intake slows absorption of losartan and delays the time
to peak concentration (Cmax) but has little effect on the total
area under the curve (AUC) of either losartan or its principal
metabolite.120

Losartan is a competitive antagonist of angiotensin II in
that it causes a rightward shift of the concentration-
contractile curve without depression of the maximum pressor
response to the octapeptide. In contrast, EXP3174 is a non-
competitive, so-called insurmountable antagonist in that it
produces a nonparallel right shift in the concentration-
contractile curve and reduces the maximum response to
angiotensin II. The mechanism for the noncompetitive nature
of drug-receptor interaction is not yet known. However, it
seems likely that tight receptor binding by the active metabo-
lite contributes to the prolonged biologic activity of orally
administrated losartan.

In the plasma, losartan and its metabolites are highly pro-
tein bound (98.7%-99.8%) in a nonsaturable mode. These
compounds have been shown to penetrate the blood-brain
barrier poorly, if at all. Biliary excretion plays a major role in
the elimination of losartan and its metabolites.120 A lower
starting dose is recommended for patients with hepatic dys-
function. Somewhat less than one third of the absorbed drug
and its metabolites are cleared by renal filtration.120 Dose
adjustment is not necessary in patients with renal impair-
ment, including dialysis patients, unless they are volume
depleted or have occlusive renovascular disease.121 Neither
losartan nor EXP3174 can be removed by hemodialysis.119

Losartan administration does not affect the pharmacoki-
netics of warfarin or digoxin.122,123 Coadministration of losar-
tan with cimetidine led to about a 20% increase in the AUC of
losartan but not its more potent metabolite.119 Phenobarbital
administration led to a reduction of about 20% in the AUC of
both losartan and its carboxylated metabolite.119 These inter-
actions are not considered to be clinically significant.

In healthy volunteers, administration of fluconazole, an
inhibitor of the cytochrome P450 isoenzyme CYP2C9 but not
itraconazole, an inhibitor of CYP3A4, was found to inhibit the
formation of the active metabolite EXP-3174.124 This implies
that CYP2C9 is a major enzyme for the conversion of losartan
to its more active metabolite. It is possible that concomitant use
of other agents known to inhibit one of these oxidative enzymes
may significantly attenuate the therapeutic effect of losartan.

Losartan is approved by the U.S. FDA for the treatment of
hypertension and diabetic nephropathy. It is available in 25-
and 50-mg tablets. The usual starting dose is 50 mg once daily
and the highest recommended dose is 100 mg/day. For
patients with intravascular depletion or on diuretic therapy,
the 25-mg dose may be safer.

Valsartan
Valsartan acts as a competitive antagonist for the AT1 receptor
of angiotensin II and is chemically described as N-(1-
oxopentyl)-N[[2′-(1H-tetrozol-5-yl)[1,1′-biphenyl]-4-

yl]methyl]-L-valine.55 Unlike losartan, valsartan is not a pro-
drug, and its activity is independent of hepatic metabolism.125

Oral bioavailability for the capsule formulation of valsartan is
approximately 25% (range 10%-35%).126 The time to peak
concentration in the plasma is 2 to 4 hours. Food intake
decreases AUC by approximately 40% and peak plasma con-
centrations by about 50%.127 Like losartan, valsartan is highly
bound to serum proteins (95%), primarily albumin.128 The
volume of distribution of this compound is only 17 L, indi-
cating that tissue distribution is not very extensive. For most
patients the onset of the antihypertensive effect is about 2
hours, with the maximum reduction of blood pressure
achieved in about 6 hours.125,127

Elimination of valsartan is mainly (80%) in the unchanged
form through the gastrointestinal tract.126 Approximately 9% of
the dose is metabolized to valeryl 4-hydroxy valsartan. This
process does not appear to be cytochrome P450 dependent.
Orally administered valsartan shows a biexponential decay
curve with an elimination half-life of about 6 hours. The anti-
hypertensive action of valsartan persists for 24 hours following
oral administration. Valsartan does not appear to accumulate in
plasma following repeated administration. However, patients
with hepatic or biliary tract impairment have an increase in the
AUC, indicating a slower plasma clearance rate.129

The pharmacokinetics of valsartan do not appear to be
appreciably affected by renal impairment. However, as with all
agents that affect the renin-angiotensin system, the presence
of renal insufficiency warrants careful monitoring of the
patients’ hemodynamic, renal, and electrolyte status.

Coadministration of valsartan with amlodipine, atenolol,
cimetidine, digoxin, furosemide, glibenclamide, hydrochloroth-
iazide, indomethacin, or warfarin has failed to show any clini-
cally significant pharmacokinetic interactions.127 Valsartan, like
other ARBs and ACE inhibitors, is contraindicated in pregnan-
cy. The extent to which it is excreted in human milk is not yet
known. Dose adjustment does not appear to be necessary for
the elderly, although careful clinical monitoring is prudent in
this group.130

Valsartan is approved for the treatment of hypertension in
the United States and other countries. It is available in capsule
form as the 80- and 160-mg dose formulations. It is recom-
mended to initiate valsartan therapy with 80 mg once daily.
The dosage of valsartan may be increased as needed up to a
total daily dose of 320 mg. It is prudent to reevaluate patients
within 1 month following such a dose adjustment.

Irbesartan
Irbesartan is chemically described as 2-butyl-3-[[2(1H-tetra-
zo 5yl) [1,1′ biphenyl 4yl] methyl]-1,3 diazaspiro [4,4] non-1
en-4-olone. This compound has an imidazolinone ring in
which a carbonyl group functions as the hydrogen bond
acceptor in place of the C-5 hydroxymethyl group of losar-
tan.56 Irbesartan has been shown to be an insurmountable
noncompetitive antagonist of the AT1 receptor (Figure
67–5).57,131 Irbesartan does not require biotransformation for
its pharmacologic action.132

Oral bioavailability of Irbesartan is relatively high at 60% to
80% and is not affected by food intake.133 Peak plasma con-
centrations occur 1.5 to 2 hours following oral administra-
tion. Irbesartan is less protein bound than other ARBs and has
a plasma half-life of approximately 11 to 15 hours.133
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Irbesartan is metabolized by oxidation and glucuronide
conjugation. Oxidation is mediated primarily through the
2C9 isoenzyme. Metabolism by 3A4 was found to be negligi-
ble.132 Irbesartan had no effect on the function of other
cytochrome P450 oxidative isoenzymes, such as 1A1, 1A2,
2A6, 2B6, and 2E1.112 Irbesartan has no demonstrated effects
on the pharmacokinetics or pharmacodynamics of nifedipine,
hydrochlorothiazide, warfarin, and digoxin.132

Irbesartan is eliminated from the body primarily through
biliary excretion (75%) and to a lesser extent through the kid-
neys.134 Drug accumulation does not appear to occur in the
setting of hepatic or renal insufficiency, and dose adjustment
is not required for these conditions.132 Irbesartan is not dia-
lyzable. In the elderly, Cmax and AUC are increased by 20% to
50% and elimination half-life unchanged. Dose adjustment of
irbesartan has not been found to be necessary in the elderly or
for gender or race.112,132,134

Irbesartan is approved for use in the treatment of high
blood pressure and diabetic nephropathy. It is available in
tablets containing 75, 150, and 300 mg. The usual starting
dose is 150 mg once daily.112 However, for patients receiving a
diuretic or otherwise volume depleted it may be prudent to
begin with a lower initial dose, such as 75 mg/day.

Candesartan Cilexetil
Candesartan, 2-ethoxy-1-[[2′-(1H-tetrazol-5-yl)biphenyl-4-
yl]methyl]-1H-benzimidazole-7-carboxylic acid, is a potent
ARB.135 This structure is a biphenyl imidazole derivative that,
like losartan, has a tetrazolyl moiety, a lipophilic side chain,
and a carboxyl group. To overcome poor oral absorption, the
cilexetil ester prodrug form was synthesized. Candesartan
cilexetil has been found to be rapidly and completely convert-
ed by hydrolytic cleavage to the active compound, candesar-
tan, during gastrointestinal absorption.

Candesartan has been shown to have a high degree of AT1
receptor affinity and to dissociate slowly from its binding
sites.135 In the presence of angiotensin II, candesartan acts as
an insurmountable antagonist for the AT1 receptor. The effects
of candesartan at the receptor level have been observed at low
doses and found to be of long duration.136

The maximal serum concentration of candesartan is
reached at approximately 4 hours after oral dosing with a ter-
minal half-life of about 9 hours.137

The AUC of candesartan has been found to be linear
throughout the dose range of 2 to 16 mg. In elderly healthy
volunteers, steady-state concentrations of candesartan are
approximately 30% to 50% higher than in younger subjects.137

Oral bioavailability does not appear to be affected by food
intake.138 Most of the drug is excreted in the urine as can-
desartan with a smaller fraction as an inactive metabolite.139

Excretion through the biliary tract accounts for less than 40%
of total drug elimination.

The pharmacokinetic profile of candesartan has been
shown to not be altered in patients with mild to moderate
hepatic dysfunction.140 In patients with renal impairment, the
AUC, Cmax, and terminal half-life were significantly greater
than in healthy subjects. It may be prudent to employ lower
starting doses in patients with severe renal dysfunction. The
drug is not dialyzable.140

Coadministration of candesartan cilexetil with hydrochloro-
thiazide has caused a small but significant decrease in the AUC

of the latter agent and a slightly higher bioavailability and Cmax
for candesartan itself.141 Candesartan produces a small decrease
in warfarin trough concentration but does not affect prothrom-
bin time. No significant interactions have been found when can-
desartan cilexetil was coadministered with nifedipine, gliben-
clamide, digoxin, or estrogen-containing oral contraceptives.141

Candesartan cilexetil is approved in the United States and
in other countries for the treatment of hypertension. It is
available as 4-, 8-, 16-, and 32-mg tablets.

Eprosartan
Eprosartan is a nonphenyl, nontetrazole ARB with a high
degree of affinity for AT1 receptor sites.142 This compound is
chemically described as (E)-α-[[2-butyl-1-[(4-carboxyphenyl)-
methyl]-1H-imidazol-5-yl]methylene]-2-thiophenepropanoic
acid. Eprosartan has incomplete oral absorption, with an oral
bioavailability of 13% to 15%.143 Maximum plasma concentra-
tions of the drug are reached in 1 to 3 hours. Food intake appears
to have unpredictable effects on Cmax and time to Cmax.

144 The
bioavailability of eprosartan has been shown to increase
with age.144

Approximately 90% of orally administered eprosartan is
found in the feces and the remainder found in the urine.145 Of
the excreted drug only 20% undergoes metabolism to its glu-
curonide form.145 Both renal insufficiency and hepatic
impairment have been found to delay the elimination of
eprosartan. Eprosartan is not metabolized by the cytochrome
P450 system and has not been shown to have significant drug
interactions with glyburide and digoxin.146 Eprosartan, like
most of the current ARBs, is highly protein bound in plasma
(98%) but does not appear to affect the anticoagulant activity
of warfarin.146

Eprosartan has been approved for use in the United States
and in other countries in the treatment of high blood pres-
sure. It is available in 200-, 300-, and 400-mg tablets for once-
daily administration.

Telmisartan
Telmisartan, 4′-[(1,4′-dimethyl-2′-propyl[2,6′-bi-1H-benz-
imidazol]-1′-yl)methyl]-[1,1′-biphenyl]-2-carboxylic acid, is
an orally active ARB with competitive affinity for the AT1
receptor subtype.147 Approximately one half of an orally
administered dose is absorbed.148 Oral bioavailability is some-
what dose-dependent. Peak plasma concentrations of telmis-
artan are reached relatively rapidly, within 0.5 to 1.0 hours fol-
lowing oral ingestion. Food intake reduces the AUC by 6% to
20%. Unlike losartan and candesartan, telmisartan is not a
prodrug. Approximately 87% of an orally administered dose is
eventually excreted unchanged through the biliary tract.
A very small proportion of telmisartan undergoes metabolism
to the glucuronide form. The cytochrome P450 isoenzymes
are not involved in the metabolism of telmisartan.

Telmisartan is highly protein bound in plasma (>99.5%)
and has a very large volume of distribution of approximately
500 L, indicating additional tissue binding. The terminal elim-
ination half-life is approximately 24 hours.147 Due to its biliary
route of elimination, telmisartan should be used with caution
in patients with hepatic insufficiency. Telmisartan and digox-
in coadministration has been shown to be associated with sig-
nificant increases in levels of the later agent. It is recommend-
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ed that digoxin levels be monitored when initiating, adjusting
and discontinuing telmisartan to avoid possible over-digitali-
zation. Telmisartan does not appear to affect the anticoagulant
effect of warfarin.

The antihypertensive effect of telmisartan has been found
to be greater in hypertensive patients with higher plasma
renin activity.149 In the United States and in other countries
telmisartan is approved for the treatment of hypertension. It
is available in the United States as 40- and 80-mg tablets for
once-daily administration. The recommended starting-dose
for telmisartan is 40 mg once daily.

Olmesartan Medoxomil
Olmesartan medoxomil is chemically described as 2,3-dihy-
droxy-2-butenyl 4-(1-hydroxy-1-methylethyl)-2-propyl-1-[p-
(o-1 H-tetrazol-5-ylphenyl)benzyl]imidazole-5-carboxylate,
cyclic 2,3-carbonate. It is an orally active AT1 receptor antago-
nist that is rapidly and completely deesterified in vivo in the
intestinal wall to the active diacid metabolite, olmesartan.150 It
is selective for the AT1 receptor without partial agonist activi-
ty and, as expected, suppresses the pressor response to
angiotensin II in rats. Olmesartan has higher affinity for the
AT1 receptor than losartan in that 50% inhibition of
angiotensin II binding to the AT1 receptor of bovine adreno-
cortical cells was 7.7 nanomolar, approximately 8% of the
concentration of losartan needed to achieve the same degree
of binding inhibition. It lowers SBP and DBP and increases
renin and angiotensin II concentrations in humans.

After oral administration, olmesartan medoxomil is rapidly
absorbed and deesterified during absorption to the pharmaco-
logically active compound olmesartan with peak plasma con-
centrations between 1 and 3 hours and an elimination half-life
of 12 to 18 hours.151 The absolute bioavailability of olmesartan
medoxomil after oral administration is 26% to 28.6%. Steady-
state plasma concentrations are reached within the first few
daily doses, and accumulation is not noted on long-term dos-
ing. The volume distribution after intravenous administration
is 15 to 25 L. Olmesartan is not metabolized, and 35% to 50%
of the systemically available active compound is excreted
unchanged in the urine and the remainder in the bile.
Olmesartan medoxomil has minimal or no inhibitory activity
on human cytochrome P450. Coadministration of olmesartan
medoxomil with digoxin or warfarin did not result in clinical-
ly significant steady-state pharmacokinetic interaction.151

Data from seven randomized, multicenter, double-blind,
placebo-controlled Phase II and III trials with similar designs,
eligibility criteria, and efficacy endpoints were pooled in a sin-
gle integrated analysis of efficacy for olmesartan medoxomil
(2.5-80 mg/day) (n = 2693).152 Reductions in cuff seated sys-
tolic blood pressure (SeSBP) and seated diastolic blood pres-
sure (SeDBP) (SeSBP by 15.1 and 17.6 mm Hg and SeDBP by
12.2 and 13.1 mm Hg for the 20- to 40-mg dose), as well as in
24-hour ambulatory blood pressure were observed. Placebo-
corrected trough/peak ratios were 64% to 79% for DBP and
52% to 72% for SBP, indicating a more than appropriate diur-
nal profile for once-daily dosing.152 Minor changes in heart
rate were observed (−0.5 to −1.1 beats/min compared with 
−0.3 beats/min with placebo). In both older and younger indi-
viduals, the only adverse experience reported more frequently
in the olmesartan medoxomil treated subjects compared with
placebo-treated subjects was dizziness, usually mild.

The ARBs olmesartan medoxomil, losartan potassium, val-
sartan, and irbesartan were compared in a 588 patient multi-
center randomized double-blind trial with once-a-day thera-
py with the recommended starting doses.153 Sitting DBP
reduction at 24 hours postdosing, the primary efficacy vari-
able, was 11.5 mm Hg with olmesartan medoxomil 20 mg,
8.2 mm Hg with losartan potassium 50 mg, 7.9 mm Hg with
valsartan 80 mg, and 9.9 mm Hg with irbesartan 150 mg. The
more pronounced reduction with olmesartan medoxomil
with respect to the other three agents was statistically signifi-
cant. In addition, the reduction in mean 24-hour DBP on
ambulatory blood pressure monitoring was significantly larg-
er with olmesartan medoxomil (8.5 mm Hg) than with losar-
tan potassium (6.2 mm Hg) and valsartan ( 5.6 mm Hg) but
not significantly different from irbesartan (7.4 mm Hg).
Systolic blood pressure trough/peak ratio was highest for
olmesartan medoxomil (0.69), lowest for valsartan (0.55), and
intermediate for losartan potassium and irbesartan (0.64 and
0.62, respectively). Adverse event rates were comparable
among the four treatment groups.

As with other ARBs, the antihypertensive effect of olmesar-
tan medoxomil is enhanced with the addition of low-dose
hydrochlorothiazide.154

Safety and Adverse Effects of the
Angiotensin II Receptor Antagonists
ARBs are generally very well tolerated. With two important
exceptions, these agents have a side effect profile that is simi-
lar to that of the ACE inhibitors. Like the ACE inhibitors,
ARBs may produce excessive and too rapid fall of blood pres-
sure in the volume depleted or otherwise highly renin-
dependent forms of hypertension. In patients with renal
impairment there is an increased risk of hyperkalemia due to
inhibition of aldosterone release. As with ACE inhibitors,
patients with bilateral renovascular and renal parenchymal
disease who are treated with ARBs are at increased risk of
deterioration of renal function, which is usually but not
always reversible.

ARBs do not appear to have adverse effects on glucose or
lipid metabolism. Losartan is unique among this class in its
uricosuric effect.

Of special note is that the incidence of cough with ARBs is
similar to that of placebo.155-157 The incidence of angioedema
appears to be very low, although cases have been report-
ed.158,159 Indeed, among the currently available antihyperten-
sive drug classes, ARBs appear to have the lowest incidence of
adverse effects.160,161

CLINICAL USES OF THE ANGIOTENSIN II
RECEPTOR ANTAGONISTS

Hypertension
All of the currently approved ARBs have been demonstrated
in randomized, placebo-controlled clinical trials to lower
blood pressure in hypertensive individuals. Approximately
50% to 60% of hypertensive patients have a clinically signifi-
cant response to these agents.69,162 This is comparable to
monotherapy with diuretics, β-blockers, ACE inhibitors, and
calcium antagonists.163,164
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The antihypertensive efficacy of the ARBs seems to depend
at least partially on the activity of the renin-angiotensin
system.72 Approximately 80% of patients demonstrate a sig-
nificant blood pressure lowering response when losartan is
combined with a thiazide diuretic.154 The antihypertensive
response can be abolished in experimental animals following
nephrectomy and is attenuated in humans following volume
expansion.165 The full therapeutic profile of the ARBs has yet
to be completely elucidated. The effects of age, race, and con-
comitant medical conditions on the antihypertensive efficacy
of these agents await further clarification.

Several studies have compared the relative efficacy among
the currently available ARBs. In general, the observed differ-
ences have been modest. In one double-blind, parallel group
study of 8 weeks’ duration, candesartan cilexetil 8 mg/day
was found to produce an antihypertensive effect equal to

that of losartan 50 mg/day.166 The 16-mg dose of candesar-
tan cilexetil was found to be more effective than losartan 50
mg administered once daily. However, the use of microcrys-
talline cellulose back-filled gelatin capsules in the losartan
group has been debated.167,168 In a double-masked, elective
dose titration study of 8 weeks’ duration, irbesartan 150 to
300 mg once daily was found to produce a greater decline in
trough seated diastolic BP than did losartan 50 to 100
mg/day.169 Also, a smaller proportion of patients taking the
starting dose of irbesartan (53%) as compared with the
losartan group (61%) required up-titration at 4 weeks to
reach the goal DBP of 90 mm Hg. Adding hydrochloroth-
iazide to both study drugs produced further reductions in
blood pressure, with the greater effect seen in the irbesartan
group compared with the losartan group.169 The incidence of
adverse effects in patients receiving either candesartan cilex-
etil or irbesartan was similar to that experienced by the
patients receiving losartan.166,169

It has been suggested that the highly insurmountable recep-
tor antagonists may have a greater amplitude and duration of
action.170 As outlined earlier, the recommended daily starting
dose of olmesartan 20 mg has been observed to have a some-
what greater effect on DBP than losartan 50 mg, valsartan 
80 mg, or irbesartan 150 mg.153 A meta-analysis of 43 con-
trolled trials involving the use of losartan, valsartan, irbesar-
tan, and candesartan concluded that within the ARB class of
antihypertensive drugs, there is comparable antihypertensive
efficacy and a flat-dose response.171 All of the agents studied
showed substantial augmentation of the antihypertensive
effect with the addition of thiazide diuretics.

ARBs in Cardiac Disease
Angiotensin II exerts many actions on the heart and the
coronary circulation. In the vasculature, angiotensin II caus-
es vasoconstriction, as well as smooth muscle cell hypertro-
phy, and enhances norepinephrine release further potentiat-
ing vasoconstriction. Angiotensin II also causes increased
contractility and facilitates the development of left ventricu-
lar hypertrophy. Angiotensin II effects on plasminogen
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Table 67–2 Pharmacologic Characteristics of Angiotensin Receptor Antagonists

Candesartan Losartan Olmesartan
Cilexetil Eprosartan Irbesartan Potassium Medoxomil Telmisartan Valsartan

U.S. proprietary name Atacand Teveten Avapro Cozaar Benicar Micardis Diovan
Prodrug Yes No No Yes Yes No No
Bioavailability (%) 15 13 60-80 33 26 42-58 25
Peak effect (hour) 3-4 3 1.5-2 3-4 1-2 0.5-1 2-4
Food effect None Yes None Minimal None Minimal Yes
Half-life (hour) 9 5-9 11-15 2 12-18 24 6
Trough/peak ratio (%) 80 67 >60 58-78 52-79 >97 69-76
AT1/AT2 affinity >10,000 1000 8500 1000 12,500 >3000 20,000
Protein binding (%) >99 98 90 99 99 >99.5 >95
Urinary elimination (%) 33 7 20 35 35-50 <1 13
CYP450 metabolism No No 2C9 2C9, 3A4 No No No
Drug interactions No No No Rifampin, No Digoxin No

fluconazole
Dosages available (mg) 4, 8, 16, 400, 600 75, 150, 25, 50, 5, 20, 20, 40, 80, 160

32 300 100 40 80

Box 67–2 Antihypertensive Mechanisms of the Angiotensin II
Receptor Antagonists

Vascular actions
Direct blockade of angiotensin II–mediated

vasoconstriction
Reversal of vascular hypertrophy
Augmentation of nitric oxide–mediated endothelial 

function
Renal actions

Augmentation of renal blood flow
Direct and indirect enhancement of proximal tubular 

natriuresis
Inhibition of aldosterone release and distal tubular 

sodium
Reabsorption
Central and sympathetic nervous system actions

Attenuation of presynaptic norepinephrine release
Inhibition of central aII-mediated sympathetic outflow
Inhibition of aII-mediated thirst and vasopressin 

release



activator inhibitor I, smooth muscle proliferation, and extra-
cellular matrix formation may enhance the development of
atherosclerosis.

The rationale for the use of ARBs in heart failure is based
on several factors.172 Because these agents reduce peripheral
resistance, it has been posited that concomitant reduction in
cardiac impedance would promote cardiac emptying with less
left ventricular wall stress. Also, blockade of the direct hyper-
trophic action of angiotensin II on the myocardium by the
ARBs might augment the benefit. Furthermore, there is evi-
dence that some intracardiac angiotensin II is formed via a
non–ACE-dependent mechanism. The latter effect might be
expected to provide an advantage over ACE inhibitor therapy
for treatment of heart failure.

In young healthy adults, plasma angiotensin II, lean body
mass, and systemic blood pressure are related to left ventricu-
lar mass.173 Moreover, in patients with heart failure, those who
are on ACE inhibitor therapy have been shown to have higher
plasma angiotensin II levels than controls, a finding consistent
with non–ACE-mediated angiotensin II production in
patients with failing hearts.174

In a study of the acute effects of ARBs in patients with heart
failure, ARB treatment has been found to improve hemody-
namic indices, such as blood pressure, pulmonary wedge pres-
sure, systemic vascular resistance, and cardiac output.175 In
patients with ischemic or idiopathic dilated cardiomyopathy,
exercise VO2 and exercise tolerance were found to increase
during treatment with both the ACE inhibitor enalapril and
the ARB losartan.176 In contrast to enalapril, the effect of
losartan was not antagonized by aspirin.176 In an earlier study,
oral administration of losartan to patients with symptomatic
heart failure resulted in beneficial hemodynamic effects with
short-term administration and more enhanced benefits after
12 weeks of therapy.177

The ELITE (Evaluation of Losartan in the Elderly) study
was designed to determine whether the ARB, losartan, offered
advantages over the ACE inhibitor captopril in older patients
with heart failure.178 The primary endpoint of the study was
persistent increase in serum creatinine equal to or greater
than 0.3 mg/dl on therapy. The secondary endpoint was
death or hospital admission for heart failure. In this
randomized, double-blind study of 722 patients with heart
failure and ejection fraction equal to or lower than 40%,
losartan was titrated to 50 mg once a day and captopril was
titrated to 50 mg three times a day for 48 weeks. The occur-
rence of the primary endpoint (persistent increase in serum
creatinine) was the same in the two groups. For the second-
ary endpoints, the losartan treatment group had a 46% lower
risk of death, 64% reduction in sudden death, and a 26%
reduction in total hospitalization rate compared with the
captopril treated group. Improvement in symptoms was sim-
ilar for the two groups, as was the rate of hospitalization for
progressive heart failure. Fewer losartan patients than capto-
pril patients discontinued therapy because of adverse experi-
ences (12.2% vs. 20.8%). It remains unclear why the relative
beneficial effect of losartan was so dramatic for sudden death
and less so for symptoms of and hospitalization rates for
heart failure. This unexpected lowering in mortality with
losartan compared to captopril may have been due to better
suppression of the effects of angiotensin II, the absence of
bradykinin effects during losartan therapy, or to the better
compliance of patients on losartan.

To confirm this, ELITE II was carried out in a larger num-
ber of patients (3152) with similar characteristics and with a
protocol similar to ELITE. All cause mortality was slightly but
not significantly higher for losartan (11.7%) compared with
10.4% for captopril.179 Losartan was again somewhat better
tolerated than captopril. In another study, where the effects of
losartan and enalapril were compared in patients with moder-
ate or severe chronic heart failure, no significant differences
between the groups in terms of exercise capacity or neurohor-
monal activation (plasma levels of N-terminal atrial natri-
uretic factor and norepinephrine) were observed.180

In patients with symptomatic heart failure receiving maxi-
mally prescribed or tolerated ACE inhibitors, the effects of
add-on therapy with ARBs have been studied.181 The combi-
nation was found to be safe and to lead to a further decrease
in cardiac afterload. It has been hypothesized that the combi-
nation will produce a greater suppression of angiotensin II
effects by blocking both ACE and non–ACE-dependent path-
ways. At the same time the potentially beneficial effects of
ACE inhibition in preventing bradykinin degradation should
be maintained.

In the Val-Heft (Valsartan Heart Failure Trial), valsartan 160
mg twice daily was compared with placebo in patients with
heart failure treated with digitalis, diuretics, and ACE
inhibitors in the majority and β-blockers in some.182,183 The
combined endpoint of worsening heart failure, resuscitated
cardiac arrest, or mortality occurred 13% less frequently in the
valsartan group, primarily because of a decrease in heart fail-
ure hospitalizations. Significant improvements in heart failure
symptoms, ejection fraction, and quality-of-life indices were
observed. The beneficial effect of valsartan on patients who
were not on background ACE inhibitor therapy was marked.

The effects of ARBs in patients with left ventricular hyper-
trophy have also been studied. Findings from experimental and
clinical studies suggest that the pharmacodynamic profile of
the antihypertensive agent plays a role in addition to that of
blood pressure lowering in decreasing left ventricular mass.
Losartan has been found to decrease cardiac mass and improve
coronary flow reserve in spontaneously hypertensive rats and
to decrease left ventricular hypertrophy due to volume over-
load induced by aortic insufficiency in Wistar rats.184,185

In a 10-month study of 89 hypertensive patients, losartan
given as monotherapy or in association with hydrochloroth-
iazide produced not only a significant reduction in blood
pressure but also a decrease in left ventricular mass studied by
echocardiography.186 The Losartan Intervention for Endpoint
Reduction in Hypertension study (LIFE) was designed to
compare the effects of losartan with the β-blocker atenolol in
a double-blind, parallel design on more than 9000 patients
with electrocardiographic evidence of left ventricular hyper-
trophy.187 The primary endpoint of cardiovascular morbidity
and mortality (i.e., stroke, myocardial, infarction, and cardio-
vascular death) occurred significantly less frequently in the
losartan group. Also, new-onset diabetes was less common
with losartan than with the β-blocker.188

The CHARM clinical trial (Candesartan in Heart failure
Assessment of Reduction in Mortality and Morbidity) com-
pared candesartan titrated to 32 mg once daily to placebo in
three distinct populations: (1) patients with left ventricular
ejection fraction less than or equal to 40% who were not
receiving ACE inhibitors (CHARM-Alternative Trial, 2028
patients), (2) patients with left ventricular ejection fraction
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less than or equal to 40% who were receiving ACE inhibitors
(CHARM-Added Trial, 2548 patients), and (3) patients with
left ventricular ejection fraction higher than 40% (CHARM-
Preserved Trial, 3023 patients). Overall, when all three studies
were analyzed together, candesartan was generally well toler-
ated and significantly reduced cardiovascular deaths and hos-
pital admissions for heart failure.189-192

The OPTIMAAL (Optimal Trial in Myocardial Infarction
with the Angiotensin II Antagonist Losartan) compared losar-
tan, target dose 50 mg daily, to captopril 50 mg three times
daily in 4577 patients with acute myocardial infarction.193 At
an average follow-up 2.7 years, mortality was 17% in the
losartan group and 16% in the captopril group (p = .07). In
the VALIANT study of 14,703 patients, with myocardial
infarction complicated by left ventricular systolic dysfunction,
heart failure, or both, valsartan treatment was equivalent to
captopril for the composite endpoint of fatal and nonfatal car-
diovascular events.194 Of note is that the combination of val-
sartan and captopril increased the rate of adverse events with-
out improving survival.

Taken together, these trials indicate that ARBs confer bene-
fits similar to ACE inhibitors in patients with coronary heart
disease, left ventricular hypertrophy, and heart failure. The
combination of ARBs with ACE inhibitors may convey addi-
tional benefits, especially in preventing hospitalization for
heart failure.

Renal Disease
ARBs, like the ACE inhibitors, have multiple hemodynamic
and nonhemodynamic actions that contribute to renopro-
tection. The ELITE trial was among the first clinical trials to
assess the relative effects of ARB therapy on renal function.
The study found that in humans with heart failure, long-
term therapy with losartan has a comparable effect with that
of captopril on renal function, as assessed by serum creati-
nine levels.178

In nonhemodynamically mediated experimental renal
disease, the evidence is less consistent. For example, experi-
mental puromycin nephrosis does not appear to be affected
by the administration of ARBs.195 In passive Heymann
nephritis, a rat model of membranous nephropathy with
proteinuria, angiotensin blockade had virtually no effect on
urinary albumin excretion, as opposed to a markedly bene-
ficially effect observed with enalapril.196 However, in a
model of antithymocyte serum-induced mesangioprolifera-
tive glomerulonephritis, angiotensin II blockade was found
to be attenuate histopathologic changes and reduce renal
TGF-β mRNA.197

Several randomized clinical trials have recently demon-
strated the renal protective effect of angiotensin II receptor
blockade in proteinuric diabetics. The Reduction of
Endpoints in NIDDM with the Angiotensin II Antagonist
Losartan (RENAAL) study and the Irbesartan Diabetic
Nephropathy Trial (IDNT) were similarly designed compar-
isons of the long-term effects of ARB therapy with conven-
tional antihypertensive therapy on the composite primary
endpoint of doubling of serum creatinine, occurrence of end-
stage renal failure, or death.198,199 Both of the ARB-treated
groups showed a significant reduction in composite risk of
16% to 20%. The relative risk reductions experienced by the
ARB groups in both studies were also significant for the renal-

specific outcomes of doubling of serum creatinine (33% for
IDNT and 25% for RENAAL) and end-stage renal disease
(28% for IDNT and 25% for RENAAL). Losartan and irbesar-
tan have been approved for use in diabetic nephropathy.

In most cases diabetic proteinuria (urinary albumin excre-
tion >300 mg/24 hour) is preceded by microalbuminuria (uri-
nary albumin excretion 30-300 mg/24 hour). Furthermore,
microalbuminuria is a strong predictor of all-cause mortality
and cardiovascular mortality in type 2 diabetes. Although the
mechanism underlying the association between microalbu-
minuria and mortality is not well understood, the presence of
microalbuminuria may reflect a generalized defect in vascular
permeability leading to atherogenesis. Therapy with ARBs is
associated with a reduction of microalbuminuria and a slow-
ing of progression to macroalbuminuria.200-202 In humans
with nondiabetic renal disease and proteinuria, therapy with
ARBs has been found to significantly reduce protein excretion
in a dose-dependent manner comparable with that of ACE
inhibitors.203-206

Rationale for the Use of ARBs 
in Combination with ACE Inhibitors
ACE inhibitors and ARBs have been found to slow the pro-
gression of renal impairment in experimental animals and in
humans with diabetic and nondiabetic chronic kidney dis-
ease.207 Both classes of antihypertensive agent inhibit the vaso-
constrictive effects of angiotensin II at the efferent arteriole,
by either reducing the concentration of angiotensin II (ACE
inhibitors) or by blocking its receptor site (ARBs). ARBs and
ACE inhibitors have both been observed to exert nonhemody-
namic actions as well. Treatment with ACE inhibitors also
increases the level of bradykinin and other small peptides that
are normally degraded by ACE. There is evidence that this
action may contribute to the renoprotective effect of the ACE
inhibitors, a property not shared with the ARBs. On the other
hand, renal production of angiotensin II is not completely
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Box 67–3 Clinical Effects of Angiotensin II Receptor
Antagonists Results from Randomized Clinical Trials

Uncomplicated hypertension
Decreased blood pressure

Hypertension with left ventricular hypertrophy
Decreased mortality
Decreased incidence of new-onset diabetes

Chronic heart failure
Improved hemodynamic profile
Improved exercise tolerance
Decreased hospitalization rate
Decreased cardiovascular mortality rate

Acute myocardial infarction with and without left
ventricular dysfunction
Beneficial effect on cardiovascular mortality similar to
that of the ACE inhibitors

Proteinuric chronic kidney disease
Decreased proteinuria

Hypertension with type 2 diabetes and proteinuria
Preservation of renal function



blocked by ACE inhibition due to the presence of chymase
and other non-ACE peptidases. Furthermore, the currently
available ARBs are selective for the AT1 receptor subtype, leav-
ing the AT2 receptors available to the effects of higher levels of
angiotensin II. The AT2 receptors have been shown to mediate
production of nitric oxide and attenuate cell proliferation in a
number of organs, including the kidney.208,209 Thus, it seems
apparent that ACE inhibitors and ARBs have both overlapping
and complementary mechanisms of action.

Several reports have shown that the combination of ACE
inhibitor with ARB therapy is associated with a greater
antiproteinuric effect than with either agent alone.210,211 In
the recent COOPERATE trial carried out in Japan, 263
patients with nondiabetic proteinuric renal disease were ran-
domized to receive either losartan 100 mg/dl, the ACE
inhibitor trandolapril 3 mg/day, or combination therapy at
the same doses.212 During a 3-year follow-up, the ACE
inhibitor-ARB combination group achieved a highly signifi-
cant 49% to 50% relative risk reduction for reaching the
combined renal endpoint of doubling of serum creatinine or
end-stage renal failure. Many of the patients in the COOP-
ERATE trial had IgA nephropathy, a less common cause of
renal failure in North America. Whether the findings of
COOPERATE hold promise for the treatment of other forms
of glomerular and nonglomerular renal disease remains to
be determined.

SUMMARY

The ARBs are effective antihypertensive agents in a broad
range of patients and appear to have a lower incidence of
adverse effects than other currently available drugs. As a class,
these ARBs have a high degree of specificity for the AT1 recep-
tor subtype and also have become valuable pharmacologic
probes for studying the role of the renin-angiotensin system
in a number of circulatory and renal disorders.

Seven ARBs have gained U.S. FDA approval for the treat-
ment of hypertension and several for the treatment of diabet-
ic renal disease.213 The Seventh Report of the Joint National
Committee on Prevention, Detection, Evaluation, and
Treatment of High Blood Pressure (JNC 7) has recognized
that hypertension often exists with other serious conditions
for which, based on clinical trials data, there are “compelling”
indications for use of a particular drug or class of drugs,
including the ARBs.214 Such high-risk conditions for which
ARBs are indicated include congestive heart failure, chronic
kidney disease, and diabetes mellitus. Absence of a positive
“compelling” indication for any disorder does not exclude the
potential efficacy of ARBs or any other drug class for that dis-
order, if clinical trials data are lacking or are inconclusive.

Studies are underway to assess whether ARB therapy is
equally or more effective than other agents in decreasing car-
diovascular morbidity and mortality in hypertensives with
comorbidities, such as diabetes, smoking, hyperlipidemia
obesity, left ventricular hypertrophy, renal disease, and pro-
teinuria.215,216 Promising results from a number of clinical tri-
als suggest that ARBs may confer important benefit for
patients with other serious conditions, such as chronic coro-
nary artery disease, acute coronary syndromes, and nondia-
betic chronic kidney disease, as well as for primary and sec-
ondary prevention of cerebrovascular events.165
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Since the early 1970s, antihypertensive drug therapy has made
a tremendous impact on morbidity and mortality from car-
diovascular diseases. Nevertheless, despite the introduction of
newer modalities of treatment and the claims of adverse
effects related to the adrenergic inhibitors and the direct-
acting smooth muscle vasodilators, improvement in cardio-
vascular outcomes seems to have stalled. End-stage renal dis-
ease (ESRD) and congestive heart failure, both related to
hypertension, continue to increase unabated.

Whereas use of many of the agents discussed in this chap-
ter has drastically decreased in the United States in favor of
newer agents with different mechanisms of action, the older
agents continue to be used broadly elsewhere around the
world. No doubt this is related to availability of generic for-
mulations of these agents and their lower cost. Moreover, one
subclass of the adrenergic inhibitors, the α-adrenergic recep-
tor blockers, continue to be employed widely for the treat-
ment of benign prostatic hyperplasia (BPH).

Among the more-potent antihypertensive drugs are those
that inhibit sympathetic activity. This inhibition may be
achieved at practically any anatomic level of adrenergic func-
tion. However, for these compounds to maintain their effec-
tiveness over time, for the most part, they must be used in
conjunction with diuretics. The following discussion reviews
these adrenolytic agents, describing their mechanisms of
action, hemodynamic effects, clinical uses, and adverse effects.

Every direct-acting smooth muscle vasodilator and adren-
ergic inhibitor except the β-adrenergic receptor blockers and,
perhaps, the α-adrenergic blockers, will induce compensatory
sodium and water retention and extracellular fluid volume
expansion following reduction of arterial pressure.1-3 The cli-
nician must therefore recognize the need for concomitant
diuretic therapy. The type of diuretic is relatively unimpor-
tant: Drastic dietary-sodium restriction, a thiazide diuretic, or
a loop diuretic can be employed. However, because it is most
important to minimize potassium wastage and maintain per-
sistent and steady contraction of the intravascular volume, a
thiazide is generally the best choice for patients with relative-
ly normal renal function because it has a longer duration of
action than the loop diuretic. The diuretic enhances the
antihypertensive action of the adrenergic inhibitor by main-
taining the contraction of the extracellular and intravascular
compartments characteristic of most hypertensive diseases.

ADRENERGIC INHIBITORS

Stress and anxiety can alter cardiovascular function, produc-
ing transient increases in heart rate and arterial blood pres-
sure. However, these stimuli are generally not sufficient to
cause hypertension, which requires persistent increased ten-
sion or tone of the arteriolar vascular smooth muscle for its

maintenance. Confusion in terminology can confound any
discussion of agents that inhibit neural function. The present
discussion does not concern itself with agents that sedate,
tranquilize, or minimize psychic stress through higher centers.

Central adrenergic efferent impulses pass through major
cardiovascular centers in the hypothalamic, medullary, and
other subcortical areas to the spinal cord to synapse with
second neurons located in sympathetic ganglia at the
thoracolumbar level of the spinal column. These more distal
neurons are stimulated at the ganglion level by the release of
acetylcholine from the terminals of the central neurons, there-
by propagating the peripheral outflow of adrenergic impulses.
Neural impulses, passing distally via the adrenergic neurons,
reach the heart or blood vessels, where they release norepi-
nephrine from nerve terminals. Norepinephrine stimulates
the effector organ—heart, venule, or arteriole—by attach-
ment to specific binding sites identified as either α- or 
β-adrenergic receptors.

Norepinephrine and other neurohumoral mediators,
including epinephrine and dopamine, are synthesized in the
adrenal gland and adrenergic neurons, but norepinephrine
is the major neurotransmitter that is released from post-
ganglionic nerve terminals. Norepinephrine synthesis begins
with the essential amino acid L-tyrosine by hydroxylation
with tyrosine hydroxylase to form L-hydroxyphenylalanine
and then L-hydroxyphenylethylamine (dopamine). Dopamine
β-hydroxylase and phenylethanolamine-N-methyl-trans-
ferase continue the biosynthesis of the catecholamines to form
L-norepinephrine and L-epinephrine, respectively. Norepineph-
rine is the major neurotransmitter and is most responsible for
adrenergic receptor stimulation. Norepinephrine is found in the
axon sheath and stored in the nerve terminals in vesicles that
release it on nerve stimulation.

Norepinephrine is metabolized within the nerve terminal,
by monoamine oxidase (MAO) in the mitochondria via a
deamination process to form, initially, dihydroxymandelic
acid and later, vanillylmandelic acid. In contrast, the norepi-
nephrine that finds its way extraneuronally is metabolized
by the enzyme catechol O-methyltransferase to form 
3-methoxy,4-hydroxymandelic acid or vanillylmandelic acid.
These metabolic products can be measured in the laboratory
as metanephrines and normetanephrines or vanillylmandelic
acid, respectively. Consideration of these metabolic processes
is important in the interpretation of laboratory tests utilized
in the diagnosis of pheochromocytoma, particularly in the
identification of therapeutic agents that may be responsible
for false-positive or false-negative test results.

With the arrival of the adrenergic impulse at the postgan-
glionic nerve terminal, there is release of free norepinephrine.
The neurotransmitter may bind to myocardial and/or vascu-
lar smooth muscle receptor sites, producing the adrenergic
cardiovascular response. It may also be taken up by the nerve
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terminal (so-called reuptake) for conservation and release at
a later time or may be acted on by the extraneuronal enzy-
matic system to form the metabolites or to circulate freely
within the vascular system. The normal circulating levels of
epinephrine and norepinephrine are less than 100 pg/ml
and less than 500 pg/ml, respectively; the daily urinary excre-
tion rates of catecholamines and metabolites are shown in
Table 68–1.

With the binding of norepinephrine at the effector receptor
site, several possible processes may occur. Stimulation of the
β-adrenergic receptor will produce vasoconstriction of the arte-
riole and venule. Stimulation of the α-adrenergic receptor will
promote peripheral vasodilation and increased heart rate,
myocardial contractility, and myocardial metabolism.

There are many loci at which antihypertensive agents may
inhibit the adrenergic nerve stimulus, including afferent sen-
sory pathways from the heart, vessels, and mechanoreceptors;
centrally at the ganglion level; or at the nerve terminal.
Certain antihypertensive agents may also inhibit norepineph-
rine biosynthesis or block its action at the adrenergic receptor.
The following discussion concerns the specifics of each class
of adrenergic inhibitors.

Ganglion Blocking Drugs
Mechanism of Action

When the adrenergic preganglionic impulse arrives at the gan-
glion, acetylcholine is released from the nerve terminals,
crosses the synaptic gap, and stimulates the postganglionic
axons. The physiochemical action on the axon membrane is
complex, but in simplest terms, involves the alteration of axon
permeability. Thus, when acetylcholine attaches to receptor
sites on the axon membrane, transmembrane ion flux is per-
mitted, by which potassium ions move extracellularly and
sodium ions intracellularly. When this depolarization process
reaches an optimal rate, transmission of the neural impulse
down the postganglionic neuron continues.4

One of the first major classes of antihypertensive drugs was
the ganglion blockers.5 These agents act by occupying recep-
tor sites on the postganglionic axon to stabilize the membrane
against acetylcholine stimulation; they have no effect on pre-
ganglionic neuronal acetylcholine release, cholinesterase
activity, postganglionic neuronal catecholamine release, or

vascular smooth muscle contractility.4-6 Tetraethylammonium
chloride was the first agent used; later, other compounds
were synthesized, including hexamethonium chloride, pen-
tolinium tartrate, mecamylamine hydrochloride, pempidine
hydrochloride, and chlorisondamine chloride. In a con-
trolled, prospective, double-blind study involving three of
the more commonly used ganglion-blocking drugs (at the
time of their popular use), when equivalent doses of these
agents were employed, all three agents were equally effica-
cious in reducing arterial pressure.7

Because interference with transmission of the autonomic
impulse at the ganglion level impairs adrenergic and
parasympathetic impulse transmission, clinical use of gan-
glion blockers was associated with severe side effects of
unwanted parasympathetic inhibition. With the advent of
more-specific adrenergic-blocking drugs, such as guanethi-
dine sulfate and methyldopa, the ganglion-blocking drugs
were less frequently used, until at present they are mostly of
academic interest.

The exception is trimethaphan camsylate, which is still use-
ful as an antihypertensive agent because of its intravenous for-
mulation and mode of action. Trimethaphan is infused by
slow intravenous drip (1 mg in a 1-L solution with the addi-
tion of one or two additional 1000-mg ampules, if necessary).8

Reduction of arterial pressure is immediate, and careful mon-
itoring of pressure is essential. When the infusion is discon-
tinued, return of arterial pressure to preinfusion levels is
prompt. Therefore, when administering this agent to the
severely hypertensive patient, the physician must initiate long-
acting antihypertensive therapy before discontinuing the
infusion. Furthermore, as with any adrenergic inhibitor, vol-
ume contraction is associated with augmented hypotensive
responses, and norepinephrine administration is associated
with an enhanced pressor response. This phenomenon of den-
ervation supersensitivity is extremely important in patients
treated with sympatholytic agents.9

Hemodynamic Effects

Adrenergic transmission to the heart and vessels is impaired
by ganglion-blocking drugs, and reduced heart rate, myocar-
dial contractility, and total peripheral resistance result. The
fall in arterial pressure and vascular resistance is not as great
in the supine as in the upright position because the adrener-
gic venomotor effect is enhanced by the gravitational effect
of pooling of blood when the patient is upright. As a result of
a reduction in venomotor tone, the patient treated with
ganglion-blocking drugs or any other sympatholytic therapy
will pool blood in the capacitance vessels of the dependent
areas of the body. As a result, venous return to the heart is
reduced in proportion to the degree of adrenergic inhibition
and the degree of upright posture. This effect explains the
phenomenon of orthostatic hypotension that, if carried to
the extreme, can be associated with syncope.10 Thus the
orthostatic fall in cardiac output is not primarily the result of
direct adrenergic inhibition of myocardial function but of
reduced venous return. Because the orthostatic effect on arte-
rial pressure is so important with sympatholytic therapy, the
knowledgeable physician should measure blood pressure in
the supine or sitting, as well as in the standing, position. The
orthostatic hypotension should be considered an effect of
treatment rather than a side effect. To enhance the antihyper-
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Table 68–1 24-Hour Urinary Excretion Rate 
of Catecholamines and Metabolites

CATECHOLAMINES
50–650 μg
CATECHOLAMINES
Norepinephrine 0.100 μg
Epinephrine 0–25 μg
Dopamine 60–440 μg
METABOLITES
HVA 0–15.0 mg
VMA 0–7.0 mg
Metanephrine 30–350 μg
Normetanephrine 50–650 μg

HVA, homovanillic acid; VMA, vanillylmandelic acid.



tensive effect of sympatholytic agents in the supine position,
it is necessary to reduce intravascular (and extracellular fluid)
volume and prevent reexpansion of blood volume.2,3,11

Furthermore, to artificially produce this orthostatic response,
elevation of the head of the bed is a worthwhile maneuver.
Because cardiac output is reduced with ganglion-blocking
therapy, there is at least a proportionate reduction of renal
blood flow, which may be associated with a reduced creati-
nine clearance.12,13 Cerebral14 and splanchnic15 blood flows
are also reduced.

Side Effects

It is often stated that with prolonged hypotensive therapy
with trimethaphan (48 to 72 hours), the patient often
becomes refractory (or tachyphylactic) to the treatment.14

Although this may occur, expansion of intravascular volume
is a more likely explanation, and better control of pressure
may be achieved with introduction of a diuretic or more vig-
orous use of diuretics already prescribed.1,2 Moreover, con-
traction of intravascular volume produces exaggerated
hypotension and adrenergic stimulation (e.g., with norepi-
nephrine). Because parasympathetic inhibition also results
from ganglion blockade, tonic activity to the gastrointestinal
tract will occur, and the physician is cautioned to consider
development of a paralytic ileus or acute urinary retention as
possible side effects. Thus, abdominal pain with reduced
bowel sounds, constipation, or reduced urinary output dur-
ing ganglion-blocking therapy in a patient with aortic dissec-
tion may not reflect extension of the dissecting aneurysm
into the mesenteric or renal arteries but instead may be a side
effect of the medication.

Clinical Uses

Although several other potent and rapidly acting parenteral
antihypertensive agents are available, there is still a role for
trimethaphan in the treatment of hypertensive emergencies.
Thus, in producing controlled hypotension during surgery, in
arteriography, or in acute aortic dissection, trimethaphan-
induced hypotension may be more manageable than hypoten-
sion induced by an agent with a more-prolonged action.
Under these circumstances, ganglion blockade will not be
associated with the secondary reflective stimulation of the
heart that is found with other vasodilator therapy.

Postganglionic Adrenergic Inhibitors
When acetylcholine stimulates the postganglionic axon at the
ganglion level, the impulse is propagated distally and culmi-
nates in the release of norepinephrine at the nerve terminal
with stimulation of adrenergic receptors on the vascular
smooth muscle membrane. This impulse can be interfered
with pharmacologically by a variety of mechanisms, including
depletion of neurohumoral stores at the nerve terminal, pre-
vention of norepinephrine reuptake by the nerve terminal,
inhibition of catecholamine biosynthesis, therapeutic intro-
duction of false neurohumoral transmitters that bind to the
adrenergic receptors on vascular smooth muscle, or blockade
of the latter receptors. The following discussion concerns
sympathetic blocking drugs that act through one or a combi-
nation of these mechanisms.

Rauwolfia Alkaloids

These agents, including reserpine and more than 20 related
compounds, were initially introduced for the treatment of
hypertension in the early 1950s. They deplete the myocardium,
blood vessels, adrenergic nerve terminals, adrenal medulla, and
brain of catecholamines and serotonin.16,17 By depleting the
nerve terminal of norepinephrine stores and inhibiting norep-
inephrine reuptake, adrenergic transmission is altered so that
vascular resistance falls. With prolonged treatment, the persist-
ent arterial hypotension is associated with slight decreases in
renal blood flow and glomerular filtration rate. This may be
related to the reduction in cardiac output or a venodilator
effect similar to that of ganglion-blocking drugs.17,18 Although
arterial dilation with increased blood flow has been considered
greatest in the skin, other vascular beds are also involved (e.g.,
nasal stuffiness, a frequent complaint, is ameliorated by nasal-
ly administered vasoconstrictors).19,20

Side Effects
Because the inhibitory effect of the rauwolfia alkaloids is selec-
tive for adrenergic function, parasympathetic activity remains
unopposed. Thus, bradycardia, prolonged atrioventricular
conduction, nasal dilation and stuffiness, increased gastric acid
secretion with possible secondary peptic ulceration, and fre-
quency of bowel movements are adverse effects of these
drugs.20 These effects may be counteracted by parasympathet-
ic inhibitors or by intranasally administered vasoconstrictors.
However, prolonged use of those latter agents may produce a
chemical rhinitis. As a result of depletion of brain cate-
cholamines and serotonin, there may be behavioral alterations
and subtle or overt depression, sometimes leading to suicide.21

Clinical Uses
Reserpine and similar alkaloids are efficacious in reducing
arterial pressure to normal levels when used with diuretics
and/or hydralazine.22,23 When reserpine is used in doses of 0.10
to 0.50 mg/day (or with whole-root preparations, 50-100 mg),
it synergizes the antihypertensive action of these two agents.
Reserpine and other sympatholytic agents have been useful
in treating hypertensive emergencies and the cardiovascu-
lar manifestations of thyrotoxicosis without altering thyroid
function.24,25

Guanethidine and Bretylium

These agents interfere with adrenergic neurotransmission at
the postganglionic nerve terminals. Like reserpine, these com-
pounds deplete nerve terminals, blood vessels, and myocardi-
um of catecholamine stores. However, unlike reserpine, they
have little effect on catecholamine stores in the adrenal gland
and brain. Furthermore, even though they fail to deplete nor-
mal adrenal medullary catecholamines, they can release these
substances from a pheochromocytoma, producing an alarm-
ing and dramatic hypertensive crisis. With catecholamine
depletion and impairment of chemical neurotransmission,
denervation supersensitivity of effector cells is achieved.26, 27

Hemodynamic Effects
After injection of guanethidine or bretylium, there is a tran-
sitory pressor phase associated with an increased heart rate
and cardiac output related to catecholamine release.

727Direct-Acting Smooth Muscle Vasodilators and Adrenergic Inhibitors



A prolonged period of cardiac, vascular, and nerve terminal
catecholamine depletion follows, associated with progressive
reductions in systemic and pulmonary arterial pressure. The
arterial pressure reduction, brought about through an inter-
ference in chemical neurotransmission, can be explained by a
reduction in vascular resistance. This hypotension is not as
great in the supine position as in the upright posture or with
agents that simultaneously contract or prevent reexpansion
of plasma volume.1-3 Because of the coincidental inhibition
of venous tone,19 venous return to the heart is reduced by
peripheral pooling of blood in dependent areas of the body
with upright posture. As a result, cardiac output falls and
enhances the hypotensive action of guanethidine by this
effect (not a side effect) of orthostatic hypotension.28,29

Associated with the resulting fall in cardiac output, there is a
proportionate reduction in organ blood flows.29-32 The renal
and splanchnic areas may receive a smaller proportion of the
total cardiac output, but glomerular filtration rate and renal
function appear to return toward normal with time.30-33 With
reduced skeletal muscle blood flow and adrenergic innerva-
tion to skeletal muscle, resting muscle weakness may result
that can be exacerbated by diuretic treatment.34,35 This mus-
cle weakness may be aggravated still further during or imme-
diately after exercise when, because of arteriolar dilation,
increased muscle flow, and passively increased peripheral
pooling of blood, cardiac output becomes so reduced that the
patient becomes symptomatic.36

Side Effects
Many of the side effects of guanethidine (orthostatic hypoten-
sion, exercise hypotension, bradycardia, increased gastric
secretion) result from unopposed parasympathetic activity
and impaired adrenergic function. Similarly, diarrhea, retro-
grade ejaculation, and fluid retention may also be explained by
reduced adrenergic transmission. Many of these side effects
may be counteracted by reduced guanethidine dosage, addition
of parasympatholytic agents, or addition of a diuretic.37

Because guanethidine acts by entering the nerve terminal and
interfering with neurohumoral transmission, any agent that
prevents this will block the action of guanethidine. This is the
means by which the tricyclic antidepressants—imipramine,
desipramine, and protriptyline compounds—act.38,39 Therefore
guanethidine, guanadrel, and bretylium should not be pre-
scribed for any patient receiving these psychoactive agents (and
the converse also obtains).

Clinical Uses
Because of the prolonged action of guanethidine, it need be
prescribed only once daily (25-150 mg). Moreover, because
sympathetic inhibition is usually maximal with bedrest, there
is little to be gained by prescribing it in divided doses.
Furthermore, because fluid retention and expanded intravas-
cular and extracellular fluid volumes are most pronounced
with potent adrenolytic agents, a diuretic is indicated for use
with guanethidine with the caveat that patients should be
observed carefully for hypokalemia and impaired renal excre-
tory function. This phenomenon of fluid reexpansion
explains most of the refractoriness to guanethidine and other
sympatholytic therapy, since impairment in drug absorption
over time seems unlikely.37 Moreover, when a diuretic is
added to guanethidine, care should be exercised to determine
development of symptomatic orthostatic hypotension.

Methyldopa, Clonidine, Guanabenz, and Guanfacine

The mechanisms of the antihypertensive effects of these adren-
ergic inhibitors are different from those of the foregoing agents.
Originally, the antihypertensive action of methyldopa was
believed to be exerted through tissue depletion of biogenic ami-
nes via inhibition of dopa decarboxylase.40 However, although
methyldopa does inhibit dopa decarboxylase, that mechanism
contributes minimally to its blood pressure–lowering effect.
Instead, methyldopa lowers blood pressure by being converted
to α-methyl-norepinephrine, a metabolite that displaces norep-
inephrine from the α-adrenergic receptor site, thereby prevent-
ing the neurotransmitter from producing vascular smooth
muscle stimulation (e.g., the concept of false neurotransmis-
sion). Even more importantly, this metabolite of methyldopa, as
well as clonidine and the other agents in this group stimulates
adrenergic receptors in central vasomotor centers (e.g., nucleus
tractus solitarii), thereby inhibiting sympathetic outflow from
the brain.41-47

Hemodynamic Effects
Shortly after their administration (by mouth or by injection),
these agents cause a progressive decrease in arterial pressure
and heart rate that is associated with a reduction in cardiac
output or total peripheral resistance, or both.37,48 With time,
the reduction in cardiac output becomes less apparent, and
the renal blood flow is maintained.49

Clinical Uses
Methyldopa has been useful in all types and degrees of severi-
ty of hypertension. It is effective in reducing supine pressure
without associated orthostatic hypotension in doses from 250
mg to 2.0 g daily. This antihypertensive effect may diminish if
methyldopa is used as monotherapy; its effectiveness can be
restored and enhanced with a diuretic. Similar indications
apply to clonidine and the other centrally active α-adrenergic
receptor blockers. Another use for clonidine is in the diagnosis
of pheochromocytoma. When 0.1 mg of clonidine is adminis-
tered hourly for three doses, the plasma norepinephrine levels
fall in patients with essential hypertension but remain elevated
in those with pheochromocytoma.50 Furthermore, clonidine
can be administered via transdermal patches.

Side Effects
As with any antihypertensive agent that inhibits sympathetic
nervous system activity, most anticipated side effects (postur-
al hypotension, weakness, fluid expansion, gastrointestinal
symptoms) may be related to its adrenolytic action or the
resultant overriding of parasympathetic function, or both.
Additional side effects characteristic of methyldopa, including
somnolence and depressive reactions, may be related to its
action on biogenic amine stores in the brain.37 Methyldopa
also may produce a flulike syndrome characterized primarily
by a fever as high as 41˚C (105˚F)51; when therapy is discon-
tinued, the fever disappears. This problem may be related to
hepatocellular damage without jaundice or development of a
positive direct Coombs’ test that, rarely, may be associated
with hemolytic anemia.37,52 In general, therapy may be main-
tained with methyldopa in the presence of a positive direct
Coombs’ test; however, if anemia occurs, the therapy should
be discontinued.53 Other side effects attributable to agents of
this class include dry mouth, somnolence, and depression.54
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Sudden withdrawal of clonidine therapy has been associated
with severe rebound hypertension. This can be treated with
intravenous α-adrenergic blockers.55

Monoamine Oxidase Inhibitors

Although still prescribed by some physicians as antihyperten-
sive agents, their inclusion in this discussion is merited only
because of their potentially dangerous side effects. The first
therapeutic use of MAOs was administration of iproniazid for
tuberculosis. It was soon learned that these compounds had
mood-elevating effects56 and ameliorated chest pain of coro-
nary arterial insufficiency.54 At present, their major role is in
the treatment of mental depression,54 but one compound, par-
gyline hydrochloride, was introduced primarily as an antihy-
pertensive agent.37 MAOs may actually aggravate hypertension
by inhibiting norepinephrine metabolism.54 Because MAO is
inhibited in the postganglionic nerve terminal, several weakly
pressor amines (e.g., dopamine, octopamine) accumulate at
this site. These substances are believed to act as false neurohu-
moral transmitters, tending to elevate blood pressure.57

Hemodynamic Effects
Only a relatively few hypertensive patients have been studied,
and the results have not been striking. One report claimed
marked reduction in arterial pressure and vascular resistance
and a moderate impairment in glomerular filtration.58

Side Effects
The major side effects are centrally medicated mental/
emotional reactions including euphoria, insomnia, and acute
psychoses. In addition, hepatocellular necrosis, blood dys-
crasias, and symptoms of adrenergic inhibition occur.37 Most
important is the severe acute hypertensive crisis that has been
observed repeatedly following the ingestion of certain foods
containing tyramine (e.g., aged cheeses, beer, sherry, Chianti
wine, and herring) while the patient is receiving MAOs (e.g.,
pargyline hydrochloride, tranylcypromine sulfate, phenelzine
sulfate, nialamide, iproniazid).59-61

Clinical Uses
Because of the potentially severe hypertensive crises that may
be associated with these antihypertensive drugs, they should
be considered primarily of academic interest in the treatment
of hypertension.37

Veratrum Alkaloids

These compounds are of importance because of their avail-
ability, potent antihypertensive efficacy, and unusual mode of
action. They alter the responsiveness of the vagal afferent
nerve fibers in the coronary sinus, left ventricle, and carotid
sinus so that any pressure stimulus will result in increased
nerve traffic. This stimulus is interpreted in the medullary
vasomotor centers as reflecting a higher pressure than actual-
ly exists as a result of an induced delay in the vagal repolariza-
tion process.62,63

Hemodynamic Effects
As a result of this altered afferent input to the central vaso-
motor centers, there is a reflexive fall in systolic and diastolic
pressure and heart rate; the latter response may be abolished

by atropine sulfate. Because adrenergic function is not bloc-
ked, only reset at a different pressure level, the usual postural
and adrenergic reflective responses are not altered. The result
is a significant fall in total peripheral resistance with little
change in cardiac output despite the rather marked brady-
cardia. Cerebral and renal blood flow and glomerular filtra-
tion rate remain normal unless the hypotensive response is
excessive.63

Side Effects
Because of the narrow therapeutic index, the effective control
of arterial pressure by the veratrum alkaloids is not infre-
quently associated with side effects, including nausea, vomit-
ing, excessive salivation and diaphoresis, blurred vision, and
mental confusion. These effects have been reduced slightly by
combined use with other antihypertensives.

Clinical Uses
Clinical use of the veratrum alkaloids has been restricted
severely by their side effects. A parenteral agent (cryptenamine
tannate [Unitensin], 1.0 mg) has been useful in the treatment
of certain hypertensive emergencies, including eclampsia.

a -Adrenergic Receptor Blocking Agents

Members of the class of α-adrenergic blocking agents includ-
ing doxazosin, prazosin, and terazosine block adrenergic type
1 receptors localized on the vascular smooth muscle cell mem-
brane so that the release of norepinephrine from the post-
ganglionic nerve ending is inhibited in its action at the end-
organ receptor. Consequently, peripheral adrenergic activity is
diminished.

Hemodynamic Effects
As a result of the foregoing action, vascular smooth muscle
tone in the arteriolar wall and total peripheral resistance is
decreased. Initially, there may be a reflex increase in cardiac
stimulation; but within a short period of time, the increase in
heart rate is less. For this reason, the postural hypotension
observed after the initial dosing of these compounds becomes
less obvious with continuous drug use. As with all other
agents described previously that inhibit adrenergic activity or
reduce vascular smooth muscle tone by direct relaxation of
the arteriolar myocyte, intravascular (plasma) volume
expands. The net effect may be a lesser control of arterial pres-
sure associated with some intravascular volume expansion
with peripheral edema. The drug-induced hypotension can be
restored with the addition of a diuretic.

Clinical Uses
Of the adrenergic inhibitors discussed in this chapter, the α-
adrenergic blocking agents are the most commonly pre-
scribed and yet are among the most controversial. Many of
the early national consensus reports and guidelines did not
recommend these agents for the initial treatment of patients
with hypertension. In more recent reports they were includ-
ed, but in the Joint National Committee’s most recent report
(JNC 7), α-adrenergic blocking drugs were excluded from
initial therapeutic recommendations based on results of the
large Antihypertensive and Lipid-Lowering Treatment to
Prevent Heart Attack Trial (ALLHAT).64 In ALLHAT, one
of the agents in this class was found to be associated with a
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higher prevalence of cardiac failure (CHF) as compared with
the diuretic chlorthalidone. While these agents may not be
among the more important for therapy of most patients with
hypertension, there still is a very definite place for them.

The a receptor inhibitors have been of greatest value in eld-
erly men with hypertension who also have benign prostatic
hyperplasia (BPH) or in normotensive elderly men with BPH.
These agents are also useful for patients who have had adverse
effects (bronchospasm, negative chronotropic and inotropic
cardiac effects, greater than second-degree heart block, bron-
choconstriction, depression, cold-induced peripheral vaso-
constriction) from a b-adrenergic blocker or other adrenergic
inhibitors. The a receptor inhibitors are also of value in
patients with metabolic abnormalities associated with other
antihypertensive agents, because they produce no metabolic
alterations.

Side Effects
As a result of the hemodynamic actions of the a-blockers,
postural hypotension is not infrequent, and as a result, meas-
urement of blood pressures should be obtained in the erect
posture as well as the sitting or standing positions. When pos-
tural hypotension is documented (or even suspected by clini-
cal symptoms), it is wise to advise these patients to assume the
upright position cautiously—particularly when awakening
during the night because of nocturia. The second most
important side effect, as suggested previously, is apparent fluid
retention. In reality, this is not true fluid retention but (as stat-
ed previously) edema associated with restoration of intravas-
cular (plasma) volume as a result of reexpanded volume in
consequence to reduced capillary hydrostatic pressure.

CHF has been identified as a major consequence of a recep-
tor inhibition, particularly in elderly patients. This concept has
been advocated in reports of increased CHF from the ALLHAT
study.64 The criteria for CHF in patients receiving doxazosin
were not detailed in that report, but it was explicitly stated that
the patients receiving this agent had greater risk of CHF and
stroke than in those patients receiving chlorthalidone.64 In
subsequent reports, “symptomatic heart failure” was defined
“as clear-cut signs or symptoms of left or right ventricular dys-
function that cannot be attributed to other causes. A patient
had to have at least one symptom (paroxysmal nocturnal dys-
pnea, dyspnea at rest, New York Heart Association class II
dyspnea, other symptoms [on less-than-ordinary exertion], or
orthoponea) and one sign (rales, ankle edema, tachycardia,
cardiomegaly or characteristic pulmonary pattern on chest
radiography, S3 gallop, or jugular venous distension).”65,66

Thus, because of the apparent fluid retention that results from
the intrinsic hemodynamic effects of doxazosin and other 
α-adrenergic blockers, the elderly hypertensive patients ran-
domized to doxazosin in ALLHAT very well may have
demonstrated some degree of dyspnea, weight gain, peripher-
al edema, some evidence of cardiac enlargement, and expand-
ed intravascular volume—even if true CHF did not supervene.
These patients (by study design) could not receive a diuretic
to reverse the edema. Nevertheless, when prescribing an 
α-adrenergic inhibitor to an elderly high-risk patient, care
must be exercised to follow-up not only for signs of postural
hypotension but also for potential intravascular volume ex-
pansion manifested by edema and dyspnea to prevent the
development of CHF.

DIRECT-ACTING VASCULAR SMOOTH
MUSCLE RELAXANTS

With the introduction of β-adrenergic blocking therapy, a
resurgence in interest in direct-acting smooth muscle
vasodilating drugs for hypertension occurred. These agents
have also been used with varying success in patients with
cardiac failure. Hydralazine and minoxidil act by decreasing
arteriolar resistance. With the fall in total peripheral resist-
ance and arterial pressure, a reflex stimulation of the heart
occurs so that tachycardia and palpitations frequently result
unless these cardiac reflexive responses are offset by an
adrenergic inhibitor (e.g., a β-adrenergic receptor blocking
drug). These agents should not be administered to patients
with hypertension who have myocardial infarction, angina
pectoris, or aortic dissection because the reflexive cardiac
effects will aggravate these underlying cardiac conditions.
Other side effects include headaches and nasal stuffiness—
attributable to the local vasodilation—and fluid retention
and edema (i.e., pseudotolerance), which occurs more fre-
quently with minoxidil.

A unique side effect of hydralazine is precipitation of a
lupus erythematosus–like syndrome, which occurs more fre-
quently in patients who are receiving more than 400 mg/day
of hydralazine. A common side effect from minoxidil is hir-
sutism, which is particularly bothersome to women. When
hydralazine is administered by injection (10-15 mg intra-
venously), a prompt reduction in pressure occurs.

Another parenteral vasodilator, diazoxide, is a nonnatri-
uretic thiazide congener that must be injected rapidly (in
single-bolus doses of 300 mg or in successive pulsed-bolus
divided doses) to prevent binding to circulating albumin.
Diazoxide should not be administered to the patient with
hypertension who has cardiac failure, angina pectoris,
myocardial infarction, or an active aortic dissection. However,
it has been useful for the patient with hypertensive
encephalopathy, intracranial hemorrhage, and severe malig-
nant or accelerated hypertension (without cardiac failure) in
whom rapid and immediate reduction in arterial pressure is
mandatory.
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ROLE OF ENDOTHELINS IN
EXPERIMENTAL HYPERTENSION

The endothelins (ET), potent 21-amino acid vasoconstrictor
peptides produced in many different tissues, particularly in
the endothelium of blood vessels, have already been described
in Chapter 17. ET-1 is the main endothelin secreted by the
endothelium, and acts in a paracrine or autocrine fashion on
adjacent cells (endothelial or smooth muscle). ET-1 may act
on ETA and ETB smooth muscle receptors to induce contrac-
tion, proliferation, and cell hypertrophy and on endothelial
ETB receptors to induce release of nitric oxide (NO) and
prostacyclin to elicit vasorelaxation. It is not known whether
the vasoconstrictor or the vasorelaxant action of endothelins
is their most important physiologic function, and this proba-
bly varies from one vascular bed to another. In the coronary
circulation, the virtual absence of endothelial ETB receptors1

results in endothelins behaving as coronary vasoconstrictors.
In other vascular beds it is possible that ET-1 acts on smooth
muscle cells as a paracrine constrictor and growth promoter
only when it is overexpressed in endothelial cells under patho-
logic conditions.

In the heart, ET-1 is produced by various cell types, includ-
ing endothelial cells, smooth muscle cells, fibroblasts, and car-
diomyocytes. Up-regulation of the ET-1 gene may occur in
these cells in response to angiotensin II, wall stretch, and
ischemia. The ETA subtype is the predominant receptor pres-
ent in cardiomyocytes, whereas a mixed population of ETA
and ETB receptors is found in cardiac fibroblasts.2 Endothelins
stimulate expression of fetal genes, protein synthesis, and
growth in cardiomyocytes.

In relation to the kidney, the expression of endothelins, the
presence of ETA and ETB receptors and the vasoconstrictor
and salt-retaining effects of these peptides have already been
described in detail in Chapter 17.

Antagonists that are highly selective for the ETA or for the
ETB receptor have been developed, have agents that have high
affinity for both ETA and ETB receptors, the so-called balanced
or nonselective ETA/ETB receptor antagonists (Table 69–1). It
is unclear as yet whether the balanced or nonselective antago-
nists act through blockade of both receptor subtypes, or by
predominantly blocking endothelin actions mediated via the
ETA receptor. Although some of these agents can be adminis-
tered only intravenously (e.g., TAK-044, BQ-123, BQ-610,
FR139317, IPI-725, BQ-788, RES-701-1), others are orally
active and have at some point undergone clinical development
for primary pulmonary hypertension, heart failure, subarach-
noid hemorrhage, and have been considered potentially for
systemic hypertension. The availability of subtype-selective
and nonselective antagonists of endothelin receptors has
allowed the dissection of the physiologic and pathophysiologic
roles of endothelins mediated through these receptor subtypes
in both experimental animals and humans.

Activation of the endothelin system has been demonstrated
in salt-dependent models of hypertension, such as the deoxy-
corticosterone (DOCA)-salt hypertensive rat and the DOCA-
salt–treated spontaneously hypertensive rat (SHR). These
models overexpress ET-1 in the vascular endothelium,3,4 and
respond with blood pressure (BP) lowering to endothelin
antagonism with bosentan, an ETA/ETB endothelin antago-
nist.5 In contrast, the endothelin system appears not to be acti-
vated in SHR.3 When the activity of the vascular endothelin
system is enhanced, growth is accentuated in resistance arter-
ies, and administration of endothelin antagonists lowers BP
and induces regression of hypertrophic arterial remodeling.5,6

Endothelin effects in the kidney of some of these hypertensive
models may contribute to water and sodium retention, renal
vasoconstriction and hypertension, and eventually, renal fail-
ure.7 In rats infused with angiotensin II (Ang II), a known
stimulant of ET-1 expression, endothelin antagonists lowered
BP and reduced cardiac and small artery hypertrophic remod-
eling.8 Thus the endothelin system seems to be activated more
often in low-renin, salt-sensitive, and severe forms of hyper-
tension, but may be also stimulated by exogenous Ang II, and
therefore presumably under certain conditions by endoge-
nous Ang II. Cyclosporine-induced hypertension may also
exhibit an endothelin-dependent component, and bosentan
lowers BP in this model in rats and primates.9 Endothelin may
also play a role in hypertensive models with hyperinsulinemia
and insulin resistance, in which chronic administration of
bosentan reduces BP.10

In all these salt-sensitive, severe, or exogenous Ang II-infused
models of hypertension in which ET-1 expression has been
shown to be enhanced, severe hypertrophy of small arteries is
often a characteristic feature.11 In those models in which
overexpression of ET-1 occurs, bosentan or other endothelin
antagonists reduced BP and hypertrophic remodeling of small
arteries and protected the kidney.12 In some experimental mod-
els of hypertension enhanced expression of ET-1 may be local
rather than generalized, and the endothelium of coronary arter-
ies appears to be particularly vulnerable in this regard.13

Enhanced production of ET-1, without compensatory vasodila-
tion because of absence of endothelial ETB receptors,1 could
result in vasoconstriction of the coronary circulation and a sig-
nificant role of endothelin in myocardial ischemia in hyperten-
sion. In the absence of endothelin tissue overexpression, the
endothelin system may still play a role, if not in BP elevation, in
perivascular fibrosis of the heart and in deterioration of renal
function, as shown by the response to chronic bosentan treat-
ment in SHR.14 Cardiac endothelin expression increases in ani-
mal models of cardiac hypertrophy, and chronic administration
of either selective ETA or mixed antagonists may reduce the
development of left ventricular hypertrophy (LVH).
Norepinephrine administered for 7 days increased expression
of ET-1 in the heart in rats, mainly in cardiomyocytes and
endothelial cells, and bosentan administration has blunted
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manifestations of cardiac hypertrophy.15 The endothelin system
is activated in heart failure in rats, and infusion of the ETA
antagonist BQ-123 for a short period of time decreased the rate
and force of contraction of the heart, indicating an inotropic
action of the activated endothelin system in this model.16

Prolonged infusion of BQ-123 significantly reduced mortality
in the same rat model of heart failure.17 Deterioration of car-
diac function mediated by pathophysiologic activation of the
cardiac endothelin system, as well as endothelin-dependent
vasoconstriction and increased afterload in advanced heart fail-
ure, may therefore respond favorably to ET receptor antago-
nism, as has been demonstrated in humans.18

PATHOPHYSIOLOGY OF THE
CARDIOVASCULAR ENDOTHELIN
SYSTEM IN HUMANS AND
INVESTIGATIONAL USE OF ENDOTHELIN

Plasma endothelin levels are usually normal in human hyper-
tension, although in some severely hypertensive patients, ele-
vated endothelin immunoreactivity may be found in plasma.11

The acute intravenous administration of the mixed ETA/ETB
endothelin receptor antagonist TAK-044 induced an increase
in forearm blood flow and lowered BP slightly in healthy sub-
jects.19 This suggests that endothelin-dependent vascular tone
may be present in normotensive humans. Enhanced plasma
endothelin responses to mental stress have been reported in
normotensive offspring of hypertensive parents,20 which
could indicate a genetically determined endothelial dys-
function preceding the development of hypertension. In
patients with moderate to severe hypertension, the expression
of preproET-1 mRNA in the endothelium of small arteries
obtained from gluteal subcutaneous biopsies was significantly
greater than in normotensive subjects or patients with mild
hypertension.21 This is in agreement with the report of
increased ET-1 production by the endothelium of small arte-
ries in experimental models with severe hypertension.

Enhanced production of ET-1 could play a role in small
artery hypertrophic remodeling in patients with moderate to
severe hypertension in addition to contributing to elevation of
BP. In African Americans, in whom hypertension is often severe
and salt-sensitive, activation of the endothelin system has been

described.22 Other studies suggest that in Blacks, activation of
the endothelin system is mainly associated with the more severe
forms of hypertension.23 It has also been shown that endothe-
lin levels in plasma are associated with salt sensitivity in human
subjects. In these subjects, abnormalities in the relation of
endothelin, renin, and the sympathetic nervous system as meas-
ured by plasma catecholamines have been documented, which
could contribute to activation of the endothelin system in
response to a salt load. Other forms of hypertension in which
endothelins may play a role are those associated with chronic
renal failure, erythropoietin, and cyclosporine administration,
pheochromocytoma, and pregnancy.11

The definitive place of endothelins in the pathophysiology
of hypertension is still unclear, and its place in the therapeutic
armamentarium awaits clinical trials with the different
endothelin antagonists currently developed or in develop-
ment. Bosentan given to patients with mild hypertension over
a period of 4 weeks at a dose of 0.5 g once or twice daily was
equally effective as 20 mg of enalapril daily, and well toler-
ated.24 In the same study, a blunting of reflex neurohormonal
vasoconstrictor activation was reported following administra-
tion of bosentan.25 However, elevation of liver enzymes
reported with the use of large doses of bosentan has stopped
the development of this agent for a chronic condition such as
systemic hypertension, which is associated with long life and
for which many effective treatments are available. Bosentan
has been approved for use in pulmonary hypertension, a rap-
idly fatal condition for which few other therapeutic alterna-
tives exist.26,27 The ETA-selective endothelin antagonist
LU135252 (darusentan) has been shown to lower BP in hyper-
tensive subjects with few if any adverse effects.28 Interestingly,
headache was present more often in normal controls than in
hypertensive persons with darusentan. This may depend on
activation of NO synthase and production of NO in response
to stimulation of unblocked ETB receptors. Because there is
impairment of endothelial function in hypertensive subjects,
fewer nitroglycerin-like effects are expected in hypertensive
(for the reasons mentioned just previously) than in nor-
motensive subjects. However, it does not seem that endothelin
antagonists will be developed in the near future for the treat-
ment of systemic hypertension.

SUMMARY

We believe based on the data summarized in this chapter that
it is likely that ET-1 is mainly involved in BP elevation and
vascular hypertrophy in moderate to severe hypertension, and
particularly in salt-sensitive forms and perhaps in special pop-
ulations.23 Worsening endothelial damage in hypertension
may activate expression of endothelin in vessels and in the
heart. Endothelin activation may be initially beneficial
because (1) the vessel wall is thickened and wall stress is
reduced, and (2) there are positive inotropic effects on the
heart. However, progression of these changes may eventually
result in pathophysiologically significant deleterious effects on
the cardiovascular system. Endothelin antagonists may prove
useful at this point, particularly in moderate to severe hyper-
tension and in certain subsets of patients such as salt-sensitive
hypertensives or African Americans. Endothelin antagonists
may also prove to be useful in prevention of progression of
nephroangiosclerosis and renal failure in hypertension,
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Table 69–1 Endothelin Antagonists

ETA/ETB ETA ETB

TAK-044 BQ-123 BQ-788
Bosentan* BQ-610 RES-701-1
PD145065 FR139317 RO-468443
L-744,453 IPI-725
L-751281 A-127722.5
L-754,142 LU135252 
SB209670 (darusentan)
SB217242 PD155080
(enrasentan) PD156707

BMS-182874
TBC11251
(sitaxsentan)

*Approved for use in primary pulmonary hypertension.



protection from ischemic heart disease and stroke,29 as well as
treatment of heart failure.18 Endothelin antagonists may func-
tion in these conditions as disease-modifying agents, perhaps
more than as BP-lowering agents.

Bosentan has been approved for the treatment of primary
pulmonary hypertension,26,27 a rapidly fatal disease for which
few therapeutic alternatives are available and in which activa-
tion of the endothelin system has been well documented. In
acute and chronic heart failure, in which there was great hope
for successful utilization of endothelin antagonists based on
studies in experimental animals, results of clinical trials have
been disappointing.30 However, new studies with different
agents are currently being performed that may offer greater
hope for the use of these agents in heart failure.

Whether balanced ETA/ETB antagonists, selective ETA antag-
onists or endothelin converting enzyme inhibitors31 will prove
to be the preferred agents is as yet unclear. Further clinical eval-
uation of these drugs will allow us to learn more about their
therapeutic utility and about the pathophysiologic implication
of the endothelin system in human disease, as well as its role in
the short- and long-term regulation of cardiovascular function.
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Over the last several decades, the widespread use of new
therapeutic agents to treat hypertension, dyslipidemia, and
heart disease has reduced the morbidity and mortality asso-
ciated with cardiovascular diseases. However, the incidence
of end-stage renal disease and congestive heart failure con-
tinues to rise despite improvements in control of blood pres-
sure and lipids.1,2 This is most likely due to the fact that,
despite the availability of a vast array of agents to lower
blood pressure, only 31% of treated patients reach target
blood pressures.3 Typically, patients with uncontrolled
hypertension have markedly elevated systolic blood pressure,
diabetes, or evidence of target organ damage (left ventricu-
lar hypertrophy [LVH] or microalbuminuria). The annual
risk of life-threatening cardiovascular events is estimated to
be 2% to 3% per annum in these difficult to control
patients.4 Thus the number of cardiovascular events that
might be prevented with improved blood pressure control in
these patients is correspondingly large.

For many years, activation of the renin-angiotensin-
aldosterone system (RAAS) has been associated with unsatis-
factory outcomes in patients with heart failure and hyperten-
sion. In severe heart failure patients, plasma aldosterone levels
are positively correlated with mortality and, in hypertensive
patients, there is a positive correlation between LVH and plas-
ma aldosterone.5,6 An inverse correlation that was independ-
ent of blood pressure or age has been reported between plas-
ma aldosterone levels and arterial compliance in a population
of essential hypertensives.7 Patients with primary aldostero-
nism have increased incidence and severity of cardiovascular
complications compared to essential hypertensives with simi-
lar blood pressure elevation.8,9 Thus, several studies have
demonstrated that aldosterone correlates with the severity of
target organ damage and is likely an independent risk factor
for cardiovascular events.

Upstream blockers of the RAAS (angiotensin-converting
enzyme [ACE] inhibitors and the angiotensin receptor block-
ers [ARBs]) have been available for many years. Why, then, is
aldosterone blockade needed, since upstream blockers of this
pathway should negate all of the negative effects of aldos-
terone by inhibiting aldosterone production? The answer lies
in a phenomenon known as “aldosterone rebound,” which
occurs during chronic treatment with ACE is such that aldos-
terone levels rise over time despite maximal blockade at prox-
imal sites in the pathway. Aldosterone rebound has been
reported in patients treated with ACE inhibitors and ARBs for
hypertension, heart failure, and diabetic nephropathy.10-12 In
the Randomized Evaluation of Strategies for Left Ventricular
Dysfunction (RESOLVD) Pilot Study, in which heart failure
patients were administered enalapril and the ARB candesar-
tan, either alone or in combination for a period of 43 weeks,
aldosterone levels return to pretreatment values with pro-
longed therapy even in patients treated with both enalapril
and candesartan.13

Aldosterone rebound is expected because we know that
there are multiple modulators of aldosterone secretion, in
addition to angiotensin II (Ang II). Potassium, adrenocorti-
cotropic hormone, the neurotransmitters norepinephrine and
serotonin, endothelin and nitric oxide are all known modula-
tors of aldosterone secretion, independent of Ang II.14 Thus, it
is not surprising that aldosterone rebound occurs with block-
ade of the Ang II pathway. Patients treated with upstream
RAAS blockers remain unprotected from the deleterious
effects of aldosterone.

ALDOSTERONE AND CARDIOVASCULAR
INJURY

The classical mineralocorticoid effect of aldosterone on trans-
porting epithelium in the kidney has long been thought to be
the predominant cardiovascular effect of the hormone.
However, there is now compelling evidence that aldosterone
mediates significant cardiovascular effects via the actions on
mineralocorticoid receptors outside the kidney, namely in the
brain, heart, and blood vessels.15 Moreover, the enzymes
responsible for aldosterone biosynthesis are present outside of
the adrenal gland in the same tissues.16-20 It is now postulated
that many of the effects of aldosterone on the cardiovascular
system are mediated through activation of nonepithelial min-
eralocorticoid receptors in these tissues (Figure 70–1).

Brilla and Weber were the first to suggest that aldosterone
may play a deleterious role via its action on mineralocorticoid
receptors in nonepithelial tissues. These investigators identified
a link between activation of the RAAS and the development of
myocardial fibrosis in both left and right ventricles, using
experimental models of hypertension.21 Subsequent studies
have confirmed and extended these original observations using
the Nω-nitro-L-arginine methyl ester (L-NAME/Ang II/salt,
Ang II/salt, deoxycorticosterone (DOCA)/salt, and aldos-
terone/salt models of hypertension.22-25 It is clear from these
studies that elevated levels of aldosterone correlate strongly
with the development of ventricular fibrosis. However, work
from Rocha et al.25 suggests that the primary damaging effect of
aldosterone may be the induction of vascular inflammation and
injury of the small arteries and arterioles in target organ tissues,
preceding a reactive and reparative fibrotic process.

Aldosterone has also been implicated as a mediator of the aor-
tic collagen accumulation that often occurs during the develop-
ment of hypertension in animal models. Lacolley et al.26 have
demonstrated that mineralocorticoid receptor blockade in
aldosterone/salt hypertensive rats prevents increased arterial
stiffness and pulse pressure increases, even at doses that do not
significantly reduce blood pressure. Similar reductions in aortic
collagen accumulation with mineralocorticoid receptor antago-
nism were reported in the spontaneously hypertensive rat
(SHR).27 These animal studies are supported by clinical evidence
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of an inverse relationship between plasma levels of aldosterone
and large artery compliance in hypertensive patients.28

Aldosterone also appears to disrupt fibrinolytic balance.
Brown et al. have demonstrated that aldosterone up-regulates
plasminogen activator inhibitor type-1 (PAI-1), the major
physiologic inhibitor of plasminogen activation.29 Up-regula-
tion of PAI-1 may shift thrombotic/thrombolytic balance to
favor clot formation. Aldosterone may also be a mediator of
endothelial dysfunction because blockade of aldosterone in
patients with congestive heart failure improves endothelial
function and increases nitric oxide bioactivity.30 Aldosterone
blockade improves endothelial dysfunction in animal models
of heart failure and hypertension.31,32

Aldosterone produces proarrhythmogenic effects in car-
diomyocytes in that exposure of adult rabbit cardiomyocytes to
aldosterone produced inhibitory effects on Na+-K+ pump activ-
ity.33 In rabbits, elevated aldosterone levels induce a decrease in
cardiac sarcolemmal Na+,K+-ATPase, which is blocked by min-
eralocorticoid receptor antagonism and thought to be due to
direct activation of cardiomyocyte mineralocorticoid receptors
(MR) by aldosterone.34 Inhibition of Na+,K+-ATPase is also
associated with the activation of key growth-related genes in
cardiomyocytes and thus, this direct effect of aldosterone on
cardiomyocytes may contribute to LVH in hypertension and
heart failure.35

Nonepithelial effects of aldosterone have also been demon-
strated in the brain. Gomez-Sanchez et al. have shown that
intracerebroventricular administration of aldosterone in rats, at
doses too low to have effects when administered systemically,
slowly induces hypertension over a period of several weeks.36 In
Dahl inbred salt-sensitive rats on a high-salt diet, blood pres-
sure rises slowly over time, despite suppression of the RAAS
with high salt intake. When these animals are administered
either a mineralocorticoid receptor antagonist (RU28318) or
high levels of corticosterone (the physiologic glucocorticoid in
the rat into the brain), the rise in blood pressure is attenuated.37

Mineralocorticoid receptors have been identified in human

brain, but it is not known whether activation of these receptors
by aldosterone contributes to hypertension in humans.

Nongenomic Effects of Aldosterone
On binding MR, aldosterone initiates a transcriptional
response that culminates in cellular and physiologic events.
Nongenomic effects of aldosterone in vascular tissues that do
not require gene transcription have also been described.38

These effects occur within minutes of aldosterone exposure
and are typically unresponsive to the nonselective aldosterone
receptor antagonist, spironolactone.39 The vascular effect of
eplerenone, a selective mineralocorticoid receptor antago-
nist,40 on aldosterone-stimulated nongenomic activation of
the Na+,K+-ATPase, was evaluated using rat aorta and rat
mesenteric arteries. Aldosterone inhibited Na+,K+-ATPase (as
measured by ouabain-sensitive 86Rb uptake) in rat aortic rings
20 to 25 minutes after exposure to aldosterone and eplerenone
prevented this rapid effect of aldosterone on Na+,K+-ATPase
activity.41 Inhibition of gene transcription with actinomycin D
and of protein synthesis with cycloheximide had no effect on
the short-term aldosterone inhibition of the Na+-K+ pump,
indicating that the rapid effects are mediated via MR but
involve nongenomic mechanisms. These observations suggest
that aldosterone is directly involved in cellular ionic home-
ostasis in rat arteries and provide evidence that eplerenone is
able to antagonize nongenomic aldosterone effects in vascular
tissues. However, the contribution of nongenomic effects to
the detrimental action of aldosterone on the cardiovascular
system remains controversial.42-44

Spironolactone and Eplerenone
Simpson and Tait initially isolated aldosterone in 1953. It was
some years before an aldosterone antagonist was developed
and made available for the treatment of hypertension.
Scientists at Searle Laboratories in Skokie, IL, synthesized
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FFigure 70–1 Deleterious effects of aldosterone in the presence of high salt intake leading to cardiovascular disease. (With
permission from McMahon EG. Eplerenone, a new selective aldosterone blocker. Curr Pharm Des 9(13):1065-1075, 2003.)
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spironolactone in 1958 and reported on the aldosterone-
blocking and oral activity of this agent in 1959.45 Spironolactone
was approved in 1962 as a potassium-sparing diuretic for the
management of primary aldosteronism, edematous condi-
tions, essential hypertension, and hypokalemia. When used
for prolonged periods of time at high doses, spironolactone
use is associated with endocrine side effects, such as loss of
libido, menstrual irregularities, gynecomastia, and impo-
tence.46 These side effects are due to the affinity of spironolac-
tone for androgen and progesterone receptors.

Eplerenone (Inspra) was synthesized by J. Grob of Ciba-
Geigy back in the mid-1980s as a more selective mineralocor-
ticoid receptor antagonist.47 Eplerenone was approved in the
United States for use in hypertension in 2002. In 2003,
eplerenone was approved to improve survival in postmyocar-
dial infarction patients with left ventricular (LV) systolic dys-
function and clinical evidence of congestive heart failure. As
shown in Figure 70–1, the critical feature of the eplerenone
molecule conferring enhanced selectivity is the presence of the
9,11-epoxide group in the lactone ring. Eplerenone is the first
mineralocorticoid antagonist that acts at the MR to prevent its
activation by aldosterone in a highly selective manner. Unlike
previous aldosterone blockers (spironolactone), eplerenone
possesses very low activity at the human androgen, proges-
terone, and glucocorticoid receptors (hAR, hPR and hGR,
respectively).48

The activity of eplerenone at human steroid receptors was
measured in vitro using recombinant human steroid recep-
tors. These assays measure the ability of a compound to stim-
ulate receptor transcriptional transactivation function and/or
to antagonize a full agonist transcriptional response at steroid
receptors. Eplerenone antagonized hMR transcriptional acti-
vation by aldosterone in a concentration-dependent manner
with a calculated IC50 of 0.081 μM (Table 70–1). The potency
of eplerenone at other steroid receptors was significantly
reduced, with no activity measured at progesterone and glu-
cocorticoid receptors, even when eplerenone was tested at
concentrations up to 100 uM. At human androgen receptors,
eplerenone blocking activity was measurable but was only
one-sixtieth of the blocking activity measured at the MR. In
contrast, the earlier MR antagonist spironolactone demon-
strated significant activity at all human steroid receptors test-
ed. In particular, spironolactone possesses significant blocking

activity at the androgen receptor; the IC50 for androgen block-
ade with spironolactone is one-sixth the activity at the miner-
alocorticoid receptor. In addition, the spironolactone mole-
cule is a reasonably potent agonist at progesterone receptors.
These new data using human steroid receptor preparations
confirm earlier studies using steroid receptor preparations
from animal tissues47 and demonstrate that eplerenone is a
significantly more selective aldosterone receptor antagonist
compared with spironolactone.48

The improved selectivity of eplerenone was confirmed in
clinical studies, which demonstrated that eplerenone provides
continuous blockade of aldosterone for at least 1 year without
tolerability issues.49

In addition to improved steroid receptor selectivity, the phar-
macokinetic properties of eplerenone in humans are different
from those of spironolactone. Although both spironolactone
and eplerenone are rapidly cleared from plasma, several long-
lived active metabolites are produced from spironolactone
that contribute to its pharmacologic activity in humans.50

Canrenone and 6-β-OH-7-α-thiomethylspirolactone (TMS)
are the major circulating metabolites in human plasma, and
both demonstrate binding to MRs and antimineralocorticoid
activity in animals. Both of these active metabolites have long
half-lives—16.5 and 13.8 hours mean post–steady-state half-
lives, respectively, for canrenone and TMS in normal, healthy
volunteers dosed with spironolactone at 100 mg/day each day
for 15 days.50 In contrast, the two major metabolites of
eplerenone in humans, 6-β-OH eplerenone and the open lac-
tone ring form of eplerenone are both inactive when tested
using human mineralocorticoid receptors.51

Spironolactone has a very high degree of first-pass metabo-
lism in humans, with metabolites that undergo a high degree
of enterohepatic cycling.52 Spironolactone is also an inducer
of hepatic microsomal drug metabolizing enzymes in
humans.50 In patients with congestive heart failure, the log-
linear phase half-life of canrenone was substantially pro-
longed compared with the half-life in healthy subjects.53 In
contrast, eplerenone does not undergo extensive first-pass
metabolism and is not an inducer of cytochrome P450 iso-
forms in humans.51

It is well documented that upstream blockers of the RAAS
stimulate renin release and elevate angiotensin II levels due to
disruption of the short feedback loop, whereby angiotensin II
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FFigure 70–2 Chemical structures of
spironolactone and eplerenone, the
two mineralocorticoid receptor
antagonists currently available in the
United States. (With permission from
Garthwaite SM, McMahon EG. The
evolution of aldosterone antagonists.
Mol Cell Endocrinol 217:27-31,
2004.)



inhibits renin release.54 In a similar manner, blockade of
aldosterone action at MR in the distal nephron by eplerenone
or spironolactone stimulates renin release and increases aldos-
terone levels via disruption of the long feedback loop. Thus a
predicted pharmacodynamic response to mineralocorticoid
blockade with spironolactone or eplerenone is a rise in plasma
renin and aldosterone levels.55 The rise in aldosterone levels in
response to chronic MR blockade does not produce detri-
mental effects because the MR is not available for activation
by aldosterone. Rather, the elevation in serum aldosterone in
response to MR blockade with spironolactone or eplerenone
is a useful biomarker of efficacious MR blockade in vivo. It is
important to note that neither spironolactone or eplerenone,
at clinically relevant concentrations, inhibits the key enzymes
in the biosynthetic pathway for aldosterone production.47

Blood Pressure–Lowering Activity of
Eplerenone in Humans
The blood pressure–lowering activity of eplerenone was
assessed in mild-to-moderate hypertensives in a double-blind,
randomized, placebo-controlled trial of 8 weeks’ duration.55

Blood pressure lowering with eplerenone (50, 100, and 400 mg
once daily or 25, 50, or 200 mg twice daily) was compared with
the response achieved with spironolactone administered at 50
mg twice daily or placebo. Seated and standing systolic and
diastolic blood pressure reductions were significantly greater at
all eplerenone doses compared with placebo (p < .05). The
blood pressure lowering with eplerenone was dose dependent,
and no consistent, clinically significant differences in lowering
of blood pressure were observed when comparing once-daily
with twice-daily dosing. Blood pressure lowering with
eplerenone at 100 mg (50 mg twice daily or 100 mg once daily)
was approximately 50% to 75% of that achieved with spirono-
lactone, consistent with the greater potency of spironolactone
for binding to the MR.

A more thorough dose-response study was conducted with
once-daily dosing of eplerenone in a double-blind, placebo-
controlled, parallel-arm, fixed-dose study in essential hyper-
tensive patients studied for 12 weeks.56 After single-blind
placebo treatment for 3 to 4 weeks to obtain baseline meas-
urements, patients were randomized to receive placebo or
eplerenone at 25, 50, 100, or 200 mg once daily. As shown in
Figure 70–3, after 12 weeks of treatment, reductions in clinic
blood pressures showed a significant dose response in which
25 mg of eplerenone achieved statistical significance com-
pared with placebo for systolic blood pressure. Maximum
reductions in blood pressure were achieved with the 100-mg
dose, and eplerenone was well tolerated in this 400+ patient
study, with no difference in adverse event profiles in the
eplerenone-treated groups compared with placebo.56

As expected, eplerenone treatment produced dose-dependent
elevations in both active renin and aldosterone levels in plasma,
consistent with disruption of the normal feedback loop by
downstream effectors of the pathway (Figure 70–4). It is impor-
tant to note that these measurements of renin and aldosterone
were obtained 24 hours after the last dose of eplerenone.
Therefore, the pharmacodynamic effect of eplerenone persists
for 24 hours, even though the terminal plasma half-life of
the molecule is only 4 to 6 hours. This dissociation between
plasma half-life and the pharmacodynamic effect of eplere-
none is expected based on the mechanism of action of the
compound. The MR is a cytosolic protein, which binds aldos-
terone and translocates into the nucleus. In the nucleus, the
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Table 70–1 Comparison of Spironolactone and Eplerenone
Selectivity at Human Steroid Receptors

Eplerenone (uM) Spironolactone (uM)

MR (IC50) 0.081 0.002
AR (IC50) 4.827 0.013
GR (IC50) >100 2.899
PR (EC50) >100 2.619
(agonist)

IC50, the concentration of antagonist required to inhibit by 50%
activation by 0.5 nM aldosterone for MR, mineralocorticoid
receptor, 10 nM dihydrotestosterone for AR, androgen receptor
and 5 nM dexamethasone for GR, glucocorticoid receptor.
EC50, the concentration of ligand to achieve 50% activation
of the PR, progesterone receptor compared with the full agonist
progesterone (50 nM). (With permission from Garthwaite SM,
McMahon EG. The evolution of aldosterone antagonists. Mol
Cell Endocrinol 217:27-31, 2004.).
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hormone-receptor complex functions as a transcription factor,
whereby it binds to DNA, activating gene transcription and new
protein synthesis. Therefore, the physiologic effects of aldos-
terone, like all steroid hormones, take hours to develop, and the
response persists long after aldosterone has been cleared from
plasma.57 Likewise, blockade of this response by eplerenone can
persist long after eplerenone has disappeared from the plasma.
Thus, the prolonged biologic effect of eplerenone is due to this
molecular mechanism of action.

The majority of patients with hypertension require two or
more antihypertensive medications to achieve blood pressure
treatment goals.58 Because ACE inhibitors and ARBs often do
not adequately suppress aldosterone, it was of interest to
determine the efficacy and tolerability of eplerenone in
patients not adequately controlled on these agents.59

Hypertensive patients whose blood pressure was not con-
trolled despite ACE inhibitor and ARB use, were randomized
in a double-blinded fashion to receive either placebo once
daily or eplerenone (50 mg once daily, increasing to 100 mg, if
needed) for a period of 8 weeks. Mean seated diastolic blood
pressure was significantly reduced (−12.7 ± 0.81 mm Hg) at 8
weeks in patients receiving ARB/eplerenone compared with
those on ARB/placebo (−9.3 ± 0.83 mm Hg), as was systolic
blood pressure (−16.0 ± 1.37 vs. −9.2 ± 1.41 mm Hg). For the
ACE inhibitor–treated patients, systolic blood pressure was
reduced significantly by the addition of eplerenone (−13.4 ±
1.35 vs. −7.5 ± 1.31 mm Hg), although diastolic blood pres-
sure was not (−9.9 ± 0.88 vs. −8.0 ± 0.86 mm Hg). Thus selec-
tive aldosterone blockade with eplerenone may be useful as
add-on therapy in hypetensive patients who are not adequate-
ly controlled on an ACE inhibitor or an ARB alone.

It is well known that hypertension and its complications
disproportionately affect African Americans compared with
whites.60 Mortality risk from hypertensive heart disease and
renal disease is twofold higher in African Americans com-
pared with whites.61 In addition, African-American hyperten-

sives are more likely to have low renin levels and therefore are
less responsive to monotherapy with blockers of the renin-
angiotensin system.62 A recent study compared the efficacy of
eplerenone treatment versus losartan in hypertensive Black
patients (study population included Blacks living in South
Africa as well as Black African Americans). The effects of these
two agents were also compared in white patients.63 In a
randomized, double-blind, placebo- and active-controlled,
placebo run-in, parallel-group design, patients with mild-to-
moderate hypertension were randomized to placebo,
eplerenone (starting at 50 mg once daily up to 200 mg once
daily), or losartan (starting at 50 mg once daily up to 100 mg
once a day, the maximal recommended dose) to achieve a
blood pressure of less than 140/90 mm Hg. Duration of treat-
ment was 16 weeks. Eplerenone was more efficacious at low-
ering both diastolic (Figure 70–5) and systolic blood pressure
(Figure 70–6) in Black hypertensives compared with losartan
and placebo. In white patients, losartan and eplerenone were
equally efficacious at lowering both systolic and diastolic
blood pressure. The incidence of adverse events was similar in
the three treatment groups (placebo, losartan, and
eplerenone), and no clinically relevant differences in laborato-
ry values were observed, with small increases in serum potas-
sium concentrations within the normal range noted with
eplerenone treatment.

Isolated systolic hypertension, primarily in the elderly, is
another difficult-to-treat form of hypertension that is increas-
ing in prevalence because the elderly (>60 years of age) are the
most rapidly growing segment of our population. Improved
treatment of systolic hypertension is an important goal
because systolic blood pressure is a stronger predictor of car-
diovascular risk that elevated diastolic blood pressure.64 The
effects of eplerenone and amlodipine on isolated systolic
hypertension in the elderly have been compared to assess the
usefulness of aldosterone blockade with eplerenone in older
patients.65 Eplerenone was highly effective at lowering systolic
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blood pressure in this group of patients. After 24 weeks of
treatment in patients with a baseline blood pressure of
168/86 mm Hg, eplerenone lowered systolic blood pressure by
20.5 ± 1.1 mm Hg compared with 20.1 ± 1.1 mm Hg with
amlodipine. Diastolic blood pressure was slightly lower with
amlodipine (−6.9 ± 0.7 mm Hg) compared with eplerenone
(−4.5 ± 0.7 mm Hg [p = .014]). The effects of eplerenone and
amlodipine treatment on arterial pulse wave velocity were
assessed in a subset of patients in the study. Interestingly,
reductions in baseline carotid-femoral and carotid-radial
pulse wave velocity were significant in the eplerenone and
amlodipine groups, and both compounds lowered pulse wave
velocity similarly. This suggests that both compounds are
effective in improving vascular compliance or reducing vessel
wall stiffness. Both amlodipine and eplerenone had good tol-
erability and safety profiles in this older-patient population.

LVH is associated with a markedly increased risk of cardio-
vascular events in essential hypertensive patients, independent
of blood pressure.66 In essential hypertensive patients, LV
mass index correlated strongly with serum aldosterone levels
even after adjustments for blood pressure.6 These data suggest
that aldosterone blockade in hypertension may lead to regres-
sion of LVH. A 9-month double-blind, randomized study was
performed to determine whether aldosterone blockade with

eplerenone, alone or in combination with an ACE inhibitor,
could lead to regression of LVH in essential hypertensive
patients.67 Patients with LVH were randomly assigned to
receive eplerenone (200 mg once daily), enalapril (40 mg once
daily), or eplerenone (200 mg once daily) with enalapril (10
mg once daily). Changes in LV mass were measured using
magnetic resonance imaging (MRI). Eight weeks into the
study, hydrochlorothiazide or amlodipine could be added, if
diastolic blood pressure remained above 90 mm Hg. As shown
in Figure 70–7, eplerenone and enalapril monotherapies sig-
nificantly reduced LV mass, and the combination resulted in a
reduction in LV mass that was greater than the effect of
eplerenone-alone and numerically not statistically greater
than the enalapril alone response. LVH regression achieved
with aldosterone blockade was additive to that seen with ACE
inhibition alone. Reductions in diastolic blood pressure were
similar in the three treatment groups, as were reductions in
systolic blood pressure, although the fall in systolic pressure
was somewhat greater in the enalapril/eplerenone group com-
pared to the eplerenone-alone group (Figure 70–8). When the
relationship between changes in LV mass and changes in
blood pressure was examined, blood pressure reduction alone
did not account for the LVH regression. This conclusion is
similar to those reached by investigatiors in the LIFE study
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(Losartan Intervention For Endpoint Reduction), in which LV
mass reduction was independent of blood pressure reduc-
tion.68 Additional studies are required to understand the opti-
mal dose-response relationship of eplerenone with an ACE
inhibitor in this patient population and to establish that the
combination of ACE inhibitor and eplerenone reduces mor-
bidity and mortality in patients with essential hypertension
and LVH.

Numerous preclinical studies support the notion that aldos-
terone blockade is renal protective in hypertensive animal
models, independent of blood pressure lowering.69 Rocha et al.
demonstrated that removal of aldosterone, either by adrena-
lectomy or through administration of the selective aldosterone
receptor antagonist eplerenone, markedly reduced renal dam-
age, independent of blood pressure reduction, in the L-
NAME/Ang II/salt-hypertensive rat model.22 In this study,
adrenalectomy or eplerenone treatment prevented the devel-
opment of proteinuria in (L-NAME/Ang II/salt-treated rats,
and the add back of aldosterone to the adrenalectomized rats
restored the proteinuria associated with L-NAME/Ang II/salt
treatment. These studies suggest that aldosterone, rather than

Ang II, may be the important mediator of renal damage in
hypertensive models produced via activation of the RAAS.

A clinical study has been conducted to determine whether
aldosterone blockade with eplerenone is as effective as
enalapril in reducing microalbuminuria in type 2 diabetic
hypertensive patients and whether the combination may be
more effective than either monotherapy.70 Type 2 diabetic
patients with mild-to-moderate hypertension and microalbu-
minuria (urinary albumin/creatinine ratio [UACR] ≥100
mg/g) were randomly assigned to receive initially once-daily
treatment with eplerenone 50 mg, enalapril 10 mg, or the
combination of both. Study medications were force-titrated
up at week 2 and week 4, regardless of blood pressure level, to
the maximum doses (200 mg of eplerenone, 40 mg of
enalapril, or eplerenone 200 mg/enalapril 10 mg). At week 8 or
later, if blood pressure remained uncontrolled (≥90 mm Hg),
hydrochlorothiazide (12.5-25 mg) could be added, if needed.
Treatment effects on UACR and blood pressure are shown in
Table 70–2. Eplerenone reduced proteinuria significantly (by
62%) after 6 months of treatment, compared with 45% in the
enalapril group and 74% in the eplerenone/enalapril group
(p<.001 vs. baseline for all treatments). Interestingly, the com-
bination of eplerenone/enalapril reduced proteinuria to a
greater extent than either monotherapy, suggesting that the
renoprotective effects of aldosterone blockade are additive to
the ACE inhibitor effects. Blood pressure reductions were sim-
ilar in all treatment groups except that diastolic blood pres-
sure was reduced more in the eplerenone/enalapril combina-
tion group compared with the eplerenone monotherapy
group (−16.2 ± 0.86 vs. −13.2 ± 0.84 mm Hg; p=.015). Systolic
blood pressure was reduced similarly in all three groups, sug-
gesting that the antiproteinuric effects of these treatments are
somewhat independent of blood pressure lowering. Elevated
serum potassium was noted because maximal doses of
eplerenone and enalapril were used, but potassium elevations
were comparable with what has been reported with ACE
inhibitors in similar patient populations.71,72 However, addi-
tional studies are required to explore the dose range of
eplerenone and enalapril that would mitigate the risk of ele-
vated potassium but still preserve the renoprotective effects of
these two therapeutic interventions.

Analysis of the relationship between blood pressure lower-
ing and serum potassium concentration with eplerenone in
essential hypertensives has produced some surprising
results.73 Two titration-to-effect clinical trials with similar
study designs were used to determine whether the blood pres-
sure–lowering response to eplerenone was related to changes
in serum potassium. One would presume that serum potassi-
um changes are a marker of eplerenone inhibition of aldos-
terone effects on sodium and potassium excretion in the dis-
tal tubule, a classic epithelial target tissue of aldosterone. A
total of 397 patients from two double-blind, randomized,
multicenter, placebo-controlled, lead-in, parallel-group, titra-
tion-to-effect studies were included in the analysis. After a 4-
week placebo run-in, patients were given 50 mg of eplerenone
once daily. If after 4 weeks any participant did not meet blood
pressure goals, he or she was up-titrated to 100 mg. After 8
weeks, patients not achieving goals were further up-titrated to
200 mg once daily. Antihypertensive response status was
defined by diastolic blood pressure (<90 mm Hg were
responders; ≥90 mm Hg were nonresponders). Figure 70–9
shows the reduction in systolic blood pressure in “responders”
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FFigure 70–7 Adjusted mean change in LV mass from
baseline as measured by cardiac MRI after 9 months of
treatment in hypertensive patients with LVH treated with
eplerenone, enalapril, or the combination of enalapril and
eplerenone. LVH was diagnosed by either ECG or
echocardiogram. After withdrawal of antihypertensive
medications, patients took placebo for a 14-day, single-
blind, run-in period. Patients were then randomly assigned to
receive once-daily eplerenone (200 mg), enalapril (40 mg),
or eplerenone (200 mg) with enalapril (10 mg). These doses
were reached after a 4-week forced titration schedule. If
blood pressure was not controlled (diastolic blood pressure
≥90 mm Hg or systolic blood pressure >180 mm Hg at
week 8), patients received open-label hydrochlorothiazide
12.5-25 mg and/or amlodipine 10 mg. (Redrawn with
permission from Pitt B, Reichek N, Willenbrock R, et al.
Effects of eplerenone, enalapril, and eplerenone/enalapril in
patients with essential hypertension and left ventricular
hypertrophy. The 4E-left ventricular hypertrophy study.
Circulation 108: 1831-1838, 2003.)
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and “nonresponders” and changes in serum potassium over
time. Interestingly, the change in serum potassium did not
predict the antihypertensive response to eplerenone at any
dose. Such findings suggest that the antihypertensive action of
eplerenone is linked to blockade of aldosterone effects on
nonclassic, nonepithelial target tissues (brain, heart, vascular
smooth muscle) rather than classic, epithelial, electrolyte
transporting target tissues, such as the kidney.

SUMMARY

There is now compelling evidence that aldosterone mediates
significant deleterious effects on the cardiovascular system by
binding and activating MR in the heart, brain, and blood ves-
sels. These effects include vascular inflammation and injury,
endothelial dysfunction, myocardial and vascular fibrosis,
proarrhythmogenic, and hypertrophic effects on cardiomy-
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FFigure 70–8 Systolic and diastolic blood pressure after 9 months of treatment in hypertensive patients with LVH treated with
eplerenone, enalapril, or the combination of enalapril plus eplerenone. LVH was diagnosed by either ECG or
echocardiogram. After withdrawal of antihypertensive medications, patients took placebo for a 14-day, single-blind, run-in
period. Patients were then randomly assigned to receive once-daily eplerenone (200 mg), enalapril (40 mg), or eplerenone
(200 mg) with enalapril (10 mg). These doses were reached after a 4-week forced titration schedule. If blood pressure was
not controlled (diastolic blood pressure ≥90 mm Hg or systolic blood pressure >180 mm Hg at week 8), patients received
open-label hydrochlorothiazide 12.5-25 mg and/or amlodipine 10 mg. (Redrawn with permission from Pitt B, Reichek N,
Willenbrock R, et al. Effects of eplerenone, enalapril, and eplerenone/enalapril in patients with essential hypertension and left
ventricular hypertrophy. The 4E-left ventricular hypertrophy study. Circulation 108:1831-1838, 2003.)

Table 70–2 Antiproteinuric and Blood Pressure–Lowering Effect of Eplerenone Monotherapy, Enalapril Monotherapy, and
Enalapril with Enalapril in Hypertensive Patients with Type II Diabetes

EPL ENAL EPL + ENAL

UACR
N 74 74 67
Baseline UACR (mg/g) 611 483 471
Δ UACR (week 24 vs. baseline) -62% -45% -74%
p-Values vs. ENAL .015
p-Values vs. EPL + ENAL .018 <.001

BP
N 89 83 85
Δ SBP/DBP (week 8 vs. baseline) -13.5/10.2 -15.4/11.6 -16.5/12.8
Δ SBP/DBP (week 24 vs. baseline) -19.5/-13.2* -20.4/-15.0 -21.8/-16.2

For UACR (urinary albumin:creatinine ratio), results are expressed as mean percent change from baseline at the week-24 endpoint.
For blood pressure (BP), results are expressed as mean decreases at week 24 from baseline systolic (SBP) or diastolic blood pressure
(DBP). (With permission from Epstein M, Buckalew V, Martinez F, et al. Antiproteinuric efficacy of eplerenone, enalapril, and
eplerenone/enalapril combination therapy in diabetic hypertensives with microalbuminuria (Abstract). Am J Hypertens 15:24A, 2002.)
*p = .015 vs. EPL + ENAL.
EPL, eplereone; ENAL, enalapril; UACR, urinary albumin:creatinine ratio; SBP, systolic blood pressure; DBP, diastolic blood pressure.



ocytes and centrally mediated hypertensive effects. In addition
to the classic genomic effects of aldosterone, nongenomic
actions have been identified in vascular tissue. Blockade of
aldosterone at MR produces target organ protective effects in
hypertensive patients by reducing LVH and microalbumin-
uria. Eplerenone is significantly more selective for MR than
spironolactone, and this improved selectivity measured
in vitro has translated into improved tolerability compared

with spironolactone. Interestingly, preliminary studies suggest
that eplerenone blocks nongenomic effects of aldosterone in
vascular tissues, whereas spironolactone does not. However, it
is not clear whether nongenomic effects of aldosterone
contribute to the detrimental action of aldosterone on the
cardiovascular system. Eplerenone lowers blood pressure
quite effectively in essential hypertensive patients, irrespective
of race, age, or gender. This could be due to the fact that pri-
mary aldosteronism is a substantially more common cause of
hypertension than was previously appreciated.74-76 although
this hypothesis remains somewhat controversial.77 Nonethe-
less, with only a minority of treated hypertensive patients
actually reaching target blood pressures, eplerenone (Inspra)
represents an important addition to the armamentarium of
agents to treat this disorder.
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INTRODUCTION

Studies performed in the past 50 years have clearly document-
ed that hypertension is a major risk factor for cardiovascular
morbidity and mortality.1 Furthermore, the reduction of dias-
tolic and systolic blood pressure with drugs is associated with
a reduction of almost all hypertension-related diseases, such
as stroke, myocardial infarction (MI), heart failure, and vascu-
lar mortality.2-6 Treatment with any commonly used regimen
reduces the risk of total major cardiovascular events, and larg-
er reductions in blood pressure produce larger reductions in
risk.6 These findings have made research on antihypertensive
drugs extremely active, with the development of a wide range
of agents that act through different mechanisms and thus
attack high blood pressure from different angles.

Vasopeptidase inhibitors are a class of drugs that simulta-
neously inhibit both angiotensin-converting enzyme (ACE)
and neutral endopeptidase (NEP). ACE inhibitors have a well-
established clinical role in hypertension and heart failure7 (see
Chapter 35).

NEP is a membrane-bound metalloprotease found princi-
pally in the brush-border membrane of renal tubules, in the
lungs, intestine, adrenal, brain, heart, and peripheral blood
vessels.8,9 NEP plays a role in the initial enzymatic degradation
of the bioactive carboxyterminal portions of the natriuretic
peptides and has many other substrates, for example,
adrenomedullin, angiotensins I and II, endothelin, bradykinin,
substance P, chemotactic peptide, enkephalins, and the amy-
loid (β) peptide.10,11

The natriuretic peptides constitute a family of peptides
involved in the regulation of blood pressure and plasma vol-
ume.12 The atrial and brain-derived natriuretic peptides are
produced principally in the myocardium in response to atrial
distention. C-type natriuretic peptide, found in the kidney,
heart, lung, and vascular endothelium, is released in response
to shear stress.9 These peptides bind to specific, high-affinity
cell-surface receptors. Natriuretic peptides exert physiologic
effects at several sites, resulting in vasodilation, natriuresis,
diuresis, decreased aldosterone release, decreased cell growth,
and inhibition of the sympathetic nervous system and the
renin-angiotensin-aldosterone system.12 Atrial natriuretic
peptide also inhibits production of endothelin.13

NEUTRAL ENDOPEPTIDASE INHIBITION

Because inhibition of NEP protects the natriuretic peptides
and bradykinin from catabolism, it should be beneficial in
hypertension and congestive heart failure treatments.
However, discordant findings have been reported in hyperten-
sive patients.14-17 The variable effect of NEP inhibition on
blood pressure and systemic vascular resistance is likely to be
due to increased levels of some vasoconstrictors such as Ang II

and endothelin and to reduced levels of the vasodilator Ang-
(1-7). Increased blood pressure during NEP inhibition in
healthy volunteers was associated with an increase in plasma
endothelin levels.17 Both animal and clinical studies show that
NEP inhibition increases the plasma levels of angiotensins I
and II, aldosterone, and catecholamines.14,15,18,19

In patients with congestive heart failure, NEP inhibitors
have beneficial hemodynamic effects. NEP inhibition is asso-
ciated with reduced cardiac filling pressures and decreased
indices of the renin axis.20 NEP inhibition may also directly
protect endothelial function and reduce atheromatous
changes in the vascular wall.21

Vasopeptidase Inhibitors: Rationale for
Combining ACE and NEP Inhibitors
Like ACE, NEP is a peptidase found in both endothelial and
epithelial cells, mainly in the lungs, kidneys, and blood ves-
sels,8,9 that blocks the renin system at different levels (see
Chapter 9). Therefore, NEP inhibition protects natriuretic
peptides from inactivation, whereas ACE inhibition attenuates
the formation of angiotensin II, which acts as a physiologic
antagonist of the atrial natriuretic peptide. ACE inhibi-
tion22,23 not only interrupts the renin-angiotensin system,
but also increases bradykinin, nitric oxide, and prostacyclin.
Potential benefits of bradykinin include natriuretic,
vasodilator, and cardioprotective effects; antihypertrophic
and antiarrhythmogenic effects; and improved glucose
uptake by myocytes.24

Simultaneous inhibition of both ACE and NEP lowers
blood pressure more than inhibition of either enzyme alone
in both animals and humans. For example, in patients given
candoxatril (a NEP inhibitor) for a month, the blood pres-
sure was unchanged,25 and in healthy volunteers, candoxatril
administration was followed by a rise in systolic pressure in
association with an increase in the plasma concentration of
endothelin.17 However, in spontaneously hypertensive rats the
combination of a NEP inhibitor (SCH 42495) and the ACE
inhibitor captopril, as well as the dual NEP/ACE inhibitor
S21402, reduced systolic blood pressure more effectively than
the ACE inhibitor or the NEP inhibitor alone.26 Favrat et al.16

compared a NEP inhibitor (sinorphan) with captopril and
with the two drugs in combination in patients with essential
hypertension. Neither agent alone produced significant day-
long blood pressure changes, but there were substantial
decreases with the combination treatment.

Inhibition of NEP and ACE results in vasodilator effects and,
possibly, tissue protective effects, at least in part to reduced for-
mation of angiotensin II and reduced degradation of natriuret-
ic peptides (Figure 71–1). Because NEP and ACE inhibitors are
intimately concerned with regulating structural and functional
properties of the heart and blood vessels, the term vasopeptidase
inhibitor has been coined for this new drug class.

Vasopeptidase Inhibitors
Luis Miguel Ruilope



VASOPEPTIDASE INHIBITORS:
AVAILABLE COMPOUNDS

Several dual ACE/NEP inhibitors have been developed; some
have been assessed clinically, and others have not. The most
studied vasopeptidase inhibitor is omapatrilat. After preclini-
cal and preliminary clinical studies, omapatrilat was consid-
ered a very promising agent for treating patients with hyper-
tension and congestive heart failure, the two main indications
for which vasopeptidase inhibitors were targeted. However, an
unacceptable high incidence of angioedema,27 threefold high-
er than that of ACE inhibitors, has likely stopped the develop-
ment of this new class of agents.

A description of some vasopeptidase inhibitors follows.

Sampatrilat
Sampatrilat is a dual inhibitor of NEP and ACE, developed by
Pfizer and Shire for the potential treatment of hypertension.28

Sampatrilat reduced mean arterial pressure, improved daily
sodium excretion, increased renal blood flow, and decreased
left ventricular mass in a dog model of heart failure. In hyper-
cholesterolemic rabbits, sampatrilat suppressed atherogenesis
and improved endothelial function.29 In rats with congestive
heart failure following left coronary artery ligation (CAL),
sampatrilat improved hemodynamic function and cardiac
remodeling through a direct action on the failing heart.30

Sampatrilat (30 mg/kg/day) was administered orally from the
first to sixth week after the operation. Sampatrilat reduced the
mortality of the rats with CAL (20% vs. 57% for untreated
rats). Treatment with sampatrilat for 5 weeks suppressed tissue
ACE and NEP activities. Sampatrilat did not affect arterial
blood pressure but attenuated CAL-induced increases in the
left ventricular end-diastolic pressure, heart weight, and collagen
content of the viable left ventricle. The mechanism by which
sampatrilat improved cardiac remodeling may be attributable
to direct inhibition of cardiac fibrosis, possibly through the
cardiac natriuretic peptide system. In humans, sampatrilat
was tested clinically in a comparison with lisinopril in

120 patients with mild-to-moderate essential hypertension.31

By day 10, 200 mg sampatrilat was nearly as effective as lisino-
pril 20 mg in lowering systolic pressure but was less effective
in lowering diastolic pressure. ACE activity decreased by only
40% to 50%, and plasma renin activity during sampatrilat
treatment was unchanged. In a study of African American
patients with hypertension,32 sampatrilat produced a sus-
tained decrease in mean ambulatory blood pressure over the
56-day treatment period, with a greater treatment effect on
diastolic blood pressure than lisinopril at day 56. Treatment-
emergent adverse events were similar in both treatment
groups.

MDL 100,240
MDL 100,240 is a prodrug that, on conversion to MDL
100,173, acts as a potent dual inhibitor of ACE and NEP with
a balanced effect on both enzymes. Studies in experimental
models of hypertension and congestive heart failure confirmed
the vasodilator and natriuretic effects of MDL, which appear to
be independent of the degree of activation of the renin-
angiotensin-aldosterone system. In addition, MDL 100,240
was effective both in preventing and regressing hypertension-
induced vascular remodeling and cardiac hypertrophy.33 In a
transgenic rat model of hypertension34 with severe cardiovas-
cular damage due to enhanced tissue synthesis of angiotensin
II both MDL 100,240 and ramipril significantly lowered blood
pressure compared with placebo. Both drugs regressed left ven-
tricular hypertrophy. MDL 100,240 also prevented aortic dila-
tion and hypertrophy of the mesenteric arterioles and reduced
constrictor responses to phenylephrine and endothelin-1, as
well as plasma aldosterone and creatinine levels. Thus, severe
hypertension and related cardiovascular disease were regressed
by MDL 100,240. In 12 healthy volunteers, single 25-mg (intra-
venous) doses of the drug reduced systolic blood pressure,
provided the diet contained no more than 80 mg sodium per
day. Urinary flow rate increased significantly during the first 2
hours after dosing, together with an increase in sodium excre-
tion. MDL 100,240 also increased excretion of uric acid.35 In
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normal volunteers, MDL 100,240 had a half-life of about 7.5
hours during once daily administration.36 There was no evi-
dence of accumulation when it was administered over an 8-day
period.

Gemopatrilat
This azepinone derivative BMS-189921 showed blood pres-
sure–lowering properties similar to omapatrilat in animal
models of hypertension.37 In normotensive Wistar nephrotic
rats, the renoprotective actions of gemopatrilat were depend-
ent on dietary-sodium intake: During a low-sodium diet,
gemopatrilat was renoprotective but less effective than lisino-
pril. However, its therapeutic efficacy was completely abol-
ished by a high-sodium diet.38

Fasidotril
This compound also proved to be effective in animal models
of hypertension.39 Fasidotril treatment (100 mg/kg twice daily
for 3 weeks) resulted in a progressive and sustained decrease
in systolic blood pressure (−20 to −30 mm Hg) in sponta-
neously hypertensive and Goldblatt (renovascular) rats com-
pared with vehicle-treated rats and prevented the progressive
rise in blood pressure in DOCA-salt hypertensive rats.39 At
a dose of 100 mg twice daily, it was studied in a placebo-
controlled trial in 57 patients with essential hypertension.
After 42 days, supine and standing systolic and diastolic blood
pressures were 7.4/5.4 mm Hg and 7.6/6.8 mm Hg lower,
respectively, in the drug-treated than in the placebo group.39

Mixanpril
Mixanpril is a benzotylthioacetate prodrug of S21402, which has
been studied extensively in various rat rodent models.40 S21402
decreased blood pressure similarly in DOCA-salt and renovas-
cular hypertensive rats, indicating that the antihypertensive
effect is independent of the renin-angiotensin system. In diabet-
ic spontaneously hypertensive rats, mean systolic blood pressure
(200 ± 5 mm Hg) was reduced by mixanpril (176 ± 2 mm Hg)
as it was by captopril (162 ± 5 mm Hg), valsartan (173 ± 5 mm
Hg), and amlodipine (159 ± 4 mm Hg), and was further reduced
by the combination of captopril with valsartan (131 ± 5 mm
Hg). Only mixanpril and the combination of captopril and val-
sartan significantly reduced mesenteric weight. The mesenteric
wall:lumen ratio was reduced by all drugs but to a greater extent
by the combination of captopril and valsartan.41

Z-13752A
This drug has been studied in a canine model of coronary-
artery occlusion, where it proved to be protective against
the adverse consequences of intervention.42 This protection
was largely due to potentiation of released bradykinin.43

Pharmacokinetic studies in healthy volunteers suggested that
a once-daily dosing could be appropriate.43

Omapatrilat
The most extensively investigated ACE/NEP inhibitor is oma-
patrilat (Bristol Myers Squibb). This compound has similar
inhibitory activity against both ACE and NEP.44

ANIMAL STUDIES

As reviewed by Weber44 and more recently by Campbell,45

multiple experimental studies have demonstrated that omap-
atrilat lowers blood pressure in animals. The major character-
istic of omapatrilat is that it lowers blood pressure in all mod-
els of hypertension whatever the degree of activity of the
renin-angiotensin system.46 In Dahl salt-sensitive rats, a high-
sodium diet significantly impaired endothelium-dependent
relaxation. When these animals were treated with omapatrilat,
there was a far greater return toward normal responsiveness
than there was with captopril.47 Relaxation was reduced to
31% of baseline by the high-salt diet, and was then increased
to 86% by omapatrilat, and to only 56% by captopril. In spon-
taneously hypertensive rats, omapatrilat induced a sustained
lowering of systolic blood pressure (−68 mm Hg) without
change in cardiac rate. Blood pressure normalization was
accompanied by increases in plasma angiotensins I, II, and
(1-7) levels, with important increases in urinary excretion
rates of angiotensin I and (1-7) but not angiotensin II.48 On
the other hand, in conscious dogs made hypertensive by bilat-
eral renal wrapping, intravenous administration of omapatri-
lat reduced peak left ventricular pressure through arterial
vasodilation and preload reduction. Omapatrilat increased
plasma levels of adrenomedullin, whereas levels of the natri-
uretic peptides and cyclic guanosine monophosphate were
unchanged.49

Experimental studies have also reported that omapatrilat
has beneficial cardiorenal and humoral actions in different
models of congestive heart failure.45,46 In a cardiomyopathic
hamster model, treatment with omapatrilat decreased left-
ventricular end-diastolic pressure and left-ventricular systolic
pressure. The changes were associated with a 40% increase in
cardiac output, a 47% decrease in peripheral vascular resist-
ance, and a decrease in mean arterial pressure. In rats, survival
24 hours after MI improved with omapatrilat.50 Omapatrilat
reduced infarct size 24 hours after MI and reduced ventricular
arrhythmia score 1 to 12 hours after. Rats treated with omap-
atrilat had reduced left ventricular diastolic and systolic
dimensions and left and right ventricular weights compared
with controls, indicating a decrease in reactive hypertrophy.
Improvement in cardiac remodeling was accompanied by
improved ventricular function.50 Cardiomyocyte apoptosis
occurs at a high level late after MI and contributes to adverse
cardiac remodeling.51 Myocardial apoptosis was reduced by
ACE inhibition, but vasopeptidase inhibition was even more
effective in preventing adverse cardiac remodeling after
myocardial infarction.51

In insulin-resistant Zucker fatty rats, omapatrilat resulted
in a lower rate of endogenous glucose production than place-
bo both at baseline and after insulin administration at low and
high doses. The insulin-sensitizing effects of omapatrilat were
blocked by HOE-140 (a bradykinin, B2 receptor antagonist)
and NG-nitro L-arginine methyl ester (a nitric oxide synthase
inhibitor) in all tissues except myocardium. This insulin-
sensitizing effect was greater than that of ramipril.52

Furthermore, a greater attenuation of albuminuria was
afforded by omapatrilat than perindopril in diabetic sponta-
neously hypertensive rats. Omapatrilat reduced renal NEP
binding by 33%, associated with a reduction in albuminuria
and prevention of renal structural injury (assessed by
glomerulosclerotic index and tubulointerstitial area).53
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PHARMACOLOGY

Omapatrilat has a plasma half-life of 14 to 19 hours at the 
10- to 80-mg/day dose.54 It is absorbed rapidly, and peak con-
centrations are reached in only 0.5 to 2.0 hours. The ratio of
the area under the curve on day 10 to that of day 1 when this
drug was given constantly during a 10-day period was 1.65.
The drug has a prolonged elimination profile. There is only a
small tendency to accumulation, and accumulation seems to
not be increased in the presence of reduced renal function.55

Omapatrilat reduces serum ACE activity by more than 80%
during the full 24-hour dosing interval at all doses. NEP is also
inhibited.54 Changes in urinary atrial natriuretic peptide
excretion during chronic (7 weeks) treatment with omapatri-
lat were dose-dependent,54 and were sustained for more than
24 hours postdose.

Preliminary Human Studies
Omapatrilat lowers blood pressure dose dependently56,57 at
doses ranging between 1 and 80 mg/dl in normotensive per-
sons and in patients with mild to moderate hypertension,
regardless of age, race, or gender.

In patients with hypertension, omapatrilat produces greater
decreases in systolic, diastolic, and pulse pressure than ACE
inhibition alone.44,45,58 Omapatrilat (80 mg/dl) was a more
effective hypotensive agent than was enalapril (40 mg/dl) over
12 weeks of therapy in hypertensive persons studied 24 hours
after the last administration. Comparison with the calcium
channel blocker amlodipine also revealed more pronounced
antihypertensive effects of omapatrilat.59

Clinical Trials in Hypertension
The Omapatrilat Cardiovascular Treatment Assessment
Versus Enalapril (OCTAVE)27 study randomized 25,302
hypertensive patients to either omapatrilat titrated up to
80 mg daily or enalapril titrated up to 40 mg/day for a period
of 24 weeks. Compared with enalapril, omapatrilat reduced
blood pressure further (3 mm Hg, systolic and 2 mm Hg, dias-
tolic). Although antihypertensive efficacy was an important
outcome, the chief interest in this study was to assess the rela-
tive incidence of angioedema in the two treatment groups.
Angioedema was reported in 2.17% of the patients who
received omapatrilat and in 0.68% of those receiving
enalapril. Individual episodes of angioedema with omapatri-
lat were more severe and occurred earlier, the majority within
the first few hours after the initial dose. The overall relative
risk for angioedema was 3.1 times higher in the omapatrilat
group, and the risk for angioedema requiring hospitalization
was 9.5 times higher. However, most patients did not require
aggressive treatment: 59% and 76% of persons experiencing
angioedema with omapatrilat and enalapril, respectively,
received either no treatment or were treated with antihista-
mines only. Risk factors predisposing to angioedema included
Black race and smoking. In Black patients, the rate of
angioedema was increased approximately threefold with both
omapatrilat and enalapril (5.54% and 1.62%, respectively)
compared with other racial/ethnic groups. The rate of angioede-
ma was also increased in current smokers receiving omapa-
trilat (3.93%) but not enalapril (0.81%). The cause of
angioedema in patients taking omapatrilat is not known,

although mediation by bradykinin has been suggested,
because inhibition of ACE and of NEP can each produce
increases in bradykinin.

A large international placebo-controlled trial was proposed
to study the effects of omapatrilat in elderly patients with iso-
lated stage 1 systolic hypertension.60 OPERA (Omapatrilat in
Persons with Enhanced Risk of Atherosclerotic Events) was
designed to study 12,600 participants in a 5-year multina-
tional, randomized, double-blind, placebo-controlled trial.
The primary objective of OPERA was to test the hypothesis
that omapatrilat significantly enhances survival and reduces
cardiovascular outcomes in older (>65 years) men and
women with enhanced risk of atherosclerotic events due to
stage 1 isolated systolic hypertension. OPERA would also
determine whether treatment was justified in older patients
with mild systolic hypertension because there is no clear evi-
dence that any therapeutic intervention is of clinical value in
this patient group. The OPERA study, which was planned
before OCTAVE, was dropped when the results of OCTAVE
became available.

Clinical Trials in Congestive Heart Failure
Omapatrilat produces an acute dose-related hemodynamic
improvement in heart failure patients that is maintained for at
least 12 weeks.61,62 Omapatrilat not only reduced blood pres-
sure in patients with heart failure but also reduced the aug-
mentation index and increased postobstructive brachial artery
reactive hyperemia.63 In 48 patients in New York Heart
Association (NYHA) functional class II or III, with left ven-
tricular ejection fraction less than or equal to 40% and in sinus
rhythm, omapatrilat improved functional status at 12 weeks.
Dose-dependent improvements in left ventricular ejection
fraction and left ventricular end-systolic wall stress (sigma)
were seen, together with a reduction in systolic blood pressure.
There was evidence of a natriuretic effect, and total blood vol-
ume decreased. Omapatrilat induced an increase in postdose
plasma atrial natriuretic peptide levels in the high-dose
groups, with a reduction in predose plasma brain natriuretic
peptide and epinephrine levels after 12 weeks of therapy.64

The IMPRESS (Inhibition of Metallo Protease by BMS-
186716 in a Randomized Exercise and Symptoms Study in
Subjects with Heart Failure) trial65 compared 289 patients
treated with omapatrilat (target dose 40 mg daily) and 284
patients given lisinopril (target dose 20 mg daily). All patients
had previously been on an ACE inhibitor. Omapatrilat was
more effective in producing improvements in class III/IV
patients. By the end of the 7-month observation period, omap-
atrilat had a significant advantage in the combined endpoint of
mortality, admission for worsening heart failure, and discontin-
uation of study medication because of worsening heart failure.

These promising findings led to a large clinical trial:
Omapatrilat Versus Enalapril Randomized Trial of Utility in
Reducing Events (OVERTURE). The OVERTURE study66

assigned 5770 patients with NYHA classes II to IV heart failure
to treatment with either enalapril (10 mg twice daily) or oma-
patrilat (40 mg once daily) for a mean of 14.5 months.
Enalapril or omapatrilat was added to conventional therapy
that included β-blockers in 50% patients. The primary end-
point of combined risk of death or hospitalization for heart
failure was not different for the two treatment groups, fulfilling
prespecified criteria for noninferiority but not for superiority.
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Analysis of secondary outcomes showed that the omapatrilat
group had a 9% lower risk of cardiovascular death or hospital-
ization and a 6% lower risk of death. Posthoc analysis showed
an 11% lower risk for hospitalization for heart failure in
patients treated with omapatrilat.

Although angioedema was reported more commonly with
omapatrilat than enalapril, the absolute frequency, incremental
risk, and severity in the OVERTURE study was lower than that
reported in hypertensive patients. This was attributed to the
possibility that patients with heart failure may be resistant to
the ability of bradykinin to produce cutaneous exudation, as
it was reported in dogs with experimental heart failure.67

Hypotension and dizziness were more frequent with omapa-
trilat (19.5% and 19.4%, respectively) than with enalapril
(11.5% and 13.9%), but heart failure and renal impairment
were less frequent with omapatrilat (22.6% and 6.8%) than with
enalapril (25.6% and 10.1%). The incidence of cough was
similar for omapatrilat and enalapril therapy (9.7% and 9.0%,
respectively). In conclusion, the OVERTURE trial demon-
strated that omapatrilat reduced morbidity and mortality in
patients with moderate-to-severe heart failure but was not
more effective than ACE inhibition alone in reducing the risk
of a primary clinical event. Secondary and posthoc analyses
focused on all cardiovascular events suggested the possibility
of between-group differences in favor of omapatrilat.
Furthermore, omapatrilat treatment has been shown to
increase endothelin-1 and antiinflammatory cytokine levels in
patients with chronic heart failure.68 Sheth et al.68 randomized
107 patients with ischemic or dilated cardiomyopathy, NYHA
functional classes II to III, with left ventricular ejection less
than 40%, and on ACE inhibitor therapy either to omapatrilat
40 mg daily or lisinopril 20 mg/day. C-terminal atrial natri-
uretic peptide levels decreased with lisinopril but not with
omapatrilat. Endothelin-1 levels increased in both groups, but
the increase reached statistical significance only with omapa-
trilat. Levels of the proinflammatory cytokine interleukin-6
tended to decrease, and the anti-inflammatory cytokine inter-
leukin-10 increased in both groups but with statistical signifi-
cance only for omapatrilat therapy. These effects of omapa-
trilat on endothelin-1 and antiinflammatory cytokines may
provide potential explanations for differences in clinical out-
comes in heart failure patients.

PERSPECTIVES

The natriuretic peptides have actions that might be consid-
ered beneficial for hypertensive patients—vasodilation, natri-
uresis, and inhibition of the sympathetic nervous system and
the renin-angiotensin-aldosterone system.45,69 Several studies
with omapatrilat have shown that it is a highly potent antihy-
pertensive agent, more potent than some of the leading anti-
hypertensives, such as losartan, amlodipine, and lisinopril.44

One factor that may give vasopeptidases the edge over ACE
inhibitors because antihypertensives may be their greater
potentiation of bradykinin is perhaps their Achilles’ heel, as
well. The angioedema risk with omapatrilat has cast a shadow
over the entire ACE/NEP inhibitor class.

The future of the vasopeptidase inhibitors will depend on
the ability to improve the risk:benefit ratio either by develop-
ing agents that produce less angioedema, or by defining more
precisely a high-risk population that could benefit from dual

ACE/NEP inhibition. The NEP drug class probably does have
a role in hypertension, although probably only in otherwise
difficult-to-manage patients, where the risk of angioedema is
counterbalanced by having effected blood pressure control.
Furthermore, omapatrilat reduced albuminuria, prevented
renal structural injury, and increased insulin sensitivity in dia-
betic spontaneously hypertensive rats.53 Patients with diabetic
renal failure represent a rapidly growing population with
high cardiovascular and renal risk. Whether vasopeptidase
inhibitors would help in retarding the progression of renal
failure in these patients is not known. Additional studies are
warranted in this high-risk population.

References
1. Kannel WB, Gordon T, Schwartz MJ. Systolic versus diastolic

blood pressure and risk of coronary heart disease: the
Framingham Study. Am J Cardiol 27:335-346, 1971.

2. Neal B, MacMahon S, Chapman N. Effects of ACE inhibitors,
calcium antagonists, and other blood pressure-lowering drugs.
Lancet 356:1955-1964, 2000.

3. Suarez C, Cucala M, Coca A, et al. Spanish contribution to the
HOT (Hypertension Optimal Treatment) study. Final results.
Spanish investigators in the HOT study. Med Clin (Barc)
113:361-365, 1999.

4. Coca A, Ruilope LM, Calvo C, et al. Effect of anti-hypertensive
therapy with irbesartan on the absolute cardiovascular risk.
Rev Clin Esp 203:183-188, 2003.

5. Brown MJ, Palmer CR, Castaigne A, et al. Morbidity and mor-
tality in patients randomized to double-blind treatment with a
long-acting calcium-channel blocker or diuretic in the
International Nifedipine GITS study: Intervention as a Goal
in Hypertension Treatment (INSIGHT). Lancet 356:366-372,
2000.

6. Blood Pressure Lowering Treatment Trialists’ Collaboration.
Effects of different blood pressure lowering regimens on major
cardiovascular events: Results of prospectively designed
overviews of randomised trials. Lancet 362:1527-1535, 2003.

7. Dzau VJ, Bernstein K, Celermajer D, et al. Pathophysiologic and
therapeutic importance of tissue ACE: a consensus report.
Cardiovasc Drugs Ther 16:149-160, 2002.

8. Wilkins MR, Unwin RJ, Kenny AJ. Endopeptidase-24.11 and its
inhibitors: potential therapeutic agents for edematous disorders
and hypertension. Kidney Int 43:273-285, 1993.

9. Gonzalez W, Soleilhac JM, Fournie-Zaluski MC, et al.
Characterization of neutral endopeptidase in vascular cells,
modulation of vasoactive peptide levels. Eur J Pharmacol
345:323-331, 1998.

10. Burnett JC Jr. Vasopeptidase inhibition. A new concept in blood
pressure management. J Hypertens 17:S37-S43, 1999.

11. Robl JA, Sun CQ, Stevenson J, et al. Dual metalloprotease
inhibitors: mercaptoacetyl-based fused heterocyclic dipeptide
mimetics as inhibitors of angiotensin-converting enzyme and
neutral endopeptidase. J Med Chem 40:1570-1577, 1997.

12. Levin ER, Gardner DG, Samson WK. Natriuretic peptides.
N Engl J Med 339:321-328, 1998.

13. Ruschitzka F, Corti R, Noll G, et al. A rationale for treatment of
endothelial dysfunction in hypertension. J Hypertens 17:
S25-S35, 1999.

14. Richards AM, Wittert GA, Crozier IG, et al. Chronic inhibition
of endopeptidase 24.11 in essential hypertension: evidence for
enhanced atrial natriuretic peptide and angiotensin II.
J Hypertens 11:407-416, 1993.

15. McDowell G, Coutgie W, Shaw C, et al. The effect of the neutral
endopeptidase inhibitor drug, candoxatril, on circulating levels
of two of the most potent vasoactive peptides. Br J Clin
Pharmacol 43:329-332, 1997.

751Vasopeptidase Inhibitors



16. Favrat B, Burnier M, Nussberger J, et al. Neutral endopeptidase
versus angiotensin converting enzyme inhibition in essential
hypertension. J Hypertens 13:797-804, 1995.

17. Ando S, Rahman MA, Butler GC, et al. Comparison of candox-
atril and atrial natriuretic factor in healthy men. Effects on
hemodynamics, sympathetic activity, heart rate variability, and
endothelin. Hypertension 26:1160-1166, 1995.

18. Richards AM, Wittert GA, Crozier IG, et al. Chronic inhibition
of endopeptidase 24.11 in essential hypertension: evidence for
enhanced atrial natriuretic peptide and angiotensin II. J
Hypertens 11:407-416, 1993.

19. Campbell DJ, Anastasopulos F, Duncan AM, et al. Effects of
neutral endopeptidase inhibition and combined angiotensin
converting enzyme and neutral endopeptidase inhibition on
angiotensin and bradykinin peptides in rats. J Pharmacol Exp
Ther 287:567-577, 1998.

20. Munzel T, Kurz S, Holtz J, et al. Neurohormonal inhibition and
hemodynamic unloading during prolonged inhibition of ANF
degradation in patients with severe chronic heart failure.
Circulation 86:1089-1098, 1992.

21. Schirger JA, Grantham JA, Kullo IJ, et al. Vascular actions of
brain natriuretic peptide: modulation by atherosclerosis and
neutral endopeptidase inhibition. J Am Coll Cardiol 35:
796-801, 2000.

22. Blais C, Drapeau G, Raymond P, et al. Contribution of
angiotensin converting enzyme to the cardiac metabolism of
bradykinin: an interspecies study. Am J Physiol 273:
H2263-H2271, 1997.

23. Ishida H, Scicli AG, Carretero OA. Role of angiotensin convert-
ing enzyme and other peptidases in in-vivo metabolism of
kinins. Hypertension 14:322-327, 1989.

24. Gavras I. Bradykinin mediated effects of ACE inhibition.
Kidney Int 42:1020-1029, 1992.

25. Bevan EG, Connell JM, Doyle J, et al. Candoxatril, a neutral
endopeptidase inhibitor: efficacy and tolerability in essential
hypertension. J Hypertens 10:607-613, 1992.

26. Tikkanen T, Tikkanen I, Rockell MD, et al. Dual inhibition of
neutral endopeptidase and angiotensin-converting enzyme in
rats with hypertension and diabetes mellitus. Hypertension
32:778-785, 1998.

27. Kostis JB, Packer M, Black HR, et al. Omapatrilat and enalapril
in patients with hypertension: The Omapatrilat Cardiovascular
Treatment vs. Enalapril (OCTAVE) trial. Am J Hypertens
17:103-111, 2004.

28. Allikmets K. Sampatrilat Shire. Curr Opin Investig Drugs 3:
578-581, 2002.

29. Kullo IJ, Miller VM, Lawson GM, et al. Dual inhibition of neu-
tral endopeptidase (NEP) and angiotensin converting enzyme
(ACE) suppresses atherogenesis and improved endothelial func-
tion in hypercholesterolemic rabbits. J Am Coll Cardiol
272:164A, 1996.

30. Maki T, Nasa Y, Tanonaka K, et al. Beneficial effects of sampatri-
lat, a novel vasopeptidase inhibitor, on cardiac remodeling and
function of rats with chronic heart failure following left coro-
nary artery ligation. J Pharmacol Exp Ther 305:97-105, 2003.

31. Wallis EJ, Ramsay LE, Hettiarachchi J. Combined inhibition of
neutral endopeptidase and angiotensin-converting enzyme by
sampatrilat in essential hypertension. Clin Pharmacol Ther
64:439-449, 1998.

32. Norton GR, Woodiwiss AJ, Hartford C, et al. Sustained antihy-
pertensive actions of a dual angiotensin-converting enzyme
neutral endopeptidase inhibitor, sampatrilat, in black hyperten-
sive subjects. Am J Hypertens 12:563-571, 1999.

33. Rossi GP. Dual ACE and NEP inhibitors: a review of the phar-
macological properties of MDL 100240. Cardiovasc Drug Rev
21:51-66, 2003.

34. Rossi GP, Bova S, Sacchetto A, et al. Comparative effects of the
dual ACE-NEP inhibitor MDL-100,240 and ramipril on hyper-

tension and cardiovascular disease in endogenous angiotensin
II-dependent hypertension. Am J Hypertens 15:181-188, 2002.

35. Rousso P, Buclin T, Nussberger J, et al. Effects of a dual
inhibitor of angiotensin converting enzyme and neutral
endopeptidase, MDL 100-240, on endocrine and renal func-
tions in healthy volunteers. J Hypertens 17:427-437, 1999.

36. Rousso P, Buclin T, Nussberger J, et al. Bioavailability of repeat-
ed oral administration of MDL 100240, a dual inhibitor of
angiotensin-converting enzyme and neutral endopeptidase in
healthy volunteers. Eur J Clin Pharmacol 55:749-754, 2000.

37. Robl JA, Sulsky R, Sieber-McMaster E, et al. Vasopeptidase
inhibitors: incorporation of geminal and spirocyclic substituted
azepinones in mercaptoacyl dipeptides. J Med Chem 42:
305-311, 1999.

38. Laverman GD, Van Goor H, Henning RH, et al. Renoprotective
effects of VPI versus ACEI in normotensive nephrotic rats on
different sodium intakes. Kidney Int 63:64-71, 2003.

39. Laurent S, Boutouyrie P, Azizi M, et al. Antihypertensive effects
of fasidotril, a dual inhibitor of neprilysin and angiotensin-con-
verting enzyme, in rats and humans. Hypertension 35:
1148-1153, 2000.

40. Gonzalez W, Beslot F, Laboulandine I, et al. Inhibition of both
angiotensin-converting enzyme and neutral endopeptidase by
D21402 (RB105) in rats with experimental myocardial infarc-
tion. J Pharmacol Exp Ther 278:573-578, 1996.

41. Lassila M, Davis BJ, Allen TJ, et al. Cardiovascular hypertrophy
in diabetic spontaneously hypertensive rats: optimizing block-
ade of the renin-angiotensin system. Clin Sci (Lond) 104:
341-347, 2003.

42. Rastegar MA, Marchini F, Morazzoni G, et al. The effects of
Z13752A, a combined ACE/NEP inhibitor, on responses to
coronary artery occlusion: a primary protective role for
bradykinin. Br J Pharmacol 129:671-680, 2000.

43. Bani M, Colantoni A, Guillaume M, et al. A double-blind,
placebo-controlled study to assess tolerability, pharmacokinetics
and preliminary pharmacodynamics of single escalating doses
of Z13752A, a novel dual inhibitor of metalloproteases ACE and
NEP, in healthy volunteers. Br J Clin Pharmacol 50:338-349,
2000.

44. Weber MA. Vasopeptidase inhibitors. Lancet 358:1525-1532,
2001.

45. Campbell DJ. Vasopeptidase inhibition: a double-edged sword?
Hypertension 41:383-389, 2003.

46. Trippodo NC, Robl JA, Asaad MM, et al. Effects of omapatrilat
in low, normal, and high renin experimental hypertension. Am
J Hypertens 11:363-372, 1998.

47. Quaschning T, d’Uscio LV, Lüscher TF. Greater endothelial pro-
tection by the vasopeptidase inhibitor omapatrilat compared to
the ACE-inhibitor captopril in salt induced hypertension. J Am
Coll Cardiol 35:248-249, 2000.

48. Ferrario CM, Averill DB, Brosnihan KB, et al. Vasopeptidase
inhibition and Ang-(1-7) in the spontaneously hypertensive rat.
Kidney Int 62:1349-1357, 2002.

49. Maniu CV, Meyer DM, Redfield MM. Hemodynamic and
humoral effects of vasopeptidase inhibition in canine hyperten-
sion. Hypertension 40:528-534, 2002.

50. Lapointe N, Ngguyen QT, Desjardins JF, et al. Effects of pre-,
peri-, and postmyocardial infarction treatment with omapatri-
lat in rats: survival, arrhythmias, ventricular function, and
remodeling. Am J Physiol Heart Physiol 285:H398-H405, 2003.

51. Backlund T, Palojoki E, Saraste A, et al. Effect of vasopeptidase
inhibitor omapatrilat on cardiomyocyte apoptosis and ventricu-
lar remodeling in rat myocardial infarction. Cardiovasc Res
57:727-737, 2003.

52. Wang Ch, Leung N, Lapointe N, et al. Vasopeptidase inhibitor
omapatrilat induces profound insulin sensitization and increas-
es myocardial glucose uptake in Zucker fatty rats: studies com-
paring a vasopeptidase inhibitor, angiotensin-converting

752 Individual Drug Classes



enzyme inhibitor, and angiotensin II type I receptor blocker.
Circulation 107:1923-1929, 2003.

53. Davies BJ, Johnston CI, Burrell LM, et al. Renoprotective effects
of vasopeptidase inhibition in an experimental model of diabet-
ic nephropathy. Diabetologia 46:961-971, 2003.

54. Liao WC, Vesterqvist O, Delaney C, et al. Pharmacokinetics and
pharmacodynamics of the vasopeptidase inhibitor, omapatrilat
in healthy subjects. Br J Clin Pharmacol 56:395-406, 2003.

55. Sica DA, Liao W, Gehr TW, et al. Disposition and safety of oma-
patrilat in subjects with renal impairment. Clin Pharmacol Ther
68:261-269, 2000.

56. Massien C, Azizi M, Guyene TT, et al. Pharmacodynamic effects
of dual neutral endopeptidase-angiotensin-converting enzyme
inhibition in humans. Clin Pharmacol Ther 65:448-459, 1999.

57. Azizi M, Lamarre-Cliché M, Labatide-Alanore A, et al.
Physiologic consequences of vasopeptidase inhibition in
humans: effect of sodium intake. J Am Soc Nephrol 13:
2454-2463, 2002.

58. Nathisuwan S, Talbert RL. A review of vasopeptidase inhibitors:
a new modality in the treatment of hypertension and chronic
heart failure. Pharmacotherapy 22:27-42, 2002.

59. Ruilope LM, Plantini P, Grossman E, et al. Randomized, dou-
ble-blind comparison of omapatrilat with amlodipine in mild-
to-moderate hypertension. Am J Hypertens 13:134A, 2000.

60. Kostis JB, Cobbe S, Johnston C, et al. Design of the Omapatrilat
in Persons with Enhanced Risk of Atherosclerotic events
(OPERA) trial. Am J Hypertens 15:193-198, 2002.

61. Klapholz M, Thomas I, Eng C, et al. Effects of omapatrilat on
hemodynamics and safety in patents with heart failure. Am J
Cardiol 88:657-661, 2001.

62. McClean DR, Ikram H, Mehta S, et al. Vasopeptidase inhibition
with omapatrilat in chronic heart failure: acute and long-term
hemodynamic and neurohumoral effects. J Am Coll Cardiol
39:2034-2041, 2002.

63. McClean DR, Ikram H, Garlick AH, et al. Effects of omapatrilat
on systemic arterial function in patients with chronic heart fail-
ure. Am J Cardiol 87:565-569, 2001.

64. McClean DR, Ikram H, Garlick AH, et al. The clinical, cardiac,
renal, arterial and neurohormonal effects of omapatrilat, a
vasopeptidase inhibitor, in patients with chronic heart failure.
J Am Coll Cardiol 36:479-486, 2000.

65. Rouleau JL, Pfeffer MA, Stewart DJ, et al. Comparison of
vasopeptidase inhibitor, omapatrilat, and lisinopril on exercise
tolerance and morbidity in patients with heart failure:
IMPRESS randomized trial. Lancet 356:615-620, 2000.

66. Packer M, Califf RM, Konstam MA, et al. Comparison of
omapatrilat and enalapril in patients with chronic heart failure:
the Omapatrilat Versus Enalapril Randomized Trial of Utility
in Reducing Events (OVERTURE). Circulation 106:920-926,
2002.

67. Rubinstein I, Muns G, Zucker IH. Plasma exudation in con-
scious dogs with experimental heart failure. Basic Res Cardiol
89:487-498, 1994.

68. Sheth T, Parker T, Block A, et al. Comparison of the effects of
omapatrilat and lisinopril on circulating neurohormones and
cytokines in patients with chronic heart failure. Am J Cardiol
90:496-500, 2002.

69. Zanchi A, Maillad M, Burnier M. Recent clinical trials with
omapatrilat: new developments. Curr Hypertens Rep 5:346-352,
2003.

753Vasopeptidase Inhibitors



754 Chapter 72

PRINCIPLES

One century after the discovery of renin by Tigerstedt and
Bergman,1 it is well established that antagonizing the renin-
angiotensin-aldosterone system is a successful treatment for
cardiovascular and renal disease. This system maintains car-
diovascular homeostasis by up- and down-regulating receptor-
mediated effects of the key hormone angiotensin II (Ang II). It
appears to primarily regulate the renal Ang II concentration.2

Ang II is an octapeptide with potent vasoconstrictor and sodi-
um-retaining activity. It also stimulates adrenal aldosterone
release, pituitary vasopressin release, and endothelial endothe-
lin-1 release; it centrally stimulates sympathetic activity; and it
promotes growth and inflammation. Any means to reduce the
activity of Ang II would therefore tend to vasodilate, to reduce
body sodium and water and hence decrease blood pressure,
(BP), to reduce cardiac afterload and cell hypertrophy, and to
be antiinflammatory and antifibrotic and favorably influence
atherosclerotic and fibrotic disease.

The action of Ang II can be antagonized by blocking Ang II at
the receptor site or by reducing the generation of Ang II (Figure
72–1). The receptor blockade was first clinically tested by infu-
sion of peptide analogs of Ang II such as saralasin3 and then
more recently and very successfully by the orally active Ang II
receptor blockers such as losartan.4 Reduced generation of Ang
II can also be obtained by β-adrenergic receptor blocking drugs
that reduce the β-adrenergic receptor-mediated release of renin
from the kidneys.5,6 The renal enzyme renin catalyzes the rate-
limiting step of the renin-angiotensin cascade, and its key prod-
uct Ang II inhibits renal renin secretion. Human active renin is
an aspartyl protease of 340 amino acids and 40,000 Dalton
molecular weight with two N-glycosylation sites. It is secreted
by the renal juxtaglomerular granular epithelioid cells. Human
renin cleaves at optimal pH 6.0 from its natural substrate angio
tensinogen (Ang-N), a mainly hepatogenic α2-globulin, the
physiologically inactive aminoterminal decapeptide angio
tensin I (Ang I). Ang I is activated by the dicarboxypeptidase
converting enzyme (angiotensin-converting enzyme [ACE],
kininase II) into the octapeptide Ang II. Active renin levels are
highly correlated with Ang II levels both in circulating plasma
and at tissue sites.7,8

Renin secretion from the renal juxtaglomerular cells does
not exclusively depend on β-adrenergic receptor activity.
Chloride transport across the renal macula densa cells, as well
as Ang II receptor activity and renal perfusion pressure, also
play important roles in renin release. β-Adrenergic blockade
alone can therefore only partially decrease the secretion of
renin and reduce the generation of Ang II. Specific blockade
of secreted renin was therefore attempted early on with
analogs of the renin substrate Ang-N.9-13

However, the most-successful drugs in reducing the gener-
ation of Ang II were the converting enzyme inhibitors.8,14 The
enzyme converting the inactive decapeptide Ang I into the

active octapeptide Ang II is identical with the kininase II that
inactivates bradykinin. The discovery in the venom of the
snake Bothrops jararaca of a peptide that blocked kininase
II15,16 led to the synthesis of potent orally active inhibitors of
the enzyme that were soon better known under the name
ACE.17 ACE inhibitors are well documented to decrease Ang
II generation, and large clinical trials have established their
clinical benefit in hypertension, heart failure, and protection
of renal function (see Chapters 9 and 65). ACE inhibitors also
cause cough in 10% of patients and angioedema in 1% of
patients, side effects that are attributed to accumulation
of substance P and bradykinin rather than to the decrease in
Ang II levels.

Taken together, there is good clinical evidence that antago-
nizing Ang II favorably influences cardiovascular and renal
disease. Both reduced generation of Ang II and blockade of
the Ang II effects at the receptor site appear successful.
However, β-adrenergic receptor blocking agents provide
incomplete suppression of renal renin secretion and genera-
tion of Ang II; ACE inhibitors cause side effects and Ang II
receptor antagonists block only a single subtype of Ang recep-
tors, exposing other unprotected Ang receptors to feedback-
enhanced circulating Ang levels. Extreme experimental and
clinical conditions indicate that renal renin secretion and
peripheral renin activation are never fully turned off by feed-
back mechanisms18 and that very small amounts of circulating
renin still participate in BP regulation.19 Therefore specific
inhibitors of active renin remained a goal of pharmaceutical
research over the last three decades.

WHY RENIN INHIBITION?

In the 1970s, the regulatory role of the renin-angiotensin-
aldosterone system in cardiovascular homeostasis was well
known.20 However, the debate continued on whether this sys-
tem is more a marginal phylogenetic leftover from several
hundred million years ago when vertebrates evolved out of the
sea into fresh water and later on land and then needed to
defend their salt and water balance or whether renin in mod-
ern humans is of key importance in normal physiology as well
as in many disease states. Renin acts on a unique and species-
specific substrate (Ang-N) and is the rate-limiting enzyme for
the generation of Ang II, an octapeptide with both potent
vasoconstrictor and sodium- and water-retaining capacities. It
was therefore tempting to test the blockade of this hormonal
system that controlled both vasoconstrictor and volume com-
ponents of the blood pressure equation. In early clinical tests,
Ang II analog peptides with receptor-blocking properties did
indeed decrease elevated blood pressure and thus proved the
concept that antagonizing the renin-angiotensin system was
of pharmacologic interest.3 However, partial agonistic proper-
ties of the Ang II analog peptides and lack of biooral avail-
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ability placed the Ang II receptor blockers on ice for another
decade.

Even more extended—over almost three decades—was the
development of specific renin inhibitors. It made sense to block
renin and stem the tide of the renin-angiotensin cascade at the
source, since renin is rate limiting for the generation of all
angiotensins. Blockade of renin activity would not enhance the
activation of unprotected angiotensin receptor subtypes as seen
with selective Ang II receptor antagonists. The exclusive specifici-
ty of renin for its substrate Ang-N made it unlikely that the block-
ade of this enzyme’s activity would produce unwanted effects by
cumulating other peptides as with ACE inhibitors. Finally, in
contrast to β-adrenergic receptor blockers, specific renin
inhibitors should antagonize all active renin independent of the
mechanism of its generation or release. Thus, even constitutive
(unregulated) renal secretion of renin could be blocked.18

RENIN-SPECIFIC ANTIBODIES

Renin-specific purified antibodies, or their Fab fragments,
have been demonstrated in sodium-depleted dogs to decrease
circulating Ang II levels and BP.21 However, parenteral admin-
istration of these short-lived proteins was necessary, and
immunologic complications (antigenic properties, cross-reac-
tions of antibodies, inflammation) were to be expected, as
with active immunization against the renin-angiotensin sys-
tem.22 The hypotensive effect of a crude renin antiserum that
had been tested in animals half a century earlier was never
fully accepted as a proof of concept.23

PEPSTATIN AND STATIN DERIVATIVES

Pepstatin is a strong inhibitor of aspartyl proteases such as
pepsin, cathepsin D, and renin. This natural pentapeptide
isolated from actinomycetes was for many years the classic
renin inhibitor in vitro.24 Pepstatin is not specific for renin
and is poorly soluble in water. Structural derivatives of pep-
statin increased its solubility and specificity for renin by sev-
eral orders of magnitude.25-27 Pepstatin contains the unusual
γ amino acid statin that may substitute for the two amino
acids at the scissile bond of the protein substrate and block
substrate cleavage because of the structural analogy to a tran-
sition state of the peptide bond hydrolysis by aspartyl pro-
teases27 (see later). However, none of these compounds was
used clinically. Structural formulas and published potencies
of these and subsequent early renin inhibitors were summa-
rized by Hui and Haber.28

ANGIOTENSINOGEN ANALOGS

Several specific renin inhibitors were synthesized as of the
1970s, but low efficacy, lack of oral availability, or high costs 
of synthesis prevented them from becoming successful drugs.
Early renin inhibitors were modified analogs of the octapep-
tide from Ang-N that had previously been shown to be the
minimal substrate for renin.29 The cleavage site in human
renin substrate Ang-N is between residues Leu-10 and Val-11,
which differs from the Leu-10–Leu-11 scissile bond sequence
in nonprimate species.30 The replacement or addition of single

Figure 72–1 The renin-angiotensin system and
the levels of its pharmacologic inhibition.
Activation of the Ang II receptor of the subtype
1 inhibits secretion of active renin from renal
juxtaglomerular cells (feedback regulation of
renal Ang II concentration). Specific renin
inhibitors, ACE inhibitors, or Ang II receptor
antagonists increase renin secretion by reducing
feedback suppression of renin secretion. Renin
inhibitors and ACE inhibitors decrease, whereas
Ang II antagonists increase circulating levels of
Ang II.
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amino acids around the scissile P1-P1′ bond of the substrate
led to oligopeptides that were weak renin inhibitors.9,29,31-33

Nevertheless it could be demonstrated that such a renin-
inhibiting decapeptide (RIP) administered intravenously
decreased BP in monkeys34 and humans.12

PRORENIN FRAGMENTS

Prosegment peptidic fragments of pepsinogen are known to
inhibit pepsin. By analogy, several attempts were made to inhib-
it renin with peptidic analogs of prorenin fragments.35,36 Such
renin inhibitors were found to reach low micromolar affinities,
but this was not sufficient for compounds administered par-
enterally. Although innovative, the prorennin fragments
approach to renin inhibition was abandoned.

TRANSITION-STATE ANALOGS

The hypothesis that peptide bond hydrolysis by aspartyl
proteinases such as renin proceeds through a tetrahedral
transition state is supported by conformational studies of the
pepstatin-enzyme complex.37 A substrate analog that would
bind tightly to the active site of renin but could not be cleaved
was expected to be a good renin inhibitor. Accordingly, Szelke
and colleagues replaced in a minimal renin substrate deca-
peptide the scissile peptide bond (-CO-NH-) between the Leu-
10 and Val-11 positions with a reduced and nonscissile bond
(-CH2-NH-) mimicking the hypothetical transition state
conformation; they thus founded a new family of renin inhibi-
tors.38 The reduced bond peptide renin inhibitor H142 was clin-
ically tested: In normal volunteers on a low-salt diet, 30-minute
infusions of H142 (1 mg/kg/hr and 2.5 mg/kg/hr) decreased
diastolic BP by 19% and 23%, respectively, and plasma renin
activity as well as levels of Ang I and II were decreased, while a
reactive rise in circulating active renin was documented.39

Following the same hypothesis about nonscissile transition
state analogs of renin substrate, the pepstatin derivatives and
the statin-containing renin inhibitory peptides (SCRIP) were
tested, since statin mimicked the transition state of the scissile
bond of the renin substrate but did also not contain a dihy-
droxyl species required for the amide bond hydrolysis (see
above). Numerous other substitutions at the scissile bond
have subsequently been tested, including dihydroxyethylene40

and stabilized peptides such as CGP 2928741 or shorter dipep-
tides or peptide-like compounds.28,40,42,43

EVALUATION OF RENIN INHIBITORS

Renin inhibitors are designed to decrease the generation of
Ang II. In contrast to ACE inhibitors, generation of the inac-
tive decapeptide Ang I rather than its conversion into the
active octapeptide Ang II is inhibited. Both renin inhibitors
and ACE inhibitors reduce concentrations of Ang II in body
fluids and at tissue sites close to the specific Ang II receptors,
and both drug classes stimulate renin secretion by the same
mechanism as the Ang II receptor blockers: They interrupt the
negative feedback of Ang II at the juxtaglomerular cells of the
kidneys. Circulating levels of active renin are therefore expect-
ed to be increased by any of the currently used specific

inhibitors of the renin-angiotensin system. The beneficial car-
diovascular effects of these specific inhibitors are primarily
due to reduced activation of the Ang II type 1 receptor AT1.
Any additional vasodilator, natriuretic, diuretic, or growth-
inhibiting effects of ACE inhibitors or Ang II antagonists
mediated by other Ang peptides or receptors would necessar-
ily be enhanced by increased Ang I generation as a conse-
quence of the increased active renin levels. ACE inhibitors
(kininase II inhibitors) may have additional effects related to
the accumulation of kinins.

Effective renin inhibitors must decrease Ang II levels. A reli-
able measurement of plasma and tissue concentrations of Ang-
(1-8)octapeptide is therefore required for evaluation of renin
inhibitors.7,44,45 Changes in plasma Ang II levels during renin
inhibition with different renin inhibitors are well correlated
with BP changes in hypertensive patients,46 monkeys,47 and
sheep.48 Misleading conclusions have often been drawn about
decreasing Ang II levels and hypotensive effects of renin
inhibitors versus ACE inhibitors because of blood-sampling
artifacts49: ACE inhibitors cause high Ang I levels and therefore
tend to generate Ang II in vitro after blood sampling. Renin
inhibitors cause low Ang I levels, and Ang II generation in vitro
is prevented.50 Unless Ang II generation in vitro is prevented by
adding sufficient renin inhibitor to the blood-sampling cock-
tail, Ang II levels during ACE inhibition may be falsely elevated.
This contrasts with ACE inhibitor-induced hypotensive effects,
which may be greater than those found during a weak renin
inhibition, where no Ang II is generated in vitro and plasma
levels are found to be accurately decreased. Interestingly, Ang II
levels, if accurately measured, are decreased to a greater extent
during potent ACE inhibition than during weak renin inhibi-
tion. Blood pressure effects of both drug classes are well pre-
dictable from accurately measured Ang II levels.

Another flaw in the screening of renin inhibitors was the sur-
prising unreliability of conventional and well-established assays
for measurement of plasma renin activity.51,52 Renin assays that
have been in use for decades are not reliable for testing renin
inhibitors. They may overestimate the potency of renin
inhibitors by several orders of magnitude because of chemicals
added to the assays to protect generated Ang I from degradation
during plasma incubation or because of pH changes. More
renin-inhibiting activity is found in the assay than in vivo, and
renin may appear fully inhibited for several hours after adminis-
tration of a renin inhibitor, while plasma angiotensin levels and
BP increase immediately after discontinuation of the drug46

(Figure 72–2). Methods that protect Ang I generated during
plasma incubation by trapping antibodies provide accurate esti-
mations of the IC50s of renin inhibitors.53 Few publications
describing renin inhibitors took account of this observation, and
promising IC50s and overestimated potencies of certain renin
inhibitors after oral administration brought inappropriate mol-
ecules into clinical testing and led to disappointing results, par-
ticularly when these renin inhibitors were compared with potent
ACE inhibitors, which did effectively decrease Ang II levels.
Adding to the confusion was the fact that artifactually measured
plasma Ang II levels were minimally decreased during ACE
inhibition, while marginal decreases in Ang II levels during renin
inhibition were less prone to artifacts and therefore appeared
greater than those obtained with the ACE inhibitors (see earlier).
Since the artifact of the renin activity measurement falsely
labeled the renin inhibitors as potent and underestimated the
potency of the ACE inhibitors, it was not surprising that investi-
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gators hypothesized additional, non–Ang II–mediated hypoten-
sive effects of ACE inhibitors. The supposedly strong renin
inhibitors that supposedly decreased Ang II levels more than
ACE inhibitors had less BP effect than ACE inhibitors. Actually,
weak renin inhibitors were compared with strong ACE
inhibitors. The confusion based on biased biochemical evalua-
tion discredited renin inhibition as a therapeutic principle. More
than a dozen pharmaceutical companies abandoned their
research on renin inhibitors over the last two decades.

The classic hormonal profiles during renin inhibition show
parallel dose-related decreases in plasma renin activity and
Ang I and Ang II levels and a slightly delayed increase in plasma
active renin concentration (Figures 72–3 and 72–4). Based on
accurately measured hormone profiles and knowledge of the
inhibition constant Ki of a renin inhibitor, enzyme kinetic con-
siderations allow calculation of the necessary (minimal) plasma
inhibitor concentration to be reached for any hypothetical plas-
ma active renin concentration to achieve a desired plasma Ang
II level54 (Box 72–1, Figure 72–5). Assuming Michaelis-Menten
kinetics for competitive inhibition and steady state conditions,
the formula of Box 72–1 calculates the Ang I generation rate
(V) in plasma from the measured plasma drug (I) and renin
levels (E). The measured plasma Ang I concentrations are in
excellent correlation with the theoretical angiotensin I genera-
tion rate (Figure 72–5).54 The decrease in plasma renin activity
induced by renin inhibitor therapy is also correlated with the
decreases in blood pressure,55 since plasma renin activity and
angiotensin concentrations are related. Since the renin-
angiotensinogen reaction is exquisitely specific to species, ani-
mal models for evaluation of renin inhibitors are of limited
value. Tests in primates such as the marmoset monkeys are pre-
ferred. Ultimately, clinical testing with accurate methodology is
mandatory.

FFigure 72–3 Time profiles of mean plasma renin activity (A), angiotensin I (B), angiotensin II (C), and active renin (D) in 9
healthy men after acute (Day 1) and sustained (Day 8) inhibition of the renin-angiotensin system by the orally active renin
inhibitor aliskiren and by the ACE inhibitor enalapril. Aliskiren dose-dependently decreases plasma renin activity, Ang I, and
Ang II and increases active renin. Enalapril decreases plasma Ang II but increases renin and Ang I. (From Nussberger J,
Wuerzner G, Jensen C, et al. Angiotensin II suppression in humans by the orally active renin inhibitor aliskiren [SPP100].
Hypertension 39:e1-e8, 2002.)

Figure 72–2 Artifactual overestimation of renin inhibition by
conventional measurement of plasma renin activity (PRA) after
a 30-minute infusion of the renin inhibitor CGP 38560A in
hypertensive patients. PRA appears completely suppressed for
hours when measured by the conventional PRA assay. The
more-physiologic PRA assay using Ang I trapping antibodies
and the circulating immunoreactive Ang I levels indicate
shorter effects of the renin inhibitor. (From Jeunemaître X,
Ménard J, Nussberger J, et al. Plasma angiotensins, renin and
blood pressure during acute renin inhibition by CGP 38560A
in hypertensive patients. Am J Hypertens 2:819-827, 1989.)
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Figure 72–3, cont’d For legend see previous page.
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FFigure 72–3, cont’d

CLINICAL EXPERIENCE

Over the last two decades, several renin inhibitors have been
tested in human subjects. The first clinical experience with a
specific renin inhibitor was obtained with the angiotensino-
gen analog decapeptide RIP.12 This renin-inhibiting peptide
did indeed decrease BP during intravenous administration
in humans, but there was evidence for a direct cardiodepress-
ing effect unrelated to the renin inhibition, and the compound
was abandoned. The first successful clinical testing of a renin
inhibitor was obtained with H142, a reduced peptide bond
transition state analog.39 This peptide was infused into slight-
ly salt-depleted healthy male volunteers. The H142 decreased
BP in parallel with decreases in plasma renin activity and Ang
I and II levels, and plasma active renin concentrations were
increased. Heart rate effects were inconsistent, but heart
rate increased when BP fell with the higher doses of H142.
Generally, renin inhibitors do not change heart rate in salt-
replete individuals. This is in agreement with observations for
Ang II antagonists or ACE inhibitors, since Ang II mediates
reflex tachycardia during hypotension by increasing central
sympathetic outflow and by resetting of the baroreflex.

Subsequent clinical testing of other inhibitors of renin (suf-
fix -kiren) in healthy volunteers even on mild salt restriction
did not show BP or heart rate changes but did evoke dose-
dependent decreases in plasma renin activity, Ang I, and Ang
II that were rapidly reversed after termination of infusion of
enalkiren56 or CGP 38560A57 or oral dosing of remikiren.54 A
massive and long-lasting rise in plasma active renin concen-
trations was consistently observed. In renin-dependent hyper-
tension, the transition state analog renin inhibitor CGP
38560A was infused for 30 minutes46 (Figures 72–1, 72–6, and
72-7): BP fell dose-dependently in parallel with the decreases
in plasma renin activity and Ang I and II levels while active
renin increased. Antihypertensive action in essential hyper-
tensives was demonstrated for high intravenous bolus doses of

enalkiren, particularly in salt-depleted patients, while heart
rate remained unchanged55 (Figure 72–8). Similarly, a weak
antihypertensive effect of orally administered remikiren was
reported, but these results were never confirmed.58 Promising
early clinical testing has also been reported for the strong
peptidic renin inhibitor R-PEP-2759 and for the orally active
renin inhibitors zankiren60 and FK 906,61 but no follow-up has
been published, and the compounds appear to have been
abandoned.

All of these renin inhibitors provided the classic hor-
monal profile when tested with valid methods. However,
the peptides or peptide-like renin inhibitors generally
required parenteral administration and were therefore
without great clinical potential. Few renin inhibitors have
been tested with oral administration, and so far only one,
aliskiren62 (Figure 72–9), appears to become a commercial-
ly viable therapeutic agent.

ORALLY ACTIVE RENIN INHIBITORS

Several renin inhibitors have been tested after oral adminis-
tration,54,58,60-63 In humans, no renin inhibitor has been more
than 3% absorbed. Nevertheless, even with low bioavailabili-
ty, significant and long-lasting decreases in BP can be
obtained in hypertensive patients63 (Figure 72–10).

ALISKIREN

Clinical testing of the orally active renin inhibitor aliskiren
indicates that renin inhibitors have therapeutic potential simi-
lar to that of other antagonists of the renin-angiotensin system.
Early observations indicate that tolerability should be compa-
rable to or better than that of established drugs. Aliskiren is a
low-molecular-weight (MW 552, free base) non-peptidic renin
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EFFECTS OF THE RENIN INHIBITOR (RO 42-5892)
ON THE RENIN-ANGIOTENSIN SYSTEM

AFTER ORAL ADMINISTRATION
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FFigure 72–4 Time profiles of mean plasma renin activity
(PRA), Ang I, Ang II, and active renin in 6 healthy men after
oral single administration of the renin inhibitor remikiren at
three doses or placebo. Remikiren decreases in a dose-
related manner PRA, Ang I, and Ang II, and it increases
active renin. The decreases in plasma levels of Ang I and
Ang II remain significant for maximally 2 hours, and the
increase in active renin lasts for 8 hours. (From Camenzind
E, Nussberger J, Juillerat L, et al. Effect of the renin response
during renin inhibition: Oral Ro 42-5892 in normal humans.
J Cardiovasc Pharmacol 18:299-307, 1991.)

Box 72—1 Calculation of Angiotensin I Generation Rate

V =
kp × [E] × [S]
K

M
(1+[I]/Ki) + [S]

V = angiotensin I generation rate
kp ≈ kcat = rate constant = 0.6/s
[E] = active renin concentration
[S] = angiotensinogen = 1.35 μM
KM = Michaelis-Menten constant = 0.4 μM
[I] = drug concentration
Ki = inhibitor constant = 0.4 nM

Formula for the calculation of the generation rate of angiotensin
I (and Ang II) during renin inhibition assuming Michaelis-Menten
kinetics for competitive inhibition and assuming steady state
conditions. KM and kcat for renin and Ki of any renin inhibitor of
interest are known constants. Concentrations of the inhibitor (I),
the enzyme active renin (E), and the substrate angiotensinogen
(S) can be measured. (From Camenzind E, Nussberger J,
Juillerat L, et al. Effect of the renin response during renin inhibi-
tion: Oral Ro 42-5892 in normal humans. J Cardiovasc
Pharmacol 18:299-307, 1991.)
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FFigure 72–5 Correlation between the actually measured
plasma Ang I (upper panel) and Ang II (lower panel) levels
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inhibitor that consists of a substituted octanamid (see Figure
72–9). It is a competitive transition state analog and specific
inhibitor of human renin. After acute and repeated ingestion
by healthy volunteers, aliskiren causes the classical decreases in
plasma renin activity and Ang I and Ang II levels and an
increase in plasma active renin62 (see Figure 72–3). It decreas-
es urinary aldosterone excretion as much as enalapril (see
Figure 72–11) and has a natriuretic effect.62 In hypertensive
patients, aliskiren at a daily oral dose of 300 mg was at least as
effective as 150 mg irbesartan or 100 mg losartan in reducing
BP63 (Figure 72–10).

OUTLOOK

Although it took three decades to reach today’s insight into the
utility of renin inhibition, it now appears that renin inhibitors
could become, after ACE inhibitors and AT1-receptor blockers,
yet another class of useful drugs antagonizing the renin-
angiotensin system. Renin inhibition does exactly what inves-
tigators anticipated some 30 years ago: It decreases Ang II

FFigure 72–8 Time profiles of systolic (upper panel) and
diastolic BP (middle panel) and heart rate (lower panel) in
patients with essential hypertension receiving increasing
bolus doses of the renin inhibitor enalkiren at 
45-min intervals. Dose-related antihypertensive effects of
the renin inhibitor are enhanced after diuretic pretreatment
with hydrochlorothiazide (B vs. A). Heart rate remains
unchanged and placebo has no effect (C). (From Weber
MA, Neutel JM, Essinger I, et al. Assessment of renin
dependency of hypertension with a dipeptide renin inhibitor.
Circulation 61:1768-1774, 1990.)

Figure 72–6 Parallel changes in plasma angiotensin II
concentrations and mean arterial BP (MABP) in hypertensive
patients during and following a 30-minute infusion of the
renin inhibitor CGP 38560A. Maximal effects are reached
by the end of the infusion, and a return toward baseline
conditions occurs within the following hour (see also Figure
72–2). (From Jeunemaître X, Ménard J, Nussberger J, et al.
Plasma angiotensins, renin and blood pressure during acute
renin inhibition by CGP 38560A in hypertensive patients.
Am J Hypertens 2:819-827, 1989.)

0

50

100

0

10

%
 In

hi
bi

tio
n 

A
ng

 II

%
 F

al
l i

n 
M

A
B

P

0 30 60 90 120

Time (min)

CGP38560A

FFigure 72–7 Correlation between the maximal fall in
plasma angiotensin concentrations and the maximal fall in
mean arterial BP (MABP) in 12 hypertensive patients during
infusion of the renin inhibitor CGP 38560A (see also Figure
72–6). Angiotensin II concentrations may control the BP of
these patients.46

0

5

10

F
al

l i
n 

M
A

B
P

 (
m

m
 H

g)

Fall in plasma Ang (fmol/ml)

1030

r = 0.76

p <.01



generation with all the physiologic consequences, including
decreasing BP and cardiac afterload. Improved bioavailability
should reduce the cost of renin inhibitors. Early results with
combination therapy including both a renin inhibitor and
an ACE inhibitor, AT1 receptor blocker or mineralocorticoid
receptor antagonist, suggest synergistic rather than additive
effects, and more-complete blockade of the renin-angiotensin
system appears advantageous in most forms of hypertension.
With favorable low incidences of side effects, renin inhibitors
combined with AT1 receptor blockers or mineralocorticoid
receptor antagonists may become widely used cardiovascular
drugs.
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Figure 72–10 Antihypertensive effect of aliskiren and losartan in patients with essential hypertension. Mean (SEM) change in
daytime ambulatory systolic and diastolic BPs after 4 weeks of treatment with losartan and different doses of the orally active
renin inhibitor aliskiren. The higher doses of the renin inhibitor are similarly hypotensive as the angiotensin receptor
antagonist. (From Stanton A, Jensen C, Nussberger J, et al. Blood pressure lowering in essential hypertension with an oral
renin inhibitor, aliskiren. Hypertension 42:1137-1143, 2003.)

Figure 72–9 Structural formula of aliskiren, the first clinically
successful orally active renin inhibitor. This substituted
octanamid is a competitive transition state analog and
specific inhibitor of human renin.62
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INTRODUCTION AND EPIDEMIOLOGY

Obstructive sleep apnea (OSA) is common in men and women
of varied ethnic and geographic origins.1-4 In general, about
25% of men and 10% of women have pathologic OSA, whereas
4% of men and 2% of women actually experience symptoms
consistent with the OSA syndrome.3,4 A prospective, population-
based, cohort study has estimated that the 5-year cumulative
incidence of OSA in American adults is about 16%.5

In 2003, the Joint National Committee on Prevention,
Detection, Evaluation, and Treatment of High Blood Pressure
acknowledged that OSA is an important secondary cause of
systemic hypertension.6 This causal link is substantiated by
studies of integrated physiology and a preponderance of epi-
demiologic data2,7-10 that have been substantiated by a large
prospective population-based study.10 Cross-sectional studies
show that about half of patients with OSA have hyperten-
sion,8,9 and the strong association exists regardless of gender,
age, race, and body mass index.8 The most compelling evi-
dence comes from a study of more than 700 patients followed
over 4 years after OSA diagnosis, in whom there was a direct
linear relationship between the severity of OSA and the inci-
dence (i.e., new cases) of hypertension (Figure 73–1).10

Patients with mild OSA had twice the risk, and patients with
moderate-severe OSA had almost three times the risk of
developing hypertension as persons without OSA. This rela-
tionship was independent of obesity, smoking, alcohol, age,
gender, and baseline blood pressure.10

OBSTRUCTIVE SLEEP APNEA

Patients with OSA experience recurrent occlusions of the pha-
ryngeal airway during sleep, resulting in partial or total cessa-
tion of airflow and hypoxemia.11 This is followed by arousal to
a lighter stage of sleep (usually without overt awakening) and
restoration of airflow. This sequence of apneas and arousals
can occur hundreds of times during the night.12 Risk factors
for OSA include male gender; middle age; retroposition of the
mandible; decreased palatal height; and increased body mass
index, waist circumference, and neck circumference.4,13-15

Polysomnography is the gold standard to diagnose and
assess the severity of OSA. Full polysomnography includes the

simultaneous measurement during sleep of the electrocardio-
gram, electrooculogram, electroencephalogram, electromyo-
gram, thoracoabdominal movements by strain belts, and
nasooral airflow (Figure 73–2). An obstructive apnea is
defined as the absence of airflow for at least 10 seconds in the
presence of thoracoabdominal movements. An obstructive
hypopnea is defined as at least a 50% decrease in airflow asso-
ciated with either a decrease in oxygen saturation greater than
4% or evidence of arousal on the electroencephalogram. The
apnea-hypopnea index (AHI), the number of apneic and
hypopneic events per hour of sleep, is used to quantify the
severity of OSA. An AHI less than 5 is normal; 5 to 15 is clas-
sified mild OSA; 15 to 30, moderate OSA; and greater than 30,
severe OSA.16

BLOOD PRESSURE IN NORMAL SLEEP

Normally, in patients without OSA, rapid eye movement
(REM) sleep is characterized by marked fluctuations in blood
pressure and heart rate, as well as increased sympathetic activi-
ty to muscle blood vessels. In general, however, heart rate and
blood pressure are lower during sleep than during waking
hours.17-21 Decreases in blood pressure are mild and due to
reductions in both cardiac output and systemic vascular resist-
ance.22,23 These normal changes are most apparent during deep
non-REM sleep, and they appear to be related to cardiovascular
autonomic function during sleep,19 characterized by increased
vagal activation and decreased sympathetic drive.17,19,24

BLOOD PRESSURE IN OBSTRUCTIVE
SLEEP APNEA

Acute Nocturnal Changes in Blood
Pressure
The sleep stage–dependent changes of normal sleep are dis-
rupted in patients with OSA, in whom blood pressure
markedly increases during sleep.25-27 The mechanisms
responsible for this increase include sympathetic activation
due to chemoreflex excitation and the effects of circulating
vasoconstrictors. Sympathetic activity and blood pressure
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progressively increase during an apnea.25 At termination of
apnea, blood pressure surges, sometimes to levels as high as
240/130 mm Hg, and sympathetic activity is abruptly inhib-
ited.25 The numerous repetitive apneic episodes result in
large fluctuations in sympathetic activity and blood pressure
throughout the night (Figure 73–3). These changes occur
more often during stage II and REM sleep, when apnea
severity is greatest. In addition, the normal nocturnal
decrease in blood pressure may not occur or is blunted in
patients with OSA (i.e., they are often “nondippers”).25,28

The increases in sympathetic activity during apneic episodes
are due to the synergistic effects of hypoxemia and hyper-
capnia on peripheral and central chemoreceptors,29-32 the
effects of which are further augmented by the apnea-related
absence of sympathetic inhibitory signals from the thoracic
afferents.33,34

Chronic Daytime Changes in Blood
Pressure
The development of hypertension may be due to the daytime
carryover of various nocturnal mechanisms of increased
blood pressure in patients with OSA, in addition to other fac-
tors that are not directly related to the sleep-wake cycle.

Sympathetic Activity

Increases in sympathetic activity, evident during sleep, persist
during daytime normoxic wakefulness in patients with
OSA.25,31,35-37 Abnormalities in both baroreflex function32,38,39

and chemoreceptor activation31,32 may contribute to this sus-
tained daytime sympathetic excitation.

Cardiovascular Variability

In otherwise healthy patients with OSA, heart rate variability
is decreased and blood pressure variability is increased in par-
allel with the severity of the sleep disorder.40 In individuals
without high blood pressure, decreased heart rate variability
confers an increased risk of developing hypertension.41

Increased blood pressure variability in patients with hyper-
tension and decreased heart rate variability in patients with
cardiovascular disease are both associated with adverse out-
comes.42-46 Thus, abnormalities in cardiovascular variability
may be related to the development of hypertension and other
cardiovascular diseases in patients with OSA.

Endothelial Dysfunction

Patients with hypertension have impaired endothelium-
dependent vascular relaxation,47 and this may be partly
explained by associations with OSA. Endothelium-dependent
vasodilation of conductance and resistance vessels is abnor-
mal in otherwise healthy patients with OSA.48-50 Increased
sympathetic drive, decreased nitric oxide production, inflam-
mation, and humoral factors may mediate or contribute to
endothelial dysfunction and hypertension in patients with
OSA. Patients with OSA have lower endothelial nitric oxide
synthase activity, and OSA may also be accompanied by lower
circulating levels of nitric oxide.51,52

Humoral Factors

Endothelin-1 is a potent vasoconstrictor with sustained activ-
ity and may be partly responsible for daytime hypertension
associated with OSA. Endothelin-1 is elevated in patients with
untreated OSA but not in patients with normal sleep.53

Hypoxia is a strong stimulus for endothelin-1 production. In
an animal model, intermittent hypoxia (such as in OSA)
increases endothelin-1 and blood pressure, whereas treatment
with an endothelin-1 blocker lowers blood pressure.54 Leptin,
an adipocyte-derived hormone with effects in various organ
systems, may be associated with an increased risk of cardio-
vascular events.55 Leptin levels are increased in obese patients
and are even higher in patients with OSA.56 In an animal
model, administration of leptin increases blood pressure and
renal sympathetic drive.57,58 As such, in addition to its associ-
ations with obesity and cardiovascular disease events, leptin
may contribute to sustained daytime hypertension in patients
with OSA.

Inflammation

OSA is characterized by marked local and systemic inflamma-
tion, independent of obesity and other comorbidities.
Pharyngeal airway tissues of patients with OSA are congested
with inflammatory cells, which may result in anatomic narrow-
ing and functional impairments of the airway that predispose to
apneas.59 Systemic inflammation is evidenced by elevated circu-
lating levels or activity of C-reactive protein,60,61 cytokines such
as interleukin-6 and tumor necrosis factor-α,61,62 adhesion
molecules,63-66 and reactive oxygen species.67-69 Hypertension, is
also independently associated with elevated plasma concentra-
tions of C-reactive protein.70 Middle-aged individuals with
higher C-reactive protein levels, even those with low blood
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pressure and no comorbidities, have a significantly increased
risk of developing incident hypertension in less than a decade.71

The inflammatory milieu in these conditions is likely related to
endothelial dysfunction and may have potential implications
for related cardiovascular complications.

Predisposition to Obesity

The relationship between obesity and hypertension is likely
mediated by multiple interacting factors, including genetics,
neural and metabolic abnormalities, fat distribution, and
OSA.72 Obesity is thought to be the most powerful risk factor
for OSA. About 70% of patients with OSA are obese, and a
10% weight gain is associated with a sixfold increase in the

risk of OSA.10 Although numerous mechanisms are implicat-
ed in the causal pathway from obesity to OSA, it is possible,
conversely, that OSA itself is a risk factor for obesity. Patients
with newly diagnosed OSA have reported weight gain in the
time before the diagnosis.53,56 As discussed later, treatment of
OSA results in weight loss and redistribution of fat.73,74

Multiple mechanisms may explain this relationship (such as
decreased activity due to daytime somnolence, resistance to
the satiety signal of the leptin hormone,56 and effects of lep-
tin on respiratory control during sleep).75 Thus, although
obesity may cause OSA in some patients, in others OSA may
lead to weight gain. This is important because the combina-
tion of OSA and obesity synergistically increase the risk of
hypertension.8,76,77
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Figure 73–2 Polysomnographic tracing with obstructive apneas. Shown are (A) electrooculography, (B) electroencephalography,
(C) electromyography, (D) electrocardiography, (E) thermistor measures of airflow, (F) sonography, (G) pulse oximetry, (H)
measures of thoracoabdominal movements via excursion belts, and (I) blood pressure measurements during 90 seconds of
REM sleep. Arrow 1 marks the initiation of an obstructive apnea, and arrow 2 marks its termination. (From Gami AS, Caples
SM, Somers VK. Obesity and obstructive sleep apnea. Endocrinol Metab Clin N Am 32(4):869-894, 2003; with permission.)



OBSTRUCTIVE SLEEP APNEA THERAPY

Weight Loss
Weight loss can potentially cure OSA and may also attenuate
associated comorbidities, especially hypertension.78-82 Even a
small weight reduction can elicit significant improvements in
symptoms and severity of OSA.83,84 Due to generally poor suc-
cess in obesity treatment, other therapies for OSA are often
necessary.

Positive Airway Pressure
Continuous positive airway pressure (CPAP) is most com-
monly administered via a nasal mask. Applied during sleep,
the pressurized air exerts an outward force and essentially
splints the airway open, preventing obstruction during venti-
lation.85 In most patients without specific indications for sur-
gical treatments (i.e., craniofacial abnormalities), CPAP is the
most effective therapy for OSA and improves daytime symp-

toms and function in patients with moderate or severe
OSA.86-88 The main obstacle to treating patients with CPAP is
poor compliance, due to discomfort or inconvenience of the
apparatus. Only half of patients accept the recommendation
for its use, and a small fraction are compliant.89-92 Strategies to
increase its use include more comfortable masks,93 humidified
air,94 different inspiratory and expiratory pressures (bilevel
positive airway pressure, or BiPAP),95,96 and team-based
approaches to managing patients.89 Treatment with CPAP has
been shown to significantly lower nocturnal and daytime
blood pressure levels (discussed later).

Oral Appliances
Oral appliances are intended to alleviate OSA by repositioning
the tongue and/or mandible to prevent airway occlusion dur-
ing sleep. Results are fair (up to 60% efficacious) with various
designs,97-100 and they may be more useful for patients with
supine OSA.101 Patients prefer oral appliances to other modes
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Figure 73–3 Sympathetic nerve activity (SNA), respirations, and intraarterial blood pressure (BP) in an individual with obstructive
sleep apnea  (A) when awake,  (B) during rapid eye movement (REM) sleep with obstructive apneas, and (C) during REM sleep
with continuous positive airway pressure (CPAP) therapy. SNA is increased when awake, and it is higher during REM sleep. BP is
normal when awake and exceeds 250/110 mm Hg at termination of the apneas during REM sleep. CPAP therapy during REM
sleep abolishes apneas, resulting in decreased SNA and elimination of BP fluctuations. (Republished with permission of Journal of
Clinical Investigations, from Somers VK, Dyken ME, Clary MP, et al. Sympathetic neural mechanisms in obstructive sleep apnea. J
Clin Invest 96:1897–1904, 1995; permission conveyed through Copyright Clearance Center, Inc.)



of treatment,97 and they should be offered to patients who do
not tolerate or are not candidates for other therapies. It is
unknown whether use of oral appliances results in decreased
daytime blood pressure.

Surgery
Surgery can cure OSA when specific craniofacial abnormali-
ties, such as severe retrognathia, tonsillar hypertrophy, or
deviated nasal septum, cause airway obstruction.102,103 Despite
its popularity, uvulopalatoplasty (UPP) is often ineffective,
and more than half of patients will still have severe OSA (AHI
>20) 2 years after surgery.104 Patients who may benefit more
from UPP are those with milder OSA and those who weigh
less.104 Bariatric surgery, including the Roux-en-Y gastric
bypass, gastroplasty, and gastric banding, results in substantial
weight loss in patients who are severely obese. This usually
results in improvement or cure of OSA and many associated
comorbidities.82,105-110 However, as in nonsurgical weight loss,
OSA returns when weight is regained.109 The definitive and
immediate treatment of OSA, reserved for debilitating cases
that are unresponsive to other therapies or during medical ill-
nesses that preclude their use, is tracheostomy, which allows
ventilation to completely bypass the collapsible airway.111

BLOOD PRESSURE EFFECTS OF
OBSTRUCTIVE SLEEP APNEA THERAPY

Positive Airway Pressure
The widely used, titratable, and effective therapy for OSA,
nasal CPAP, has beneficial effects on numerous mechanisms of
hypertension, acute nocturnal blood pressure surges, daytime
hypertension, and the complications of hypertension.

Both short- and long-term use of CPAP attenuate many of
the mechanisms related to hypertension in patients with OSA.
It has been shown to markedly decrease sympathetic activity
acutely during the night25 and during daytime wakefulness.112

Its use is also associated with decreased production of super-
oxide by polymorphonuclear neutrophils,51 increased nitric
oxide,67 and attenuated white cell adhesion to cultured
endothelial cells,65 which may improve endothelial function.
Sustained CPAP therapy reduces circulating levels of
angiotensin II113 and leptin.52,74,114,115 There is even evidence
that long-term use of CPAP aids weight loss73,116 and changes
the distribution of fat (decreasing visceral adiposity),74 both
of which have important effects on hypertension.117,118

There are unequivocal beneficial effects of CPAP on blood
pressure and hypertension. During sleep, CPAP decreases
acute nocturnal blood pressure surges25,119,120 and helps reestab-
lish the normal dip in nocturnal blood pressure.25 The carry-
over of these effects into the daytime has been shown by
numerous observational studies120-125 and now more random-
ized controlled trials.92,125 Becker et al. randomized 60 patients
with moderate or severe OSA to either effective CPAP or sub-
therapeutic CPAP for 9 weeks. Although only 32 patients
completed the study (again highlighting technical and com-
pliance issues related to CPAP), the results showed a signifi-
cant decrease of about 10 mm Hg in mean, systolic, and dias-
tolic blood pressures during the night and daytime in patients
using effective CPAP (Figure 73–4).92

The magnitude of blood pressure reduction with CPAP
therapy appears to be greatest in patients using antihyperten-
sive medications.125 It also appears that the magnitude of
blood pressure reduction correlates with the severity of
OSA.125 These data add to the evidence that OSA may be a
cause of resistant hypertension,126-130 which may be more
responsive to pharmacologic therapy after initiation of CPAP
(see Chapter 59 for a discussion of resistant hypertension).

In addition to direct effects on hypertension, OSA therapy
may conceivably decrease the incidence and the severity of
complications of hypertension, such as left ventricular hyper-
trophy,131 congestive heart failure,132-135 atrial fibrillation,136

and ischemic heart disease.137 Of special note are the benefi-
cial effects of CPAP therapy on several components (in addi-
tion to hypertension) of the metabolic syndrome, including
visceral adiposity,74 insulin resistance,138-141 and dyslipi-
demia.142,143

SUMMARY

1. OSA is a secondary cause of systemic hypertension.
2. OSA is prevalent in patients with hypertension.
3. Risk factors for OSA include male gender, age, body mass

index, waist circumference, neck circumference, and oral
cavity dimensions.

4. Patients with resistant hypertension (patients whose blood
pressure is not at goal while taking adequate doses of two
or more appropriately chosen medications) should be con-
sidered for polysomnography to rule out OSA.
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FFigure 73–4 Changes in mean arterial pressure (MAP),
systolic pressure, and diastolic pressure with use of effective
continuous positive airway pressure (CPAP) therapy (closed
bars) and subtherapeutic CPAP therapy (open bars). Blood
pressures were measured continuously and noninvasively in
an ambulatory setting before and after an average of 2
months of effective or subtherapeutic CPAP therapy in a
predominantly hypertensive group of patients with moderate
to severe obstructive sleep apnea syndrome. Asterisks
indicate p <.05. (From Becker HF, Jerrenstrup A, Ploch T,
et al. Effect of nasal continuous positive airway pressure
treatment on blood pressure in patients with obstructive sleep
apnea. Circulation 107:68–73, 2003; with permission.)



5. Polysomnography is the gold standard for diagnosing and
assessing the response to therapy for OSA.

6. Effective therapies for most patients with OSA include
sustained weight loss (ideal) and CPAP (most widely
used).

7. Treatment of OSA with CPAP may have important benefi-
cial effects for treatment of hypertension and mitigating its
serious complications, including arrhythmias, congestive
heart failure, and ischemic heart disease.
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SIGNIFICANCE

Renovascular hypertension results from renal ischemia and is
usually caused by a partially or completely occlusive lesion of
one or both renal arteries. It may affect up to 5% of patients
with hypertension and is the most common cause of cor-
rectable (secondary) hypertension. Renovascular hyperten-
sion may lead to ischemic nephropathy and even end-stage
renal disease (ESRD) in a significant proportion of affected
patients.1,2 It is a major public health problem.

INCIDENCE AND CAUSE

Most patients with renovascular disease present with moder-
ate to severe hypertension, although blood pressure may be
normal or only mildly elevated. Renovascular disease is less
common in African Americans than in Caucasians, in whom
it may cause accelerated or malignant hypertension in as
many as 10% to 45% of affected patients.3,4 In African
American patients with clinical features, suggestive of reno-
vascular disease, the incidence of accelerated or malignant
hypertension may be as high as 20%.4

Hypertension may result from any form of ischemic renal
disease (e.g., scleroderma, vasculitis of the kidney or renal
artery, atheroembolic disease, aneurysms, or other extrinsic
compression of the renal arteries). Atherosclerotic renal artery
disease accounts for more than two thirds of cases of renovas-
cular hypertension, but most of the remainder are caused by
fibromuscular dysplasia.1 Atherosclerotic renovascular disease
typically presents in patients older than 40 years of age, most
commonly involves the renal ostium (extending from an aor-
tic atherosclerotic plaque) or the proximal third of the renal
artery, and has a male:female ratio of 2:1.1,5 Fibromuscular
dysplasia, of which there are four types (medial fibroplasia,
perimedial fibroplasia, medial hyperplasia, and intimal fibro-
plasia), is more commonly seen in younger patients, usually
Caucasian females. Medial fibroplasia is the most common
type and accounts for approximately two thirds of cases. The
lesions of fibromuscular dysplasia are generally bilateral and,
unlike those seen with atherosclerotic renovascular disease,
affect the more distal portion of the renal artery.6

CLINICAL SIGNS AND SYMPTOMS

Because of its low incidence in uncomplicated hypertensives,
screening all hypertensive patients for renovascular disease is
not cost-effective.7 The clinician should screen those hyper-
tensive patients who present with one or more of the follow-
ing signs or symptoms1,8-14:

1. Severe or refractory hypertension, with evidence of grade
3 or 4 hypertensive retinopathy (particularly in Caucasian
patients)

2. Abrupt onset of moderate to severe hypertension, partic-
ularly in a previously well-controlled hypertensive or nor-
motensive patient

3. Onset of hypertension before age 20 (early onset) or after
age 50 (late onset), particularly in the absence of a family
history of hypertension

4. Unexplained significant deterioration in renal function
with or without hypertension or proteinuria (which may
be in the nephrotic range)

5. A rise in serum creatinine concentration of greater than
20% to 30% in association with the administration of
angiotensin-converting enzyme (ACE) inhibitors or
angiotensin II receptor blockers (ARBs), or with a reduc-
tion of blood pressure to “normal” with other antihyper-
tensive agents

6. Paradoxical worsening of hypertension with diuretic
therapy

7. Spontaneous hypokalemia
8. Recurrent “flash” pulmonary edema or otherwise unex-

plained episodes of congestive heart failure
9. Generalized vascular disease

10. The presence of a systolic-diastolic abdominal bruit that
lateralizes to one or both flanks (a systolic bruit alone is
more sensitive but less specific)

11. Stigmata of cholesterol emboli

To better predict which patients should be selected for renal
angiography, Krijnen et al. have weighted some of the afore-
mentioned and other signs and symptoms to derive a clinical
assessment score for patients.15 At best, each score assigned to
a patient had only a 72% sensitivity and 90% specificity in
predicting which patients had renovascular disease. In addi-
tion, their cohort excluded African Americans and their defi-
nition of renal artery disease (greater than a 50% lesion by
angiography) was independent of a response to treatment.16

Similarly, a prospective method utilizing ACE inhibition to
predict the presence and severity of renal artery disease and
other predictive efforts are too nonspecific to rule out its pres-
ence or absence.9,17-20 Therefore, a suggestive history remains
the best and most practical criterion to determine whether to
proceed with the screening tests described later.

SCREENING TESTS

There are several screening tests for renal artery disease, each
with its own advantages and disadvantages. The tests we find
most useful are radioisotope scanning, magnetic resonance
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angiography (MRA), and spiral (helical) computed axial
tomography (CT).21 Because a negative screening test does
not entirely preclude the presence of a renal artery lesion, if
our clinical suspicion is high and a radiologic or a surgical
intervention is deemed emergent, we proceed directly to
angiography (Figure 74–1).

Radioisotope Scanning
Renal scintigraphy, with and without ACE inhibition, is our
most frequently used initial screening test in patients without
renal insufficiency (Figure 74–2).1,22 A scintigraphic study
without ACE inhibition (nonstimulated), using either I131

orthoiodohippurate (OIH) or 99mTc diethylenetriamine pen-
taacetic acid (DTPA) as the radioisotope, is only as sensitive
and specific as an intravenous pyelogram (see later) and is,
therefore, of limited value as a screening test.22-24 However,
both the sensitivity and the specificity of the study can be
greatly improved (90%-95%) with a stimulated (captopril)
scan.25-28 When the precaptopril and postcaptopril (nonstim-
ulated vs. stimulated) renograms are compared, a decrement
in renal function may be seen in the involved kidney. This
occurs because ACE inhibition attenuates the angiotensin-
mediated vasoconstriction (in the efferent arteriole more so
than the afferent arteriole) distal to the renovascular lesion,
thereby reducing intraglomerular capillary pressure and, as a
consequence, the glomerular filtration rate (GFR). Less often,
an improvement in function may be demonstrated on the
uninvolved side.24,29,30 The sensitivity of ACE-enhanced
renography appears to be better than that of an ARB enhanced
scan. Angiotensin receptor blockade results in efferent arteri-
ole vasodilation through its action on angiotensin II type 1
(AT1) receptors, as well as afferent arteriole vasodilation via

angiotensin II–induced stimulation of AT2 receptors. As a
result of the physiologic effects of angiotensin II and its recep-
tors, GFR is more likely to be maintained distal to a renal
artery lesion with an ARB when compared with an ACE
inhibitor, thereby diminishing the scan’s sensitivity.14,31,32 In
addition to its high sensitivity and specificity, ACE inhibition
renography is easy to perform, does not require discontinuing
antihypertensive medications (except ACE inhibitors and
ARBs at least 48 hours prior to the study), and may predict the
blood pressure response to revascularization.25,26,28,33-37 The
following are consistent with a positive study:

1. Decreased relative uptake by the involved kidney, which in
turn contributes less than 40% of the total renal function

2. Almost twice the usual time (5 minutes to peak uptake of
the isotope on the affected side

3. Delayed washout of the radioisotope of more than 5 min-
utes on the involved side compared with the contralateral
kidney

The radionuclides of choice are DTPA, a marker of
glomerular filtration, and OIH, a marker of renal plasma flow.
No statistically significant difference in quantitative or quali-
tative accuracy has been demonstrated between the two mark-
ers in the absence of significant renal insufficiency.38 However,
in the presence of moderate renal insufficiency, OIH is more
sensitive.33 Mercaptoacetyltriglycine (Mag3), a radionuclide
with transport properties similar to those of hippuran, has
also been utilized and is particularly useful when colabeled
with 99Tc, with which it better delineates renal anatomy and
can estimate renal blood flow.39

Although uncommon, an occasional patient, when given
captopril prior to renal scintigraphy, may experience a
hypotensive episode, which is unrelated to the presence of
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significant renal artery stenosis (RAS).40 Because prostaglandin
metabolism may play a pathophysiologic role in renovascular
hypotension, to avoid hypotension, an alternative method to
increase the sensitivity of renal scintigraphy may be by
inhibiting prostaglandin synthesis.41 Preliminary experience
utilizing acetylsalicylic acid in place of captopril indicates that
it may be an acceptable alternative to ACE inhibition.42,43 Thus
far, no patient studied with this procedure has had a clinically
significant episode of hypotension.

Stimulated renal scintigraphy is a practical screening test
with high sensitivity and specificity, but its use is limited in
patients with advanced azotemia or bilateral renovascular dis-
ease. It has been suggested that stimulated renal scans not be
used in patients with creatinine clearances of less than
20 ml/min because of diminished accuracy at this level of
renal dysfunction.23,24,28,30,44-46 However, furosemide when
combined with OIH in stimulated scintigraphy has been
found to be both sensitive (96%) and specific (95%) in
screening patients with varying degrees of renal insufficiency
(serum creatinine concentrations 1.8 to 5.3 mg/dl). This study
was done in only a small number of patients and must be con-
firmed by larger trials.33

Radioisotope scanning is most useful in patients with
normal renal function and “resistant” or difficult-to-control
hypertension. If the scan is negative, and the patient’s moder-
ate to severe hypertension is likely to be due to inadequate

therapy or noncompliance, we will not proceed with any fur-
ther screening tests. If the scan is positive, we usually proceed
with MRA.

Magnetic Resonance Angiography
Prospective studies indicate that three-dimensional phase
contrast MRA with the paramagnetic contrast material
gadopentetate dimeglumine (gadolinium), which is non-
nephrotoxic, may be more sensitive than other screening tests
(Figure 74–3).21,47,48 As an example, 80 patients were studied
in trials comparing MRA with digital subtraction angiography
(DSA) (see later) or conventional renal angiography.49,50

A sensitivity approaching 100% and a specificity of 71% to
96% was found with MRA. A meta-analysis of studies com-
paring MRA with conventional angiography has confirmed
these findings and notes the superiority of gadolinium-
enhanced studies compared with nonenhanced studies.51 When
combined with cardiac synchronization, three-dimensional
MRA can sharply delineate virtually the entire length of the
major renal arteries. However, the visualization of distal,
intrarenal, and accessory renal arteries that may have hemo-
dynamically significant occlusive lesions remains suboptimal
but has improved with the use of breath-hold high-spatial res-
olution, three-dimensional MRA with gadolinium.52-62 In a
study by Thornton et al. comparing MRA with breath-holding
with conventional DSA, 2 of 10 (20%) accessory renal arteries
were missed by MRA but detected by conventional DSA.58

Although the percentage of nondemonstrable accessory renal
arteries by MRA in this study appears high, it must be

Figure 74–2 Renal scan, using 99mTC DPTA as the
radionuclide, demonstrates reduced and delayed blood flow
to the left kidney due to renovascular disease of the left renal
artery.

Figure 74–3 Time-of-flight MRA demonstrates a small area of
narrowing 6 mm from the origin of the right renal artery and
a severe occlusion of the left renal artery at its origin with
poststenotic dilation.



noted that these arteries were less than 2 mm in size and clin-
ically insignificant. The demonstration of stenoses and/or
occlusions of arteries with clinical significance was therefore
100%, with one false positive. In another study by Shetty et al.,
all 11 accessory arteries were successfully detected using this
MRA technique.60 Results similar to these have also been
obtained in patients with renal occlusive disease resulting in
renal insufficiency. False-negative studies are rare, but overes-
timation of the degree of RAS because of overlying athero-
sclerotic plaques or tortuous vessels remains problematic and
may lead to a false positive diagnosis in a small percentage of
patients.

Despite these shortcomings, MRA is the single most reliable
noninvasive method of detecting RAS and may soon, if nega-
tive, obviate the need for conventional angiography.51,63-65

MRA can also noninvasively determine both the absolute
renal blood flow and the GFR and thus assess the functional
significance of renovascular lesions.54,55 Furthermore, prelim-
inary data suggest that the use of triple dose gadolinium may
result in better imaging resolution and a greater confidence in
diagnosis when compared with the conventional dose.66

However, its safety in patients with renal insufficiency is
unknown and, therefore, the role of high-dose gadolinium is
not yet established.

MRA is extremely valuable in providing a noninvasive
method of visualizing the arterial anatomy and is often the
decisive factor in determining whether reperfusion is warranted.
This excellent screening modality remains limited by its
expense, its lack of general availability, and its contraindica-
tion in patients with metallic clips and implants, such as pace-
makers and defibrillators.

Computed Axial Tomography
Spiral (helical) CT angiography with intravenous contrast
administration has been used as a screening test for detecting
renovascular lesions in patients with normal renal function.
With this technique, the diagnostic accuracy in detecting
renal artery lesions is quite good, with some investigators
reporting a 98% sensitivity and a 94% specificity.67 In a
prospective study comparing spiral CT angiography and
intraarterial DSA in 50 patients with normal renal function
suspected of having RAS and in potential kidney donors, spi-
ral CT angiography demonstrated 27 of 28 accessory renal
arteries and 100% of stenoses of 50% or more in the main
renal arteries.68 These results were reconfirmed in a larger
study by Wittenberg et al.69 In this study, 197 arteries were
examined in 82 patients and only one significant renal occlu-
sive lesion was missed. In another prospective study compar-
ing it with Doppler ultrasound, spiral CT angiography was
the more accurate screening technique.70 If these initial
observations are confirmed by larger studies in patients with-
out renal insufficiency, spiral CT angiography may become
the noninvasive screening technique of choice. However, both
the sensitivity and the specificity of this test decline (to 93%
and 81%, respectively) in the presence of renal insufficiency
(serum creatinine concentration >1.7 mg/dl).67 Furthermore,
the risk of radiocontrast-induced nephrotoxicity is signifi-
cant because the volume of radiocontrast required is large
(approximately 100 ml). These shortcomings have been the
major limitations to its usefulness in our patient population,
many of whom have significant renal insufficiency at presen-

tation. We use spiral CT angiography, if an MRA is con-
traindicated and there is no renal insufficiency nor an emer-
gent need for nonmedical intervention.

Angiography
Negative screening tests do not totally exclude the presence of
a renal artery lesion, especially in the distal vessels.21

Therefore, the clinical index of suspicion should determine
which screening tests, if any, should be done. The clinician
may opt to proceed immediately with conventional renal
angiography or an intraarterial DSA, both of which remain
the diagnostic gold standards (Figure 74–4).23,24,29 This is done
when emergent percutaneous or surgical intervention is
deemed appropriate. Because intraarterial DSA requires the
administration of less radiocontrast (25-50 ml) than conven-
tional angiography (100 ml), it is preferred, especially in
patients with compromised renal function.

Carbon dioxide (CO2) digital angiography has been used as
an effective alternative to iodinated contrast agents in patients
with renal insufficiency. When used in combination with dig-
ital subtraction, intraarterial CO2 angiography provides diag-
nostic imaging similar to that achieved using standard con-
trast studies, while eliminating the potential nephrotoxicity of
radiocontrast.71,72 Despite the absence of renal toxicity with
CO2 angiography, it may not provide adequate visualization of
the more distal vasculature and requires an experienced tech-
nician, as well as sophisticated programming with electronic
enhancement. In addition, the procedure may be complicated
by air embolization, neurotoxicity, and renal ischemia due to
“vapor lock.” It still remains an investigational tool. Spinosa
et al. have established the usefulness of gadolinium-enhanced
CO2 angiography when compared with CO2-enhanced renal
angiography.73,74 Gadolinium appears to be nonnephrotoxic
even when given intraarterially and can also be used to

777Renovascular Hypertension: Diagnosis and Treatment

Figure 74–4 Selective renal angiography of the left renal
artery demonstrates a 99% stenosis of the artery at its origin.



supplement CO2 angiograms or, when necessary, confirm
CO2-enhanced angiographic findings. Although promising,
the results of these studies were not directly compared with
conventional angiography in the same patients, making it
impossible to determine whether areas of arterial occlusion
were missed with this technique.

Compared with intraarterial injection, intravenous DSA is
less invasive and does not pose a risk of cholesterol emboliza-
tion. However, the renal vasculature is not as well delineated
as with intraarterial injection; the amount of radiocontrast
required is greater (150-200 ml); and the sensitivity and speci-
ficity are 90% or less, compared with arterial studies.75,76 In
addition, it requires more dye and is less reliable than a spiral
CT scan. Therefore, we no longer use this test.

Duplex Doppler Ultrasonography
Similar to scintigraphy with Mag3 colabeled with 99Tc, ultra-
sonic duplex scanning of the renal arteries can provide both
anatomic and functional information. This technique com-
bines direct visualization of the main renal arteries via
B-mode ultrasound imaging with Doppler measurements of
various hemodynamic parameters characteristic of renal
artery lesions. Stenotic lesions are detected by comparing the
acceleration time, the resistive indexes of each kidney and
artery, and the systolic or end-diastolic flow in the involved
renal artery to that in the aorta. Early experience with this
technique demonstrated a significant false-negative rate of 8%
to 20%. However, studies have demonstrated greatly improved
sensitivity and specificity when sonography was performed
before and then compared with the results of angiography.77-84

As with radioisotope scanning, captopril (stimulated) Doppler
ultrasound studies have further increased the sensitivity of the
technique. The specific Doppler wave forms distal to the vas-
cular lesion are enhanced by captopril and the sensitivity of
the study may increase significantly and may approach 100%
following captopril administration.85

Duplex ultrasonography by utilizing intrarenal echo-
Doppler velocimetric indexes (particularly the acceleration
time and index) have been used to assess the success of dila-
tion procedures, predict re-stenosis, and detect re-stenosis in
arteries previously revascularized by angioplasty, stent place-
ment, or surgery.29,79-81 A prospective study compared duplex
Doppler scanning with captopril-stimulated renography in
terms of their ability to detect hemodynamically significant
renovascular lesions and to predict the fall in blood pressure
following percutaneous transluminal angioplasty. No signifi-
cant difference between the two tests was found, and the pos-
itive predictive value of both for blood pressure cure or
improvement approached 90%.86 Radermacher et al.87 utilized
the Doppler determined renal resistive index, a measure of
structural alterations in distal smaller renal arteries and arte-
rioles, to predict which of 138 patients with 50% or greater
stenosis of unilateral or bilateral renal arteries would have an
improvement in blood pressure and/or renal function follow-
ing revascularization. Although specific information about
individual patients regarding the degree of stenosis, whether
the lesions were unilateral or bilateral and the type of proce-
dure performed was not given, a resistance index (1 minus
end-diastolic velocity divided by maximal systolic velocity
× 100) of greater than 80 identified with reasonable accuracy
(80%-97%) those patients in whom angioplasty and/or sur-

gery did not improve blood pressure, renal function, or kidney
survival. Patients with a resistance index less than 80 were likely
to have a successful intervention. The resistance index is
potentially a useful guideline but should not be the sole factor
in determining which patients should undergo interventional
procedures.88

Duplex Doppler scanning is noninvasive, does not require
discontinuing any antihypertensive medications, and does not
involve exposure to radiation or radiocontrast. Unlike the
other screening tests described, it may be used with accuracy
in patients with renal failure, and it provides information
regarding the presence of bilateral disease.

Despite these advantages, the usefulness of duplex Doppler
ultrasonography as a screening tool is limited because it is
very time-consuming, operator-dependent, and technically
difficult to perform, and extensive training in the procedure is
necessary for an accurate study to be performed. In addition,
intrarenal vascular lesions and multiple (and even main) renal
arteries may be missed, particularly in obese patients or in
those with overlying intestinal gas.29,77,84,86 MRA is also con-
siderably more sensitive and specific than duplex sonography,
particularly in detecting accessory renal arteries (96% vs.
5%).89 Therefore, sonography’s major use at present is to fol-
low lesions in patients in whom an MRA is contraindicated
and who have significant renal insufficiency, precluding a spi-
ral CT scan.

SCREENING TESTS OF LITTLE CLINICAL
USEFULNESS

Intravascular Ultrasonography
This invasive sonographic procedure provides structural
detail of the renal vascular lesion and, therefore, can distin-
guish between fibromuscular dysplasia and atherosclerotic
renal artery lesions.90 Compared with noninvasive sonogra-
phy, it can more accurately assess the severity of occlusion and
closely correlates with angiographic findings.90,91 Because it
estimates volumetric flow, it has also been used to assess the
patency of renal arteries before and after angioplasty and stent
placement.92,93 Intravascular ultrasonography is invasive and
requires radiocontrast to guide the placement of the intra-
arterial ultrasound probe. Therefore, its usefulness as a screen-
ing test is limited, especially in patients with impaired renal
function.

Intravenous Pyelography
Decreased function of the kidney with renovascular disease
may be detected by conventional intravenous pyelography
(IVP), but greater sensitivity is achieved with a “hypertensive”
IVP. With the latter technique, additional radiographs are
taken at 1, 2, 3, 4, and 5 minutes. Thus, the hypertensive IVP
is more likely to demonstrate a delay in the calyceal appear-
ance or nephrogram of the affected kidney, which may be
missed if only later films are viewed, as in a conventional IVP.
Other IVP findings suggestive of renal artery disease include
discrepancy in renal size or cortical thickness, hyperconcen-
tration of the radiocontrast in the involved kidney, ureteral
notching due to collateral circulation, and a prolonged
nephrogram effect in the later films.1 An IVP is now seldom
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used as a screening test for renovascular hypertension because
of its low sensitivity and specificity (both approximately
75%), the risk of radiocontrast-induced nephrotoxicity, and
its relatively high radiation dose.29,94 Furthermore, in the pres-
ence of bilateral renal artery disease, many of the previously
mentioned findings may be absent, especially if there is little
difference in function between the two kidneys.23

Plasma Renin Activity
Elevated baseline plasma renin activity (PRA) is found in only
50% to 80% of patients with renovascular hypertension and
may be observed in 16% of patients with essential hyperten-
sion. Thus, an elevated baseline PRA is of limited diagnostic
significance, and its absence in no way excludes renovascular
hypertension. The predictive value of PRA may be enhanced
by measuring its increase 1 hour after the ingestion of 25 to
50 mg of captopril.23,29,30 This “captopril test” improves the
diagnostic accuracy of PRA, but the reported sensitivity and
specificity of the procedure vary widely (63%-100% and 72%-
100%, respectively), even when strict criteria for a positive
result are met.23,30,95,96 In addition, to perform this test accu-
rately, antihypertensive agents affecting PRA must be discon-
tinued, which may be dangerous in these patients, most of
whom have moderate to severe hypertension. The usefulness
of the captopril test is further limited because it is impractical
and requires strict standardization; its accuracy is reduced in
the presence of mild renal insufficiency (serum creatinine
concentration >1.5-2.0 mg/dl), and its predictive value is less
than that of a renogram obtained following ACE inhibition
(see later).22,25-27,97

Because ACE inhibition may impair renal function in
patients with bilateral renal artery disease, van de Van et al.9

utilized the effects of ACE inhibition on the plasma creatinine
concentration in 108 patients at high risk for bilateral athero-
sclerotic renal artery disease to predict its presence prior to
undergoing angiography. An increase in the plasma creatinine
concentration of 20% or greater identified all patients who on
angiography had severe bilateral disease (defined as 50% or
more bilateral stenosis). As could be anticipated, many
patients with unilateral and/or less severe disease also had an
increase in serum creatinine concentration. Thus, although
highly sensitive, this test yielded a specificity of only 70%, giv-
ing it little clinical usefulness.

DOES A RENAL ARTERY LESION CAUSE
HYPERTENSION?

The mere presence of a renal artery lesion does not mean that
it is the cause of hypertension. Therefore, prior to any inter-
vention aimed at eliminating or controlling hypertension, the
physiologic significance of a lesion should be proven.1 ACE
inhibitor scans, renal vein renin (RVR) measurements, and
the pressure gradient across the renal artery lesion have been
used to determine whether a stenosis is cause for hyperten-
sion.98 If a lesion is the cause of “renin-dependent” hyperten-
sion, renin secretion by the kidney distal to the renal vascular
lesion should be increased, and secretion by the contralateral
kidney should be suppressed, resulting in an RVR ratio of 1.5
or more (affected:nonaffected side). When the RVR ratio is
used to predict reduction in blood pressure following inter-

vention, a sensitivity of only 80% and a specificity of 62%
have been reported.75 However, the predictive accuracy of the
RVR can be improved with the administration of ACE
inhibitors prior to testing.23 With unilateral renal artery dis-
ease and a captopril-stimulated lateralizing RVR, an improve-
ment in blood pressure after revascularization is seen in up to
90% of patients.24 However, the absence of lateralization does
not necessarily mean that there will be no fall in blood pres-
sure after intervention, for as many as 60% of these patients
may still have an improvement in their blood pressures fol-
lowing revascularization.24 Because of its low predictive value,
the need for renal vein catheterization with radiocontrast
injection, and the need to discontinue medications that may
affect renin secretion, RVR measurements are no longer com-
monly used. More predictive than RVR measurements is the
pressure gradient across the renal artery lesion as determined
by intraarterial renal angiography. The absence of a significant
pressure gradient (10-15 mm Hg) suggests that the lesion is of
little physiologic significance and that revascularization in this
setting will be of little benefit.

Because no single test is reliable enough to determine a
causal relationship between a renal artery lesion and hyper-
tension, the signs and symptoms previously described (items
1 through 8 under the Clinical Signs and Symptoms section),
if present, should alert the clinician that it is highly likely that
the lesion is causing hypertension. Once the diagnosis of ren-
ovascular hypertension is made, the clinician may attempt to
control the patient’s blood pressure with medical therapy
alone and/or with percutaneous transluminal renal angioplas-
ty (PTRA), placement of a vascular endoprosthesis (a stent),
or surgery. The therapeutic approach is determined by the
type of lesion causing the hypertension, the site and extent of
renal artery involvement, the overall medical status of the
patient, and the perceived risks which are, in part, based on
the interventionist’s skills in performing the procedures. The
effectiveness of each approach in controlling hypertension as
well as the role of revascularization in preserving renal func-
tion (many of these patients have associated ischemic
nephropathy and renal insufficiency) are reviewed later.

MEDICAL THERAPY FOR HYPERTENSION

Medical therapy for renovascular hypertension is similar to
that for essential hypertension, but because severe hyperten-
sion is more common in patients with renovascular disease,
combination drug therapy is frequently necessary in that
group. Nevertheless, blood pressure control is usually
achieved in more than 90% of cases. Because the hypertension
may be dependent on angiotensin II, antihypertensives that
inhibit renin or angiotensin II production or block their
actions are especially useful in renovascular hypertension.
Therefore, β-blockers, ACE inhibitors, and ARBs have been
extensively utilized, with ACE inhibitors being especially effi-
cacious.99-102 Studies have demonstrated control of blood
pressure in 80% of patients when ACE inhibitors are used
alone and in up to 90% when they are combined with diuret-
ic therapy.100,101 However, ACE inhibitors should be used with
caution, particularly in patients with bilateral RAS (see later).
Although there is less clinical experience with the newer ARBs,
in experimental models of renovascular hypertension, they
are as potent as ACE inhibitors.103

779Renovascular Hypertension: Diagnosis and Treatment



Despite control of blood pressure with medical therapy,
several studies have demonstrated that atherosclerotic renal
artery lesions progress in 40% to 60% of patients within 7 years
(with half of these lesions progressing within 2 years).104-106

Patients with an initial stenosis of more than 75% have the
fastest rate of progression, with total occlusion occurring in
40% of these lesions.104 Renal function, however, may not nec-
essarily decline concomitantly. In addition to the “natural”
progression of the atherosclerotic vascular lesion, medical
therapy, by reducing blood pressure, may result in chronic
hypoperfusion distal to the lesion and may hasten tubular
atrophy, interstitial fibrosis, and glomerulosclerosis in the
affected kidney or kidneys.107-109 Some investigators have
demonstrated in animal models that at a given level of blood
pressure, ACE inhibitors are more likely than other antihyper-
tensive agents to induce these structural changes.107,108

However, to date, there are no clinical studies suggesting that
ACE inhibitors or ARBs irreversibly hasten the loss of renal
function when given on a long-term basis to patients with
unilateral or bilateral atherosclerotic renovascular disease.110

Nevertheless, when these drugs are used, especially when they
are combined with diuretic therapy, patients’ renal function
should be monitored frequently. In addition to monitoring
renal function with serum creatinine concentrations and
24-hour creatinine clearances, it has also been suggested that
renal size and renal cortical blood flow velocity also be moni-
tored using duplex scanning, because these parameters may
provide earlier signs of irreversible renal function loss.111 In a
study of 122 patients, persistent stenosis increased the risk of
long-term loss of renal mass, but this loss was more closely
associated with the degree of RAS and the level of systolic
blood pressure than with the use of ACE inhibitors. In addi-
tion to a possible association with chronic hypoperfusion and
nephron loss, ACE inhibitors, as well as the ARBs, may result
in acute (usually reversible) renal failure in 10% to 20% of
patients with bilateral RAS or with RAS affecting a solitary
kidney. This is most likely to occur when patients are volume-
contracted.

Compared with atherosclerotic RAS, the risk of progressive
occlusion and renal ischemia with medial fibroplasia, the pre-
dominant form of fibrous renal artery disease, is low.103,104 In
contrast, the lesions of perimedial fibroplasia, medial hyper-
plasia, and intimal fibroplasia frequently progress and may
result in a deterioration of renal function similar to that seen
with atherosclerotic RAS.112,113 Therefore, renal function must
be carefully monitored in these patients.104

ANGIOPLASTY AND STENTING
FOR HYPERTENSION

PTRA is an angiographic technique by which stenotic renal
arteries are dilated with a catheter containing a cylindric
inflatable balloon at its tip (Figure 74–5). The success rate of
PTRA is dependent on the site and type of the vascular lesion;
it is most likely to be successful in lesions in which there is
incomplete arterial occlusion, the length of the stenosis is less
than 10 mm, and in lesions which do not involve the renal
os.114,115

Most studies of PTRA in patients with fibromuscular dys-
plasia report a high technical success rate (87%-100%), an
improvement in or cure of the hypertension in as many

as 90% of patients, and a low incidence (10%) of re-
stenosis.113,115-119 In contrast to fibromuscular dysplasia, the
technical success rate of PTRA when performed for unilateral
atherosclerotic renovascular lesions may be as low as 70%, and
long-term improvement in or cure rates of the hypertension
vary widely.113,115-119 The improvement in or cure of hyperten-
sion depends in large part on the location of the lesion. In a
study of 100 patients, Canzanello et al. demonstrated an
improvement in blood pressure of 86% in patients with
nonostial unilateral lesions compared with 46% for patients
with ostial unilateral lesions.119 Acute reversible renal insuffi-
ciency complicated 21% of the procedures, and mechanical
complications, such as thrombosis, perforation, or dissection
of renal arteries or diffuse atheroembolism occurred in 14%
of the patients.

The preceding data were generated in uncontrolled trials.
A randomized prospective trial comparing medical therapy
(in 26 patients) with PTRA (in 23 patients) for unilateral RAS
demonstrated that PTRA reduced the number of drugs neces-
sary for blood pressure control at 6 months.120 At baseline,
54% of the medically treated patients needed more than two
antihypertensive medications, compared with 34% in the
angioplasty group. With time, 88% of the medically treated
group required two or more medications, compared with 35%
of those who were postangioplasty. PTRA was complicated by
one case of dissection with segmental renal infarction, and by
re-stenosis in 18%. It should be noted, however, that more
patients with ostial lesions at baseline (46% vs. 30%) were
treated medically. Thus, the more favorable outcome observed
with PTRA may reflect this selection bias. Of the medically
managed patients, 27% were terminated from the study and
subsequently underwent angioplasty because of refractory
hypertension. It was not specified whether these “refractory”
patients had ostial lesions and whether PTRA was successful.
The results of this study are therefore difficult to interpret, and
others are needed for a better comparison of these two
approaches.

In contrast, no improvement in blood pressure was
observed in a group of 13 patients with unilateral RAS ran-
domized to PTRA as compared with 14 treated with medical
therapy and followed for up to 54 months (range, 3-54
months).121 Major outcome events, such as death, myocardial
infarction, heart failure, stroke, and dialysis, did not differ
between the two groups. In addition, 28% of the patients who
underwent angioplasty experienced complications attributa-
ble to the procedure, the most common of which was bleed-
ing at the arterial puncture site (8 patients). Thus, it appears
that when PTRA is used to control hypertension due to uni-
lateral RAS, the potential gain, if any, is often outweighed by
the risk and the discomfort of the procedure. Similarly, in the
largest prospective blood pressure control study thus far,
unimpressive results were obtained by van Jaarsveld et al.122 As
defined by the presence of RAS 50% or greater, 75% of the
patients had unilateral disease and 25% had bilateral disease.
One hundred seven patients with similar clinical characteris-
tics and a serum creatinine concentration 2.3 mg/dl or less at
baseline were randomly assigned to medical therapy or PTRA
(all but two without stenting). Based on an intent-to-treat
analysis, the angioplasty group demonstrated only minimal
improvement in blood pressure control at 3 months, but none
at 12 months’ follow-up. Although 50% of the PTRA group
reoccluded at 12 months, the lack of response in blood
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pressure control was unrelated to either re-stenosis (proven by
repeat angiography) at 12-month follow-up or to worsening
of renal function. Blood pressure in the reoccluded group was
similar to the group that did not reocclude and to the med-
ically treated group. Although renal function appeared to be
better in the angioplasty group than in the medical therapy
group at 3 months, it was similar in both groups at 1-year
follow-up. These apparent “negative” results with PTRA, how-
ever, must be taken in context. It is important to note that
approximately 50% of the patients who were assigned to
receive antihypertensive drug therapy alone subsequently
underwent “rescue” angioplasty because of inadequate blood
pressure control. These patients, however, were analyzed as
“medical therapy” patients. The success or at least the need of
angioplasty may, therefore, have been significantly greater
than reported. In addition, 25% of the patients had bilateral
renal artery disease, which is considered to be less easily treated
(by either method) than unilateral, but the results of their
treatment is not separately reported. Successful treatment of
unilateral disease both with regard to blood pressure control
and/or preservation of renal function may have been better
than bilateral disease. These data, however, cannot be gleaned
from this study. The authors’ conclusion that it is still prudent
to “restrict” PTRA seems justified, although their study is
inconclusive and does little to clarify the issues it was designed
to study.123

The results of PTRA in patients with bilateral RAS are
equally unimpressive, due, at least in part, to the high inci-
dence of ostial or completely occluding lesions, both of which
are more difficult to dilate and are associated with a high com-
plication rate.114,116,119 Ramsay and Waller have reviewed 10
series of patients who underwent PTRA for treatment of ath-
erosclerotic RAS.116 In general, the selection criteria were ill-
defined, and the patients chosen for the PTRA were carefully
selected, which probably biased the findings in favor of angio-
plasty. The studies cited had significant variations in the tech-
nical failure rates and the estimates of cure or improvement in
blood pressure. Furthermore, the types of lesions treated were
often not characterized. Despite the limitations of these stud-

ies, it appears that in bilateral atherosclerotic lesions, the tech-
nical failure rate may be as high as 60% and the cure rate for
hypertension as low as 8%, with improvement in blood pres-
sure in only 43%.116 The results are especially disappointing
when the bilateral disease is associated with an atrophic kid-
ney, because total renal artery occlusion of the atrophic kidney
is observed in half of the cases.115 As demonstrated by
Geyskes, PTRA in a patient with an atrophic kidney resulted
in an improvement in blood pressure in only 8 of 57 (14%)
and in a cure of the hypertension in only 5 patients (9%).115

In view of these data, it is reasonable to attempt PTRA only
in the patients in whom medical therapy has failed and in
whom an incomplete but high-grade (75%-90%) unilateral
RAS distal to the os is present. Even with an initial successful
therapeutic outcome, the incidence of re-stenosis following
PTRA for RAS is significant (30% for nonostial lesions and
50% for ostial lesions) and may occur soon after the proce-
dure (15%-30% by 2 years). Reocclusion, however, does not
preclude a repeat PTRA.99

To prevent or treat re-stenosis and improve blood pressure
control with PTRA for atheromatous ostial lesions, intravas-
cular stents have been placed during angioplasty (Figure
74–6).124-126 One group of investigators has now performed this
procedure without nephrotoxic radiocontrast by using a com-
bination of intraarterial carbon dioxide and gadopentetate
dimeglumine, avoiding the risk of contrast-induced acute
renal failure.127 Initial studies of intravascular stenting report-
ed a success rate of 65% to 70% and a risk of re-stenosis rang-
ing from 13% to 39%.124,125 More encouraging results were
demonstrated in 68 patients with ostial lesions after stent
placement for unsuccessful PTRA.126 The technical success
rate was 100%; re-stenosis (defined as reocclusion of more
than 50% of the vessel diameter) occurred in only 11% dur-
ing a mean follow-up time of 27 months, and either cure or
improvement of the hypertension was noted in 78%. No
major complications were reported in this study. It is impor-
tant to note that the majority of the patients (64%) were fol-
lowed for only 12 months, with only 9% followed long-term
(60 months). Furthermore, patients with a residual stenosis of

Figure 74–5 Nonostial renal artery lesion before (A) and after (B) percutaneous transluminal angioplasty.
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up to 50% of the arterial lumen were classified as complete
technical successes, even though they remain at a substantial
risk for reocclusion. The study demonstrates the safety and
short-term efficacy of the procedure but does not provide suf-
ficient evidence to support long-term efficacy of endovascular
stenting.128 Nevertheless, it appears that renal arterial stenting
may prove to be most useful in patients with ostial disease, re-
stenosis after PTRA, or complications due to PTRA, such as
dissection.113

Primary renal artery stenting (i.e., without antecedent
PTRA) has also been performed in atherosclerotic RAS.129

Most radiologists propose primary stent placement for those
lesions within the aortic wall or within 10 mm of the aortic
lumen, or if there is elastic recoil with PTRA with a residual
stenosis of 30% or greater. The technical success rate is high
and the rate of serious complications is low. Although the
investigators do not specify what percentage of the patients
had nonostial lesions, approximately 60% demonstrated cure
or improvement of their blood pressure (regardless of
whether there was unilateral or bilateral disease) at 6 months.
At 1 and 4 years’ follow-up, the improvement rate fell to 42%,
and only 1% remained cured of their hypertension.130,131 At
6 months, 25% of the lesions were re-stenosed (proven angio-
graphically), but longer-term patency rates of the stents are
unknown because of lack of angiographic follow-up.129-131

Two other studies have been done in patients who have
undergone primary and/or secondary stenting.132,133 In both
studies, no clinically significant improvement in blood pres-
sure was observed. In the study with the longest follow-up
(5 years), despite an initial diminution in the number of anti-
hypertensive medications required at 3 to 6 months, the num-
ber increased subsequently and was no different from before
stent placement. Patency was angiographically determined at
a mean of 8 months ± 5 months (range 2-24 months). A re-
stenosis rate of 50% or more occurred in 14%.133

A prospective study directly compared the outcomes of
angioplasty alone versus primary angioplasty plus stent place-
ment for ostial atherosclerotic RAS.134 In this trial, 85 patients
were randomized to one or the other intervention, with stent

placement if angioplasty alone failed within 6 months.
Angioplasty plus stent was associated with a significantly
higher initial success rate (88% vs. 57%), a much higher
patency rate at 6 months (75% vs. 29%), and a lower re-
stenosis rate (14% vs. 48%). Twelve patients underwent second-
ary stenting for primary or late failure within the 6 months’
follow-up period with a similar success rate to primary stent-
ing. Regarding control of hypertension, the combined proce-
dure and angioplasty alone lowered blood pressure to the
same extent, but was not compared with medical therapy.
These results, at least for the short-term follow-up at 6 months,
suggest that primary stenting for atherosclerotic lesions is
superior to angioplasty alone because it eliminates the need
for reintervention. No conclusions, however, can be drawn
regarding blood pressure control (by either intervention) ver-
sus medical therapy.

Based on these data, stenting for control of blood pressure
alone is not generally recommended. To date, no investigators
have cited criteria that clearly define which patients with
nonostial lesions should undergo primary renal artery stent-
ing. We perform primary renal artery stenting in nonostial
lesions in the patients in whom angiography demonstrates a
very high-grade stenosis (90%) and/or a stenosis of 7 to
10 mm or longer, because the probability of success with
PTRA alone is low.

Following successful PTRA, a reduction in blood pressure
may be seen as early as 4 to 6 hours after the procedure, but
the maximal antihypertensive effect is commonly achieved
well after 48 hours.99,118 In some cases, the full antihyperten-
sive benefit may not be observed until after several weeks. The
absence of an early decline in blood pressure suggests that
significant long-term improvement of the hypertension is
unlikely.118

Although PTRA and stenting are generally safe procedures,
complication rates of approximately 5% to 15% have been
reported. Most of these complications, such as hematoma for-
mation at the puncture site and renal artery spasm, are of
minor clinical significance. However, if it is severe, renal artery
spasm can lead to local thrombosis and renal infarction. This

Figure 74–6 The renal ostial lesion depicted in Figure 74–5 is shown after placement of an intravascular
stent.



can be prevented or reversed by the administration of intraar-
terial nitroglycerin. Major complications frequently include
reversible, contrast-induced acute tubular necrosis (approxi-
mately 20%) and, infrequently (<5%), renal artery perfora-
tion, dissection, or irreversible acute renal failure due to
atheroembolization.

SURGERY FOR HYPERTENSION

Surgical revascularization for renovascular hypertension
involves bypassing the site of the arterial lesion by grafting or
anastomosing another vessel distal to the lesion and/or
removing an atrophic kidney. Because PTRA is highly success-
ful in patients with fibromuscular dysplasia, is less invasive,
and is associated with lower morbidity and mortality rates
than is surgical revascularization, surgery is not recommend-
ed as primary therapy for these patients. It is done, however,
when PTRA is unsuccessful or is technically not feasible, as is
the case when branch renal artery disease is present (30% of
patients with fibrous renal artery disease).135,136 When surgery
is performed, 90% to 95% of patients with fibromuscular dys-
plasia are cured or see substantial improvement of their
hypertension.75,113,136-138

Although surgical revascularization in patients with athero-
sclerotic RAS may result in cure or improvement of the hyper-
tension in as many as 80% to 90% of patients, surgery other
than a simple nephrectomy of an atrophic kidney is not recom-
mended for blood pressure control alone in patients with uni-
lateral or with bilateral atherosclerotic renal artery disease.
These patients are generally older and commonly have exten-
sive extrarenal vascular disease. Their long-term survival rate
following surgery, particularly if they have bilateral RAS and
diffuse atherosclerosis, is poor. Furthermore, their hypertension
can usually be controlled with medical therapy. If surgery
becomes the only option, the probability of successful control
of blood pressure in unilateral RAS is inversely related to the
duration of and vascular damage caused by preexisting essential
hypertension, as well as to the degree that the renin angiotensin
system is activated in the contralateral kidney (see later). In the
presence of underlying contralateral RAS with renal ischemia,
parenchymal small-vessel disease, or both, the antihypertensive
response to surgery is significantly diminished.113,136-140

The morbidity and mortality with surgical revasculariza-
tion is significant. As with any major intraabdominal vascular
surgery, complications include those due to manipulation of
the aorta (thrombosis, dissection, and atheroembolization),
acute renal failure due to renal ischemia, pancreatitis, hemor-
rhage, splenic infarction, renal graft aneurysm formation, and
postoperative RAS or renal artery thrombosis. Because of
their younger age and absence of extrarenal vascular disease,
mortality rates are very low in patients with fibromuscular
disease. In contrast, mortality rates are significantly higher in
patients with atherosclerotic disease unless they are carefully
selected, in which case mortality rates may be as low as 3% to
5%. Mortality rates increase in patients older than 65 years of
age, particularly if generalized atherosclerosis (coronary or
cerebral vascular disease), congestive heart failure or signifi-
cant renal disease is present. To decrease mortality, screening
for and surgical correction of significant carotid or coronary
artery disease should be accomplished before revasculariza-
tion.135

Hypertension may recur after surgery and is most often due
to either recurrent atherosclerotic disease or anastomotic
neointimal hyperplasia. Although recurrent lesions are gener-
ally clinically silent, in as many as 15%, either PTRA or another
surgical procedure may be required. In approximately 10% of
patients, bypass graft re-stenosis will occur and may be seen as
late as 10 years after surgical revascularization.99

To date, no prospective randomized trials have been done
comparing medical therapy, PTRA, and surgery in controlling
atherosclerotic renovascular hypertension. However, the
results of several nonrandomized studies have suggested that
surgery is the most successful, whereas other studies have
demonstrated no difference in control of blood pressure
among the three approaches.99,141-143 Many of these studies
were done prior to the widespread use of ACE inhibitors, and
recent advances in surgical techniques make these earlier
comparisons irrelevant to current management strategies.

In a more recent prospective randomized trial comparing
PTRA and surgical revascularization in a group of patients
with unilateral RAS, a higher success rate and a lower inci-
dence of re-stenosis were found in the surgical group after
2 years. However, the effect on blood pressure was not differ-
ent when both interventions were successful.144

Recommendations for the Management
of Hypertension in Patients with Renal
Artery Stenosis
Consistent with current data, we manage hypertension in
patients with RAS as follows:

1. Because of its low risk:benefit ratio, high success rate,
and low rate of re-stenosis, PTRA is the treatment of choice
for fibromuscular dysplasia uncomplicated by branch renal
artery disease. If PTRA is unsuccessful, or if branch renal
artery disease is present, surgical revascularization should
be undertaken, because these patients are generally young
and have excellent responses to surgery, obviating the need
for long-term medical therapy.

2. Medical therapy should be the primary management in
patients with atherosclerotic RAS with mild, controllable
hypertension or with comorbid conditions such as diffuse
atherosclerosis that place them at high operative risk.
Because renal function may decline with progression of the
underlying atherosclerotic lesions or with the medical
therapy itself, we monitor renal function closely in these
patients. In addition, a renal scan can be performed soon
after goal blood pressure is attained to assess the degree to
which treatment has lowered the filtration rate in the
stenotic kidney. If therapy includes ACE inhibitors or
ARBs, and if there is a significant decrement in renal func-
tion, treatment may be switched to a calcium channel
blocker and/or other agents less likely to impair autoregu-
lation. If after alteration in the medical regimen renal func-
tional deterioration persists, or if renal size(s) over time
begin(s) to diminish significantly, PTRA or surgery should
be performed in an attempt to preserve or improve renal
function. As discussed later, the modality chosen is highly
individualized.

3. In the absence of diffuse vascular disease or other comor-
bid conditions that may increase operative risk, revascular-
ization should be undertaken in those generally younger
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(age 50-60) patients with atherosclerotic RAS and moder-
ate to severe hypertension (particularly if associated with
episodes of flash pulmonary edema) only if blood pressure
is not well controlled by medical therapy or if deterioration
of renal function occurs with blood pressure control.
PTRA, with or without intravascular stenting, should then
be done in the presence of a nonostial, partially occluding
vascular lesion. In view of more technically successful
results with intravascular stenting, we attempt this proce-
dure in patients with ostial lesions, with nonostial lesions
that have re-stenosed after PTRA, and with lesions that
have more than 90% stenosis or are 7 to 10 mm in length
or longer, particularly in patients in whom the surgical risk
is considerable. If the above approach is unsuccessful, sur-
gical revascularization is performed, particularly in
patients with unilateral RAS or when concomitant aortic
surgery is required, as for an abdominal aortic aneurysm.

PRESERVATION OF RENAL FUNCTION

As previously discussed, atherosclerotic renal artery lesions
may progress. However, it is not known how many patients
with bilateral renovascular disease develop ischemic
nephropathy or ESRD, and it is not known over what time
period this occurs and which, if any, factors exist which may
help reliably predict its incidence.145,146 Two retrospective
studies examined these issues.147,148 In the first study, the
investigators reviewed the medical records of 51 patients with
particularly severe bilateral RAS (total occlusion or stenosis of
90% or more in one renal artery, with at least 50% stenosis on
the opposite side).147 Only medical therapy had been offered
to these patients because of physician or patient preference,
because the lesions were not amenable to angioplasty, because
the kidneys were too small to salvage, or because the patient
was not clinically suitable for surgical intervention. The over-
all mortality rate was high—38% within 2 years of renal
angiography and 45% at 5 years. The incidence of ESRD was
12% at 5 years. The rate of decline of the GFR for all patients
was 4 ml/min/year (range 1-16 ml/min/year). Those most
likely to reach ESRD were those with more advanced renal
failure (GFR <25 ml/min) at the time of angiography and
those whose renal function showed a decline in GFR of greater
than 8 ml/min/year. It is impressive that in a large percentage
of patients, little or no serial change in renal function was
observed despite the presence of severe bilateral disease.
Progressive renal dysfunction and narrowing of the arterial
lumen does not inevitably occur, and the development of col-
lateral circulation to the kidneys may offset the reduction in
flow in the major renal arteries. Hence, even in the presence of
severe RAS, collateral circulation may maintain renal viability
and function.149,150

In the second study, a cohort of 593 consecutive patients
underwent DSA because of peripheral vascular disease.148 Of
this group, the presence of RAS (defined as an occlusion
≥50%) could be assessed in 397 patients and was found coin-
cidentally in 126. These “incidentally found” lesions were uni-
lateral in 70% and bilateral in the remainder. Although renal
function varied widely within this group (the creatinine clear-
ance as estimated by the Cockroft Gault formula was 58.2 ±
22.3 ml/min), none of these patients required renal replace-
ment therapy during a 10-year follow-up. Remarkably, no dif-

ferences in renal function were found between patients with
unilateral and bilateral RAS. Nevertheless, the group with
bilateral disease, although at higher risk of ESRD, did not
progress. It is important to note, however, that many renal
arteries were not visualized and a significant number of “inci-
dental” renal artery lesions may have been excluded from
follow-up. These favorable results are not always the case,
however, and it is clear that with medical therapy alone, pro-
gressive and/or rapid decline in renal function can result from
renal artery disease. Renal failure is potentially reversible,
perhaps more so in those with a more rapid decline in renal
function.151

It has been estimated that ischemic nephropathy is the
cause of renal failure in 5% to 15% of patients older than the
age of 50 years, and it may account for 10% to 20% of all
patients with ESRD. Despite dialytic therapy, mortality rates
are high (>50% over 3 years), and 5- and 10-year survival
rates are only 18% and 5%, respectively. In view of these grim
statistics, restoration of renal function (either by surgery or by
PTRA with or without stenting) is critically important and
should be attempted whenever indicated.106,112,152-154

PTRA in patients with renal dysfunction due to ischemic
nephropathy improves renal function in 40% of patients and
stabilizes function in an additional 30% to 40%.106,119,152,155,156

The majority of patients included in these studies had nonos-
tial lesions. Because the success rate is reasonable and is com-
parable to that of surgical revascularization, which has a higher
morbidity and mortality rate, PTRA should be the initial
intervention in patients with nonostial atherosclerotic lesions
who have deteriorating renal function.157 Re-stenosis occurs
in 10% to 30% of these patients, and many of them are
amenable to repeat PTRA.152

Only 15% to 20% of atherosclerotic lesions are nonostial.157

With ostial atherosclerotic lesions, PTRA without stenting has
been largely ineffective because of the high technical failure rate
due to elastic recoil of the artery and because of neointimal
hyperplasia or recurrent atherosclerosis, both of which com-
monly result in eventual failure.157 As previously discussed, the
placement of intravascular stents for ostial atherosclerotic
lesions is a promising new technique to improve the safety and
possibly the long-term patency rate and efficacy of PTRA.

Studies have examined the role of intravascular stenting in
the preservation of renal function.126,130,132,158-160 Following
unsuccessful angioplasty, 68 patients with ostial lesions
underwent stenting. None of the 48 patients with normal
renal function at baseline (serum creatinine concentration
<1.4 mg/dl) had worsening of renal function at a mean
follow-up of 27 months. Similarly, no deterioration of renal
function was observed in the 30% of patients who had signif-
icant renal insufficiency at baseline.126 In another study, 32
patients with a median serum creatinine concentration of
2.9 mg/dl underwent renal artery stenting and were followed
for a mean of 8 months (range 0-29 months). Of the 32
patients, 11 (34%) showed significant improvement in renal
function, 11 (34%) stabilized, and 9 (28%) worsened. In a
subset of 23 patients, in whom the level of renal function prior
to stenting was known for a sufficient time period that the
reciprocal of the serum creatinine versus time could be plot-
ted, the rate of progression of renal failure was slowed in 18
(78%) following the procedure. Patients with baseline serum
creatinine levels of less than 4.5 mg/dl were most likely to ben-
efit from stenting.132 Similar data were reported by Beutler
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et al. who followed 63 patients (46% of whom “failed” PTRA)
who were stented and followed for a mean of 23 months.158

Data for at least 1 year prior to study were available regarding
renal function. Twenty-eight patients had stable renal func-
tion (<20% change in serum creatinine) prior to stenting.
One patient died at 6 months with ESRD and 1 became dial-
ysis-dependent at 5 months. Of the remaining 26 patients
within this group, renal function was unchanged in 18 (69%)
and improved in only 2 (8%) after the procedure. However, 6
patients (23%) showed worsening of their previously stable
renal (dys)function. Of those 35 patients who had declining
renal function prior to study (>20% rise in serum creatinine),
after stenting 13% continued to deteriorate, but 66% stabi-
lized with 20% more improved. Further analysis of the data
revealed that of all patients who exhibited deterioration of
renal function after stenting, those with baseline serum crea-
tinine concentration of greater than 3.4 mg/dl were far more
likely to do so (5 of 10 patients). However, only 10 of 53
patients (19%) whose serum creatinine concentrations at
baseline were less than 3.4 mg/dl had deterioration of renal
function during follow-up. Based on the aforementioned
data, it can be concluded that renal artery stenting for bilater-
al disease is likely to at least stabilize or improve renal function
in those patients with initial mild renal failure who manifest-
ed significant worsening of their renal function prior to the
procedure. It is unlikely to reverse advanced renal failure, par-
ticularly if renal sizes are less than 8.0 cm.140

Although their study was not designed to specifically exam-
ine preservation of renal function, Burket et al. demonstrated
an improvement in renal function in 43%, no change in 24%,
and worsening in 32% of the 37 patients with baseline renal
insufficiency (serum creatinine concentration >1.6 mg/dl)
stented for primarily ostial lesions.160 The follow-up ranged
from 1 to 52 months (mean 15 ± 14 months).

A meta-analysis of 10 studies done by Isles et al. demonstrat-
ed results consistent with those previously cited.161 The average
follow-up for these patients, however, was less than 1 year.
Results of stenting for ischemic nephropathy in patients fol-
lowed for longer periods have been reported.131,133,159,162 Of 163
patients who underwent primary stenting, Dorros et al. fol-
lowed 145 for approximately 4 years.131 The outcome of renal
function was stratified according to whether the lesion was ini-
tially bilateral or unilateral. The baseline serum creatinine con-
centration in both groups was approximately 2.0 mg/dl. Of
those with unilateral disease, 67% experienced improved or sta-
ble renal function, and the remainder progressed as reflected by
an increase in the serum creatinine concentration of more than
0.2 mg/dl above baseline. Of those with bilateral disease, 75%
had stable or improved renal function, and 25% deteriorated.
Overall survival, however, was worse for those with poorer renal
function at baseline, regardless of whether stenting was success-
ful. Survival at 4 years was good in patients with normal base-
line renal function (92% ± 4%), fair (74% ± 7%) in those with
mildly impaired renal function (serum creatinine concentra-
tion 1.5-1.9 mg/dl), and poor (52% ± 7%) in patients with
serum creatinine levels of 2.0 mg/dl or more. The rate of re-
stenosis is not reported in this study. These authors have also
published the results of a larger series of patients (1058) fol-
lowed for up to 4 years.162 Their results were more promising
and demonstrated that stabilization or improved renal function
could be achieved in 70% of those with unilateral lesions and
92% of those with bilateral lesions. It is important to note, how-

ever, that there was no comparison with medical therapy alone
and no prior knowledge of stability of renal function and that
the mean baseline serum creatinine concentration was less than
2.0 mg/dl (1.7 ± 1.1 mg/dl).

Tuttle et al. followed 129 patients after primary or second-
ary stenting for a mean of 24 months.133 During this follow-
up time, renal function, as assessed by creatinine clearances,
remained stable, but no improvement in renal function was
demonstrated regardless of baseline creatinine clearance
(range 23 ± 3-53 ± 3 ml/min). However, of the 129 patients
studied, 4 of the 8 who were initially dialysis-dependent
recovered renal function after stenting. Their mean serum cre-
atinine concentration was 2.3 ± 0.5 mg/dl at 15 ± 6 months
(range 9-24 months). As demonstrated by angiography in 46
patients with a total of 49 stents, the re-stenosis rate was 14%
at 8 ± 5 months.133 Rundback et al. followed 45 patients with
azotemia (serum creatinine concentration >1.5 mg/dl) and
atheromatous RAS untreatable by, or recurrent after, PTRA
for a mean of 54 months. Similar to the findings of Tuttle
et al., renal function remained stable (serum creatinine con-
centration approximately 2.1 mg/dl).159

These reports are limited by the absence of a control group
treated with medical therapy alone and by the fact that (except
in two studies cited above 132,158) no data are provided
about whether intervention was performed because of on-
going deterioration of renal function prior to stenting.126

Nevertheless, PTRA with intravascular stenting may prove to
be the best therapeutic option for patients with ostial athero-
sclerotic RAS who are deemed poor surgical risks or have
refused surgery and are demonstrating worsening renal func-
tion or are on dialysis. In the presence of renal insufficiency,
when possible, stent placement should be performed with
CO2 and/or gadolinium guidance.117

The results of surgical revascularization for the preserva-
tion of renal function in patients with atherosclerotic RAS
have been similar to or slightly better than results with
PTRA and, on occasion, have even reversed ESRD.*
Improvement in renal function has been observed in
approximately 50%, and stabilization of renal function has
occurred in approximately 35%.†

Prospective randomized studies comparing medical therapy
with surgical treatment of RAS are rare. Uzzo et al. prospec-
tively randomized 52 patients with atherosclerotic RAS affect-
ing their entire nephron mass to medical versus surgical man-
agement.166 All patients had angiographic confirmation of
bilateral RAS involving greater than 75% of the luminal diam-
eter, high-grade (>75%) disease involving a solitary kidney, or
unilateral high-grade (>75%) stenosis with azotemia (serum
creatinine concentration >1.5 mg/dl and a GFR of <70
ml/min). Patients were excluded if the serum creatinine con-
centration was greater than 4.0 mg/dl, if their blood pressure
was poorly controlled despite attempts at adequate medical
management, or if there were comorbid conditions precluding
surgery. The primary aim was a comparison of stop-point
events between the medical and surgical groups. Four stop-
points were defined: (1) development of poorly controlled
hypertension (diastolic blood pressure >100 mm Hg); (2)
reduction of GFR 50% or greater from baseline, an increase in
serum creatinine concentration to greater than 4 mg/dl
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(5 mg/dl if baseline serum creatinine concentration was
between 2 and 4 mg/dl), doubling of the serum creatinine from
baseline or the development of ESRD; (3) intercurrent myocar-
dial infarction or cerebrovascular accident; and (4) death.
There was no statistically significant difference in the endpoints
reached between the groups, and the time to reach an endpoint
was not dissimilar. Overall survival, dialysis free survival and/or
blood pressure control were not significantly different between
the two groups. Patients with baseline azotemia (serum creati-
nine concentration 2-4 mg/dl), however, when surgically revas-
cularized were less likely to die or to develop uncontrollable
hypertension. Due to its small sample size, firm conclusions
cannot be drawn from this study, but it underscores the need
for further large-scale prospective studies.166

Because the operative morbidity and mortality rates (11% and
3%-6%, respectively) are significant, careful patient selection is
imperative.106,138,140,163 If the disease is progressing, if PTRA with
or without stenting has failed, and if other patient-specific risk
factors favor long-term survival, and the patient fulfills the strict
criteria outlined subsequently, surgical revascularization should
be undertaken before advanced renal failure is evident. The best
window of opportunity for renal survival achieved by surgical
revascularization is when the serum creatinine concentration is
between 1.5 and 3.0 mg/dl.140 Patients with diffuse atherosclerot-
ic disease and congestive heart failure, or those undergoing
simultaneous bilateral renal artery repair or revascularization in
combination with another major vascular procedure, pose the
greatest surgical risk.157 As with surgical correction for renovas-
cular hypertension, underlying coronary or cerebrovascular dis-
ease needs to be corrected prior to surgery in order to reduce
operative risk. Although balloon angioplasty can be performed
for in-stent re-stenosis, stenting does not preclude future surgical
revascularization but does make it more difficult because the
stent becomes endothelialized and difficult to remove.

Successful surgical revascularization depends on the
degree of renal insufficiency present, the rate at which renal
function has deteriorated preoperatively, and the anatomy of
the renal vasculature distal to the renoocclusive lesion or
lesions. In the presence of advanced renal failure (serum
creatinine concentration above 4.0 mg/dl), revascularization
offers little benefit because significant irreversible renal
parenchymal disease is invariably present.135,140 In addition
to the absolute level of renal function, it appears that
patients with the most rapid decline in renal function in the
6 months prior to surgery have the greatest recovery of renal
function following revascularization.167 Adequate collateral
renal circulation is critical for surgical revascularization
because it is necessary for maintaining viable glomeruli.
Therefore, recovery or stabilization of renal function is more
likely postoperatively when one or more of the following is
present preoperatively135,168-170:

1. Visualization of the collecting system on an IVP or during
the pyelogram phase of the arteriogram

2. Renal length greater than 9.0 cm
3. Demonstration of retrograde filling of the distal renal vas-

culature from collateral circulation on the side of total
renal artery occlusion during angiography

4. The presence of viable glomeruli on renal biopsy (per-
formed before or at the time of revascularization)

Because of the higher attendant risk of surgery, and com-
parable results with PTRA and stenting, and perhaps with

medical therapy, we adhere very strictly to these guidelines
and patient selection before recommending surgery and have
become more inclined to attempt percutaneous intervention.

Recommendations for the Management
of Chronic Renal Failure Due to Ischemic
Renal Disease (RAS)
1. Medical therapy should be the primary management, par-

ticularly in older patients who are poor operative risks and
especially if renal dysfunction is stable. Careful follow-up is
indicated because progressive atherosclerosis can lead to
worsening hypertension and renal insufficiency.

2. PTRA with intravascular stenting is the best therapeutic
option for older patients who have demonstrated deterio-
ration of their mild to moderate renal insufficiency (serum
creatinine concentration 1.5 to ≤3.5 mg/dl), who are gen-
erally considered to be poor operative risks. Whenever pos-
sible, PTRA with stenting should be attempted with CO2
and/or gadolinium guidance to avoid nephrotoxicity.127

3. As success with PTRA with stenting is improving, the role
of surgical intervention is declining. We and others reserve
it for the occasional “younger” patient with an overall more
favorable prognosis with high-grade ostial lesions in whom
PTRA and stenting have failed.171 These patients should
have minimal or insignificant untreated extrarenal vascular
disease and exhibit declining mild to moderate renal dys-
function (serum creatinine concentration 1.5 to ≤ 3.5 mg/dl).
In addition, they should fulfill the strict criteria previously
outlined. Surgical revascularization is suggested, if con-
comitant aortic surgery is required, such as an abdominal
aortic aneurysm repair.

4. If there is far advanced renal failure (serum creatinine con-
centration >4.0 mg/dl) both PTRA with or without stent-
ing and surgical revascularization are unlikely to signifi-
cantly reverse renal failure. However, because of the
occasional patient who may respond, we may offer PTRA
with stenting, particularly if the procedure can be done
with CO2 and/or gadolinium guidance, in a final effort to
avoid dialysis.127,159

It is important to note that although the methods for diag-
nosis and treatment of RAS have improved, the use of invasive
diagnostic techniques and treatment early in the course of the
disease still have no proven benefit.172 The effects of revascu-
larization (surgical and percutaneous) on long-term renal and
cardiovascular outcomes should be compared with those of
comprehensive pharmacologic treatment. Until such a com-
parison is made, the immediate risks versus the potential,
unproven long-term benefits must be carefully considered
and individualized to each patient.171 Until then, the emphasis
should be on identifying those patients at risk for renal failure
and treating and preventing those factors which accelerate
their atherosclerosis and progression to more advanced stages
of renal failure. Particular attention should be directed toward
lowering lipid levels, which may restore vessel patency in ath-
erosclerotic RAS through regression of the stenotic plaque,
similar to the regression demonstrated in coronary, carotid,
and peripheral arteries.173

Renal artery disease is a major health problem and is the
cause of high rates of morbidity and mortality. Appro-
priate management requires the combined expertise of
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nephrologists, interventional angiographers, and vascular
surgeons. The correct therapeutic approach, which is highly
individualized, may lead to better management of blood
pressure, stabilization, or restoration of renal function and,
perhaps, improved patient survival; it represents a continu-
ing challenge to those caring for these patients. Large-scale
trials that will determine the best therapeutic modality
for patients with the clinical consequences of RAS are 
long overdue.146,174
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792 Chapter 75

Adrenal cortex–dependent hypertension is not common in
the general population of hypertensives, but an accurate diag-
nosis provides clinicians with a unique treatment opportuni-
ty, that is, to render a surgical cure or to achieve a dramatic
response with pharmacologic therapy. Forms of adrenal corti-
cal hypertension that may be amenable to surgery include
overproduction of aldosterone, deoxycorticosterone, and cor-
tisol, resulting in the syndromes of primary aldosteronism,
hyperdeoxycorticosteronism, and Cushing’s syndrome, res-
pectively. In this chapter the key features of the clinical pres-
entation, diagnosis, and treatment of each of these disorders
are reviewed.

PRIMARY ALDOSTERONISM

Hypertension, hypokalemia, suppressed plasma renin activi-
ty (PRA), and increased aldosterone excretion characterize
the syndrome of primary aldosteronism, first described in
1955.1 Aldosterone-producing adenoma (APA) and bilateral
idiopathic hyperaldosteronism (IHA) and are the most com-
mon subtypes of primary aldosteronism (Box 75–1). A much
less common form, unilateral hyperplasia or primary adrenal
hyperplasia (PAH), is caused by hyperplasia of the zona
glomerulosa of predominantly one adrenal gland. Familial
hyperaldosteronism (FH) is also rare, and two types have
been described: FH type I and FH type II. FH type I, or gluco-
corticoid-remediable aldosteronism (GRA), is autosomal
dominant in inheritance and associated with variable degrees
of hyperaldosteronism, high levels of hybrid steroids (e.g.,
18-hydroxycortisol and 18-oxocortisol), and suppression
with exogenous glucocorticoids.2 FH type II was reported ini-
tially in five families (13 patients) and refers to the familial
occurrence of APA or IHA or both.3

Prevalence
In the past, clinicians would not consider the diagnosis of pri-
mary aldosteronism unless the patient presented with sponta-
neous hypokalemia, and then the diagnostic evaluation would
require discontinuing antihypertensive medications for 2
weeks. The “spontaneous hypokalemia/no antihypertensive
drug” diagnostic approach resulted in predicted prevalence
rates of less than 0.5% of hypertensive patients.4-9 However, it
is now recognized that most patients with primary aldostero-
nism are not hypokalemic10-13 and that screening can be com-
pleted with a simple blood test (plasma aldosterone concen-
tration [PAC]:plasma renin activity [PRA] ratio) while the
patient is taking antihypertensive drugs.14-20 Using the
PAC:PRA ratio as a screening test followed by aldosterone
suppression confirmatory testing has resulted in much higher
prevalence estimates (5%-13% of all patients with hyperten-
sion) for primary aldosteronism.10,21-27

Clinical Presentation
The diagnosis of primary aldosteronism is usually made in
patients who are in the third to sixth decade of life. Few symp-
toms are specific to the syndrome. Patients with marked
hypokalemia may have muscle weakness, cramping, headaches,
palpitations, polydipsia, polyuria, or nocturia, or a combina-
tion of these. There are no specific physical findings. The
degree of hypertension is usually moderate to severe and may
be resistant to usual pharmacologic treatments.28-29 (See
Chapter 59 for a discussion of primary aldosteronism in the
setting of resistant hypertension.) Hypokalemia is frequently
absent; thus, all patients with hypertension are candidates for
this disorder. Several studies have shown that patients with
primary aldosteronism may be at higher risk than other
patients with hypertension for target organ damage of the
heart and kidney.30-41

Diagnosis
The diagnostic approach to primary aldosteronism can be
considered in three phases: screening tests, confirmatory tests,
and subtype evaluation tests.

Screening Tests

Spontaneous hypokalemia is uncommon in patients with
uncomplicated hypertension and, when present, strongly sug-
gests associated mineralocorticoid excess. However, normo-
kalemia does not exclude primary aldosteronism. Several
studies have shown that most patients with primary aldos-
teronism have baseline serum levels of potassium in the nor-
mal range.21,42,43 Therefore, hypokalemia is not required to
make the diagnosis of primary aldosteronism. Patients with
hypertension and hypokalemia, regardless of presumed cause
(e.g., diuretic treatment), and most patients with treatment-
resistant hypertension should undergo screening for primary
aldosteronism (Figure 75–1).

In patients with suspected primary aldosteronism, screening
can be accomplished by measuring a morning, nonfasting
(preferably 8 A.M.) ambulatory paired random PAC and PRA
(see Figure 75–1). This test may be performed while the patient
is taking antihypertensive medications and without postural
stimulation.19,44 Hypokalemia reduces the secretion of aldos-
terone, and it is optimal to restore the serum level of potassium
to normal before performing diagnostic studies. Aldosterone
receptor antagonists (e.g., spironolactone and eplerenone) are
the only medications that will absolutely interfere with inter-
pretation of the ratio. Angiotensin-converting enzyme (ACE)
inhibitors and antiotension receptor blockers (ARBs) have the
potential to “falsely elevate” PRA. Therefore, in a patient treat-
ed with an ACE inhibitor or an ARB, the findings of a detectable
PRA level or a low PAC:PRA ratio do not exclude the diagnosis
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of primary aldosteronism. In addition, a strong predictor for
primary aldosteronism is a PRA level undetectably low in a
patient taking an ACE inhibitor or an ARB.

The PAC:PRA ratio, first proposed as a screening test for pri-
mary aldosteronism in 1981,14 is based on the concept of
paired hormone measurements.16 For example, in a hyperten-
sive hypokalemic patient (1) secondary hyperaldosteronism
should be considered when both PRA and PAC are increased
and the PAC:PRA ratio is less than 10 (e.g., renovascular dis-
ease), (2) an alternate source of mineralocorticoid receptor
agonism should be considered when both PRA and PAC are
suppressed (e.g., hypercortisolism), and (3) primary aldostero-
nism should be suspected when PRA is suppressed and PAC is
increased (Figure 75–2). Fourteen prospective studies have
been published on the use of the PAC:PRA ratio in screening
for primary aldosteronism.* Although there is some uncer-
tainty about test characteristics and lack of standardization,20

the PAC:PRA ratio is widely accepted as the screening test of
choice for primary aldosteronism.53,54

It is important to understand that the lower limit of detec-
tion varies among different PRA assays and can have a dra-
matic effect on the PAC:PRA ratio.55-57 As an example, a very
different ratio is obtained if the lower limit of detection for
PRA is 0.6 ng/ml/hour rather than 0.1 ng/ml/hour; for a PAC
of 16 ng/dl, the PAC:PRA ratio would be 27 and 160, respec-
tively. Thus, the cutoff for a “high” PAC:PRA ratio is labora-
tory dependent and, more specifically, PRA assay-dependent.
Weinberger et al.18 found that the combination of a PAC:PRA
ratio greater than 30 and PAC greater than 20 ng/dl had a sen-
sitivity of 90% and a specificity of 91% for APA. Hirohira
et al.57 found that a PAC:PRA ratio greater than 32 had a sen-
sitivity of 100% and a specificity of 61% for APA. At the Mayo
Clinic, a PAC (in ng/dl):PRA (in ng/ml/hour) ratio 20 or
greater and PAC 15 or greater are found in more than 90% of
patients with surgically confirmed APA. In patients without
primary aldosteronism, most of the variation occurs within
the normal range. A high PAC:PRA ratio is a positive screen-
ing test result, a finding that warrants further testing.

Confirmatory Testing

An increased PAC:PRA ratio is not diagnostic by itself, and pri-
mary aldosteronism must be confirmed by demonstrating
inappropriate aldosterone secretion. The list of drugs and hor-
mones capable of affecting the renin-angiotensin-aldosterone
axis is extensive, and frequently in patients with severe hyper-
tension, a “medication-contaminated” evaluation is unavoid-
able. Calcium channel blockers, α1-adrenergic receptor block-
ers, and β-adrenergic receptor blockers do not affect the
diagnostic accuracy in most cases.58 It is impossible to interpret
data obtained from patients receiving treatment with aldos-
terone receptor antagonists (e.g., spironolactone, eplerenone)
when PRA is not suppressed. Therefore, treatment with an

Box 75–1 Adrenocortical Causes of Hypertension

Primary Aldosteronism
Aldosterone-producing adenoma (APA)
Bilateral idiopathic hyperplasia (IHA)
Primary (unilateral) adrenal hyperplasia (PAH)
Aldosterone-producing adrenocortical carcinoma
Familial hyperaldosteronism (FH)

Glucocorticoid-remediable aldosteronism (FH type I)
FH type II (APA or IHA)

Hyperdeoxycorticosteronism
Congenital adrenal hyperplasia

11β-Hydroxylase deficiency
17α-Hydroxylase deficiency

Deoxycorticosterone-producing tumor
Primary cortisol resistance

Apparent Mineralocorticoid Exccess (AME)/11b-
Hydroxysteroid Dehydrogenase Deficiency

Genetic
Type I AME
Type II AME

Acquired
Licorice or carbenoxolone ingestion (type I AME)
Cushing’s syndrome (type II AME)

Cushing’s Syndrome
Exogenous glucocorticoid administration—most 

common cause
Endogenous
ACTH-dependent (85%)

Pituitary
Ectopic

ACTH-independent (15%)
Unilateral adrenal disease
Bilateral adrenal disease

Massive macronodular hyperplasia (rare)
Primary pigmented nodular adrenal disease
(rare)

ACTH, adrenocorticotropic hormone.

Morning blood sample in seated ambulant patient
• Plasma aldosterone concentration (PAC)
• Plasma renin activity (PRA)

• Hypertension and hypokalemia
• Resistant hypertension
• Adrenal incidentaloma and hypertension
• Whenever considering secondary hypertension

↑ PAC
↓ PRA

PAC:PRA ratio ≥20 ng/dl per ng/ml/hr
(≥555 pmol/l per ng/ml/hr) and
PAC ≥15 ng/dl (≥416 pmol/l)

Investigate for
primary aldosteronism

WHEN TO CONSIDER SCREENING
FOR PRIMARY ALDOSTERONISM

FFigure 75–1 Use of the plasma aldosterone concentration:
plasma renin activity ratio to screen for primary aldosteronism.

*References 14, 19, 21, 23-26, 42-52.
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aldosterone receptor antagonist should not be initiated until
the evaluation has been completed and the final decisions
about treatment have been made. If primary aldosteronism is
suspected in a patient receiving treatment with spironolactone
or eplerenone, the treatment should be discontinued for at
least 6 weeks before further diagnostic testing.

Aldosterone suppression testing can be performed with
orally administered sodium chloride and measurement of uri-
nary aldosterone or with intravenous sodium chloride loading
and measurement of PAC.42,58,59 After hypertension and
hypokalemia are controlled, patients should receive a high-
sodium diet (supplemented with sodium chloride tablets if
needed) for 3 days. The risk of increasing dietary sodium in
patients with severe hypertension must be assessed in each
case. Because the high-salt diet can increase kaliuresis and
hypokalemia, vigorous replacement of potassium chloride
may be needed, and the serum level of potassium should be
monitored daily. On the third day of the high-sodium diet, a
24-hour urine specimen is collected for measurement of
aldosterone, sodium, and potassium. To document adequate
sodium repletion, the 24-hour urinary sodium excretion
should exceed 200 mEq. Urinary aldosterone excretion greater
than 12 μg/24 hours in this setting is consistent with auto-
nomous aldosterone secretion.60

Subtype Studies

Following screening and confirmatory testing, the third man-
agement issue guides the therapeutic approach by distinguish-
ing APA and PAH from IHA and GRA. Unilateral adrenalecto-
my in patients with APA or PAH results in normalization of
hypokalemia in all; hypertension is improved in all and is cured
in approximately 30% to 60% of these patients.61 In IHA and
GRA, unilateral or bilateral adrenalectomy seldom corrects the
hypertension.58 IHA and GRA should be treated medically.

Primary aldosteronism subtype evaluation may require one
or more tests, the first of which is imaging the adrenal glands
with computed tomography (CT) (Figure 75–3). When a soli-
tary unilateral macroadenoma (>1 cm) and normal contralat-

eral adrenal morphology are found on CT in a young patient
(<40 years) with primary aldosteronism, unilateral adrenalec-
tomy is a reasonable therapeutic option (Figure 75–3).
However, in many cases, CT may show normal-appearing
adrenals, minimal unilateral adrenal limb thickening, unilat-
eral microadenomas (≤1 cm), or bilateral macroadenomas
(Figure 75–4). In these cases, additional testing is required to
determine the source of excess aldosterone secretion. Small
APAs may be labeled incorrectly as “IHA” on the basis of CT
findings of bilateral nodularity or normal-appearing adrenals.
Also, apparent adrenal microadenomas may represent areas
of hyperplasia, and unilateral adrenalectomy would be
inappropriate. In addition, nonfunctioning unilateral adrenal
macroadenomas are not uncommon, especially in older
patients (>40 years) (Figure 75–4).62

In general, patients with APAs have more severe hyperten-
sion, more frequent hypokalemia, and higher plasma (>25
ng/dl) and urinary (>30 mg/24 hour) levels of aldosterone and
are younger (<50 years) than those with IHA.58,63 Patients fit-
ting these descriptors are considered to have a “high probabil-
ity of APA” (Figure 75–3). However, these factors are not
absolute predictors of unilateral versus bilateral adrenal dis-
ease. With the addition of adrenal venous sampling, we have
found unilateral APAs in 36% of those with clinically “high-
probability” APA who had normal findings or unilateral adre-
nal limb thickening on CT.64 Gordon et al.65 reported that CT
contributed to lateralization in only 59 of 111 patients with
surgically proven APA; CT detected fewer than 25% of the
APAs that were less than 1 cm in diameter. Magill et al.66

reported that in 38 patients who had both CT and adrenal
venous sampling, CT findings were either inaccurate or pro-
vided no additional information for 68% of patients with pri-
mary aldosteronism. Therefore, adrenal venous sampling is
essential to direct appropriate therapy in patients with pri-
mary aldosteronism who have a high probability of APA and
seek a potential surgical cure.

Adrenal venous sampling is the reference standard test to dif-
ferentiate unilateral from bilateral disease in patients with pri-
mary aldosteronism.67 Adrenal venous sampling is a difficult
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Figure 75–4 Appearance of a 1.8-cm right adrenal nodule and 0.7-cm left adrenal nodule (arrows) on contrast-enhanced CT
in a 49-year-old man. The patient had been hypertensive for 20 years, with poor control for the last 4 years; his
antihypertensive medication program included an ACE inhibitor, a calcium channel blocker, thiazide diuretic, and a
β-adrenergic blocker. The screening test for primary aldosteronism was positive, with a plasma aldosterone concentration
(PAC) of 53 ng/dl and low plasma renin activity (PRA) at <0.6 ng/ml/hr (PAC:PRA ratio >88). The 24-hour urinary excretion
of aldosterone was increased at 40 μg (urinary sodium = 236 mEq/24 hr).



procedure because the right adrenal vein is small; the success
rate depends on the proficiency of the angiographer (Figure
75–5).65 According to a review of 47 reports, the success rate for
cannulating the right adrenal vein in 384 patients was 74%.58

With experience, the success rate increased to 90% to 93%.64,65

Some centers perform adrenal venous sampling in all patients
with the diagnosis of primary aldosteronism.65 A more practi-
cal approach is the selective use of adrenal venous sampling
outlined in Figure 75–3. To minimize stress-induced fluctua-
tions in aldosterone secretion, an infusion of 50 μg of cosyn-
tropin per hour is initiated 30 minutes before adrenal vein
catheterization and continued throughout the procedure.64 The
adrenal veins are catheterized through the percutaneous
femoral vein approach, and the position of the catheter tip is
verified by gentle injection of a small amount of nonionic con-
trast medium and radiographic documentation (Figure 75–5).
Blood is obtained from both adrenal veins and the inferior vena
cava (IVC) below the renal veins and assayed for aldosterone
and cortisol concentrations. The venous sample from the left
side typically is obtained from the inferior phrenic vein imme-
diately adjacent to the entrance of the adrenal vein. The right
adrenal vein may be especially difficult to catheterize because it
is short and enters the IVC at an acute angle.67 The cortisol con-
centrations from the adrenal veins and IVC are used to confirm
successful catheterization. The adrenal vein:IVC cortisol ratio is
typically greater than 10:1 (mean values at Mayo Clinic are 32:1
on the right and 22:1 on the left).

Dividing the right and left adrenal vein PACs by their
respective cortisol concentrations corrects for the dilutional
effect of the inferior phenic vein flow into the left adrenal
vein; these are termed “cortisol-corrected ratios” (Table
75–1). In patients with APA, the mean cortisol-corrected
aldosterone ratio (APA-side PAC/cortisol:normal adrenal
PAC/cortisol) is 18:1 (range, 3.7:1-79:1).64 A cutoff of the cor-
tisol-corrected aldosterone ratio from high side to low side
greater than 4:1 is used to indicate unilateral aldosterone
excess.64 Usually in patients with unilateral aldosterone
excess, the contralateral aldosterone:cortisol ratio is less than

the IVC aldosterone:cortisol ratio, reflecting a lower propor-
tional contribution of aldosterone from the contralateral
adrenal gland (Table 75–1).64,67 In patients with IHA, the
mean cortisol-corrected aldosterone ratio is 2:1 (high
side:low side; range, 1:0-3:5); a ratio less than 3:1 is suggestive
of bilateral aldosterone hypersecretion.64 In patients with
IHA, the “low-side” aldosterone:cortisol ratio is usually
greater than in the IVC. Adrenal venous sampling is essential
to direct appropriate therapy for patients with primary aldos-
teronism who have a high probability of APA and CT find-
ings of unilateral adrenal limb thickening.

Principles of Treatment
Normalization of blood pressure should not be the only goal
in managing the patient with primary aldosteronism. In addi-
tion to the kidney and colon, mineralocorticoid receptors are
present in the heart, brain, and blood vessels. A number of
animal studies indicate that aldosterone exerts deleterious
effects when plasma concentrations are inappropriate for salt
status.68-70 In experimental models of hypertension and heart
failure, the nonepithelial effects of aldosterone are mediated
via classical mineralocorticoid receptors, and are largely or
completely abolished by administration of an aldosterone
receptor blocker or by reduction of circulating aldosterone by
adrenalectomy.68,71 It has been demonstrated that selective
aldosterone blockade (at doses that do not alter blood
pressure) markedly reduces tissue (brain, heart, kidney)
damage in saline-drinking spontaneously hypertensive rats.68

Aldosterone induces myocardial fibrosis by either stimulation
of cardiac fibroblasts and/or vascular fibrinoid necrosis.72

A clinical correlate of these laboratory studies was the
Randomized Aldactone Evaluation Study (RALES) where
spironolactone produced a 30% reduction in mortality in
patients with stage IV congestive heart failure.73,74 Increased
risk of ischemic cardiac events is associated with activation of
the renin-angiotensin-aldosterone system.75 Plasminogen
activator inhibitor-1 (PAI-1) is a major physiologic inhibitor
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Figure 75–5 Adrenal venous
sampling radiographs from the
patient described in Figure 75–4.
Adrenal veins are noted by arrows.



of fibrinolysis.76,77 Aldosterone increases PAI-1 expression in
vascular smooth muscle and endothelial cells78 and levels cor-
relate with plasma concentrations of aldosterone79—a correla-
tion inhibited by spironolactone.80

It has been reported that patients with primary aldostero-
nism, when matched for age, blood pressure, and duration of
hypertension, have greater left ventricular (LV) mass measu-
rements when compared with patients with other types of
hypertension (e.g., pheochromocytoma, Cushing’s syndrome,
and essential hypertension).81 In addition, when 26 APA
patients were matched (age, sex, race, body mass index, blood
pressure, duration of hypertension) with 26 essential hyperten-
sion patients, it was found that aldosterone excess was associ-
ated with both increased LV wall thickness and mass, as well as
decreased early diastolic LV filling indexes.82 The LV hypertro-
phy in primary aldosteronism appears to be asynchronous with
other sites of target organ damage. In essential hypertensive
patients, it has been shown that there is a strong correlation
between LV mass and the severity of hypertensive retinopathy
and renal involvement.83 However, in patients with primary
aldosteronism, the LV hypertrophy was found to be markedly
advanced despite mild extracardiac target organ damage.83 The
LV wall thickness and mass decreased markedly by 1 year fol-
lowing adrenalectomy for APA, but not in those on medical
therapy.84 It should be noted that other studies have been unable
to find differences in the degree of LV hypertrophy in patients
with primary aldosteronism when compared with patients with
renovascular and essential hypertension.85

The results of studies on small resistance arteries in fat
biopsies from patients with primary aldosteronism suggest
that there may be some unique vascular remodeling. For
example, in patients with primary aldosteronism and renovas-
cular hypertension, a marked increase in the media-lumen
ratio has been found when compared with patients with
essential hypertension or pheochromocytoma.86,87 Therefore,
normalization of circulating aldosterone or aldosterone recep-

tor blockade should be part of the management plan for all
patients with primary aldosteronism.

The cause of the primary aldosteronism determines the
appropriate treatment. Although the hypertension in patients
with APA and unilateral hyperplasia is frequently cured with
unilateral adrenalectomy, the average cure rate for IHA is only
19% after unilateral or bilateral adrenalectomy.58 IHA and
GRA should be treated medically.55

Surgical Treatment of Aldosterone-Producing
Adenoma and Unilateral Hyperplasia

The treatment of choice for APA and unilateral hyperplasia is
unilateral total adrenalectomy. Laparoscopic adrenalectomy is
the preferred surgical approach and is associated with shorter
hospital stays and less long-term morbidity.88 The blood pres-
sure response to aldosterone receptor blockade preoperatively
often predicts the blood pressure response to unilateral
adrenalectomy in patients with APA. To decrease the surgical
risk, hypokalemia should be corrected with spironolactone or
eplerenone preoperatively; treatment with this drug should be
discontinued postoperatively.

Aldosterone concentrations in blood or urine should be
measured shortly after the operation. For the first few weeks
postoperatively, a generous sodium diet should be followed to
avoid the hyperkalemia of hypoaldosteronism that may occur
because of the chronic suppression of the renin-angiotensin-
aldosterone axis. Typically, the hypertension resolves in 1 to
3 months postoperatively. Although blood pressure control
improves in nearly 100% of patients postoperatively, average
long-term cure rates after unilateral adrenalectomy for APA
are 30% to 60%.61 Persistent hypertension following adrena-
lectomy for APA is correlated directly with having more than
one first-degree relative with hypertension, use of more than
two antihypertensive agents preoperatively, older age, and
duration of hypertension, and is most likely due to coexistent
primary hypertension.61,89

Pharmacologic Treatment of Idiopathic
Hyperaldosteronism

Dietary sodium restriction (<100 mEq sodium/day), main-
tenance of ideal body weight, avoidance of alcohol, and regu-
lar aerobic exercise contribute significantly to the success of
pharmacologic treatment. Potassium supplementation either
as a medication or a diet rich in potassium (in the absence
of severe sodium restriction) is ineffective for correcting
the hypokalemia of primary aldosteronism. No placebo-
controlled randomized trials have evaluated the relative effica-
cy of drugs in the treatment of primary aldosteronism.90 For
more than three decades, spironolactone has been the drug
of choice to treat primary aldosteronism. However, it is not
selective for the aldosterone receptor. For example, antago-
nism at the testosterone receptor may result in painful
gynecomastia, impotence, and menstrual irregularity. The
incidence of gynecomastia in 699 patients treated with spirono-
lactone was dose-dependent (6.9% at doses <50 mg/day and
52% at doses >150 mg/day).91 The starting dose of spirono-
lactone is 25 to 50 mg once daily with food; the dose may be
increased weekly to a maximum of 200 mg twice daily. Blood
pressure and the serum levels of potassium and creatinine
should be monitored frequently. Treatment goals are
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Table 75–1 Adrenal Vein Sampling

Vein Aldosterone Cortisol Aldosterone 
(A) ng/dl (C) mg/dl A:C Ratio Ratio

RT 782 1105 0.7
Adrenal 
Vein

LT 8504 700 12.1 17.3:1*
Adrenal
Vein

IVC 87 31 2.8

*Left adrenal vein A:C ratio divided by right adrenal vein A:C
ratio; IVC, inferior vena cava.
Adrenal venous sampling (AVS) data from the 49-year-old man
with primary aldosteronism described in Figure 75–4. Because
of bilateral adrenal abnormalities on CT and the patient’s desire
for surgically induced improved blood pressure control, AVS
was completed. AVS localized the tumor to the left adrenal
gland. He had laparoscopic left adrenalectomy, and an 0.8-cm
cortical adenoma was found. The postoperative PAC was <1.0
ng/dl. Hypertension was subsequently controlled with one anti-
hypertensive agent.



normotension without the aid of other antihypertensive drugs
and normokalemia without potassium supplementation.

Eplerenone is a new steroid-based antimineralocorticoid that
acts as a competitive and selective aldosterone receptor antago-
nist that has been approved by the U.S. Food and Drug
Administration for the treatment of uncomplicated essential
hypertension and post myocardial infarction congestive heart
failure. The 9,11-epoxide group in eplerenone results in a sig-
nificant reduction of the progestational and antiandrogenic
actions of the molecule compared with spironolactone.92

Compared with spironolactone, eplerenone has 0.1% of the
binding affinity to androgen receptors and less than 1% of the
binding affinity to progesterone receptors.93 Eplerenone has
been effective in the treatment of mild to moderate essential
hypertension and was well tolerated with the incidence of
adverse events similar to placebo.94,95 The doses used ranged
from 50 to 400 mg once daily. In a separate study, the addition
of eplerenone to an ACE inhibitor or an ARB resulted in signif-
icant lowering of blood pressure in patients with suboptimally
controlled essential hypertension.96

For primary aldosteronism it is anticipated that the starting
dose of eplerenone will be 25 to 50 mg twice daily. Potency
studies with eplerenone show 25% to 50% less milligram-per-
milligram potency compared with spironolactone. Treatment
trials comparing the efficacy of eplerenone versus spironolac-
tone for the treatment of primary aldosteronism have not been
published. Presumably eplerenone will be the superior drug if it
is shown to be as effective as spironolactone for the treatment
of mineralocorticoid-dependent hypertension and if it lacks the
limiting antiandrogen side effects of spironolactone. Because of
the higher cost of eplerenone and lack of data in patients with
primary aldosteronism, spironolactone should remain the
aldosterone receptor antagonist of choice. Eplerenone should
be considered in the spironolactone intolerant patient. As with
spironolactone, blood pressure and the serum levels of potassi-
um and creatinine need to be monitored closely.

For patients who are intolerant of eplerenone or spirono-
lactone, amiloride may be prescribed for its potassium-
sparing properties. The starting dose of amiloride is usually 5
mg once or twice daily and increased up to 15 mg twice daily
if needed to correct the hypokalemia. Amiloride is not an
effective antihypertensive agent for patients with primary
aldosteronism, and if hypertension persists, a second-step
agent (e.g., a thiazide diuretic) should be added.

Hypervolemia is a major reason for drug resistance in patients
with primary aldosteronism. Low doses (e.g., 12.5-25 mg of
hydrochlorothiazide daily) of a thiazide or a related sulfona-
mide diuretic potentiate the control of blood pressure when
given in combination with a potassium-sparing diuretic.97 ACE
inhibitors, by inhibiting the generation of angiotensin II, may
preferentially decrease blood pressure in patients with IHA
because of their enhanced adrenal sensitivity to angiotensin II in
secreting aldosterone.98 However, the blood pressure–lowering
effect of ACE inhibitors in patients with primary aldosteronism
is not marked.99,100 Angiotensin receptor antagonists should be
similar to ACE inhibitors in decreasing blood pressure in
patients with primary aldosteronism caused by IHA.

Pharmacologic Treatment of GRA

Typically, GRA is diagnosed in the first to third decades of life.
Of interest is that most of these patients are normokalemic, a

finding likely explained by the diurnal character of the disor-
der.43 Also, the patients usually have a family history of onset
of hypertension at a young age. Although GRA is an unusual
cause of primary aldosteronism, it is important that it be
diagnosed because of the risk of hemorrhagic stroke. Of 167
patients with proven GRA, 18% had cerebrovascular compli-
cations at an average age of 32 years.43 The cerebrovascular
event was hemorrhagic stroke in 70% of the patients and was
fatal in 61% of them. It appears that patients with GRA, like
those with polycystic kidney disease, are at risk for cere-
brovascular aneurysms. Glucocorticoids administered in phys-
iologic to suppressive doses to patients with GRA correct the
hypertension and hypokalemia. For example, dexamethasone
at doses of 0.125 to 0.5 mg daily suppresses pituitary corti-
cotropin secretion. However, because of the risk of subclinical
iatrogenic Cushing’s syndrome, aldosterone receptor antago-
nists may be preferred.

Surgical and Pharmacologic Therapy for Patients
with Aldosterone-Producing Adrenal Malignancy

Adrenal carcinoma should be suspected if a patient has an
aldosterone-producing tumor larger than 3 cm in diameter.
Malignancy is difficult to diagnose histologically. The only
absolute criterion is the presence of local invasion or meta-
static lesions. The treatment of choice for adrenocortical
carcinoma is complete surgical resection with the anterior
abdominal approach.101 Even if the resection is apparently
complete, the recurrence rate is high, and the 5-year survival
rate for all patients with adrenocortical carcinoma is approx-
imately 16% to 30%.102,103 Mitotane should be given to
patients with incompletely resected tumors. This drug is an
adrenal cytolytic agent that inhibits adrenal steroid synthesis
and destroys normal and neoplastic adrenocortical cells. The
initial dosage is one 500-mg tablet with food twice daily. The
total dosage is increased by 500 mg every 3 days until the
maximal tolerated dosage or a maximal dose of 10 g daily
is attained. In most patients, the dosage is limited by nausea,
anorexia, diarrhea, somnolence, skin rash, and pruritus.
Mitotane is lipophilic and has a long half-life (0.5 to
6 months). Therefore, it is contraindicated for women desir-
ing fertility within 2 to 5 years after treatment. This drug also
destroys the normal contralateral adrenal gland, and con-
comitant therapy with dexamethasone 0.5 mg daily should be
administered.

Because of the high recurrence rate of adrenocortical carci-
noma, adjuvant treatment with mitotane should be consid-
ered even for patients who appear to have had a surgical cure.
The patient’s condition is reevaluated with CT or magnetic
resonance imaging (MRI) at 3, 6, and 12 months postopera-
tively. If recurrent disease is not evident at 12 months postop-
eratively, adjuvant mitotane therapy may be discontinued.
Aldosterone receptor antagonists are effective in blocking the
effects of excessive aldosterone secretion.

HYPERDEOXYCORTICOSTERONISM

Deoxycorticosterone (DOC) is a mineralocorticoid receptor
agonist. Hypersecretion of DOC is found in two forms of con-
genital adrenal hyperplasia (CAH), DOC-secreting tumors,
and primary cortisol resistance (see Box 75–1).
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Congenital Adrenal Hyperplasia
CAH is caused by enzymatic defects in adrenal steroidogene-
sis that result in deficient secretion of cortisol. The lack of
inhibitory feedback by cortisol on the hypothalamus and
pituitary produces an adrenocorticotropic hormone (ACTH)-
driven buildup of cortisol precursors proximal to the enzy-
matic deficiency. A deficiency of both 11β-hydroxylase and
17α-hydroxylase causes hypertension and hypokalemia
because of hypersecretion of the mineralocorticoid 11-DOC.
The mineralocorticoid effect of increased circulating levels of
DOC also decreases PRA and aldosterone excretion. These
defects are autosomal recessive in inheritance and are typical-
ly diagnosed in childhood. However, partial enzymatic defects
have been shown to cause hypertension in adults.104

11b-Hydroxylase Deficiency

Approximately 5% of all cases of CAH are due to 11β-
hydroxylase deficiency; the prevalence in whites is 1 in
100,000.105 In addition to high levels of DOC and 11-
deoxycortisol, the substrate mass effect results in increased
levels of adrenal androgens. Females present in childhood
with hypertension, hypokalemia, and virilization, and
pseudoprecocious puberty appears in males. Approximately
two thirds of patients have mild to moderate hypertension.106

The clinical scenario in combination with markedly increased
levels of DOC, 11-deoxycortisol, and adrenal androgens
(dehydroepiandrosterone and androstenedione) confirm the
diagnosis. Glucocorticoid replacement normalizes the steroid
abnormalities and hypertension. Glucocorticoid replacement
options in adults include dexamethasone (0.5-0.75 mg daily),
prednisone (5 mg in the A.M. and 2.5 mg in the P.M.), or hydro-
cortisone (20 mg in the A.M. and 10 mg in the P.M.). For
screening, family members should have the cosyntropin stim-
ulation test for cortisol and 11-deoxycortisol.105

17a-Hydroxylase Deficiency

The 17α-hydroxylase deficiency form of CAH is rare.107 The
deficiency results in decreased production of cortisol and
sex hormones. Genetic 46,XY males present with either pseudo-
hermaphroditism or as phenotypic females, and 46,XX females
present with primary amenorrhea. Therefore, a person with this
form of CAH may not come to medical attention until puber-
ty. The biochemical findings include low concentrations of
plasma adrenal androgens, plasma 17α-hydroxyprogesterone,
aldosterone, and cortisol and increased plasma concentrations
of DOC, corticosterone, and 18-hydroxycorticosterone, which
suppress PRA. As with 11β-hydroxylase deficiency, glucocorti-
coid replacement normalizes the steroid abnormalities and
hypertension. Sex steroids also need to be replaced. For screen-
ing, family members should have the cosyntropin stimulation
test for cortisol and 17-hydroxypregnenolone.107

Deoxycorticosterone-Producing Tumor
DOC-producing adrenal tumors are usually large and malig-
nant.108,109 Some of them secrete androgens and estrogens in
addition to DOC, which may cause virilization in women and
feminization in men. A high level of plasma DOC or urinary
tetrahydrodeoxycorticosterone and a large adrenal tumor seen

on CT confirm the diagnosis. Optimal treatment is complete
surgical resection.

Primary Cortisol Resistance
Increased cortisol secretion and plasma cortisol concentra-
tions without evidence of Cushing’s syndrome are found in
patients with primary cortisol resistance, a rare familial syn-
drome.110 The syndrome is characterized by hypokalemic
alkalosis, hypertension, increased plasma concentrations of
DOC, and increased adrenal androgen secretion, which are
probably caused by several defects in glucocorticoid recep-
tors and the steroid-receptor complex. The treatment for
mineralocorticoid-dependent hypertension is blockade of
the mineralocorticoid receptor with an aldosterone receptor
antagonist or suppression of ACTH secretion with dexam-
ethasone at the same dosages as mentioned previously for
primary aldosteronism and CAH, respectively.111

APPARENT MINERALOCORTICOID
EXCESS SYNDROMES

Cortisol can be a potent mineralocorticoid. The microsomal
enzyme 11β-hydroxysteroid dehydrogenase (11β-OHSD; EC
1.1.1.146) is responsible for the renal metabolism of cortisol
to the metabolically inactive cortisone. Deficiency of this
enzyme results in a high intrarenal concentration of cortisol
as well as hypertension, hypokalemia, suppressed PRA, and
low aldosterone levels.112,113 An increased ratio of urinary
metabolites of cortisol (tetrahydrocortisol [THF] + 5α-
tetrahydrocortisol [allo-THF]) to those of cortisone (tetrahy-
drocortisone [THE]) confirms the diagnosis. The ratio of
(THF + alloTHF) to THE is approximately 1:1 in normal sub-
jects but is greater than 7:1 in patients with 11β-OHSD defi-
ciency. Two types of defects have been described in the renal
metabolism of cortisol (see Box 75–1). Type I apparent min-
eralocorticoid excess (AME) syndrome refers to deficiency in
the 11β-OHSD enzyme. Type II AME is due to a deficiency in
the A-ring reduction metabolic pathway.113 Treatment
includes blockade of the mineralocorticoid receptor with an
aldosterone receptor antagonist or suppression of endogenous
cortisol secretion with dexamethasone. The congenital forms
are rare autosomal-recessive disorders.113

The acquired forms are more common and include
licorice-induced hypertension and Cushing’s syndrome.
Glycyrrhetinic acid in licorice is a potent inhibitor of the
11β-HSD enzyme.114 Analyses of urinary F to E ratios in
patients with licorice-induced hypertension have docu-
mented a reversible acquired 11β-HSD deficiency (type I
AME).114,115

CUSHING’S SYNDROME

Hypertension occurs in 75% to 80% of patients with
Cushing’s syndrome.116 The mechanisms of hypertension
include increased production of DOC, increased vascular
reactivity to catecholamines, and cortisol inactivation over-
load with stimulation of the mineralocorticoid receptor.
Deficient cortisol ring-A reduction caused by overload of
metabolizing enzymes results in a functional type II AME in
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patients with severe hypercortisolism.117 Cushing’s syndrome
is a symptom complex that results from prolonged exposure
to supraphysiologic concentrations of glucocorticoids.118 The
source of excess glucocorticoids may be exogenous (iatro-
genic) or endogenous. Endogenous Cushing’s syndrome is
caused by (1) hypersecretion of corticotropin (ACTH),
referred to as ACTH-dependent Cushing’s syndrome, or (2) pri-
mary adrenal hypersecretion of glucocorticoids, referred to as
ACTH-independent Cushing’s syndrome. The overall treatment
program for patients with Cushing’s syndrome includes the
resolution of hypercortisolism, the concomitant treatment of
the complications of the syndrome (e.g., hypertension, osteo-
porosis, and diabetes mellitus), and after definitive treatment,
the management of glucocorticoid withdrawal and hypo-
thalamic-pituitary-adrenal (HPA) axis recovery.

Presentation
Typical signs and symptoms of Cushing’s syndrome include
weight gain with central obesity, facial rounding and plethora,
dorsocervical fat pad, easy bruising, fine “cigarette paper skin,”
poor wound healing, purple striae, proximal muscle weakness,
emotional and cognitive changes (e.g., irritability, crying,
depression, restlessness), hypertension, osteoporosis, oppor-
tunistic and fungal infections (e.g., mucocutaneous candidia-
sis, tinea versicolor, pityriasis), altered reproductive function,
and hirsutism.

Iatrogenic Cushing’s syndrome, more common than the
endogenous forms, is usually due to the known administra-
tion of glucocorticoids orally, intraarticularly, epidurally, or
topically (inhaled, nasal, dermal).119,120 Excess ACTH secre-
tion by a pituitary tumor or a neoplastic source elsewhere is
the cause of endogenous Cushing’s syndrome in 85% of
patients. ACTH-independent forms of Cushing’s syndrome
(adrenal adenoma, adrenal carcinomas, and adrenal nodular
hyperplasias) are responsible for the other 15% of the
endogenous cases.

Diagnosis
Accurate diagnosis of Cushing’s syndrome and subtype is
essential to direct the appropriate treatment program.
Because of the known manifestations of the disorder, hyper-
cortisolism must be suspected and then confirmed with
measurement of the serum and 24-hour urine concentrations
of cortisol. Autonomous hypercortisolism is confirmed with
the low-dose dexamethasone suppression test (dexametha-
sone 0.5 mg orally every 6 hours for 48 hours); a 24-hour uri-
nary cortisol excretion of 20 μg or greater confirms the diag-
nosis. The plasma ACTH concentration classifies the subtype
of hypercortisolism as either ACTH-dependent (“normal” to
high levels of ACTH) or ACTH-independent (undetectable
ACTH) (Figure 75–6).

The pituitary of patients with ACTH-dependent Cushing’s
syndrome should be examined with MRI. If a pituitary tumor
is not found on computed imaging, further evaluation is indi-
cated, with imaging of the lung and sampling of the inferior
petrosal sinuses for ACTH with ovine corticotropin-releasing
hormone stimulation.

In patients with ACTH-independent hypercortisolism, the
high-dose dexamethasone suppression test shows no suppres-
sion in urinary cortisol excretion. In these patients, computed

imaging of the adrenal glands usually indicates the type of
adrenal disease (Figure 75–6).

Principles of Treatment
Selective pituitary adenectomy by transsphenoidal surgery
(TSS) is the treatment of choice for pituitary-dependent dis-
ease. The long-term surgical cure rate for ACTH-secreting
microadenomas is approximately 90%.121,122 If pituitary sur-
gery is not curative, bilateral laparoscopic adrenalectomy,
pituitary irradiation, or both are adjunctive treatment
options.123,124 Surgical extirpation of an adrenal adenoma or
carcinoma or the source of ectopic ACTH production is the
treatment of choice for primary adrenocortical disease or
ectopic ACTH production. Bilateral laparoscopic adrenalecto-
my is the preferred treatment for ACTH-independent bilateral
macronodular or micronodular hyperplasia.125 Pharma-
cologic therapy is reserved for patients with disease not cured
by these surgical approaches.

Iatrogenic Cushing’s Syndrome
Iatrogenic Cushing’s syndrome is usually the result of the
appropriate treatment of a life-threatening or debilitating
inflammatory disorder (e.g., vasculitis or severe asthma) with
supraphysiologic doses of glucocorticoids. The most frequently
used preparation is prednisone. It has been suggested, but not
proven, that alternate-day steroid therapy results in fewer side
effects and less suppression of the HPA axis. HPA axis sup-
pression can occur with high-dose (>25 mg prednisone or
equivalent per day) glucocorticoid therapy for more than
1 week or lower doses (>12.5 mg prednisone or equivalent per
day) for more than 4 weeks. If glucocorticoid therapy must be
continued, the lowest possible dose that effectively treats the
underlying disorder should be sought.

Pituitary-Dependent Cushing’s Syndrome
The treatment of choice for pituitary-dependent Cushing’s
syndrome is transsphenoidal selective adenectomy by an expe-
rienced neurosurgeon. Inferior petrosal sinus sampling for
ACTH should be considered in patients without an obvious
pituitary tumor found on MRI examination of the sella. If no
tumor is obvious intraoperatively, lateralization of ACTH
secretion from the preoperative inferior petrosal sinus sam-
pling study guides the surgeon in performing a hemihypophy-
sectomy. The goal is to remove the adenoma selectively and
preserve normal pituitary tissue. At pituitary surgery centers,
the mortality of TSS is 1% or less.122,126 The incidence of peri-
operative morbidity is approximately 10% and includes tran-
sient diabetes insipidus, hyponatremia (due to inappropriate
secretion of antidiuretic hormone), cerebrospinal fluid leak,
and meningitis.126 Potential permanent complications are
infrequent (<5%) and include diabetes insipidus, partial or
complete anterior pituitary failure, and injury to the carotid
arteries, optic nerve, or cranial nerves in the cavernous sinus.126

Postoperative Management

Patients whose disease is cured by TSS develop sudden second-
ary adrenal insufficiency. For this reason, all our patients receive
a glucocorticoid preparation preoperatively on the morning of
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the operation and again on the evening of the operation.
Plasma cortisol concentrations are measured at 8 A.M. and 4 P.M.
on the day after the operation. Most patients whose disease is
cured develop symptoms of adrenal insufficiency 24 to 36
hours after the last dose of glucocorticoid. Patients are warned
about these symptoms and advised to report them promptly; a
blood sample is then obtained for cortisol measurement, and
glucocorticoid is promptly administered intramuscularly. If the
plasma cortisol concentrations are less than 3 μg/dl, a short-
term cure is ensured.127 Some patients with long-term cures
have had postoperative plasma cortisol concentrations between
3 and 20 μg/dl.127 Observation and reevaluation several weeks
later with baseline 24-hour urinary cortisol excretion is indicat-
ed for these patients.

Most patients have been exposed to endogenous hypercor-
tisolism for many years, and abrupt postoperative institution
of replacement doses of glucocorticoid results in prominent
withdrawal symptoms. Typically, patients are dismissed from
the hospital on a regimen of prednisone 5 mg orally in the
morning and 5 mg orally before the evening meal; 1 to 2 weeks
later, the dosage is decreased to 5 mg in the morning and 2.5
mg in the afternoon. Even with this cautious tapering pro-
gram, all patients have withdrawal (recovery) symptoms of
myalgias, depression, and fatigue. Perioperative counseling
about the anticipated recovery phase is necessary.

Full recovery of the HPA axis may require 6 to 24 months.
The recovery of hypothalamic corticotrophin-releasing hor-
mone secretion is the primary and limiting determinant for
recovery. Some degree of adrenal insufficiency must occur dur-
ing recovery from suppression of the HPA axis. By 2 to 3
months postoperatively, it is important to change the dosing to
a single morning dose of a short-acting glucocorticoid (e.g., 20
mg hydrocortisone). This lower dosage facilitates HPA recov-

ery by causing relative cortisol deficiency in the afternoon and
evening. If the symptoms of adrenal insufficiency cannot be
tolerated, 5 to 10 mg of hydrocortisone may be added at 4 P.M.
daily for 2 to 3 weeks. Morning plasma cortisol concentrations
are measured every 1 to 2 months to assess recovery of the HPA
axis. When the daily dosage of hydrocortisone is 20 mg, it is
rarely necessary to taper the dose further. When the basal level
of plasma cortisol is 10 μg/dl or greater, therapy may be dis-
continued. Depending on the degree of HPA suppression, it
may take up to 2 years before the plasma cortisol concentration
normalizes. Cosyntropin stimulation testing is superfluous in
this setting. Also, alternate-day glucocorticoid administration
is not usually necessary or helpful in the withdrawal process.
Patients should receive stress glucocorticoid coverage and wear
medical alert identification for 1 year after they have stopped
taking exogenous glucocorticoids. Also, it is important to
assess the status of the pituitary-thyroid and pituitary-gonadal
axes 6 to 12 weeks postoperatively.

Failed Transsphenoidal Surgery

If TSS fails to cure Cushing’s syndrome, a second operation
should be considered. The role of total hypophysectomy in
this situation is controversial, and many factors, such as
hypopituitarism and the desire for future reproductive func-
tion, should be considered. In patients with severe Cushing’s
syndrome that TSS has failed to cure (and in certain patients
with mild-to-moderate persistent disease), a quick and defin-
itive cure of hypercortisolism with bilateral laparoscopic
adrenalectomy can be lifesaving.123 Nelson’s syndrome (an
aggressive ACTH-secreting tumor) correlates with preopera-
tive invasive features of the pituitary tumor and is not caused
by adrenalectomy.

ACTH

Unilateral
adrenal mass

Adenoma
Carcinoma

Bilateral
adrenal masses

PPNAD
MMH

Definite
pituitary tumor

Cushing’s disease

Search for
ectopic ACTH

neoplasm

Normal

TSS IPSS with oCRHUnilateral
adrenalectomy

Bilateral
adrenalectomy

CONFIRMED CUSHING’S SYNDROME

Undetectable
Confirm adrenal autonomy

with high-dose DST

Midnormal to
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Adrenal imaging
CT or MRI

Pituitary MRI

FFigure 75–6 Subtype evaluation of Cushing’s
syndrome. See text for details. ACTH,
adrenocorticotropic hormone; CT, computed
tomography; DST, dexamethasone
suppression test; IPSS, inferior petrosal sinus
sampling; MMH, massive macronodular
hyperplasia; MRI, magnetic resonance
imaging; oCRH, ovine corticotropin-releasing
hormone; PPNAD, primary pigmented
nodular adrenal disease; TSS,
transsphenoidal surgery.



In patients with mild Cushing’s syndrome who have per-
sistent disease after TSS, combined sellar radiation and phar-
macotherapy may be considered. If the residual adenoma can
be identified on MRI, gamma-knife radiosurgery is preferred
because it is more rapidly effective and associated with less
hypopituitarism than conventional radiotherapy.128,129

Until radiotherapy is effective, some form of pharmacother-
apy must be continued. Drugs directed at decreasing pituitary
tumor ACTH secretion (e.g., cyproheptadine, bromocriptine,
valproic acid, and octreotide) are rarely effective. The two
agents most commonly used to inhibit steroidogenesis are keto-
conazole and mitotane (1,1-dichloro-2[o-chlorophenyl]-2-
[P-chlorophenyl]-ethane, o,p′ DDD [Lysodren]). Ketoconazole
is an imidazole-derivative antimycotic agent that inhibits
17,20-desmolase, 11β-hydroxylase, and other enzymes in the
adrenal cortex. Dosages range from 200 to 600 mg adminis-
tered twice daily on an empty stomach. Because drug absorp-
tion requires an acidic environment, antacids and agents that
decrease stomach acidity should be avoided. Side effects
include liver dysfunction, renal dysfunction, gynecomastia,
and gastrointestinal upset. Liver function tests, serum creati-
nine, and urinary cortisol excretion should be followed every
6 to 8 weeks. The use of mitotane is discussed subsequently
(see Adrenocortical Carcinoma).

Ectopic ACTH Syndrome
The optimal treatment for ectopic ACTH production
(“ectopic ACTH syndrome”) is resection of the ACTH- or
corticotrophin-releasing hormone-secreting tumor. However,
this may not be possible for two reasons: (1) inability to local-
ize the source of ectopic ACTH production (in 20% of cases at
time of presentation) and (2) inability to completely resect the
ectopic ACTH-secreting tumor (unresectable or metastatic
disease). Ectopic ACTH syndrome was diagnosed in 106
patients at the Mayo Clinic between 1956 and 1998.130

Bronchial carcinoid was the most frequent cause (25%), fol-
lowed by islet cell cancer (16%), small cell lung carcinoma
(11%), medullary thyroid cancer (8%), disseminated neu-
roendocrine tumor of unknown primary source (7%), thymic
carcinoid (5%), pheochromocytoma (3%), disseminated gas-
trointestinal carcinoid (1%), and other tumors (8%). No
tumor was found in 16% of patients. Twenty-eight patients
were managed medically, and the others had either curative
tumor resection (13 patients) or bilateral adrenalectomy (65
patients). The diagnoses of Cushing’s syndrome and ACTH-
secreting neoplasm were usually made concurrently; however,
there were remarkable cases in which the two conditions were
diagnosed several years apart.

In patients with an occult ectopic source of ACTH, a quick
definitive cure with bilateral adrenalectomy can be lifesaving.
Pharmacotherapy in these patients rarely completely controls
the hypercortisolism, and the associated morbidity and risk of
mortality persist.

Metastatic or Unresectable ACTH-Secreting Tumor

For an unresectable or metastatic ACTH-secreting tumor,
bilateral laparoscopic adrenalectomy offers a quick definitive
cure and is the treatment of choice.123 Pharmacotherapy is
rarely effective in controlling hypercortisolism because of the
markedly elevated levels of plasma ACTH. In some cases, such

as small cell lung carcinoma, tumor-specific chemotherapy
may produce a hormonal cure.

The perioperative glucocorticoid therapy for bilateral
adrenalectomy is the same as discussed above for patients hav-
ing TSS. However, prednisone at a dosage of 5 to 7.5 mg daily
(or an equivalent of hydrocortisone) is required lifelong. In
many cases, the full replacement dosage is not needed because
of a small amount of residual functioning adrenocortical tis-
sue. Patients are instructed about stress steroid coverage and
the need to wear medical identification. In addition, orally
administered mineralocorticoid replacement in the form of
fludrocortisone at a dosage of 0.05 to 0.1 mg/day is started
before dismissal from the hospital. The proper dosage is deter-
mined by serum electrolytes and supine and standing blood
pressures.

Adrenocortical Carcinoma
The treatment of choice for adrenocortical carcinoma is com-
plete surgical resection by the anterior abdominal approach.103

This malignant tumor should be suspected in patients with
marked hypercortisolism (24-hour urinary cortisol >1000 mg)
and adrenal tumors greater than 6 cm in the largest lesional
diameter on computed imaging. Even if resection is apparently
complete, the recurrence rate is high and the 5-year survival
rate is 20% to 30%.103 Treatment with mitotane should be
administered, if tumor resection is incomplete. This drug is an
adrenal cytolytic agent that inhibits adrenal steroid synthesis
and destroys normal and neoplastic adrenocortical cells.
Treatment is started 3 to 6 weeks after adrenalectomy. The ini-
tial dosage is one 500-mg tablet with food twice daily. The total
dosage is increased by 500 mg weekly until the maximal toler-
ated dosage or a maximal dose of 10 g daily is attained. In most
patients, the dosage is limited by nausea, anorexia, diarrhea,
somnolence, skin rash, and pruritus. Mitotane is lipophilic and
has a long half-life (0.5 to 6 months). Therefore, mitotane is
contraindicated for women desiring fertility within 2 to 5 years
after treatment. This drug may also destroy the normal con-
tralateral adrenal gland, and concomitant therapy with dexam-
ethasone (0.5 mg daily) or prednisone (5 mg daily) should be
administered. In addition, low-dose mineralocorticoid
replacement may be needed, and this is determined by period-
ic measurement of the serum concentration of potassium. If
hyperkalemia develops, treatment is started with fludrocorti-
sone 0.05 mg daily and adjusted to maintain the serum level of
potassium in the normal range.

Because of the high recurrence rate of adrenocortical carci-
noma, adjuvant treatment with mitotane should be consid-
ered for patients with apparent surgical cure.

Adrenal Adenoma
Cushing’s syndrome caused by an adrenal adenoma is cured
by unilateral adrenalectomy. This operation is usually per-
formed laparoscopically. The patient should be told that
it may take 4 to 18 months before the HPA axis recovers.
The rate-limiting step in axis recovery is the hypothalamic
corticotropin-releasing hormone neuron or higher regulatory
inputs or both. At approximately 6 weeks after the operation,
treatment is switched to a shorter-acting glucocorticoid (e.g.,
hydrocortisone 20 mg in the A.M. and 10 mg in the P.M.). The
afternoon dose is tapered and discontinued over 2 to 8 weeks.
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The single morning dosage allows for relative nocturnal glu-
cocorticoid insufficiency and stimulation of the hypothalam-
ic neurons. The concentration of plasma cortisol at 8 A.M.
(before hydrocortisone administration) is measured every 6 to
8 weeks. Hydrocortisone treatment may be discontinued
when the plasma cortisol concentration is 10 μg/dl or greater.
Patients are instructed about the need for stress steroid cover-
age for approximately 1 year after exogenous treatment is dis-
continued. Mineralocorticoid replacement is usually not
required for patients after unilateral adrenalectomy.

Hypertension and Cushing’s Syndrome
The hypertension associated with Cushing’s syndrome should
be treated until a surgical cure is achieved.131 Spironolactone,
at dosages used to treat primary aldosteronism, is effective in
reversing the hypokalemia. Second-step agents include thi-
azide diuretics, β-adrenergic receptor blockers, ACE
inhibitors, and calcium antagonists. The hypertension associ-
ated with the hypercortisolism usually resolves over several
weeks after the surgical cure, and treatment with antihyper-
tensive agents can be tapered and withdrawn.
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INTRODUCTION

Pheochromocytomas are catecholamine-secreting tumors
that arise from chromaffin cells. Although extremely rare, the
recognition and localization of these tumors are critical to the
cure of hypertension, which may be paroxysmal and lethal to
the patients that harbor them. The incidence of pheochromo-
cytoma is estimated to be 2 to 8 in 100,000 per year among
hypertensive patients.1,2 The Mayo Clinic reported that only
13 of 54 autopsy-proven pheochromocytomas had been diag-
nosed prior to death.3 Pheochromocytomas are classically
associated with paroxysmal hypertension. Patients present
with a wide variety of signs, symptoms, and potentially life-
threatening consequences of catecholamine excess. Clinicians
must maintain a high index of suspicion and perform an
evaluation when pheochromocytoma is suspected. Most
pheochromocytomas are sporadic, but familial forms should
be considered a possibility in all patients. The evaluation for
pheochromocytoma includes establishment of catecholamine
excess, genetic analysis in many patients, and localization of
the tumor. Treatment is usually surgical resection.

PATHOPHYSIOLOGY

In embryonic development, primitive stem cells migrate from
the neural crest giving rise to chromaffin cells. Chromaffin bod-
ies regress in the prenatal period, but remnants may remain. In
adults most chromaffin cells are found in the adrenal medulla,
the predominant site of pheochromocytomas, but may occur
along the sympathetic ganglia or in chromaffin body remnants
in other locations.4 The term pheochromocytoma refers to adre-
nal chromaffin tissues, whereas paraganglioma refers to extra-
adrenal chromaffin bodies.5,6 Pheochromocytoma generally
refers to tumors in both locations.

Chromaffin cells of pheochromocytomas produce cate-
cholamines from tyrosine. The intermediate metabolites dopa
and dopamine are converted to norepinephrine, the end-
product of extraadrenal pheochromocytomas. In the adrenal
medulla norepinephrine is metabolized to epinephrine; how-
ever, epinephrine is rarely the sole catecholamine secreted by
pheochromocytomas. Norepinephrine and epinephrine are
subsequently converted to the O-methylated metabolites,
normetanephrine and metanephrine.7 Dopamine and the uri-
nary metabolite, homovanillic acid, are uncommonly secreted
by pheochromocytomas and occur most often in malignant
forms.8

The clinical manifestations of pheochromocytoma are
variable and related to the heterogeneous secretion of cate-
cholamines and their metabolites. In addition to cate-
cholamines, pheochromocytomas may secrete a variety of

peptides including opioids, endothelin, erythropoietin,
parathyroid hormone–related protein, neuropeptide Y, and
chomogranin A.9 It is not known why some pheochromocy-
tomas secrete catecholamines intermittently, causing paroxys-
mal signs and symptoms, while others release neurohormones
continuously, causing refractory hypertension without
paroxysms.4

In general, patients with tumors that secrete predominantly
epinephrine have more β receptor–mediated tachycardia, systolic
hypertension, hyperhydrosis, flushing, and anxiety.10 Tumors
producing epinephrine alone may present with hypotensive
symptoms.11 Patients with norepinephrine-secreting tumors
have α-adrenergic receptor–mediated vasoconstriction with
related diastolic hypertension and generally have fewer symp-
toms classically associated with pheochromocytomas.3,10

Clinical Features
A high index of suspicion for pheochromocytoma is critical in
making the diagnosis as the presentation is variable (Box 76-1).
The classic triad of global headache, tachycardia, and diaphore-
sis usually associated with hypertension should prompt a con-
sideration of pheochromocytoma. Two of the three symptoms
are usually present. The Mayo Clinic reported results of 54
autopsy-proven pheochromocytoma cases. Hypertension had
been diagnosed in 54% of the cases: 27% had headaches, and
17% had diaphoresis and palpitations.12

Paroxysmal hypertension should generate a suspicion for
pheochromocytoma, although most patients with this history
do not have this tumor. Patients with signs and symptoms of
pheochromocytoma may have essential hypertension or other
forms of secondary hypertension, such as renovascular hyper-
tension; hypertension of pregnancy; hypertensive crises asso-
ciated with withdrawal of β-blockers, clonidine, or drugs of
abuse; anxiety and panic attacks; intracranial tumors; or self-
administration of sympathomimetic amines.

There is no correlation between levels of circulating cate-
cholamines and blood pressure in patients with pheochromo-
cytoma.12 Some pheochromocytoma patients may have
episodic hypertension with normal levels of catecholamines,
whereas others have high circulating catecholamines but are
without symptoms. Ninety percent of patients with pheochro-
mocytoma have hypertension. Paroxysmal hypertension often
prompts the search for a catecholamine-secreting tumor, but
the hypertension is more often sustained, leading to the mis-
diagnosis of primary hypertension.4 Patients with sporadic
pheochromocytomas may present in hypertensive crisis that
is often severe and resistant to standard antihypertensive
medications. Hypertension related to pheochromocytoma in
children is more likely to be sustained.13 Patients who should
be considered for evaluation of pheochromocytoma have
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hypertension resistant to conventional therapy, hypertension
of new onset, paroxysmal hypertension, or a familial syn-
drome associated with pheochromocytoma.

Orthostatic hypotension is common among patients with
pheochromocytoma and is often related to a reduced plasma
volume.14 It has been postulated that prolonged catecholamine
exposure alters normal sympathetic nervous system (SNS)
reflex responses to upright blood pressure, contributing to the
postural hypotension. Animal models of pheochromocytoma,15

as well as clinical studies,16 suggest that the SNS is intact and
may play a role in increasing the blood pressure in pheochro-
mocytoma patients but is not related to orthostasis. Levenson
reported that orthostasis in patients with pheochromocytoma
was related to decreased stroke volume and impaired adapta-
tion of total peripheral resistance during tilt maneuvers.17

The cardiac manifestations of pheochromocytomas include
tachycardia, cardiac arrhythmias, angina, and myocardial
infarction in the absence of coronary disease.18 Hypertrophic
or congestive cardiomyopathy and noncardiogenic pul-
monary edema have been reported.19

Crises due to catecholamine secretion may cause hyperten-
sive retinopathy, stroke, dissecting aortic aneurysm, renal fail-
ure, disseminated intravascular coagulation, rhabdomyolysis,
or tumor hemorrhage. Other presentations include pallor or
flushing, sweating, paroxysmal symptoms suggesting seizure
disorder, anxiety attacks, tremulousness, weakness, fatigue,
weight loss, and paresthesias.12

Although lower levels of plasma catecholamines may be
present between crises, there may be an increase in metabolic
rate and weight loss. Hyperglycemia may occur due to elevat-
ed catecholamines that suppress insulin production and
increase hepatic gluconeogenesis. Vascular constriction with
diminished plasma volume or the formation of erythropoi-
etin by the tumor may cause an elevated hematocrit.

Catecholamine release from a pheochromocytoma is not
mediated by neuronal activity but can occur with physical
stimuli, tumor necrosis, or changes in blood flow. Classic pre-
sentations are an acute hypertensive crisis during surgery,
physical activity, abdominal trauma, or in patients with blad-
der pheochromocytoma, voiding. A number of drugs have
provocative effects on pheochromocytomas, including imag-
ing agents, glucagon, histamine, guanethidine, metoclo-
pramide, and phenothiazines.12

Pseudopheochromocytoma refers to a condition that causes
paraoxysmal hypertension in the absence of biochemical
evidence of excess catecholamines consistent with pheochro-
mocytoma. Patients with pseudopheochromocytoma are
characterized by abrupt elevation of blood pressure; abrupt
symptoms of nausea, palpitations, chest pain, and dizziness;
and absence of triggers related to fear or panic. The denial of
emotional stress is misleading, so the consideration of a psy-
chosocial relationship is often delayed. In one series, 21 patients
referred for evaluation of extreme fluctuations in blood pres-
sure were found to have labile blood pressure related to unrec-
ognized emotional stress. These patients were treated effective-
ly with antihypertensive drugs, psychopharmacotherapeutic
agents, and counseling, either alone or in combination.20

Tumor Location
About 85% of pheochromocytomas are found in the adrenal
medulla. In adults, up to 18% of pheochromocytomas are
extraadrenal locations such as the organ of Zuckerkandl at the
aortic bifurcation, carotid body, glomus jugulare of cranial
nerves IX and X, aortic chemoreceptors, the urinary bladder,
or other sites along the sympathetic chain of the abdomen or
pelvis.6 Approximately 10% of the extraadrenal tumors are
intrathoracic, usually in the posterior mediastinum. There are
reported cases in the heart,21 neck, base of the skull, or exotic
sites such as the middle ear.6 Thirty percent of pheochromo-
cytomas in children are extraadrenal.22

After the age of 60 years, the most common location for
pheochromocytomas is the adrenal gland. When associated
with familial syndromes, adrenal tumors are often bilateral.
Extraadrenal pheochromocytomas are rarely associated with
familial syndromes and are more likely to be found in persons
younger than 20 years of age.23

Malignant pheochromocytomas, accounting for 19% of
tumors, are more likely to be >5.0 cm in size. These tumors
cannot be distinguished from benign pheochromocytomas by
histology. Malignancy is defined as local extension or the pres-
ence of metastasis.24 The most common sites for metastasis
include liver, lung, bone, and lymph nodes.25

Familial Syndromes
Most pheochromocytomas are sporadic and noninherited
(Box 76–2).4 Sporadic pheochromocytomas are usually diag-
nosed in the fourth through sixth decades, whereas familial
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Box 76–1 Clinical Features Associated with
Pheochromocytoma

Signs and Symptoms
Hypertension:* Paroxysmal or sustained, refractory
Headaches
Tachycardia
Diaphoresis
Pallor or flushing
Tremors
Anxiety
Chest or abdominal pain
Hemodynamic changes during surgery, pregnancy, 

coitus, micturition

Endocrine
Hypercalcemia
Diabetes mellitus
Cushing’s syndrome
Thyroid carcinoma

Cardiovascular
Myocardial infarction
Arrhythmia
Cardiomyopathy
Congestive heart failure
Orthostatic hypotension

Neurologic
Seizure
Stroke
Encephalopathy

*A small percentage (10%) of patients with pheochromocytoma
are normotensive.



tumors are often detected early in life by surveillance in high-
risk patients. Patients with sporadic tumors characteristically
have a negative family history, a unilateral extraadrenal tumor,
and lack the characteristics of neuroendocrine syndromes. In
some series of patients with pheochromocytoma, only 10%
had a familial disorder, including the multiple endocrine neo-
plasm (MEN) syndromes, von Hippel-Lindau (VHL) syn-
drome, or neurofibromatosis.26,27

With advances in molecular genetics, patients with appar-
ent sporadic tumors have been found to have mutations.28 In
a cohort of 277 patients with sporadic pheochomocytoma,
Neumann et al.28 found that 66 patients (25%) had a mutation
of one of four autosomal-dominant genes associated with
pheochromocytoma. Thirty percent had the VHL gene and
12% had protooncogene RET associated with MEN syn-
dromes. Two susceptibility genes associated with pheochro-
mocytomas and glomus tumors, known as SDHD and SDHB
(succinate dehydrogenase subunit D and subunit B), were
found in 17% and 18%, respectively.28

A careful family history, higher index of suspicion for
familial syndrome, and careful physical examination in
patients with “presumed” sporadic tumors might lead to
detection of genetic disorders. Molecular testing for the RET
mutation is available and recommended in patients with spo-
radic pheochromocytoma. Tests for other mutations related to
pheochromocytoma are not commercially available.29

Familial pheochromocytoma is inherited in an autosomal-
dominant pattern with variable penetrance.27,28 The compo-
nents of MEN type 2A (Sipple’s syndrome) include pheo-
chromocytoma, medullary thyroid carcinoma (MTC), and
parathyroid hyperplasia or neoplasia. The MEN type 2B syn-
drome may present with pheochromocytoma, MTC, and
mucosal neuromas. The syndromes are the result of a “gain-
of-function” mutation of the RET protooncogene on chromo-
some 10, which activates the tyrosine kinase receptor causing
hyperplasia and possibly neoplastic change.30 Pheochromocy-
toma occurs in 40% to 50% of affected individuals in MEN 2A
families. The tumors are usually due to adrenomedullary
hyperplasia causing multicentric and bilateral epinephrine-
secreting tumors. Extraadrenal pheochromocytomas are rare in
the MEN syndromes.28 Although rarely associated with familial
syndromes, 4.4 % of MEN 2A patients in one series had a
malignant form of pheochromocytoma.31

Thyroid carcinoma associated with MEN is a high-grade
malignancy and may present in the first years of life.

Associated pheochromocytomas present later in life and rarely
metastasize. Fifty percent of patients with MEN2 syndromes
are asymptomatic, so early detection and surveillance for
MTC and pheochromocytoma is important.27

In the VHL syndrome, a “loss-of-function” mutation of the
VHL suppressor gene on chromosome 3p causes alterations in
the normal degradation of proteins, including hypoxia-
inducible factor.32 This mutation results in tumor formation
with variable penetrance and expression.33 The syndrome con-
sists of a variety of neoplasms and masses, including cerebellar
and retinal hemangioblastomas, renal cell carcinoma, pancreat-
ic and renal cysts, and pheochromocytoma.34 The pheochro-
mocytomas of VHL secrete norepinephrine, but the levels may
not be high enough to cause hypertension or other symptoms.35

The SDHD and SDHB genes, as with the VHL mutation,
cause a defect in the oxygen-sensing pathways. These suscep-
tibility genes are part of the mitochondrial complex II.36

Alterations in the respiratory chain may result in malignant
hyperplasia.32 The SDHD and SDHB are associated with
hereditary paragangliomas of the head and neck.29

Neurofibromatosis type 1 (NF1) is rarely associated with
pheochromocytoma. Although pheochromocytomas are
extremely rare in neurofibromatosis, among hypertensive
patients with this syndrome the prevalence may be higher than
50%.37 The effect of these tumors becomes apparent at a later
age than pheochromocytomas in MEN and VHL. Although
patients may not have symptoms of catecholamine excess, the
presence of neurofibromas, café-au-lait spots, and hyperten-
sion should prompt a search of pheochromocytoma. The NF1
tumor suppressor gene has been isolated to chromosome 17q
and encodes for the protein neurofibromin.38 Type 2 neurofi-
bromatosis is not associated with pheochromocytoma.

Diagnosis
Screening for pheochromocytoma should be conducted in
any patient with signs, symptoms, or family history that sug-
gests the disorder. Failure to make a diagnosis may result in
catastrophic outcomes.

Consideration should be given in patients with the classic
triad of tachycardia, diaphoresis, and headaches, and also in
those with paroxysmal symptoms; unexplained hemodynam-
ic changes during surgery, pregnancy, coitus, or micturition;
or after use of certain drugs.

The choice of diagnostic tests may be limited by the avail-
ability of certain assays (Box 76–3). Although a number of
tests are available, there is no single test with absolute accura-
cy.39,40 Further complicating the diagnostic approach are the
variability of catecholamines and metabolites produced by
pheochromocytomas and the intermittent secretion and pos-
sibly low levels of catecholamines associated with symptoms.
The measurement of urine or plasma catecholamines is diag-
nostic in 95 % of patients. Most patients can be identified with
a single test when abnormal values are several-fold higher
than the normal range. However, in a few patients values are
only slightly elevated, yet clinical suspicion may be high.24 In
these cases the diagnosis is most challenging.

Biochemical tests used to measure catecholamines and
metabolites include plasma catecholamines and metanephrines,
urinary catecholamines and metanephrines, and urinary vanil-
lylmandelic acid.23,24 Urinary “fractionated” metanephrines
provide more information than “total’ metanephrines. The
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Box 76–2 Molecular Genetics Associated with Familial
Pheochromocytoma

Genetic Disorder Associated Syndrome
VHL gene on chromosome 3p VHL syndrome
RET protooncogene on MEN types 2A and 2B

chromosome 1
NF1 gene on chromosome Neurofibromatosis

17q
SDHD and SDHB on Paraganglioma of 

mitochondrial DNA head and neck

VHL, von Hippel-Lindau; MEN, multiple endocrine neoplasm;
NF1, neurofibromatosis 1; SDHD, succinate dehydrogenase sub-
unit D; SDHB, succinate dehydrogenase subunit B.



development of liquid chromotographic measurement of plas-
ma metanephrines provides a more convenient assessment of
catecholamine production.41 False-negative tests may result with
any of these methods leading to missed diagnosis. Because
pheochromocytoma is so rare and all of these tests lack 100%
specificity, false-positive tests are also possible.

Plasma-free metanephrines measured by liquid chromatog-
raphy has been recommended as the best initial test.39 In a
multicenter cohort of patients tested for pheochromocytoma,
214 patients of 644 tested had confirmation of the diagnosis.
The sensitivity of plasma-free metanephrines was 99%. In
those patients with pheochromocytoma, the concentration of
plasma-free metanephrines was 21-fold higher in sporadic
and 7-fold higher in familial pheochromocytomas compared
with those without a pheochromocytoma. In hereditary syn-
dromes and sporadic forms, plasma-free metanephrines had a
specificity of 96% and 82%, respectively.39

A retrospective chart review of patients seen at the Mayo
Clinic for evaluation of pheochromocytoma was recently con-
ducted to determine the diagnostic efficacy of plasma-free
metanephrines and 24-hour urine total metanephrines and cat-
echolamines taken from patients with confirmed pheochromo-
cytoma.40 The investigators found that plasma metanephrines
had a high sensitivity but lacked specificity compared with 24-
hour urine collections for metanephrines and catecholamines.
False-negative 24-hour urine results were found in asympto-
matic patients or in patients at high risk for familial syndromes.
These investigators suggest that in patients with familial syn-
dromes, a measure of fractionated plasma metanephrines is the
best approach. For patients tested for sporadic tumors, meas-
ures of 24-hour urinary catecholamines and metanephrines
provide 98% specificity with a low false-positive rate.

The clonidine-suppression test is rarely needed to diagnose
pheochromocytoma but helps distinguish patients with
pheochromocytoma from those with false-positive biochemi-
cal tests.42 Clonidine decreases the release of norepinephrine
from the brain and terminal sympathetic axons. Failure to
suppress norepinephrine levels is consistent with pheochro-
mocytoma, whereas a fall of >50% supports sympathetic acti-
vation. This test is helpful when the biochemical measures of
plasma catecholamines or metabolites are not diagnostic.43,44

Provocation of catecholamine release with glucagon may be
used with caution when patients have symptoms of pheochro-
mocytoma but blood pressure is near normal and the plasma
catecholamine level is not very high (500-1000 pg/ml).26

Consideration should be given to the possibility of false
positives if the results of biochemical tests are equivocal.
Acetaminophen has been shown to interfere with cate-
cholamine assays, so patients should avoid this agent for
5 days prior to testing.23 Tricyclic antidepressants, labetolol,

and phenoxybenzamine have been shown to cause false-
positive plasma metanephrines.44 Collection of plasma for
testing is optimized if patients have been fasting overnight and
avoided caffeinated beverages, are supine for 20 minutes prior
to collection, and are taking no interfering medications.

A combination of tests may be required in centers where
plasma-free metanephrines are not available. Sensitivity and
specificity increase when multiple tests are carried out. Plasma
catecholamines (norepinephrine and epinephrine) greater
than 2000 pg/ml and urinary metanephrines (metanephrine
and normetanephrine) of at least 1.8 mg/24 hours are diag-
nostic in sporadic and familial pheochromocytomas 98% of
the time.23 Additional studies are needed to determine the best
biochemical test for different risk groups.

Imaging
Computed tomography (CT) (Figure 76–1) or magnetic reso-
nance imaging (MRI) should be obtained to determine the
location of a pheochromocytoma only after biochemical con-
firmatory tests have been performed. Special attention should
be given to the adrenal glands and the sympathetic chain.
About 95% of the tumors are located in the abdomen and
90% are adrenal.45 The most common extraadrenal sites are
paraaortic (75%), bladder (10%), thoracic (10%), and pelvic
(5%).6 Sporadic tumors are located with either CT or MRI,
because they tend to be >3 cm in size. CT may miss small
tumors of familial syndromes.45

If further imaging is thought necessary, an MIBG (131-I-
metaiodobenzylguanidine) scan may detect tumors missed by
CT or MRI. The National Institutes of Health consensus
report recommends that even if CT or MRI is positive, an
MIBG scan should be obtained to detect multiple lesions. This
test has a specificity of 100% but a sensitivity of 78%.24

Medical Management
Medical management of pheochromocytoma must always
precede surgical resection, and surgery is needed to remove
the potentially lethal tumor. The goal of antihypertensive
therapy is to control blood pressure, treat symptomatic tachy-
cardia, and avoid hypertensive emergency. The α-adrenergic
blocker phenoxybenzamine has been recommended as the
treatment of choice during the preoperative period.46

However, intraoperative reports do not confirm a benefit of
this adrenergic blocker in patients undergoing surgical
removal of pheochromocytoma and, in fact, suggest more
complications with phenoxybenzamine.47,48 With the develop-
ment of improved surgical and anesthetic techniques, it may
not necessary to treat a patient with phenoxybenzamine in the
absence of hemodynamic instability.

Selective α-adrenergic blockers may be used to control
blood pressure. Doxazosin, prazosin, and terazosin do not
cause the reflex tachycardia that may result from nonselective
α-adrenergic blockade. Calcium channel blockers have also
been used safely in patients with pheochromocytoma alone or
combined with α-adrenergic blockers. Nifedipine GITS has
been used to control blood pressure even during glucagon
provocative testing. 49

β-Blockers should be used only after α-blockade. A hyper-
tensive crisis may occur due to unopposed α-mediated vaso-
constriction if β-blockers are used alone. β-Blockade may be
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Box 76–3 Recommended Tests for Diagnosis of
Pheochromocytoma

Plasma-free metanephrines*

24-hour urine fractionated metanephrines*

Clonidine suppression test†
Glucagon provocation test†

*Liquid chromatographic measurement.
†Tests to be performed by experienced clinician.



added to control tachycardia related to catecholamine secre-
tion, but when used alone may result in pulmonary edema
caused by decreased cardiac output.50

Surgery
Surgical excision of pheochromocytoma can be performed
with low mortality and morbidity and may result in a high
cure rate for hypertension. Although the surgical approach
and outcome have changed dramatically with the develop-
ment of laproscopic techniques for removal of pheochromo-
cytoma,51 perioperative complications may be severe.52

The management of hypovolemia prior to and during sur-
gery is critical to a successful outcome. Surges in the blood
pressure may occur with tumor manipulation, requiring the
use of intraoperative phentolamine, labetolol, or nicardipine.50

The postoperative complications include orthostatic
hypotension due to decreased intravascular volume.
Postoperative hypertension may occur with vigorous volume
repletion, underlying primary hypertension, or the presence
of residual tumor.51
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813Chapter 77

INTRODUCTION

This chapter reviews the current knowledge of anesthesia and
surgery in the hypertensive patient. It is hoped that internists,
surgeons, and anesthesiologists will be able to use this infor-
mation to better prepare patients for surgery by understand-
ing how hypertension, its treatment, and anesthesia interact.
Emphasis is placed on the cardiovascular pharmacology of
anesthetic drugs, anesthetic techniques, the preoperative eval-
uation of the patient, and the implications of the operative
procedure for management strategies. The risks of periopera-
tive hypertension and the best way to minimize those risks are
also discussed.

Elsewhere in this book the pathophysiology and treatment
of hypertension are discussed in detail. This chapter reviews
the effects of anesthesia and surgery on the hypertensive
patient from a physiologic, pharmacologic, and clinical out-
come perspective. Hypertension (blood pressure [BP]
>140/90 mm Hg) and surgery are both prevalent, particularly
in the elderly.1

It is important to have an understanding of the effect that
hypertension has on anesthesia and surgery, as well as the
effect that surgery and anesthesia have on hypertensive
patients. It has been estimated that severe hypertension
(BP ≥180/110 mm Hg) is found in 11% of surgical patients.2

The prevalence of hypertension depends on the surgical pop-
ulation; it is increased in older patients and in those under-
going vascular and cardiac surgery.3 Hypertension is common
during surgery, occurring in 57% of patients undergoing
abdominal aortic surgery, in 29% of those undergoing peri-
pheral vascular surgery, and in 8% of those undergoing
intraperitoneal procedures.4 In patients having carotid artery
or open heart surgery, the incidence of hypertension varies
between 40% and 80%.5,6

Patients who develop hypertension in the perioperative
period can be divided into four classes of hypertensive
patients (Table 77–1). The first includes normotensive
patients who respond to the many stresses of the perioperative
period, such as anxiety, pain, or a distended bladder, that
evoke catecholamine release and the subsequent development
of hypertension.7 This form of hypertension is usually tran-
sient (self-limited) and can be successfully treated by remov-
ing the precipitating stimulus. The second class includes those
with a history of hypertension controlled (BP ≤140/90 mm
Hg) by pharmacologic therapy. These patients are likely to
respond to the multiple perioperative stressors of surgery with
hypertension, but to a lesser degree than the third and fourth
classes of patients. The third class includes those with undiag-
nosed or uncontrolled hypertension (BP 160/90 to 180/110
mm Hg). These patients are likely to have recurrent hyperten-
sion in the perioperative period. The fourth class includes
hypertensive patients who may or may not be treated, but who
present for anesthesia with uncontrolled hypertension (BP

≥180/110 mm Hg). This class is at highest risk for periopera-
tive hypertension, hypotension, and a labile hemodynamic
course, as well as morbid events. They should generally have
surgery delayed until the hypertension can be better con-
trolled.4,8

It is important to recognize that hypertensive patients often
have comorbid diseases, such as diabetes, renal disease, cere-
brovascular disease, peripheral vascular disease, and cardiac
disease, including coronary artery disease, left ventricular
hypertrophy, and congestive heart failure (CHF). Hypertensive
patients are at increased risk of hemodynamic fluctuations
during the perioperative course,9-12 which may result in
myocardial ischemia,9-11,13 myocardial infarction,4,14 postoper-
ative renal dysfunction,15,16 and an increased incidence of
postoperative neurologic deficits.16-18 Hypertension generally
confers added risk to anesthesia and surgery, as discussed later
in the chapter.

Figure 77–1 illustrates the effects of hypertension on the
heart and identifies the important determinants of BP that
are affected by anesthetic and antihypertensive drugs. The
hypertensive patient is likely to have elevated systemic vas-
cular resistance (SVR), reduced total blood volume, impaired
cardiac contractility, and a hypertrophied myocardium. The
hypertrophied left ventricle (which by its very pathology has
higher oxygen requirements and potentially less oxygen sup-
ply) is vulnerable to subendocardial ischemia,9,19 particular-
ly if there is tachycardia and/or if the coronary perfusion
pressure decreases during anesthesia. Almost all anesthetic
drugs and most anesthetic techniques will produce vasodila-
tion (see the next section), and most inhalation anesthetics
are direct negative inotropic drugs. Thus, hypertensive
patients who may be volume depleted,20 who have high SVR,
and who may have depressed ventricular function common-
ly experience hypotension with the induction of anesthesia.
This hypotension can compromise myocardial oxygen
delivery, which may lead to ischemic ventricular dysfunction.

The treatment of hypertension is particularly important for
patients undergoing anesthesia and surgery for two reasons. It
is well documented that hypertensive patients whose BP is con-
trolled have fewer hemodynamic fluctuations in the perioper-
ative period.16,19-21 The fewer the hemodynamic fluctuations
(particularly tachycardia), the less likely patients are to have
myocardial ischemia.9,22 Also, many of the drugs commonly
used in the treatment of hypertension have pharmacologic
interactions with anesthetics. Anesthetic drugs and techniques
(general, spinal, epidural) require a complex set of homeo-
static reflexes to maintain cardiac output and BP, as illustrated
in Figure 77–2.23 Antihypertensive drugs that lower plasma
volume (e.g., diuretics),24 vasodilators, and β-adrenergic
antagonists accentuate the hypotensive effects of anesthesia
and impair the autoregulatory responses of increased heart
rate (HR), contractility, and vasoconstriction that are triggered
by anesthesia.

Anesthesia and Hypertension
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Two classes of antihypertensive drugs that are especially
helpful in the perioperative management of hypertensive
patients are the β-adrenergic antagonists and the α2-agonists.
β-Blockers attenuate the hypertensive and tachycardiac
responses to perioperative stress and reduce myocardial
ischemia.9,25,26 α2-Agonists, such as clonidine, reduce the inci-
dence of hypertension and tachycardia, as well as the need for
additional anesthesia.27 Patients whose hypertension is treated
with these classes of drugs will likely have smoother perioper-

ative courses. The failure of diuretics to provide smooth
hemodynamics during anesthesia is attributed to the lower
total blood volume, increased circulating vasoactive sub-
stances, and potassium depletion.9 There is insufficient infor-
mation on the many new antihypertensive drug classes, such
as angiotensin II receptor, II-imidazoline receptor, and selec-
tive aldosterone receptor antagonists, to know how these
agents affect the perioperative course.

CARDIOVASCULAR PHARMACOLOGY
OF SEDATIVE AND ANESTHETIC DRUGS

To better understand the hemodynamic effects of sedative,
inhalation, and intravenous anesthetics, we review the major
cardiovascular effects of drugs used in anesthesia, as well as
the cardiovascular effects of common anesthetic techniques.
This section is a synopsis of material presented in earlier
reviews of the pharmacology of anesthetic drugs.23,28-31 The
cardiovascular effects of the various drugs and anesthetic
techniques are summarized in Table 77–2.

Anesthetic Techniques
Anesthetic techniques can be divided into four categories. The
first is general anesthesia, which is accomplished with a wide
variety of intravenous and inhalation anesthetic drugs. The
majority of general anesthetics are given with a hypnotic (usu-
ally a barbiturate or a benzodiazepine), an analgesic (an opi-
oid and/or an inhalation drug), and a muscle relaxant (neuro-
muscular blocking drugs). A second form of anesthesia is
neuraxial block, which is accomplished by placing a local
anesthetic in the spinal or epidural space. A third technique is
regional nerve block with a local anesthetic. The final anes-
thetic technique involves sedation of the patient and local
anesthetic infiltration at the site of the surgery. This is called
monitored anesthesia care (MAC).

We have examined the effect of anesthetic technique on
hypertensive patients.32 General and neuraxial techniques
result in the greatest hypotension because both result in
vasodilation (Figure 77–3). Loss of consciousness, as seen in
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Table 77–1 Perioperative Hypertensive Patients

Classification* BP† (mm Hg) Commentary‡ Disposition

1. Normotensive <140/90 Controlled, resolves with Treat q.s.
removal of stressor

2. Controlled hypertensives <140/90 Adequately controlled Treat q.s.
3. Poorly controlled or undiagnosed 140/90 ≤180/110 Poorly controlled Dx and Rx; better Rx; arrange

hypertensives appropriate medical follow-up
4. Uncontrolled or undiagnosed ≥110 diastolic Uncontrolled Dx and Rx; better Rx; arrange

hypertensives appropriate medical
management; delay
elective surgery

BP, blood pressure; q.s., as needed during the perioperative period; Dx, diagnose; Rx, treat.
*Classification adapted from literature review and definitions of the Joint National Committee on Prevention, Detection, Evaluation,
and Treatment of High Blood Pressure. The sixth report. Arch Intern Med 157:2413-2446, 1997.
†BP at preoperative evaluation or before anesthesia induction.
‡Hypertensive response (≥140/90 mm Hg) during the preoperative or perioperative period in patients who are diagnosed as hyper-
tensive or not diagnosed as hypertensive but who develop hypertension during the perioperative period.

Normal heart

Systemic
vascular

resistance Chronic hypertension

Arterial
baroreceptors

Arterioles

Arterial
pressure

Renal
hormones

Fluid
balance

Sympathetic
nervous
system

Disturbed
geometry

L. ventricle
dP/dt max.

Veins

Hypertrophy

SVR Q

FFigure 77–1 Schema of the hemodynamic perturbations
induced in the hypertensive patient demonstrates the
interactions of adaptive hypertrophy of the arteriolar media
and of the left ventricle, with sympathetic nervous activity.
SVR, systemic vascular resistance. (From Prys-Roberts C.
Anaesthesia and hypertension. Br J Anaesth 56:711-724,
1984.)



normal sleep,33 reduces HR, cardiac output, and BP. Most
drugs used for general anesthesia have hemodynamic effects
that, together with loss of consciousness, cause hypotension.
Neuraxial block produces hypotension by creating a complete
sympathectomy to (or slightly above) the dermatome level of
the anesthesia. This causes profound vasodilation, reduced
preload, lower cardiac output, and hypotension. The use of
epidural anesthesia with general anesthesia significantly low-
ers the incidence of operative hypertension, but is associated
with greater hypotension and can evoke hypertension when it
is withdrawn postoperatively.34 Regional block and MAC have
minimal hemodynamic effects and are less likely to cause
hypotension in hypertensive patients. Hypertensive patients
often have hypertensive responses during anesthesia, and all
anesthetic techniques are associated with similar peak inci-
dences of hypertension (Figure 77–4; see also Figure 77–3).

CARDIOVASCULAR PHARMACOLOGY
OF GENERAL ANESTHETICS

General Anesthetic Induction Drugs
Thiopental

Thiopental (Pentothal) has survived the test of time as an
intravenous anesthetic drug. Since Lundy introduced it in
1934, thiopental has become the most widely used induction
agent because of the rapid hypnotic effect (one arm-brain cir-
culation time), highly predictable effect, lack of vascular irri-

tation, and general overall safety.35 The principal hemody-
namic change produced by thiopental is a decrease in myocar-
dial contractility36-38 due to reduced availability of calcium to
myofibrils.39 There is also an increase in HR.37-41 The cardiac
index (CI) is unchanged41,42 or reduced,37 whereas the mean
arterial pressure (MAP) is maintained41,43 or slightly
reduced.44 When thiopental is given to hypovolemic patients,
which could include poorly controlled hypertensive patients,
there is a significant reduction in cardiac output and an
important decrease in BP. Thus, patients without adequate
compensatory mechanisms may have serious hemodynamic
depression with a thiopental induction.45 This probably
explains the disastrous results of thiopental administration at
Pearl Harbor,46 where many wounded men who were hypo-
volemic experienced shock with the rapid administration of
the newly released anesthetic thiopental.

Diazepam

Diazepam (Valium) is probably the most widely used benzo-
diazepine in the world. It was introduced in the United States
in 1963 and is used for sedation and anesthesia induction. The
presumed mechanism of action of diazepam and other ben-
zodiazepines in the central nervous system is by potentiation
of the inhibitory effect of γ-aminobutyric acid on neuronal
transmission.47 All benzodiazepines have hypnotic, anticon-
vulsant, muscle relaxant, amnesic, and anxiolytic properties.
Induction with diazepam is characterized by hemodynamic
stability. Filling pressures and CI remain unchanged,48-53 with
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FFigure 77–2 The multiple effects of anesthetic
drugs on the cardiovascular system are shown.
Direct (solid arrows) and indirect (broken arrows)
effects of intravenous (IV) anesthetics on
cardiovascular function. SVR, systemic vascular
resistance; HR, heart rate; CO, cardiac output;
BP, blood pressure. (From Reves JG, Gelman S.
Cardiovascular effects of intravenous anesthetic
drugs. In Covino F, Rehdel K, Strichartz GR [eds].
Effects of Anesthesia. Bethesda, MD, American
Physiological Society, 1985; pp 179-193.)

Table 77–2 Anesthesia Drugs/Techniques/Effects on Hemodynamic Variables

Variable Intravenous Inhalation Neuraxial Regional Nerve Block

Cardiac output 0 to ↓ ↓ ↓ to 0 0
SVR ↓ to 0 ↓ ↓ 0
Contractility 0 ↓ 0 0
Heart rate 0 ↓ 0 0
Stroke volume 0 ↓ 0 0

SVR, systemic vascular resistance.
Neuraxial, spinal or epidural anesthesia.
Key: 0 = no change, ↓ = decrease.



variable but modest changes in HR.48-54 Although diazepam
may be safely combined with other anesthetic drugs, there is
some potential for hemodynamic depression.55 The effect of
the combination of diazepam and morphine (indeed of any
benzodiazepine and opioid) in patients who have ischemic
heart disease56,57 and valvular heart disease58 has been report-
ed. The combination of diazepam (0.125-0.5 mg/kg) and fen-
tanyl (50 mg/kg) used to induce anesthesia in patients for
coronary artery bypass graft surgery59 led to a supra-additive
fall in BP was more pronounced in hypovolemic hypertensive
patients. The authors concluded from this that diazepam
ablates normal sympathetic tone.59

Midazolam

Midazolam (Versed) is a water-soluble benzodiazepine syn-
thesized in the United States in 1975. It is unique among ben-
zodiazepines with its rapid onset and short duration of action
and relatively rapid plasma clearance.60 It is the most com-
monly used benzodiazepine in anesthetic practice. The hemo-
dynamic changes that result from the intravenous administra-
tion of midazolam (0.2 mg/kg) in premedicated patients who
have coronary artery disease are usually minor.53,61 Changes of
potential importance include a decrease in MAP of 20% and

an increase in HR of 15%.61 The CI is maintained.53,61 Filling
pressures are either unchanged or decreased in patients who
have normal ventricular function53,61 but are significantly
decreased in patients who have an elevated pulmonary capil-
lary wedge pressure (≥18 mm Hg).62 Interactions between
midazolam and other drugs are relatively mild and pre-
dictable. The combination of nitrous oxide (N2O) (50%) with
midazolam (0.2 mg/kg) does not cause increased cardiovascu-
lar depression.53 The safe combination of N2O and midazolam
contrasts with the well-known additive depression of N2O and
narcotic agents.63 Midazolam is routinely combined with fen-
tanyl for induction and maintenance of general anesthesia
during cardiac surgery without adverse hemodynamic seque-
lae.64-66 However, if midazolam is given to patients who have
received fentanyl, significant hypotension may occur, as seen
with diazepam and fentanyl.59

Ketamine

Although ketamine (Ketalar) produces rapid hypnosis and
profound analgesia, respiratory and cardiovascular functions
are not depressed as much as with most other induction
agents. Disturbing psychotomimetic activity (described as
vivid dreams, hallucinations, or other mental disturbances on
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was defined as diastolic BP ≥120 mm Hg. Intraoperative hypotension was defined as a decrease of >20 mm Hg from
preoperative MAP lasting 1 hour or longer. Intraoperative hypertension/hypotension was defined as an increase of ≥20
mm Hg above the usual MAP lasting >15 minutes combined with a decrease of >20 mm Hg in MAP lasting <1 hour. (A-C
From Charlson MD, MacKenzie CR, Gold JP, et al. Preoperative characteristics predicting intraoperative hypotension and
hypertension among hypertensives and diabetics undergoing noncardiac surgery. Ann Surg 212[1]:66-81, 1990.)



emergence from ketamine anesthesia) as well as undesirable
increases in myocardial oxygen consumption have limited the
use of ketamine. One unique feature of ketamine is stimula-
tion of the cardiovascular system. The most prominent hemo-
dynamic changes are significant increases in HR, CI, SVR, and
systemic and pulmonary artery pressures. Because of the
hypertension after ketamine, this drug is seldom used in
hypertensive patients.

Propofol

Propofol (Diprivan) was introduced into clinical practice in
1977.67 It is an alkylphenol (substituted derivative of phenol)
with hypnotic properties. The hemodynamic effects of propo-

fol have been compared with the most commonly used induc-
tion drugs, including the thiobarbiturates and etomidate.68-72

Systolic pressure falls 15% to 40% after intravenous induction
with ±2 mg/kg and maintenance infusion of ±100 μg/kg/min
propofol. Similar changes are seen in both diastolic pressure
and MAP. The effect of propofol on HR is variable. Despite a
significant decrease in MAP, some studies have shown no
change in HR,73 a decrease in HR,72 or an increase in HR.74

The majority of studies have demonstrated significant reduc-
tions in SVR (9%-30%), CI, stroke volume, and left ventricu-
lar stroke work index after propofol. In summary, propofol
alone or in combination causes significant decreases in arteri-
al pressure and CI secondary to increased venodilation with
decreased myocardial contractility. Its use in uncontrolled
hypertensives could be problematic.

Drugs for Maintenance of Anesthesia
Inhalation Anesthesia

Contemporary inhalation anesthesia includes the use of six
drugs—the volatile liquids halothane, enflurane, sevoflurane,
desflurane, and isoflurane, and the inert gas N2O. Each inhala-
tion anesthetic has a specific cardiovascular profile, but all
except N2O are vasodilators and negative inotropes. As with
the intravenous agents, their hemodynamic effects depend on
several factors that include the drug per se, the cardiovascular
status of the patient, and concurrent pharmacologic therapy.
Unlike the intravenous drugs, the cardiovascular effects of the
inhalation agents are more similar to one another than they
are different. The inhalation anesthetics often reduce cardiac
output. All of the inhalation agents exert a direct, dose-
dependent negative inotropic effect on the myocardium in
humans.75-77 There are small differences among agents in the
degree of myocardial depression and in the mechanism of
myocardial suppression. In general, halothane and enflurane
reduce cardiac output to a greater degree than isoflurane in
healthy patients. Volatile anesthetics further depress myocar-
dial contractility in disease states, such as ischemic heart dis-
ease.78 The influences of age, myocardial disease, premedica-
tion, and adjuvant drugs are important additive depressant
factors. Inhalation anesthetics must be used judiciously in
hypertensive patients because of their propensity to cause
hypotension.

Narcotics

Opioids are also used to provide analgesia during general
anesthesia and postoperatively. The drugs commonly used are
morphine, fentanyl, sufentanil, alfentanil, and remifentanil.
Morphine causes more hemodynamic perturbations than the
others. Morphine, because of release of histamine, causes
vasodilation that may produce hypotension. The other syn-
thetic opioids are devoid of this action, and their administra-
tion is marked by maintenance of SVR. All opioids tend to be
vagomimetic, causing a decrease in HR. Opioids have little
effect on cardiac output, stroke volume, cardiac filling, or
baroreflex function. They are used in hypertensive patients to
blunt sympathetic responses to painful stimuli. They are use-
ful in this setting because they tend to minimize hemodynamic
fluctuation, but they must be combined with other anes-
thetic drugs to accomplish total anesthesia. The hemodynamic
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FFigure 77–4 The effect of anesthetic technique on maximal
changes in BP is shown. BP drops (average intraoperative
[Intra-OP] lowest mean vs. average preoperative mean) are
significantly (p <.001) greater with general and neuraxial
anesthetic techniques compared with regional (major nerve
block) and monitored anesthetic care (MAC) techniques. The
average intra-OP highest mean BP was similar among
anesthetic techniques. Regional anesthesia refers to major
peripheral nerve blocks, such as brachial plexus blocks,
lumbar plexus blocks, sciatic nerve blocks, and
paravertebral blocks; general anesthesia refers to general
anesthesia; neuraxial anesthesia refers to spinal, epidural,
or combined spinal/epidural anesthesia. See text for more
details on anesthetic technique. (From Gould JD, Reves JG,
D’Ercole FJ, et al. Effect of anesthetic technique on blood
pressure response in hypertensive patients. Anesth Analg
88:SCA62, 1999.)



interactions with these drugs can cause vasodilation and
hypotension.

EVALUATION AND PREPARATION OF
THE HYPERTENSIVE SURGICAL PATIENT

There is no area in medicine where the collaborative team
approach to patient care can be better employed than in eval-
uating and preparing the hypertensive patient for surgery. The
internist (cardiologist, generalist), the surgeon, and the anes-
thesiologist all have important roles in the optimal care of
these high-risk patients.79 The objectives of the evaluation are
listed in Box 77–1. Each specialist has a specific role: The sur-
geon must determine the appropriate operation; the internist
must optimize the medical therapy; and the anesthesiologist
must choose the appropriate monitoring, anesthetic tech-
nique, and postoperative pain strategy.

Table 77–1 lists the categories into which hypertensive
patients fall when presenting for surgery. Patients who are
optimally medically managed before, during, and after sur-
gery have a smoother hemodynamic course. Patients in
groups 3 and 4 of Table 77–1 have more labile courses than
patients in groups 1 and 2.2-4,16,20,80 It is important when eval-
uating the hypertensive patient that comorbid conditions be
detected (Table 77–3) and that antihypertensive therapy be
optimized (BP ≤140/90 mm Hg).

The preoperative evaluation listed in Box 77–1, including
relevant history and physical examination (see Table 77–3),
can be made by the internist, the surgeon, or the anesthesiol-
ogist. It does not matter who has the initial responsibility.
What is vital is that all of the objectives in Box 77–1 are suc-
cessfully attained before surgery. The cause of hypertension
should be determined, remembering that essential hyperten-
sion is most common. Knowing, wherever possible, the caus-
es and pathophysiology of the hypertension (see Figure 77–1)
is critical to proper perioperative management. It is important
to determine what antihypertensive medications the patient is
taking, what the dosing regimen is, and whether this regimen
should be continued or changed during the perioperative
period. If the regimen cannot be continued, an alternative
strategy must be developed. Studies support the continuation
of the patient’s antihypertensive medicines until the morning
of surgery.2-4,9,16,19,79-81 The discontinuation of antihyperten-
sive medication, especially β-blockers and/or clonidine, may
precipitate rebound hypertension, tachycardia, or myocardial
ischemia,19,81 which will be problematic in the perioperative
management of the patient. In patients unable to take oral
medications, intravenous β-blockade or transdermal cloni-
dine can be utilized.81 Antihypertensive therapy should be

continued after surgery and throughout the perioperative
period as the patient’s course dictates. Occasionally, patients
with newly diagnosed mild hypertension (type I or II) may
have the institution of therapy delayed until after surgery to
avoid the creation of instability in HR or BP.81

The single most important and most obvious preoperative
assessment (see Table 77–3) is the adequacy of BP control. If BP
is greater than 110 mm Hg diastolic at the preoperative evalua-
tion, it is generally recommended to delay elective surgery until
BP can be better controlled.* The introduction of a β-blocker
preoperatively minimizes BP fluctuations and decreases the
number and duration of perioperative coronary ischemic
events.81 Unless the surgery is emergent or urgent, it is best to
get the resting BP as close to the normal range as possible, or at
least to less than 110 mm Hg diastolic. It should be remembered
that many patients who are faced with the prospect of surgery
have conditions that may artifactually raise their BP, for exam-
ple, anxiety or pain. Therefore, a preoperative BP that is above
the “normal” range, as defined by office readings in relaxed
patients, is acceptable for the preoperative patient. It is also use-
ful to obtain a supine and a standing BP as an assessment of the
orthostatic component of BP control. This measurement can
also indirectly gauge the blood volume.

Routine perioperative evaluation of the newly diagnosed
hypertensive patient includes a comprehensive physical exam-
ination searching for target organ damage and evidence of
associated cardiovascular pathology. A few simple tests, includ-
ing an electrocardiogram and chest radiograph (looking for
evidence of left ventricular hypertrophy), serum electrolytes
(especially in patients treated with diuretics), blood urea nitro-
gen/creatinine to evaluate renal status, and a baseline hemat-
ocrit should be performed.81 Additional tests may be indicated
based on the results of the patient’s history and physical exam-
ination and initial studies. According to American College of
Cardiology/American Heart Association guidelines, if the ini-
tial evaluation of the patient undergoing noncardiac surgery
establishes hypertension as mild or moderate and there are no
associated metabolic or cardiovascular abnormalities, there is
no reason to delay surgery.81

Preoperative evaluation of the surgical patient may reveal
not only hypertension but also other important coexisting
diseases (cardiac, renal, cerebrovascular). Each of these
requires lifelong management, and one benefit of routine pre-
operative evaluation may be the discovery of these potentially
life-threatening diseases.79 Medical consultation should be
obtained to be certain that the extent of the comorbid disease
is fully understood and that a long-term plan for management
after surgery is put into place.

Consultations have an important role in the preoperative
evaluation of the hypertensive patient. To be most informa-
tive to the professionals involved, as well as to provide opti-
mal patient care, consultations should include a number of
important elements.79-84 Box 77–2 lists suggestions to make
the consultative process most effective.79 It is generally
unproductive for professionals to stray from their own realm
of expertise, no matter how great the temptation. Thus, med-
ical consultants who “clear patients for surgery” encroach on
the surgeon’s ultimate decision. Likewise, internists’ advice to
anesthesiologists regarding monitoring or anesthetic tech-
niques is noncontributory. The four key questions that
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Box 77–1 Objectives of the Preoperative Evaluation of
Hypertensive Patients

Diagnosis of hypertension (cause)
Ascertain antihypertensive medical therapy
Determine adequacy (optimization) of therapy
Identify comorbid diseases (see Table 77–4)
Obtain appropriate consultative services
Devise appropriate postoperative antihypertensive plan

*References 2, 3, 8, 16, 20, 81.



surgeons and anesthesiologists have for their medical con-
sultants follow:

1. What diseases does the patient have?
2. Are the diseases being appropriately treated?
3. Is there any further medical therapy that should be insti-

tuted?
4. Who will be responsible for the postoperative treatment of

the medical conditions that are identified?

HYPERTENSION, ANESTHESIA,
AND SURGERY

After the preoperative evaluation, the anesthetic plan is made.
It must include choice of anesthetic technique; monitoring
strategy; method of anesthesia induction, maintenance, and
emergence; and postoperative disposition. The patient’s coex-
isting diseases, the planned operative procedure, and the dura-
tion of the procedure all influence the anesthetic plan.

In general, anesthetic technique falls into one of four cate-
gories: centroneuraxial anesthesia, regional (major nerve block)
anesthesia, MAC, and general anesthesia. Centroneuraxial anes-
thesia includes spinal and epidural anesthesia. Major nerve block
anesthesia includes, but is not limited to, brachial plexus blocks

(interscalene, supraclavicular, and axillary) for upper extremity
surgery, lumbar plexus blocks and femoral-sciatic nerve blocks
for lower extremity surgery, and paravertebral blocks for trunk
surgery. In simplest terms, MAC involves intravenous sedation,
patient monitoring, and local anesthetic infiltration at the oper-
ative site. Regional anesthesia provides profound analgesia and
muscle relaxation to a limited portion of the body, allowing
the patient to maintain normal respiratory control, easy assess-
ment of neurologic status, and minimal physiologic distur-
bance. General anesthesia involves inducing a state of uncon-
sciousness with analgesia, amnesia, and immobility. Frequently,
endotracheal intubation, mechanical ventilation, complete
paralysis, and hemodynamic support are part of a general
anesthetic.

Choice of Technique in Hypertensive
Patients
With regard to anesthetic technique, two main questions need
to be addressed:

1. How does the choice of anesthetic technique affect periop-
erative cardiovascular, neurologic, and renal morbidity and
mortality in the hypertensive patient?

2. What effect (consequence) does the chosen anesthetic
technique have on the incidence of perioperative hyperten-
sion, hypotension, hemodynamic lability, and myocardial
ischemia?

General Anesthesia
Most of the literature evaluating the cardiovascular responses
of hypertensive patients to anesthetic techniques relates to use
of general anesthesia. The cardiovascular responses of hyper-
tensive patients undergoing general anesthesia tend to be
labile.2,9,10,13 Hypertensive patients become hypotensive with
induction and have hypertensive responses to laryngoscopy,
intubation, noxious stimuli, and emergence. Their response
to rapid changes in anesthetic depth is also exaggerated.
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Table 77–3 Identifying Comorbidity in the Hypertensive Patient

System Effect of Hypertension History Physical Tests

Cardiovascular CAD Angina, MI ECG, ETT (other functional
study), coronary 
angiography

LVH (diastolic/systolic Dyspnea, orthopnea, S3, S4, rales, JVD, HJR, ECG, CXR, Echo
dysfunction), pulmonary PND, exercise tolerance, peripheral edema
edema, ischemia edema

Hypovolemia Syncope, near-syncope Orthostatic BP Orthostatic BP
PVD Claudication Peripheral pulses, ABI Angiography

Renal Renal impairment Symptoms occur late in HCT, BUN, Cr, electrolytes,
process UA

Central nervous Cerebrovascular disease TIA, CVA, syncope Carotid bruits, Carotid Doppler, 
neurologic deficits angiography, CT scan, MRI

CAD, coronary artery disease; MI, myocardial infarction; ECG, electrocardiogram; ETT, exercise tolerance test; LVH, left ventricular
hypertrophy; PND, paroxysmal nocturnal dyspnea; S3, S4, third and fourth heart sounds; JVD, jugular venous distention; HJR, hepato-
jugular reflux; CXR, chest radiography; Echo, two-dimensional echocardiography; BP, blood pressure; PVD, peripheral vascular dis-
ease; ABI, ankle/brachial index; HCT, hematocrit; BUN, blood urea nitrogen; Cr, creatinine; UA, urinalysis; TIA, transient ischemic
attack; CVA, cerebrovascular accident; CT, computed tomography; MRI, magnetic resonance imaging.

Box 77–2 Essentials of Effective Perioperative Consultation

Establish clear communication.
Ask specific questions in the realm of consultant’s 

expertise.
Avoid general statements on “clearance for surgery.”
Avoid specific advice on matters for which another 

professional has ultimate decision.
Specify whether anything can be done to improve 

patient status.

A condensation of the authors’ thoughts and those of Kleinman
et al.79 and Lee et al.83



Intraoperative BP lability, hypertension, and hypotension place
hypertensive patients at increased risk of myocardial ischemia,9

myocardial reinfarction,14 and perioperative renal dysfunc-
tion.16,20 Charlson et al.20 have looked at the association
between preoperative patient characteristics and intraopera-
tive hemodynamics. Figure 77–3 shows these results. Patients
older than 70 years (see Figure 77–3,C) with a preoperative
MAP 110 or greater (see Figure 77–3,A) are at greatest risk for
intraoperative hemodynamic lability (hypertensive/hypoten-
sive episodes). Charlson et al.’s data20 also support a role for
appropriate fluid management in decreasing hemodynamic
lability; patients with a plasma volume greater than 3500 ml
had a decreased incidence of intraoperative hypotension and
hypertension episodes (see Figure 77–3,B).

Other than a few studies of spinal anesthesia,16,21 there
have been no studies comparing anesthetic effects (MAC,
regional, centroneuraxial, and general) on BP response in
hypertensive patients. To this end, we analyzed more than
120,000 anesthetic records stored in the Duke Anesthesia
Database compiled by an automated anesthesia information
system used at Duke University.32 From the database 15,211
hypertensive patients where identified; their mean BP was
recorded before initiating an anesthetic technique (MAC,
centroneuraxial, major nerve block, or general) and then
compared with their intraoperative highest and lowest mean
BPs. Figure 77–4 shows the differences in change in MAP
after induction of anesthesia among the anesthetic tech-
niques. Reductions in BP are significantly (p <.001) greater
with general and centroneuraxial anesthetics compared with
MAC and major nerve block. The maximal mean BP intra-
operatively was similar with all techniques. Patients with
higher initial MAP had larger intraoperative reductions in BP
after initiating anesthesia, regardless of the choice of tech-
niques, confirming previous studies (see Figure 77–3,A).20

These data support the notion that better BP control intra-
operatively may be achieved with major nerve block anesthe-
sia compared with general or centroneuraxial techniques.
Many operations cannot be performed with nerve block
anesthesia, however.

Regional Anesthesia (Neuraxial
and Major Nerve Blocks)
Regional anesthesia has theoretic advantages in the high-risk
patient.85 Because regional techniques do not involve intuba-
tion, paralysis, or mechanical ventilation with positive pres-
sure, they are less physiologically intrusive and therefore may
be better tolerated in patients predisposed to hemodynamic
lability. Furthermore, the dense block provided by regional
techniques almost eliminates the hypertensive response to
surgical stimuli, and excellent postoperative analgesia (with
major nerve block or epidural) may prevent hypertensive or
ischemic responses to postoperative pain.34

Epidural and spinal anesthesia involve the injection of local
anesthetic in or around the spinal cord to interrupt afferent
impulses. The result is usually a dense sensory and motor
block to the lower half of the body (T4-T10 dermatomal level
and below depending on dose and technique). This block also
produces a profound sympathectomy to the lower extremities
and part of the splanchnic circulation, with resultant vasodi-
lation and venodilation of these vascular beds. This reduction
in preload, particularly in a hypertensive patient with mild

hypovolemia, left ventricular hypertrophy, and diastolic dys-
function, can cause a marked drop in cardiac output and BP.
Racle et al.21 compared the cardiovascular responses of nor-
motensive and hypertensive patients after spinal anesthesia
and found that hypertensive patients, on average, had a signif-
icantly larger drop in systolic, diastolic, and mean BPs
compared with normotensive patients.

In general, patients with well-controlled hypertension toler-
ate lumbar and thoracic epidural block without unpredictable
or profound decreases in arterial pressure. In contrast, a small
group (n = 5) of patients with untreated hypertension showed
an average decrease of 44% in systolic BP. Three of these
patients required active intervention to correct the problem.86

Finally, in a study by Garnett et al.34 of patients (42% hyper-
tensive) undergoing elective aortic surgery, epidural anesthesia
in combination with general anesthesia reduced the risk of
intraoperative hypertension compared with general anesthesia
alone. Epidural anesthesia did not prevent, and possibly inten-
sified, hypotension during the procedure. The hypotension
was associated with a higher incidence of electrocardiographic
evidence of myocardial ischemia.

Hypertensive patients have perioperative hemodynamic
characteristics that are associated with increased periopera-
tive complications. Untreated patients and those with severe
hypertension are at particularly high risk. The hemodynam-
ic patterns of the various anesthetic techniques in hyperten-
sive patients are different, and improved perioperative out-
come has not been demonstrated unequivocally for any of
them. Each anesthetic technique has certain benefits and
risks, as well as certain desirable and undesirable characteris-
tics. For example, a technique that prevents hypertensive
responses may make the patient prone to hypotension and
ischemia. Rather than anesthetic technique, it is more likely
that acute, aggressive treatment of perioperative hypoten-
sion, hypertension, tachycardia and ischemia is the key to
improving perioperative outcomes. Brief periods of hyper-
tension, hypotension, tachycardia or ischemia, if treated
appropriately and promptly, are unlikely to have negative
sequelae, whereas prolonged periods place the patient at
increased risk.20 Thus, an anesthesiologist familiar with the
consequences of the anesthetic technique, appropriate intra-
operative monitoring to detect rapid hemodynamic changes
and ischemia, and aggressive correction of the hemodynam-
ic disturbances, are more important than the choice of anes-
thetic technique alone.

Outcome Studies
The majority of studies evaluating the effects of anesthetic
technique (centroneuraxial, regional, or general) on cardiac
morbidity and mortality were carried out in patients under-
going peripheral vascular surgery87-90 or carotid endarterecto-
my.91-94 The studies in patients undergoing peripheral vascu-
lar surgery all compare a centroneuraxial technique with
general anesthesia. The largest study by Bode87 randomly
assigned 423 patients scheduled for elective femoral-distal
vessel bypass surgery to one of three anesthetic techniques
(spinal, epidural, or general). Using an intent-to-treat analy-
sis, they reported no statistically significant differences
between groups with regard to in hospital mortality, nonfatal
myocardial infarction, angina, or CHF. Other studies compar-
ing general anesthesia with combined epidural-general
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anesthesia for abdominal aortic surgery found no differences
in perioperative cardiovascular outcome.95,96 The carotid
endarterectomy literature comparing regional anesthesia with
general anesthesia has also failed to demonstrate a signifi-
cant difference in cardiac outcome between techniques.
Charlson,20 looking at patients at risk for postoperative renal
dysfunction (hypertensives and diabetics), concluded that
patients whose MAP fell below the preoperative baseline (<20
mm Hg) for 60 minutes or greater or rose above baseline (>20
mm Hg) for greater than 30 minutes and received less than
3000 ml/hour of fluids had significantly increased postopera-
tive renal dysfunction. Postoperative renal dysfunction varied
with the anesthetic technique. The incidence of renal dysfunc-
tion was higher in patients receiving regional or centroneu-
raxial anesthesia than in those receiving general anesthesia.
However, after further analysis, taking into account the occur-
rence of the three significant predictors of renal dysfunction
listed previously, the type of anesthesia was not an independ-
ent predictor of postoperative renal dysfunction in these
patients.

The incidence of perioperative stroke in the general surgery
population is low, and it is unlikely that a study comparing the
effects of different anesthetic techniques on stroke rate in
hypertensive patients would show significant differences
among techniques. A prospective study of this issue by
Larsen18 found that anesthetic technique was not a signifi-
cant predictor of postoperative cerebrovascular accidents.
Furthermore, the carotid endarterectomy literature has failed
to demonstrate a difference in neurologic outcome between
regional and general anesthetic techniques. There are no par-
ticular anesthetic techniques or specific drug combinations
that have been shown to be better than others for the hyper-
tensive patient. The choice of general or regional anesthesia, or
a combination of both, depends primarily on the skill and expe-
rience of the anesthesiologist rather than on the apparent suit-
ability of any technique in the hands of others.16

Choice of Monitoring in Hypertensive
Patients
Monitoring is a decision the anesthesiologist must make.
A history of hypertension, by itself, is not a indication for addi-
tional hemodynamic monitoring. Rather, the patient’s coex-
isting diseases (coronary artery disease, CHF, renal insuffi-
ciency, cerebrovascular disease), the planned operative
procedure, and the duration of the procedure weigh more
heavily into monitoring decisions. Routine monitoring for
anesthesia includes noninvasive BP cuff, pulse oximetry,
capnography, continuous electrocardiographic monitoring,
and temperature monitoring. Invasive hemodynamic moni-
tors (arterial line, central venous pressure, or pulmonary
artery catheter) should not be used without considering the
risks. Five-lead electrocardiographic monitoring should be
used in hypertensive patients, because it enhances ischemia
detection with no additional patient risk. Bladder catheteriza-
tion should be considered for longer procedures to monitor
urine output.

Intracranial, intrathoracic, major vascular, and cardiac sur-
gery require invasive monitoring based on the hemodynamic
insults and hemodynamic requirements of the procedure
alone. Whereas a patient with severe renal disease, hyperten-
sion, angina, and a history of CHF could undergo the creation

of a primary arteriovenous fistula under MAC with routine
monitors, the same patient would require invasive arterial and
central venous monitoring for a total hip replacement. For
major or prolonged operations, it is preferable to monitor BP
through an arterial line. When an arterial line is planned, it
should be inserted before induction, because induction is one
of the phases when cardiovascular lability is greatest.2 In
extensive surgeries, procedures with large intravascular vol-
ume shifts, hypertensive emergencies, and in the presence of
severe myocardial dysfunction, central monitoring with a cen-
tral venous or pulmonary artery catheter should be undertak-
en.2,16,19 When uncertainty exists regarding monitoring, it is
probably safer to err in favor of the monitoring device.
Increased monitoring of high-risk cardiac patients during the
perioperative period has been shown to decrease postopera-
tive morbidity.97

In summary, although various monitoring approaches can
be recommended, we believe that there is no preponderant
evidence to support any particular anesthetic approach over
another in the hypertensive patient.

OPERATIVE COURSE

Before inducing anesthesia, the anesthesiologist must have a
plan for managing intraoperative hemodynamics. This plan
includes setting certain hemodynamic limits that will be tol-
erated intraoperatively. What are the safe levels for hyperten-
sion and hypotension? Some anesthesiologists attempt to
maintain a patient’s BP within 20% of the “preoperative base-
line.” Others review the medical record and pick a range of
pressures at which the patient “normally lives” symptom free.
For example, if a patient has a BP of 180/100 mm Hg during
the daytime and 100/60 mm Hg at night, with neither causing
physiologic insult, the patient should be able to tolerate these
extremes under anesthesia. A patient’s coexisting disease(s),
the effect of hypertension on cerebral autoregulation, and the
operative procedure are all considered. Thresholds may be
lowered to prevent rupture of vascular anastomoses and may
be raised to prevent cerebral ischemia during carotid
endarterectomy.

The goal of this section is to not define acceptable limits
or give management strategies based on certain procedures,
but rather to illustrate some of the issues involved in the
decision-making process. After setting the physiologic para-
meters, the pharmacologic means to achieve these goals must
be considered. Again, the operative procedure is a major fac-
tor. For example, aortic and cardiac surgery demand precise
hemodynamic control, and the use of a sodium nitroprusside
infusion is routine. The management of cerebrovascular sur-
gery also demands strict hemodynamic control. In this
instance, the choice of pharmacologic intervention must take
into account effects on cerebroautoregulation and intracranial
pressure. Other procedures, such as resection of a carcinoid
tumor or pheochromocytoma, have unique perioperative
management strategies based on the pathophysiology of the
hemodynamic derangement. For the majority of patients
undergoing general surgical or orthopedic procedures, inter-
mittent intravenous boluses of appropriate vasoactive drugs
are used to control hemodynamics, whereas continuous infu-
sion is used if the causes of hemodynamic perturbation are
judged to be persistent.
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Induction and Intubation
Induction of anesthesia with rapidly acting intravenous drugs
is acceptable, recognizing that an exaggerated decrease in BP
may occur. The choice of induction agent is not as critical as
the method of administration. A large initial bolus is more
likely to cause hypotension than a slower, titrated induction.
Use of pharmacologic agents that cause peripheral vasodila-
tion in a population with elevated SVR and mild hypovolemia
explains the common occurrence of hypotension. Giving a
small volume load before induction may help attenuate this
hypotensive response.

Laryngoscopy and intubation of the trachea can result in a
hypertensive and tachycardic response in normotensive
patients. The response in hypertensive patients, even those
considered to be well treated, can be exaggerated. There are
many ways of controlling the hemodynamic response to
laryngoscopy and intubation.98 Preoperative clonidine, topi-
cal treatment of the airway with lidocaine, intravenous lido-
caine, intravenous nitroprusside, and intravenous esmolol
before intubation are some of the reported methods.25,99-101

Using a modest dose of narcotic (fentanyl 5-8 μg/kg) before
intubation and limiting laryngoscopy to 15 seconds or less are
also very effective in reducing the hemodynamic response.
After intubation, the patient is often placed on mechanical,
positive-pressure ventilation. This can cause a reduction in
preload with a resultant drop in cardiac output and BP.
Usually, gentle volume expansion resolves this problem.

Maintenance and Emergence
The goal during maintenance of anesthesia is to anticipate
surgical stimuli and adjust the anesthetic depth to minimize
hemodynamic responses. This can be accomplished with any
of a number of techniques. Often, a “balanced” technique is
used. The combination of N2O, a narcotic, and a low-dose
inhalation agent provides a technique that is rapidly titratable
to operative stimuli and hemodynamic responses. Both
inhalation and intravenous drugs should be given to maintain
therapeutic levels; thus, continuous administration is the
most rational method.102 Appropriate fluid management to
minimize direct and indirect intravascular volume change
also limits hemodynamic lability during maintenance.
Preoperative treatment with clonidine improves intraopera-
tive hemodynamics in hypertensive patients,103,104 and periop-
erative β-blocker administration can blunt the hypertensive
and tachycardic response to noxious stimuli.12,105 The benefits
of perioperative β-blocker treatment in reducing periopera-
tive ischemia9 and decreasing cardiovascular morbidity and
mortality in high-risk patients26 cannot be overemphasized.

Hypertension that occurs during maintenance of anesthe-
sia can be treated by increasing anesthetic depth or by admin-
istering an intravenous antihypertensive agent. Drugs com-
monly used intraoperatively include labetalol, esmolol,
metoprolol, and hydralazine. Intravenous calcium channel
blockers and angiotensin-converting enzyme inhibitors are
also available. Severe, resistant hypertension is usually man-
aged with intravenous infusions of sodium nitroprusside or
nitroglycerin, or a combination of both. Fenoldopam, a selec-
tive dopamine D1-agonist, is useful in the management of
resistant/emergent hypertensive episodes. Administered by a
continuous infusion, fenoldopam has efficacy and titratability

similar to those of nitroprusside. In addition to lowering BP,
fenoldopam significantly increases urine flow, sodium excre-
tion, and creatinine clearance.105-108 Fenoldopam may be the
antihypertensive drug of choice in certain patient populations
(i.e., those with renal insufficiency).

Intraoperative hypotension can be treated by decreasing
anesthetic depth, increasing intravenous fluids, or giving a
sympathomimetic drug, such as phenylephrine or ephedrine.
Although phenylephrine and ephedrine usually resolve
hypotension and help preserve vital organ perfusion, this
treatment should be considered a temporizing measure until
the underlying problem is identified and corrected.

Emergence from anesthesia involves turning off the anes-
thetic agent and allowing the patient to awaken. Tracheal
stimulation from the endotracheal tube and operative pain
can cause severe hypertension at this point secondary to cate-
cholamine responses.7 Pharmacologic means of blunting the
pressor responses are options for managing emergence.

POSTOPERATIVE MANAGEMENT

Perioperative hypertension is associated with many adverse
outcomes (Box 77–3) and should be prevented. Aggressive
treatment to prevent myocardial ischemia, CHF, stroke, bleed-
ing, and rupture of vascular suture lines is necessary. One of
the most significant predictors of postoperative hypertension
is a history of preoperative hypertension.109 Although the
hypertension may not have an identifiable cause, secondary
etiologies should be considered. Excluding postoperative pain,
hypoxia, and hypercarbia should be routine. Iatrogenic hyper-
volemia can cause hypertension, as can a distended bladder.
Aggressive postoperative pain management may decrease the
incidence of postoperative hypertension and cardiac morbid-
ity.110 Management of hypertension in the immediate postop-
erative period should be an extension of the intraoperative
plan. Invasive monitoring should be continued until the
patient becomes hemodynamically stable. The same intra-
venous agents used intraoperatively can be used postopera-
tively until the patient can return to his or her oral regimen,
which should be restarted as soon as possible.111 In some set-
tings, it is appropriate to have an internist and/or cardiologist
consultant assist in the postoperative control of BP.
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Box 77–3 Consequences of Perioperative Hypertension

Mortality
Myocardial ischemia
Myocardial infarction
Increased hemorrhage (surgical bleeding)
Intracranial hemorrhage
Disruption of vascular surgical incision sites
Congestive heart failure
Increased intracranial pressure
Hypertensive encephalopathy
Prolonged hospital stay
Added hospital costs

From Skarvan K. Perioperative hypertension: New strategies for
management. Curr Opin Anaesthesiol 11:29-35, 1998.



SUMMARY

Hypertension is the most prevalent circulatory disorder in
the United States, affecting approximately 60 million people.
Surgical patients with hypertension are at increased risk for
perioperative hemodynamic lability, myocardial ischemia,
myocardial infarction, CHF, renal failure, and stroke (see Box
77–3). Hypertensive patients often have significant coexisting
disease, and appropriate preoperative evaluation and use of
consultants are necessary to optimize these patients’ medical
management and minimize their perioperative risk. Patients
with well-controlled hypertension have a lower risk for peri-
operative complications than patients with uncontrolled
hypertension. Elective procedures should be postponed and
appropriate medical management initiated when uncon-
trolled hypertension is evident (BP ≥110 mm Hg diastolic).
No particular anesthetic technique (general, centroneuraxial,
major nerve block, MAC) has been shown to improve mor-
bidity and mortality in the hypertensive patient. However,
familiarity with the hemodynamic consequences of the vari-
ous anesthetic techniques; knowledge of the interactions
between antihypertensive medications and anesthetic agents;
appropriate hemodynamic monitoring; and early recognition
and treatment of intraoperative hypertension, hypotension,
tachycardia, and ischemia are necessary. The development of
postoperative hypertension also requires swift detection and
treatment to prevent perioperative complications. In short,
the hypertensive surgical patient is at increased risk for peri-
operative morbidity and mortality. These risks can be mini-
mized with optimal preoperative preparation and prompt
assessment and treatment of adverse hemodynamic changes
in the intraoperative and postoperative period.
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The term hypertensive crisis includes a spectrum of clinical
situations with different severities of blood pressure (BP) ele-
vation and variable degrees of urgency of initial treatment.
Hypertensive crisis affects upward of 500,000 Americans each
year. Although the incidence of hypertensive crisis is low,
affecting fewer than 1% of hypertensive adults, more than
50 million American adults suffer from hypertension.
Hypertensive crises are classified as hypertensive emergencies
or hypertensive urgencies, based on the presence or absence of
progressive target organ dysfunction.1

Hypertensive emergencies are severe elevations in BP that
are complicated by evidence of progressive target organ dys-
function such as coronary ischemia, disordered cerebral func-
tion, a cerebrovascular event, pulmonary edema, or renal fail-
ure.2,3 These patients warrant immediate admission to an
intensive care unit (ICU) for parenteral administration of
antihypertensive agents. Hypertensive urgencies are severe
elevations in BP, without evidence of progressive target organ
dysfunction and can usually be managed by orally adminis-
tered medications initiated in the emergency department
(ED) with appropriate follow-up within 24 hours to several
days, depending on individual characteristics of the patient.

Most hypertensive urgencies or emergencies are preventable
and are the result of inadequate treatment of mild-to-moderate
hypertension or nonadherence to antihypertensive therapy.
Improved treatment of hypertension in the United States,
despite suboptimal control rates, has resulted in progressive
decline in patients presenting with crisis levels of BP.
Hypertensive crises continue to be a major problem in
many other parts of the world and, in the United States, may
still represent approximately 5% of patients seen in the EDs
of large urban hospitals.4 Previously unrecognized forms of
secondary hypertension, such as renovascular hypertension,
renal parenchymal disease, or pheochromocytoma, and
rarely, primary hyperaldosteronism, may be responsible
and will require early recognition if a specific therapy is
to be initiated. Prompt, thorough assessment by ED staff
will identify the clinical status of the patient, provide clues
to an underlying etiology for the hypertension, assess the
degree of target organ involvement, and assist in selecting
the most appropriate pharmacologic agent and method of
administration.

Etiology
The manifestations seen in patients presenting with hyperten-
sive crises are due to an extreme, or sometimes rapid elevation
in BP. Such emergencies may present as progressive worsening
of long-standing chronic hypertension as represented by the
syndrome of accelerated or malignant hypertension, or as a
rapid or sudden rise in BP in a previously normotensive

patient.5,6 Examples of this latter presentation may be associ-
ated with conditions, such as acute glomerulonephritis,
preeclampsia, or scleroderma renal disease, in which the rapid
progress of the disease is associated with sudden onset and
rapid acceleration of hypertension. Further risk to target
organ function results from vascular damage or circulatory
disturbances caused by the extreme elevation of BP.

Hypertensive emergencies occur in association with
underlying target organ complications, such as acute myocar-
dial infarction or acute aortic dissection, or in association
with progressive deterioration in target organ function, such
as hypertensive encephalopathy, acute congestive heart fail-
ure, or rapidly deteriorating renal function. Although these
conditions require immediate antihypertensive therapy, keep
in mind that the presenting level of BP alone does not deter-
mine the presence or absence of a hypertensive emergency.
Rather, BP must be viewed together with other comorbidities
and the degree of target organ dysfunction. The patient with
a long history of hypertension who presents with malignant
hypertension and hypertensive encephalopathy is likely to
have a markedly elevated BP in the range of 220 to 240 over
140 mm Hg. In contrast, a patient presenting with an aortic
dissection or acute pulmonary edema may have only modest
elevations of BP in the range of 150 to 160 over 100 mm Hg.
Yet, both represent hypertensive emergencies and require
immediate therapy.

Accelerated or Malignant Hypertension
Malignant hypertension constitutes a syndrome of severe ele-
vations of mean arterial pressure (MAP) often to or exceeding
140 mm Hg, manifested clinically by retinal hemorrhages,
exudates, and papilledema. The term malignant hypertension
was formerly reserved for those patients who exhibited
advanced funduscopic changes, including papilledema,
whereas the term accelerated hypertension was used when the
syndrome was observed without papilledema.

The distinction between accelerated and malignant hyper-
tension has been deemphasized because the short- and long-
term prognoses are independent of the presence or absence of
papilledema, and both the pathogenesis and clinical manage-
ment of accelerated and malignant hypertension are the
same.7,8 In addition, the presence of papilledema may be diffi-
cult to detect on funduscopic examination and is subject to
observer interpretation.9

Vascular damage is believed to relate both to the duration
and severity of the elevated MAP. Untreated or inadequately
treated essential hypertension represents the most common
antecedent of malignant hypertension and has been observed
to be more common among smokers.10 With improved hyper-
tension control efforts, progression to the malignant phase of
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hypertension is seen less commonly. Secondary etiologies of
hypertension are more prevalent among patients who do
progress to accelerated or malignant hypertension.

Pathophysiology
The vascular lesions of accelerated-malignant hypertension
consist predominately of myointimal proliferation and fibri-
noid necrosis.11 The myointimal proliferation is a common
feature of sustained hypertension, and its severity will vary
with the severity and duration of the hypertension. The com-
bination of medial thickening and cellular intimal prolifera-
tion contribute to the “onion skin” appearance of small arter-
ies. These changes reduce lumen diameter over time.5,11

The accelerated phase of hypertension is characterized by
fibrinoid necrosis, which can further compromise the lumen
and small vessels. Fibrinoid necrosis within the kidney con-
tributes to rapid progression of renal insufficiency, but these
changes may be reversible with aggressive lowering of BP.

In Caucasians, essential hypertension accounts for only
20% to 30% of malignant hypertension, whereas among
African Americans, essential hypertension is the predomi-
nant cause of malignant hypertension, accounting for
upward of 80% of all cases. Hypertension-related morbidity
and mortality from causes such as stroke, end-stage renal dis-
ease (ESRD), and heart failure are three to five times higher
among African Americans. Interaction of genetic and envi-
ronmental factors appears to play a role, as does low socio-
economic status.

Renal parenchymal disease and renovascular hypertension
account for the majority of secondary causes of accelerated-
malignant hypertension in all populations. Vascular changes
within the kidney correlate well with the development of renal
failure, and impaired perfusion caused by occlusion of renal
vessels leads to ischemic damage, renal scarring, and glomeru-
losclerosis.

Endocrine and paracrine mediators and the renin-
angiotensin system are activated in accelerated-malignant
hypertension, and increased angiotensin II can lead to further
renal vasoconstriction and ischemia.12-14 Volume depletion
due to pressure natriuresis stimulates further renin release and
worsens the hypertension. Stimulation of other humoral fac-
tors, such as catecholamines and vasopressin, contributes to
the pathophysiologic process of accelerated-malignant hyper-
tension, although much of the documentation relating levels
of BP elevation to vascular changes is drawn from animal
models. Whether these animal models are applicable to all
human accelerated-malignant hypertension remains uncer-
tain. Experimental models of renal artery stenosis share some
pathophysiologic features with renovascular hypertension in
humans, a well-documented cause of accelerated-malignant
hypertension.

Initial Assessment
Early triage is critical in an effort to assure the most timely and
appropriate therapy for each patient. Prompt evaluation by
the ED is designed to establish the clinical status of the
patient, provide clues to a possible underlying etiology of the
hypertension, assess the degree of target organ involvement,
and facilitate selection of the most suitable pharmacologic
agent and method of administration.15

Initial History
A brief but thorough history should address the duration and
the severity of hypertension, all current medications, includ-
ing prescription and nonprescription drugs, and the use of
recreational drugs. A history of other comorbid conditions
and prior cardiovascular or renal disease is critical to the ini-
tial evaluation.

Patients should be questioned directly regarding the level of
compliance with current antihypertensive medications in an
effort to establish current adequacy of therapy. Frequent or
continuous monitoring of BP should be established during
this evaluation. Historical information about neurologic, car-
diovascular, and/or renal symptoms and specific manifesta-
tions, such as headache, seizures, chest pain, dyspnea, and
edema, should be sought. In patients with encephalopathic
symptoms and impaired cognitive function, the availability of
a close family member may be critical to obtaining part or all
of the history.

Physical Examination
Begin with an assessment of BP, using an appropriate sized
cuff, in both upper extremities. Careful funduscopic examina-
tion should detect any hemorrhages, exudates, and/or
papilledema. Verify brachial, femoral, and carotid pulses.
A careful cardiovascular examination and a thorough neuro-
logic examination, including mental status assessment, should
be conducted. Your physical assessment should help deter-
mine the degree of involvement of affected target organs and
will often provide clues to the possible existence of a second-
ary form of hypertension, such as renovascular hypertension.
If a secondary cause of hypertension is suspected, appropriate
blood and urine samples should be obtained before aggressive
therapy is initiated.

Initial Laboratory Studies
A urinalysis with sediment examination, a stat chemistry
profile, and an electrocardiogram should be obtained imme-
diately. The urinalysis may show significant proteinuria,
red blood cells, and/or cellular casts. Cellular casts are sug-
gestive of renal parenchymal disease. Electrolyte abnor-
malities, particularly hypokalemia or hypomagnesemia,
increase the risk of cardiac arrhythmias, and the chemistry
profile may also provide evidence of renal dysfunction.
The electrocardiogram can provide evidence of coronary
ischemia or left ventricular hypertrophy. A computed
tomography (CT) scan of the head should be obtained when
the physical examination suggests stroke, or in the comatose
patient.

This initial evaluation should identify the patient with a
hypertensive emergency as opposed to a hypertensive urgency
or severe elevated BP.15 The algorithm outlined in Table 78–1
will assist the clinician in distinguishing the characteristics of
the hypertensive emergency from those of a hypertensive
urgency or elevated BP. In the case of a hypertensive emer-
gency, BP reduction should not be delayed until the results of
all diagnostic tests are available, but should be initiated as
soon as the patient’s clinical status is established. Initial therapy
will often be based on a presumptive diagnosis made during
the initial triage evaluation.
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Hypertensive Emergencies
The clinical characteristics of a hypertensive emergency are
listed in Box 78–1. Keep in mind the important caveat that the
level of BP alone does not determine a hypertensive emer-
gency; rather, it is the degree of target organ involvement that
determines the rapidity with which BP should be treated and
reduced to a safer level to prevent or limit further target organ
damage.

In both hypertensive and normotensive individuals, cerebral
blood flow is effectively autoregulated, enabling the brain to
maintain a constant blood flow, despite changes in perfusion
pressure. A rightward shift in autoregulation is seen in patients
with chronic hypertension.16,17 As a result, the lowest tolerated
BP at which symptoms of hypoperfusion develop is higher in
hypertensive than in normotensive individuals (Figure 78–1).17

Thus, caution must be used in both the rate of reduction of BP
and in setting the initial BP goal to protect against the risk of
cerebral hypoperfusion. It is recommended that the initial
reduction in MAP not exceed 20% to 25% of the pretreatment
BP, or to an initial diastolic BP goal of 100 to 110 mm Hg.

Ruling Out Secondary Causes of
Hypertension
Renal parenchymal disease; renovascular hypertension; or one
of the endocrine forms of hypertension, particularly
pheochromocytoma, Cushing’s syndrome, or rarely, primary
aldosteronism, may be associated with progressive hyperten-
sion.18 Renal parenchymal disease may, of course, be primary
and be associated with hypertension as the disease progresses

or may be secondary to long-standing, poorly controlled arte-
rial hypertension. In either case, a vicious cycle of worsening
hypertension may accompany progressive renal insufficiency.

Renovascular hypertension, often of sudden onset, may be
observed with renal artery stenosis due to fibromuscular dis-
ease among younger patients, particularly women. The most
common subgroup of fibromuscular disease, medial fibroplasia

Table 78–1 Algorithm: Triage Evaluation

Group I—High BP Group II—Urgency Group III—Emergency 
BP (mm Hg) >180/100 ≥180/110 Usually >220/140

Symptoms ● Headache ● Severe headache ● Shortness of breath
● Anxiety ● Shortness of breath ● Chest pain
● Often asymptomatic ● Edema ● Nocturia

● Dysarthria
● Weakness
● Altered consciousness

Examination ● No target organ ● TOD ● Encephalopathy
damage (TOD) ● Pulmonary edema

● Clinical CV disease present ● Renal insufficiency
or stable ● Cerebrovascular accident

● No clinical cardiovascular ● Cardiac ischemia
(CV) disease

Therapy ● Observe 1-3 hours ● Observe 3-6 hours ● Baseline laboratory tests
● Initiate/resume medication(s) ● Lower BP with short-acting ● Intravenous line

oral agents ● Monitor BP
● Increase dosage of ● Adjust current therapy ● May initiate parenteral therapy

inadequate agent in the emergency department
Plan ● Arrange follow-up >72 hours ● Arrange follow-up evaluation ● Immediate admission to ICU

<24 hours ● Treat to initial goal BP
● If no prior evaluation, schedule ● Additional diagnostic studies

appointment

BP, blood pressure; ICU, intensive care unit. (From Vidt DG. Emergency room management of hypertensive urgencies and emergen-
cies. J Clin Hypertens [Greenwich] 3:158-164, 2001.)

Box 78–1 Clinical Characteristics of the Hypertensive
Emergency

Blood pressure
Usually >220/140 mm Hg

Funduscopic findings
Hemorrhages, exudates, papilledema

Neurologic status
Headache, confusion, somnolence, stupor, visual
loss, seizures, focal neurologic deficits, coma

Cardiac findings
Prominent apical pulsation, cardiac enlargement,
congestive heart failure, S3 gallop, arrhythmia

Renal symptoms
Azotemia, proteinuria, oliguria, hematuria

Gastrointestinal symptoms
Nausea, vomiting

S3, third heart sound. (Adapted from Vidt DG. Emergency room
management of hypertensive urgencies and emergencies. J Clin
Hypertens [Greenwich] 3:158-164, 2001.)
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with aneurysm formation, rarely progresses to loss of a kid-
ney.19 In contrast, medial hyperplasia and perimedial fibro-
plasia are both progressive lesions, frequently associated with
severe hypertension, and may lead to sudden renal artery
obstruction and kidney loss.

Atherosclerotic renal vascular disease is much more com-
mon than fibromuscular disease, usually involves the ostium
of one or both renal arteries, and is often associated with pro-
gressive renal insufficiency and severe or refractory hyperten-
sion because it is frequently a manifestation of generalized
vascular disease.20 It often presents with refractory hyperten-
sion, complicated by renal insufficiency or acute congestive
heart failure.20

Characteristic symptoms or “spells” usually suggest the
diagnosis of pheochromocytoma, whereas body habitus
changes offer valuable clues to Cushing’s syndrome. Few clin-
ical clues other than hypokalemia suggest the diagnosis of pri-
mary aldosteronism, but this diagnosis is likely in the patient
who presents with accelerated-malignant hypertension with
low plasma renin activity. Box 78–2 outlines the clinical clues
that may suggest one of the previously mentioned secondary
causes of hypertension during initial evaluation.

Oral Agents for Hypertensive Urgencies
Several antihypertensive agents provide a rapid onset of
action following oral administration and can be used in the
ED when it is deemed that a patient requires therapy and
reduction of BP before being discharged (Table 78–2).15

Caution should be exerted to avoid overly aggressive initial
reductions in BP. A goal BP in the range of 160/100 to 110 mm
Hg would be appropriate. The patient can then be discharged
on a long-acting agent, and medication can be titrated at sub-
sequent scheduled outpatient visits.

Most readers remember the problems experienced with
short-acting oral nifedipine, which was formerly a widely used
initial therapy for hypertensive emergencies and urgencies.21

Even modest doses of 10 to 20 mg of nifedipine, given orally
or sublingually, were often accompanied by precipitous reduc-

tions in BP within 15 to 30 minutes after administration. As
reports accumulated regarding ischemic cardiac and cere-
bral events following short-acting nifedipine administra-
tion, a moratorium was placed on use of this agent for the
treatment of hypertensive urgencies or emergencies.
Unfortunately, a few centers still use this agent in their EDs
and do so at their own risk because short-acting nifedipine
is not approved by the U.S. Food and Drug Administration for
the treatment of hypertension.

Captopril, an angiotensin-converting enzyme (ACE)
inhibitor, is well tolerated and has effectively reduced BP in
hypertensive urgencies. Given by mouth, captopril is usually
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Box 78–2 Clinical Clues to Selected Secondary Causes of
Hypertension

Cushing’s syndrome
● Recent change in appearance and weight gain
● Extreme weakness, muscle wasting
● Typical body habitus with moon facies and hirsutism
● Skin changes: bruising, plethora, purplish skin strias
● Glucose intolerance, diabetes
● Neutrophilia with relative lymphocytopenia

Pheochromocytoma
● Symptomatic spells, including headaches,

tachycardia, palpitations, pallor, tremor, perspiration
● Unusual lability of BP or orthostatic hypotension
● Substandard weight or recent weight loss
● Pressor response to antihypertensive drugs or during

reduction of anesthesia
● History of neurocutaneous syndromes or multiple

endocrine neoplasia
● Abnormal glucose tolerance

Primary aldosteronism
● Hypokalemia, spontaneous or diuretic-induced
● History of inordinate weakness of proximal muscle

groups
● History of paresthesias, periodic paralysis (rare)
● Polyuria, nocturia

Renovascular disease
● Systolic-diastolic epigastric bruit
● Onset of hypertension age <30 or >50
● Unilateral small kidney discovered by any

investigative study
● Azotemia, cigarette smoking, extensive vascular

disease
● Renal insufficiency in response to ACE inhibitors
● Any unexplained impairment in renal function
● Any history of arterial thrombus or emboli, trauma,

retroperitoneal fibrous or neurofibromatosis

Renal parenchymal disease
● Renal insufficiency, proteinuria, hematuria
● Prior renal ultrasound, KUB showing a small kidney
● Urine light chains (by sulfosalicylic acid)
● Family history of renal disease
● Long history of untreated or uncontrolled hypertension

ACE, angiotensin-converting enzyme; KUB, kidney, ureter,
bladder.
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effective within 15 to 30 minutes and may be repeated in 1 to
2 hours, depending on the response.22 The drug has been
administered sublingually with an observed onset of action
within 10 to 20 minutes and a maximum effect within 1 hour.23

Captopril has been very effective in the initial therapy of
patients with malignant hypertension, particularly when
responsiveness is enhanced by the administration of a loop
diuretic, such as furosemide.24 For patients who respond to
captopril, you may wish to change to a long-acting ACE
inhibitor at the time of release from the ED. Medication can be
added or up-titrated at scheduled outpatient visits.

Clonidine is a centrally-acting, α-adrenergic agonist with
onset of action within 30 to 60 minutes following oral adminis-
tration. Maximal effects are seen within 2 to 4 hours. Although
most commonly administered in a loading regimen of 0.1 to 0.2
mg followed by 0.1 mg/hour for several hour,25,26 evidence sug-
gests that a comparable response may be seen with a single 0.2-
mg dose. The most common adverse effects of clonidine are
drowsiness and dryness of the mouth, affecting upward of 50%
of patients. If clonidine is to be continued, efforts should be
made to limit the average daily dosage to 0.2 mg twice daily, in
view of adverse effects that are clearly dose related. Diuretics
and/or other agents can be used in combination to minimize
the daily dosage of clonidine and provide optimal BP control.

Labetalol is a combined α- and β-adrenergic blocking agent,
which is effective orally in a dose of 200 to 400 mg, which may
be repeated after several hours. The onset of effect is usually
observed within 1 to 2 hours.27,28 Like other β-blocking agents,
labetalol carries a potential to induce heart block and worsen
symptoms of bronchospasm in the patient with established
asthma. It is best avoided in patients with more than first-
degree heart block, symptomatic bradycardia, or congestive
heart failure. Antihypertensive effects of labetalol can be poten-
tiated by the use of an oral diuretic or other add-on agents.

Urapidil is available for the treatment of hypertensive emer-
gencies in Europe but is not yet approved for the treatment of
hypertension in the United States. Urapidil is a peripheral α1
receptor blocker and a central 5-hydroxytriptamene1a receptor
antagonist.29 Intravenous urapidil has been proven useful in
the management of hypertensive crises and hypertension
during and after surgery.30, 31 Oral administration of urapidil
following intravenous administration can maintain lower BPs
for periods of 12 hours or longer in patients with severe
hypertension. This approach has been shown both to facilitate
early discharge and reduce the risk of further hypertensive
episodes within 12 hours.32 Extensive clinical experience with
urapidil has been reported from other parts of the world over
the past decade.

For the majority of patients with elevated BP, most of
whom are noncompliant with medications or inadequately
treated, the addition or initiation of a long-acting antihyper-
tensive agent in the ED is appropriate. You may wish to con-
sider utilizing a long-acting, fixed-combination product, the
dosage of which can then be modified or up-titrated at subse-
quent outpatient visits.

Parenteral Agents for Hypertensive
Emergencies
The following parenteral agents are effective in treating hyper-
tensive emergencies (see Table 78–3). They act primarily as
peripheral vasodilators or adrenergic inhibitors.

Peripheral Vasodilation
Sodium nitroprusside is a potent vasodilator that is exception-
ally predictable when administered in a hypertensive crisis of
any etiology. It has an extremely rapid onset of action, within
seconds of initiating an infusion, and a very rapid offset of
effect within 1 to 2 minutes, which necessitates constant super-
vision of BP.33 Its popularity relates in part to its effectiveness
in reducing both preload and afterload, as well as decreasing
myocardial oxygen demand, and the ability to achieve a con-
trolled titration of BP. Nitroprusside does not cause sedation
or somnolence but is rapidly degraded by light, requiring
periodic exchange of solutions. One of the major concerns in
using sodium nitroprusside is its metabolism to cyanagen
and to thiocyanate.34 In patients with significant impairment
in renal function, accumulation of thiocyanate may occur
over several days, with toxic effects, including encephalo-
pathic symptoms. In patients with impaired hepatic func-
tion and poor renal perfusion, cyanide poisoning has been
reported. Nitroprusside may also increase intracranial pres-
sure, which can be a concern in patients with cerebrovascular
emergencies.

Nitroglycerin may be of particular efficacy in hypertensive
emergencies with coexistent coronary ischemia.35 Nitroglycerin
dilates collateral coronary vessels and, like nitroprusside, has
a rapid onset and offset of effect, requiring close monitoring.
Nitroglycerin dilates capacitance vessels primarily when
infused at low doses of 5 to 10 μg/min, whereas much high-
er infusion rates effect arteriolar vasodilation. The infusion
rate of nitroglycerin may be increased at 3- to 5-minute inter-
vals until the desired effect is achieved. BP effects of nitroglyc-
erin are neither as predictable nor as large as those seen
with nitroprusside. Nitroglycerin may be particularly useful

Table 78–2 Oral Agents for Hypertensive Emergencies

Onset/Duration of Action 
Agent Dose (after discontinuation) Precautions

Captopril 25 mg PO, repeat as 15-30 min/6-8 hr SL Hypotension, renal failure in bilateral 
needed SL, 25 mg 15-30 min/2-6 hr renal artery stenosis

Clonidine 0.1-0.2 mg PO, repeat 30-60 min/8-16 hr Hypotension, drowsiness, dry mouth
hourly as required to 
total dose of 0.6 mg

Labetalol 200-400 mg PO, repeat 30 min-2 hr/2-12 hr Bronchoconstriction, heart block, 
every 2-3 hr orthostatic hypotension
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Table 78–3 Parenteral Agents for Hypertensive Emergencies

Onset/Duration of Action 
Agent Dose (after discontinuation) Precautions

Parenteral Vasodilators

Sodium nitroprusside 0.25-10 μg.kg−1.min−1 Immediate/2-3 min Nausea, vomiting, muscle twitching;
as IV infusion after infusion with prolonged use cause 

thiocyanate intoxication, 
methemoglobinemia acidosis, 
cyanide poisoning; bags, bottles, 
and delivery sets must be light 
resistant

Nitroglycerine 5-100 μg as IV infusion* 2-5 min/5-10 min Headache, tachycardia, vomiting,
flushing, methemoglobinemia;
requires special delivery systems
due to the drug’s binding to PVC
tubing

Nicardipine 5-15 mg/hr IV infusion 1-5 min/15-30 min, but Tachycardia, nausea, vomiting,
may exceed 12 hr after headache, increased intracranial
prolonged infusion pressure; hypotension may be

protracted after prolonged
infusions

Verapamil 5-10 mg IV; can follow with 1-5 min/30-60 min Heart block (1, 2, and 3 degrees), 
infusion of 3-25 mg/hr especially with concomitant digi-

talis or β-blockers, bradycardia

Diazoxide 50-150 mg as IV bolus, 2-5 min/3-12 hr Hypotension, tachycardia, aggra-
repeated or 15-30 mg/min vation of angina pectoris, nausea

and vomiting, hyperglycemia
with repeated injections

Fenoldopam mesylate 0.1-0.3 mg.kg−1.min−1 <5 min/30 min Headache, tachycardia, flushing,
IV infusion local phlebitis

Hydralazine 10-20 mg as IV bolus or 10 min IV/>1-4 hr (IV), Tachycardia, headache, vomiting,
10-40 mg IM, repeat 20-30 min IM/4-6 hr (IM) aggravation of angina pectoris

every 4-6 hr

Enalaprilat 0.625-1.25 mg every 6 hr IV 15-60 min/12-24 hr Renal failure in patients with bilat-
eral artery stenosis, hypotension

Parenteral Adrenergic Inhibitors

Labetalol 20-80 mg as IV bolus every 5-10 min/2-6 hr Bronchoconstriction, heart block,
10 min; up to 2 mg/min orthostatic hypotension
as IV infusion

Esmolol 500 μg/kg IV bolus injection 1-5 min/15-30 min First-degree heart block, congestive 
or 25-100 μg.kg−1.min−1 heart failure, asthma
by infusion; may repeat bolus 
after 5 min or increase 
infusion rate to 300 
μg.kg−1.min−1

Phentolamine 5-15 mg as IV bolus 1-2 min/10-30 min Tachycardia, orthostatic 
hypotension

*Requires special delivery system.
IV, intravenous; PVC, polyvinyl chloride; IM, intramuscularly.
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in patients with severe coronary ischemia in whom BPs
are only modestly elevated or in patients with post–
coronary artery bypass hypertension. Tolerance to intra-
venous nitroglycerin may occur within 24 to 48 hours of
initiating an infusion, and unpredictable absorption in
polyvinyl chloride containers and tubing necessitates the
use of glass containers.

Both nitroprusside and nitroglycerin release nitric oxide
and are considered nitric oxide donors, an important mecha-
nism for the vasodilation induced by these agents. Isosorbide
dinitrate is also a nitric oxide donor, and when administered
in aerosol form to the oral mucosa, has a rapid onset of action.
It has proved effective in the treatment of myocardial ischemia
and hypertensive emergencies. In one study, the efficacy of
isosorbide dinitrate was compared to sublingual nifedipine in
patients with severe hypertension. While nifedipine produced
a precipitous fall in BP, the isosorbide dinitrate aerosol pro-
duced a more gradual and predictable decline in BP over a
period of 60 to 90 minutes.36

Nicardipine is an intravenous dihydropyridine calcium
antagonist that has proved effective in a high percentage of
hypertensive emergencies, particularly at higher infusion
rates. The growing popularity of this agent can be attributed
to its ease of administration as a continuous infusion, starting
at 5 mg/hour. The infusion rate is increased by 2.5 mg/hour at
intervals of 15 to 20 minutes until a maximum recommended
infusion rate of 15 mg/hour is obtained, or until the desired
reduction in BP is achieved. An excellent correlation has been
demonstrated between plasma concentration and dose
response of BP, and the dosing of nicardipine does not appear
dependent on the patient’s body weight.37 Although nicardi-
pine has been shown to reduce both cerebral and coronary
ischemia, headache, nausea and vomiting may accompany its
use, and modest tachycardia and increased myocardial oxygen
demand limit its use in patients with severe coronary
ischemia.

Diazoxide is rarely used today in the treatment of hyperten-
sive emergencies. Although a potent vasodilator, large doses of
300 mg were associated with severe hypotension. Smaller
mini-boluses of 50 mg administered every 10 to 15 minutes
can provide a controlled reduction in BP but lead to reflex
tachycardia, hyperglycemia, hyperuricemia, and sodium and
water retention.38 Diazoxide is contraindicated in patients
with coronary ischemia or suspected aortic dissection and
offers no advantage over several other agents that have more
acceptable adverse effect profiles.

Fenoldopam mesylate is a selective, peripherally acting
dopamine-1 receptor agonist that provides systemic vasodila-
tion, particularly in the renal circulation, and it also has effects
on renal proximal and distal tubules.39,40 It does not bind to
dopamine-2 receptors or β-adrenergic receptors and has no
α-adrenergic agonist effects, but is an α1-antagonist and does
not cross the blood-brain barrier. Fenoldopam lowers BP by
causing peripheral arterial vasodilation with little to no effect
on preload.

The onset of clinical effect is usually seen within 5 minutes
and effects dissipate within 30 minutes following discontinu-
ation of the infusion. Side effects include headache, flushing,
tachycardia, and dizziness. Bradycardia has occasionally been
noted, and a dose-related increase in intraocular pressure has
been observed in normotensive and hypertensive patients.
Inactive metabolites are eliminated primarily in the urine, and

no dosage adjustments are required for patients with renal or
hepatic impairment.

In contrast to other parenteral antihypertensive agents,
fenoldopam’s unique effects on the kidney provide increased
urine flow rate, sodium and potassium excretion, and cre-
atinine clearance, making this agent especially attractive in
hypertensive emergencies with renal impairment.41 Nitro-
prusside has opposite effects on renal urodynamics. In con-
gestive heart failure, incremental doses of fenoldopam have
been shown to increase cardiac index in association with
decreased BP, variable effects on pulmonary capillary or
wedge pressure, and no change in right atrial pressure.

Hydralazine, a direct arterial vasodilator, has no significant
effects on venous tone. Reductions in arterial BP are accom-
panied by reflex increases in heart rate, increased myocardial
oxygen demand, sodium, and water retention. Hydralazine
use has also been associated with increases in intracranial
pressure. The use of hydralazine today is restricted to preg-
nant women with preeclampsia, because hydralazine can
improve uterine blood flow.42 Five to ten mg may be effective
intravenously as a bolus injection and may be repeated.
Flushing and headache may be observed.

Enalaprilat, the active metabolite of enalapril, can be
administered intravenously in a dose of 1.25 mg at 6-hour
intervals. The onset of action is usually seen within 30 min-
utes, but the response to enalaprilat in hypertensive emergen-
cies can be unpredictable, partially due to variations in vol-
ume status and in plasma renin concentration.43 Enalaprilat
may be particularly useful in hypertensive emergencies associ-
ated with congestive heart failure or high plasma angiotensin
II concentrations.

Parenteral Adrenergic Inhibitors
Labetalol is an α-blocker and noncardioselective β-blocker,
which has proved especially effective when used in bolus
intravenous injections in the initial treatment of hypertensive
emergencies. It can provide controlled reduction in BP to a
predetermined goal.44 Once a goal pressure is achieved, injec-
tions are stopped and the long duration of action facilitates
conversion to effective oral therapy. Infusion of labetalol at a
rate of 2 mg/minute offers an alternative method of adminis-
tration and is associated with a gradual yet controlled reduction
in BP.45 Because β-blocking effects predominate, bradycardia
or heart block may occur in patients with intrinsic heart dis-
ease, and bronchospasm can limit its usefulness in patients
with asthma.

Esmolol is an intravenous, ultra-short-acting β-adrenergic
blocker. Onset of effect is seen between 1 and 5 minutes, with
a rapid offset of effect within 15 to 30 minutes following dis-
continuation.46,47 Esmolol is administered as a 500-μg/kg/min
bolus injection, which may be repeated after 5 minutes.
Alternatively, an infusion of 50 to 100 μg/kg/min may be ini-
tiated and increased to 300 μg/kg/min as needed. It is most
often used in surgical units for the intraoperative or postoper-
ative short-term control of BP and can also be useful in the
setting of myocardial ischemia or infarction. Adverse effects
include heart block, congestive heart failure, and bronchocon-
striction.

Phentolamine, a nonselective α-adrenergic blocking agent,
is reserved for use in suspected excess catecholamine states,
such as pheochromocytoma or cocaine withdrawal. It may be



useful as a diagnostic agent administered as a bolus injection
of 5 to 10 mg in patients with suspected high circulating lev-
els of catecholamines.3,48 Acute BP lowering will be seen with-
in several minutes and may last 10 to 30 minutes in the setting
of catecholamine excess. Tachycardia is common and may
precipitate myocardial ischemia in high-risk patients.
Nitroprusside and labetalol are more easily titrated in the
management of hypertensive emergencies associated with
high circulating levels of catecholamines; therefore, phento-
lamine is rarely used therapeutically today.

Management of Specific Hypertensive
Emergencies (see Table 78–4)
Hypertensive encephalopathy is a lethal complication of
severe hypertension and occurs when an increase in BP
exceeds the brain’s autoregulatory ability to maintain con-
stant cerebral perfusion, resulting in disruption of the blood-

brain barrier and diffuse cerebral edema.49 This diagnosis
should be suspected when a severe elevation in BP is accom-
panied by neurologic signs and symptoms characteristic of
encephalopathy. Clinical signs include obtundation or con-
fusion, focal neurologic deficits, retinopathy with papillede-
ma, and occasional focal seizures. This is a diagnosis of exclu-
sion and requires that stroke, intracranial hemorrhage,
seizure disorder, other mental disorders, mass lesions, vas-
culitis, and encephalitis be considered. When suspected, BP
should be promptly lowered as recommended in the man-
agement of a hypertensive emergency. A CT scan or magnet-
ic resonance imaging (MRI) of the head should be obtained
as soon as it is feasible.

Agents with a rapid onset of effect that can be titrated to a
desirable initial BP goal are preferred.50 Sodium nitroprusside
is an agent of choice because its rapid onset of action and
short half-life allow for minute-to-minute control of BP and
because it has minimal effects on cerebral blood flow.
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Table 78–4 A Quick Reference for Preferred Parenteral Drugs for Selected Hypertensive Emergencies

Emergency *Preferred Drugs Drugs to Avoid

Hypertensive encephalopathy Nitroprusside Diazoxide (rapid decrease in cerebral blood
Nicardipine flow)
Labetalol
Fenoldopam

Malignant hypertension (when Labetalol
IV therapy is indicated) Nicardipine

Nitroprusside
Fenoldopam
Enalaprilat

Cerebrovascular accidents Nicardipine Diazoxide, hydralazine (may increase 
Labetalol intracerebral pressure)
Nimodipine (in SAH)
Nitroprusside

Myocardial infarction, unstable Nitroglycerin Diazoxide, hydralazine (increase heart rate,
angina Nitroprusside myocardial oxygen demand)

Nicardipine
Nitroprusside Labetalol and esmolol (decrease cardiac 

output)
Congestive heart failure Nitroglycerin

Enalaprilat
Loop diuretics

Aortic dissection Nitroprusside Diazoxide
Esmolol Hydralazine
Labetalol Nicardipine

Adrenergic crisis Phentolamine Labetalol (in cocaine crisis)
Nitroprusside
Labetalol

Postoperative hypertension Nitroglycerin
Nitroprusside
Labetalol
Nicardipine
Fenoldopam

Preeclampsia, eclampsia of Hydralazine Nitroprusside
pregnancy Labetalol Enalaprilat

Nicardipine

*The “Preferred Drugs” are listed in the order of preference for use.
IV, intravenous; SAH, subarachnoid hemorrhage.



Nicardipine and labetalol have also proved to be particularly
effective in the management of hypertensive encephalopathy.
Fenoldopam proves an appropriate alternative in view of its
rapid onset of action and lack of adverse cerebral effects.
Frequent neurologic assessments during the period of titra-
tion are imperative. BP reduction is often associated with dra-
matic improvement in sensorial function in the patient with
hypertensive encephalopathy. Further deterioration in neuro-
logic function in the face of effective BP reduction requires
consideration of other possible diagnoses.

Cerebrovascular Accidents—Optimal treatment of severe
hypertension in the presence of cerebrovascular accidents,
such as intracerebral and subarachnoid hemorrhage or cere-
bral infarction, remains debatable.51 Keep in mind that high
BP may be a contributor to or the result of the acute neuro-
logic event. The risks of elevated BP causing cerebral edema
or possible rebleeding must be weighed against the risks of
worsening cerebral ischemia with too rapid or excessive BP
reduction.

The protective rise in BP immediately following a stroke is
an attempt to maintain adequate perfusion to ischemic cere-
bral tissue. The benefits to be derived from acute reductions in
BP are not well founded in controlled clinical studies. One
recent study has shown no significant relationship between
admission systolic and diastolic BP and the outcome at
3 months. They also observed that high nighttime systolic and
low nighttime diastolic values were identified as independent
predictors of stroke outcome. Their data suggested that a
spontaneous BP decrease in the first 5 days poststroke may be
independently related to poor outcome. These findings warn
against a too rigorous lowering of early poststroke BP.52

Following a thrombotic stroke, BP rises acutely but tends to
decline without any specific therapy over the next 24 to 48
hours. An acute rise in BP may not occur following an intrac-
erebral hemorrhage. Our recommendation is that acute ther-
apy be considered only for severely elevated BP (diastolic BP
>130 mm Hg). Even then, BP should be very cautiously
reduced with a rapid-acting agent to an initial goal of no more
than 20% to 25% below the pretreatment BP, or to a diastolic
pressure level of 100 to 110 mm Hg during the initial 24
hours. Nicardipine by continuous infusion or labetalol given
by repeated small boluses or by continuous infusion are both
appropriate agents and have been used effectively in this set-
ting. Nitroprusside is attractive because of its rapid onset and
offset of effect, but it could further increase intracranial pres-
sure. A cerebroselective dihydropyridine calcium antagonist,
nimodipine, has proven beneficial following subarachnoid
hemorrhage to reduce cerebral vasospasm.53 The effects of
nimodipine on BP in this setting are negligible. Agents such as
diazoxide or hydralazine should be avoided because they raise
intracranial pressure.

Myocardial Infarction and Unstable Angina—In the patient
with severe ischemic coronary disease, nitroglycerin is the
agent of choice if BPs are only modestly elevated.54 Nitro-
glycerin has the advantages of improving collateral coronary
blood flow and myocardial oxygen utilization. The major
effect of nitroglycerin at lower infusion rates is on preload,
whereas much higher infusion rates are required to induce
arteriolar vasodilation and reduce afterload. Intravenous
labetalol can also be effective and when hypertension is severe,
use of nitroprusside should be considered.55 β-Blockers have
little acute antihypertensive effect, but their early use may

reduce infarct size and provide significant secondary cardio-
protection, including reduced in-hospital mortality. Vasodilator
drugs, such as diazoxide and hydralazine, can induce reflex
increases in heart rate and increase myocardial oxygen
demand. To assist in the management of acute pain and anxi-
ety, narcotic analgesics and/or modest sedation should be
considered. When BP has been lowered, thrombolytic therapy
can be considered.

Congestive Heart Failure—Acute left ventricular failure is
often precipitated by an acute rise in systemic vascular resist-
ance and further compromise in left ventricular compliance.
In patients with typical systolic heart failure, intravenous
nitroprusside or nitroglycerin is appropriate therapy.
Intravenous enalaprilat can be used, but responses are not as
predictable as those observed with nitroprusside. The impor-
tance of concomitant use of oxygen, intravenous loop diuret-
ics, and morphine should not be underestimated. β-Blockers,
including labetalol, should be avoided because they may worsen
cardiac function. Once the patient has been stabilized and is
ready for discharge, the addition of a β-blocker may be con-
sidered, as recommended for chronic congestive heart failure.

A bedside echocardiogram may be useful to evaluate global
left ventricular function, because diastolic dysfunction may
contribute to congestive heart failure in the setting of severe
hypertension. Although patients with diastolic dysfunction
benefit from reductions in systolic and diastolic BP, diastolic
dysfunction provides an indication for considering a β-blocker
or a nondihydropyridine calcium antagonist, such as vera-
pamil.56

Acute aortic dissection is the most lethal of the diseases
involving the aorta. Hypertension is found in more than 90%
of patients with acute aortic dissection. Typically, a patient
with acute aortic dissection is an elderly male with a long his-
tory of hypertension who presents with severe acute chest
pain. Chest pain is present in 94% of patients, is severe, excru-
ciating, and abrupt at onset.57 Often described as a “ripping or
tearing” pain in the anterior chest, it occasionally extends to
the back and radiates down toward the abdomen or flank
areas. BP is elevated in most cases, particularly those with dis-
tal dissection. Hypotension may be a prominent feature in
patients with proximal aortic dissection. Absent or unequal
pulses in the extremities are seen in 35% to 50%, and new aor-
tic insufficiency can be an important clinical sign. Neurologic
manifestations may include ischemic neuropathy, stroke,
paraplegia, and paresis. Involvement of the mesenteric artery
can cause nausea, vomiting, abdominal pain, or hematemesis.

Medical treatment aims at decreasing the velocity and the
slope of the pulse wave (dP/dt max) and lowering BP, using
intensive drug therapy in an effort to prevent progression of
the dissection.58 Emergency reduction of BP to the lowest tol-
erated level (systolic, 100-110 mm Hg), with drugs that do not
increase heart rate and contractility, is required. The treat-
ment of choice for acute aortic dissection is nitroprusside, in
combination with a β-blocker, such as esmolol or propra-
nolol. β-Blockade must be established early to avoid reflex
cardiac stimulation following acute reduction in BP. Labetalol
is a useful alternative, particularly in patients with coronary
artery disease because it also reduces myocardial oxygen con-
sumption and enhances coronary artery perfusion. It may be
administered as repeated miniboluses or as a continuous
intravenous infusion. Agents, such as hydralazine, diazoxide,
and nicardipine are best avoided because they may lead to
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reflexive cardiac stimulation. If an aortic dissection is suspected,
definitive diagnostic studies must be accomplished as soon as
BP is controlled. The aortogram is the most definitive
method to confirm a dissection because it shows the intimal
tear and reveals false channels. CT scanning with contrast
enhancement, transesophageal echocardiography, and MRI
are also useful in establishing the diagnosis. Dissections of the
ascending aorta and aortic arch require immediate surgical
repair, whereas dissections distal to the left subclavian artery
can usually be managed medically, unless complicated by
leaking or vascular compromise of an organ or limb, contin-
ued or recurrent pain, or extension of dissection, despite
optimal BP control.

Adrenergic Crisis—Although pheochromocytoma is the
classic example of a catecholamine excess–induced hyperten-
sive emergency, markedly elevated catecholamines are more
frequently seen with cocaine or amphetamine overdose, with-
drawal from agents such as clonidine or β-blockers, or an
interaction with tyramine-containing compounds and mon-
amine oxidase inhibitors. Excessive circulating catecholamines
and severe hypertension are also associated with acute spinal
cord injuries.

Phentolamine, with and without a β-blocker, can be used in
initial management. In view of the hypertensive risk of unop-
posed α-adrenergic receptor stimulation in the setting of cat-
echolamine excess, β-blockers should not be initiated until
adequate α-blockade has been established. Sodium nitroprus-
side or labetalol are more easily titrated in the management of
hypertensive emergencies caused by high circulating levels of
catecholamines. Although increased experience with labetalol
suggests that early reports of paradoxical hypertension may
have been exaggerated, this risk must be considered.59,60 This
response presumably relates to the fact that the β-blocking
effects of labetalol tend to predominate in clinical usage. In
cocaine-induced hypertensive crisis, the use of β-blockers may
enhance cocaine-induced coronary vasoconstriction, further
increase BP, and enhance the risk of both seizures and reduced
survival. Furthermore, labetalol does not reverse cocaine-
induced coronary vasoconstriction.61 In this condition,
nicardipine, verapamil, or fenoldopam can be used.62,63

Postoperative Hypertension—Early postoperative hyperten-
sion due to increased sympathetic tone and vascular resistance
is common, particularly following vascular surgical proce-
dures. Hypertension has been reported in upward of 30% to
50% of patients following coronary artery bypass graft sur-
gery. The treatments of choice are nitroglycerin and sodium
nitroprusside. Significant vascular bleeding postoperatively in
a patient with uncontrolled hypertension may necessitate
immediate lowering of BP. A number of easily titratable
agents, including nitroprusside, labetalol, nicardipine, and
possibly, fenoldopam, can be useful in this situation.
Nicardipine, in particular, has shown efficacy in controlling
postoperative hypertension in both cardiac and noncardiac
surgical patients.64 In one study, intravenous nicardipine was
as effective as sodium nitroprusside and achieved BP control
more rapidly and with fewer dose adjustments than sodium
nitroprusside.37

Preeclampsia and Eclampsia in Pregnancy—The syndrome
of preeclampsia features the onset of hypertension after
the twentieth week of pregnancy, edema, and proteinuria,
and occurs almost exclusively during a first pregnancy.
Preeclampsia must be differentiated from chronic hyperten-

sion that preceded the onset of pregnancy. An abrupt
increase in BP at the onset of labor or during delivery may
herald the onset of eclampsia, defined by the occurrence of
seizures due to hypertensive encephalopathy.65

Parenteral magnesium sulfate is the drug of choice for pre-
venting eclamptic convulsions. Treatment should be contin-
ued for 12 to 24 hours postpartum because of the significant
risk of seizures in the early postpartum period. For acutely
lowering BP, hydralazine is the drug of choice. An initial dose
of 5 mg intravenously can be followed by subsequent boluses
of 5 to 10 mg at 20- to 30-minute intervals. Side effects include
tachycardia and headache. For patients already in a hospital
ICU, intravenous labetalol or nicardipine have also become
preferred agents because of their effectiveness and ease of
administration.66,67 Diazoxide, a potent vasodilator, previous-
ly recommended for women with hypertension refractory to
hydralazine, is rarely used today. If using calcium channel
blockers, keep in mind that magnesium sulfate may potentiate
the effects of calcium channel blockers, resulting in precipi-
tous and profound hypotension.68 Oral or sublingual nifedip-
ine is no longer recommended for the treatment of severe
hypertension in pregnancy because of the risks of precipitous
hypotension. Sodium nitroprusside is not recommended
because of the potential risk of fatal cyanide poisoning,
demonstrated primarily in animal models. Limited experience
with intravenous prostacyclin has shown it to be as effective as
hydralazine with less risk of tachycardia.69

Careful attention must be paid to salt and water metabo-
lism to minimize the risk of fluid overload or severe hypona-
tremia, which can precipitate cerebral edema. The clinical
findings of severe preeclampsia or eclampsia can be expected
to clear rapidly following delivery.

SUMMARY

Hypertensive emergencies and urgencies demand prompt
recognition and management because they may represent a
threat to organ function and life. Early triage in ED is neces-
sary to identify the true hypertensive emergency for immedi-
ate admission and in-hospital management, whereas most
hypertensive urgencies can be managed in ED followed by
appropriate follow-up in the outpatient department. Initial
evaluation of the hypertensive emergency should establish the
degree of target organ damage, possibly identify any readily
recognized secondary causes of hypertension, should facilitate
selection of initial therapy, and determine the goal BP for
treatment. Initial treatment should achieve a partial reduction
in BP to a safer, noncritical level, although not necessarily to
achieve normotension. Most hypertensive urgencies can be
managed in the outpatient setting, if appropriate follow-up
can be provided.

References
1. Joint National Committee. The Sixth Report of the Committee

on the Prevention, Detection, Evaluation, and Treatment of High
Blood Pressure (JNC VI). Arch Intern Med 157:2413-2446, 1997.

2. Garcia JY Jr, Vidt DG. Current management of hypertensive
emergencies. Drugs 34:263-278, 1987.

3. Calhoun DA. Hypertensive crisis. In Oparil S, Weber MA (eds).
Hypertension: A Companion to Brenner and Rector’s The
Kidney. Philadelphia, WB Saunders, 2000; pp 715-718.

835Management of Hypertensive Emergencies and Urgencies



836 Secondary Hypertension

4. Preston RA, Baltodano NM, Cienki J, et al. Clinical presentation
and management of patients with uncontrolled, severe
hypertension: Results from a public teaching hospital. J Hum
Hypertens 13:249-255, 1999.

5. Kincaid-Smith P. Complications and survival of 315 patients
with malignant hypertension. J Hypertens 9:245-269, 1980.

6. Lip GY, Beevers M, Beevers DG. Complications and survival of
315 patients with malignant-phase hypertension. J Hypertens
13:915-924, 1995.

7. Ahmed ME, Walker JM, Beevers DG, et al. Lack of difference
between malignant and accelerated hypertension. Br Med J
(Clin Res Ed) 292:235-237, 1986.

8. Yu SH, Whitworth JA, Kincaid-Smith PS. Malignant hyperten-
sion: aetiology and outcome in 83 patients. Clin Exp Hypertens
A8:1211-2330, 1986.

9. McGregor E, Isles CG, Jay JL, et al. Retinal changes in malignant
hypertension. Br Med J (Clin Res Ed) 292:233-234, 1986.

10. Bloxham CA, Beevers DG, Walker JM. Malignant hypertension
and cigarette smoking. Br Med J 1:581-583, 1979.

11. Kincaid-Smith P, McMichael J, Murphy EA. Clinical course and
pathology of hypertension with papilledema (malignant hyper-
tension). Q J Med 27:117-154, 1958.

12. Beilin LJ, Goldby FS, Mohring J. High arterial pressure versus
humoral factors in the pathogenesis of the vascular lesions of
malignant hypertension. Clin Sci Mol Med 52:111-117, 1977.

13. Koch-Weser J. Hypertensive emergencies. N Engl J Med
290:211-214, 1974.

14. Yoshida M, Nonoguchi H, Owada A, et al. Three cases of
malignant hypertension: the roles of endothelin-1 and the
renin-angiotensin-aldosterone system. Clin Nephrol 42:
295-299, 1994.

15. Vidt DG. Emergency room management of hypertensive urgen-
cies and emergencies. J Clin Hypertens (Greenwich) 3:158-164,
2001.

16. Strandgaard S. Autoregulation of cerebral blood flow in hyper-
tensive patients. The modifying influence of prolonged antihy-
pertensive treatment on the tolerance to acute, drug-induced
hypotension. Circulation 53:720-727, 1976.

17. Strandgaard S, Olesen J, Skinhoj E, et al. Autoregulation of
brain circulation in severe arterial hypertension. Br Med J
3:507-510, 1973.

18. Vidt DG. Resistant hypertension. In Oparil S, Weber MA (eds).
Hypertension: A Companion to Brenner and Rector’s The
Kidney. Philadelphia, WB Saunders, 2000; pp 564-572.

19. Working Group on Renovascular Hypertension. Detection,
evaluation, and treatment of renovascular hypertension. Final
report. Arch Intern Med 147:820-829, 1987.

20. Conlon PJ, O’Riordan E, Kalra PA. New insights into the epi-
demiologic and clinical manifestations of atherosclerotic reno-
vascular disease. Am J Kidney Dis 35:573-587, 2000.

21. Grossman E, Messerli FH, Grodzicki T, et al. Should a moratori-
um be placed on sublingual nifedipine capsules given for hyper-
tensive emergencies and pseudoemergencies? JAMA 276: 1328-
1331, 1996.

22. Biollaz J, Waeber B, Brunner HR. Hypertensive crisis treated
with orally administered captopril. Eur J Clin Pharmacol
25:145-149, 1983.

23. Castro del Castillo A, Rodriguez M, Gonzalez E, et al. Dose-
response effect of sublingual captopril in hypertensive crises.
J Clin Pharmacol 28:667-670, 1988.

24. Ramos O. Malignant hypertension: The Brazilian experience
(clinical conference). Kidney Int 26:209-217, 1984.

25. Houston MC. Treatment of hypertensive emergencies and
urgencies with oral clonidine loading and titration. A review.
Arch Intern Med 146:586-589, 1986.

26. Zeller KR, Von Kuhnert L, Matthews C. Rapid reduction of
severe asymptomatic hypertension. A prospective, controlled
trial. Arch Intern Med 149:2186-2189, 1989.

27. Ghose RR. Acute management of severe hypertension with oral
labetalol. Br J Clin Pharmacol 8:189S-193S, 1979.

28. Catapano MS, Marx JA. Management of urgent hypertension:
A comparison of oral treatment regimens in the emergency
department. J Emerg Med 4:361-368, 1986.

29. Van Zwieten PA, Mathy MJ, Thoolen MJ. Deviating central
hypotensive activity of urapidil in the cat. J Pharm Pharmacol
37:810-811, 1985.

30. van der Stroom JG, van Wezel HB, Vergroesen I, et al.
Comparison of the effects of urapidil and sodium nitroprusside
on haemodynamic state, myocardial metabolism and function
in patients during coronary artery surgery. Br J Anaesth 76:
645-651, 1996.

31. Hirschl MM, Binder M, Bur A, et al. Safety and efficacy of ura-
pidil and sodium nitroprusside in the treatment of hypertensive
emergencies. Intensive Care Med 23:885-888, 1997.

32. Hirschl MM, Herkner H, Bur A, et al. Course of blood pressure
within the first 12 h of hypertensive urgencies. J Hypertens
16:251-255, 1998.

33. Page IH, Corcoran AL, Dustan HP, et al. Cardiovascular actions
of sodium nitroprusside in animals and hypertensive patients.
Circulation 11:188-198, 1995.

34. Bedoya LA, Vidt DG. Treatment of the hypertensive emergency.
In Jacobson HR, Striker GE, Klahr S (eds). The Principles and
Practice of Nephrology. Philadelphia, BC Decker, 1991;
pp 547-557.

35. Flaherty JT, Magee PA, Gardner TL, et al. Comparison of intra-
venous nitroglycerin and sodium nitroprusside for treatment of
acute hypertension developing after coronary artery bypass sur-
gery. Circulation 65:1072-1077, 1982.

36. Rubio-Guerra AF, Vargas-Ayala G, Lozano-Nuevo JJ, et al.
Comparison between isosorbide dinitrate aerosol and nifedip-
ine in the treatment of hypertensive emergencies. J Hum
Hypertens 13:473-476, 1999.

37. IV Nicardipine Study Group. Efficacy and safety of intravenous
nicardipine in the control of postoperative hypertension. Chest
99:393-398, 1991.

38. Miller WE, Gifford RW Jr, Humphrey DC, et al. Management of
severe hypertension with intravenous injections of diazoxide.
Am J Cardiol 24:870-875, 1969.

39. Post JB IV, Frishman WH. Fenoldopam: A new dopamine ago-
nist for the treatment of hypertensive urgencies and emergen-
cies. J Clin Pharmacol 38:2-13, 1998.

40. Murphy MB, Murray C, Shorten GD. Fenoldopam: A selective
peripheral dopamine-receptor agonist for the treatment of
severe hypertension. N Engl J Med 345:1548-1557, 2001.

41. Murphy MB, Murray C, Shorten GD. Fenoldopam: A selective
peripheral dopamine-receptor agonist for the treatment of
severe hypertension. N Engl J Med 345:1548-1557, 2001.

42. Paterson-Brown S, Robson SC, Redfern N, et al. Hydralazine
boluses for the treatment of severe hypertension in pre-
eclampsia. Br J Obstet Gynaecol 101:409-413, 1994.

43. DiPette DJ, Ferraro JC, Evans RR, et al. Enalaprilat, an intra-
venous angiotensin-converting enzyme inhibitor, in hyperten-
sive crises. Clin Pharmacol Ther 38:199-204, 1985.

44. Cressman MD, Vidt DG, Gifford RW Jr, et al. Intravenous
labetalol in the management of severe hypertension and hyper-
tensive emergencies. Am Heart J 107:980-985, 1984.

45. Lebel M, Langlois S, Belleau LJ, et al. Labetalol infusion in hyper-
tensive emergencies. Clin Pharmacol Ther 37:615-618, 1985.

46. Oxorn D, Knox JW, Hill J. Bolus doses of esmolol for the pre-
vention of perioperative hypertension and tachycardia. Can
J Anaesth 37:206-209, 1990.

47. Lowenthal DT, Porter RS, Saris SD, et al. Clinical pharmacology,
pharmacodynamics and interactions with esmolol. Am J
Cardiol 56:14F-18F, 1985.

48. Gifford RW Jr. Management of hypertensive crises. JAMA
266:829-835, 1991.



837Management of Hypertensive Emergencies and Urgencies

49. Strandgaard S, Paulson OB. Cerebral blood flow and its patho-
physiology in hypertension. Am J Hypertens 2:486-492, 1989.

50. Vaughan CJ, Delanty N. Hypertensive emergencies. Lancet
356:411-417, 2000.

51. Brown RD Jr. Management of hypertensive patients with cere-
brovascular disease. In Izzo JL, Black HR (eds). Hypertension
Primer, 2nd ed. Baltimore, Lippincott Williams & Wilkins,
1999; pp 6-397.

52. Boreas AM, Lodder J, Kessels F, et al. Prognostic value of blood
pressure in acute stroke. J Hum Hypertens 16:111-116, 2002.

53. Wong MC, Haley EC Jr. Calcium antagonists: Stroke therapy
coming of age. Stroke 21:494-501, 1990.

54. Flaherty JT, Reid PR, Kelly DT, et al. Intravenous nitroglycerin
in acute myocardial infarction. Circulation 51:132-139, 1975.

55. Lau J, Antman EM, Jimenez-Silva J, et al. Cumulative meta-
analysis of therapeutic trials for myocardial infarction. N Engl
J Med 327:248-254, 1992.

56. Frohlich ED. Management of hypertensive patients with left
ventricular hypertrophy and diastolic dysfunction. In Izzo JL,
Black HR (eds). Hypertension Primer, 2nd ed. Baltimore,
Lippincott Williams & Wilkins, 1999; pp 402-404.

57. Asfoura JY, Vidt DG. Acute aortic dissection [published erratum
appears in Chest 1991 Nov;100(5):1480]. Chest 99:724-729, 1991.

58. Wheat MW Jr. Acute dissection of the aorta. Cardiovasc Clin
17:241-262, 1987.

59. Reach G, Thibonnier M, Chevillard C, et al. Effect of labetalol
on blood pressure and plasma catecholamine concentrations in
patients with phaeochromocytoma. Br Med J 280:1300-1301,
1980.

60. Feek CM, Earnshaw PM. Hypertensive response to labetalol in
phaeochromocytoma. Br Med J 281:387, 1980.

61. Lange RA, Cigarroa RG, Flores ED, et al. Potentiation of
cocaine-induced coronary vasoconstriction by beta-adrenergic
blockade. Ann Intern Med 112:897-903, 1990.

62. Pitts WR, Lange RA, Cigarroa JE, et al. Cocaine-induced
myocardial ischemia and infarction: pathophysiology,
recognition, and management. Prog Cardiovasc Dis 40:65-76,
1997.

63. Boehrer JD, Moliterno DJ, Willard JE, et al. Influence of
labetalol on cocaine-induced coronary vasoconstriction in
humans. Am J Med 94:608-610, 1993.

64. Halpern NA, Goldberg M, Neely C, et al. Postoperative hyper-
tension: A multicenter, prospective, randomized comparison
between intravenous nicardipine and sodium nitroprusside.
Crit Care Med 20:1637-1643, 1992.

65. Cunningham FG, Lindheimer MD. Hypertension in pregnancy.
N Engl J Med 326:927-932, 1992.

66. August P. Management of pregnant hypertensive patients.
In Izzo JL, Black HR (eds). Hypertension Primer, 2nd ed.
Baltimore, Lippincott Williams & Wilkins, 1999; pp 427-429.

67. Mabie WL, Gonzalez AR, Sibai BM, et al. A comparative trial of
labetalol and hydralazine in the acute management of severe
hypertension complicating pregnancy. Obstet Gynecol 70:
328-333, 1987.

68. Corbonne B, Jannet D, Touboul C, et al. Nicardipine treatment
of hypertension during pregnancy. Obstet Gynecol 81:908-914,
1993.

69. Moodley J, Gousus E. A comparative study of the use of
epoprostenol and dihydralazine in pregnancy. Br J Obstet
Gynaecol 99:727-730, 1992.



838 Chapter 79

INTRODUCTION

The decision of when and how to begin antihypertensive ther-
apy is a complex one. Some of the factors influencing the
“when” are discussed in Chapter 48 of this book. The reader is
referred to that chapter and to the specific chapters dealing in
detail with each of the lifestyle interventions for information
concerning nonpharmacologic therapy when that is deemed
the initial choice for a specific patient. After deciding that
drug therapy is required because the blood pressure is above
the “prehypertension” range or because of failure of nonphar-
macologic approaches to reduce blood pressure adequately,
the selection of the most appropriate agent(s) is a challenging
one in view of the large number of drugs currently available
and the massive amount of information available attesting to
the efficacy of all of these agents. The results of numerous
recent studies have led experts to recommend a variety of dif-
ferent drugs and different therapeutic approaches, all with sci-
entific support. This has created a great deal of confusion and
in many cases misinterpretation of study results and conster-
nation in the minds of physicians regarding the optimal treat-
ment approach for a given patient.

This chapter addresses the rationale for making this selec-
tion, alternative approaches, adverse effects associated with spe-
cific classes of drugs, and most importantly, the enhancement
of efficacy obtained by combining different classes of agents.
One of the fundamental precepts, bolstered by the results of vir-
tually all of the outcome studies, is that hypertensive patients
are not all the same. The mechanisms responsible for their
blood pressure elevations, as well as their responses to specific
classes of antihypertensive drugs are diverse. Hypertensive per-
sons may have different comorbidities that influence the selec-
tion of antihypertensive therapy, and the effects of the drugs
used to treat these concomitant conditions on blood pressure
must be considered. Finally, the selection of antihypertensive
drug regimens may have an impact on other cardiovascular risk
factors that are often found in hypertensive patients. An exten-
sive discussion of therapeutic approaches for those with sec-
ondary forms of hypertension is beyond the scope of this chap-
ter and can be found in Chapters 73 through 76.

The choice of initial drug therapy is influenced by the level
of blood pressure; comorbid risk factors; and diseases and
issues related to feasibility of patient adherence to medication,
such as insurance and related financial status, lifestyle effects,
psychological factors, and the potential impact of minor or
serious side effects of drugs. In addition, information is avail-
able that may provide a clue regarding the therapeutic
approach most likely to be beneficial in a given patient. As
mentioned in Chapter 48, the decision to begin drug therapy
is usually made when the office blood pressure is above
140 mm Hg systolic and/or 90 mm Hg diastolic on several

measurements or when the average daytime ambulatory blood
pressure exceeds 135 mm Hg systolic and/or 85 mm Hg dias-
tolic and the nighttime average is greater than 120 mm Hg sys-
tolic and/or 75 mm Hg diastolic. The reason for dependence of
these threshold values on time of day is related to the normal
nocturnal decline in blood pressure that is often absent in those
with hypertension. When the nocturnal decline is less than
normal, this presents a greater pressure load on the cardiovas-
cular system and has recently been shown to be related to an
increased risk of cardiovascular events. In persons with dia-
betes mellitus, in whom the blood pressure goal recommended
by the American Diabetes Association is below 130/80 mm Hg;
in patients with renal disease, in whom the American Society of
Nephrology recommends blood pressure levels of 125/75 mm
Hg or lower to preserve renal function; or in those with con-
gestive heart failure, in whom values lower than the traditional
140/90 mm Hg are usually preferred to reduce the workload of
the heart, antihypertensive drug therapy is often begun at lev-
els less than 140/90 mm Hg. Detailed information regarding
preferred agents and approaches for each of these comorbidi-
ties is addressed in Chapters 24, 25, 52, 53, and 54. It is impor-
tant to recognize that in virtually every study involving patients
with these disorders, multiple drug therapy has been required
to achieve the lower blood pressure goals. Indeed, even in
uncomplicated hypertensive patients, multiple therapy is usu-
ally required to reach goals of less than 140/90 mm Hg.

The identification of an increased risk for cardiovascular dis-
ease in persons designated as “prehypertensive” (i.e., those hav-
ing systolic pressures between 120 and 139 mm Hg and/or
diastolic pressures between 80-89 mm Hg)1 has raised an
intriguing question regarding the potential benefit of drug ther-
apy for this group. This issue remains to be addressed in the
future. The recommendations in the Seventh Report of the
Joint National Committee on Prevention, Detection,
Evaluation, and Treatment of High Blood Pressure (JNC 7)2,3

have indicated that in individuals with blood pressure above
160/100 mm Hg, monotherapy does usually not suffice to
achieve the blood pressure goals. Thus JNC 7 recommends
beginning treatment with two drugs having differing mecha-
nisms of action when the pressure is this high. This chapter
does not deal with the severe, accelerated, or resistant forms of
hypertension, because they are the topics of Chapters 59 and 78.

Patients may not always be as willing to wait for blood pres-
sure reduction as their healthcare providers. It is important
for the patient to realize that the decrease in blood pressure
may be gradual and that it may be necessary to try several
agents, alone or in combination, to achieve the target blood
pressure with a minimum of side effects. The patient should
be encouraged to report side effects when they occur and to
understand the blood pressure goals and the time frame for
achieving them.

Aggressive Blood Pressure Targets:
Developing Effective Algorithms
Myron H. Weinberger
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THE USE OF PLASMA RENIN ACTIVITY
TO GUIDE THERAPEUTIC CHOICES: THE
“LARAGH” METHOD

Dr. John Laragh and his group working at the Cornell
University Medical Center have been pioneers in elucidating the
role of the renin-angiotensin-aldosterone system in human
hypertension and its associated disorders. The results of their
voluminous body of work have led to an approach to selecting
antihypertensive therapy based on measurement of plasma
renin activity (Figure 79–1).4 This group demonstrated more
than 30 years ago the inverse relationship between plasma renin
activity, measured by the production of angiotensin from
endogenous renin substrate, and urinary sodium excretion, a

surrogate for dietary-sodium intake. They found that plasma
renin activity was markedly reduced when dietary-sodium
intake exceeded 150 to 200 mmol/day, the typical range for
most free-living individuals. Plasma renin activity begins to rise
at levels of dietary-sodium intake below 50 to 100 mmol/day.

The “Laragh” concept is based on measuring plasma renin
activity to determine whether an individual has a blood pres-
sure elevation that is primarily due to increased vasoconstric-
tion from endogenous pressor agents (renin-dependent, “R,”
i.e. plasma renin activity >0.65 ng/ml/hr) or due to increased
extracellular fluid volume (“V,” sodium or salt dependent; plas-
ma renin activity <0.65 ng/ml/hr).4 However, the accuracy of
this measurement requires reduction of salt intake to levels
below the threshold for the stimulation of renin (i.e., <50-100
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FFigure 79–1 Treatment algorithm based on plasma renin activity.
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mmol/day to identify the “low-renin” or “V” individual). This
requires collection of a 24-hour urine sample for measurement
of sodium and creatinine to verify the completeness of the
collection. Additional studies are required to rule out renin
suppression as the result of primary aldosteronism or other
mineralocorticoid excess syndromes. Similarly, when renin lev-
els are >0.65 ng/ml/hr, the presence of renal vascular hyper-
tension and other disorders of the kidney manifest by excessive
renin release must be excluded by having the individual con-
sume a high-sodium intake, verified by 24-hour urine meas-
urement of sodium and creatinine. Even when these precau-
tions are taken, about 20% of the patients will fail to reproduce
their initial renin status on repeat examination. The logistics
and expense involved in extra appointments for the measure-
ments of renin and urinary sodium excretion and the cost for
these laboratory tests must also be taken into consideration.

Initial antihypertensive therapy is selected on the basis of the
apparent physiologic abnormality revealed by the renin meas-
urements. Patients are then separated into “V” (volume and
salt-dependent) or “R” (renin or vasoconstrictor-dependent)
forms of hypertension, and drugs are selected on that basis.
The “V” subjects, who comprise 30% to 60% of most hyper-
tensive populations, have been shown to have the greatest ini-
tial blood pressure response to agents that reduce extracellular
fluid volume, such as diuretics, aldosterone antagonists
(spironolactone [Aldactone], eplerenone [Inspra]), and cal-
cium channel entry blockers. For the “R” subgroup, typically
comprising 10% to 30% of the essential hypertensive popula-
tion, drugs that block the effects of vasoconstrictors such as β-
adrenergic blocking agents, angiotensin-converting enzyme
inhibitors, angiotensin receptor blockers, the experimental
renin inhibitors, and sympatholytic agents are initially pre-
scribed. A large segment, likely the majority, of the hyperten-
sive population, based on the results of clinical trials, will not
be controlled with a single agent,2,3 presumably because their
blood pressure elevation is influenced by more than a single
physiologic mechanism. These patients will require the addi-
tion of an agent from the “class” opposite that initially pre-
scribed. When no response is noted to the initial drug and
patient adherence to the prescribed medication is presumed to
be likely, three options should be considered: (1) determining
whether there is some interfering or confounding element, (2)
deciding whether the renin measurement should be repeated,
and (3) discontinuing the initial agent and substituting a drug
from the opposite class. The “Laragh” method, despite its sim-
plicity and sophisticated physiologic rationale, requires confir-
mation by other studies employing a larger number of subjects
under conditions of ordinary office practice before widespread
adoption is reasonable.

CHOOSING ANTIHYPERTENSIVE DRUG
THERAPY BASED ON DEMOGRAPHIC
FACTORS

A large number of studies have examined the blood pressure
response to monotherapy as well as to multiple-drug approach-
es in many different hypertensive subpopulations. These stud-
ies have provided valuable information regarding blood pres-
sure responses based on demographic characteristics as well as
differences in the impact of specific therapeutic agents on car-
diovascular events and the adverse effects of specific drugs. This

information has proven to be useful in the selection of initial
and additive drugs (Figure 79–2).

AGE

Age is related to the prevalence of hypertension, mechanisms
for blood pressure elevation, risk factors for cardiovascular
disease, cardiovascular events, response to specific antihyper-
tensive drug therapy, and side effects of these drugs. The
prevalence of hypertension increases with age such that the
majority of individuals over the age of 60 have an elevation of
blood pressure. In the older population the systolic pressure is
more likely to be elevated than the diastolic pressure. In
younger persons both systolic and diastolic or occasionally,
only diastolic pressure is elevated. The rise in systolic blood
pressure with aging may be related to reduced arterial compli-
ance and increased pulse wave velocity (see Chapters 15 and
22). In older individuals there are physiologic changes that
also influence the response to blood pressure medication.
Cardiac output decreases and β-adrenergic receptor and
baroreceptor sensitivity are diminished. Thus β-adrenergic
blocking drugs, which lower blood pressure primarily by
reducing cardiac output, are less effective in older than in
younger individuals, in whom there is often an enhancement
of adrenergic responsiveness and a resting tachycardia, clues
to the likelihood of response to β-adrenergic blocking drugs.
The renin-angiotensin system appears to be more sluggish in
responding to changes in sodium and volume in older com-
pared with younger persons, and thus the blood pressure
response to angiotensin-converting enzyme inhibitors and
angiotensin receptor blockers is less in older compared with
younger individuals when these agents are given alone. In
older persons there is often a decrease in glomerular filtration
rate and renal function, contributing to an expanded extracel-
lular fluid volume. This is often manifest by relative suppres-
sion of renin and an increased blood pressure response to
diuretic therapy. Because of the reduced sympathetic respon-
siveness in the elderly, protection against volume depletion is
less vigorous than in younger individuals and thus orthostat-
ic hypotension, falls, and even syncope are more likely, partic-
ularly when diuretics are given.

For this reason I favor using low doses of diuretics (6.25-
12.5 mg/day of hydrochlorothiazide or its equivalent in other
intermediate- to long-acting agents) in the older population if
diuretics are chosen as initial therapy. The Systolic
Hypertension in the Elderly Program (SHEP) trial demon-
strated no reduction of cardiovascular events despite blood
pressure reduction in older subjects receiving chlorthalidone
in whom hypokalemia occurred.5 The popularity of
furosemide as a diuretic agent because of its potency and its
preferential selection in acute pulmonary edema and renal
failure has led to its widespread and inappropriate use in
uncomplicated hypertensives. Because of its short duration of
action (4-5 hours) and potency, administration of furosemide
causes a prompt and often precipitous diuresis and natriure-
sis, followed by marked stimulation of the renin-angiotensin-
aldosterone system and resultant salt and water retention
equal to that recently excreted until the next dose is given.
Thus furosemide must be given three to four times daily if
effective blood pressure control is desired. This requirement
for frequent dosing is associated with markedly reduced
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patient adherence and a variety of metabolic complications
for those able to maintain the schedule. For this reason,
furosemide should be reserved for use in the complicated
hypertensive patient (i.e., the patient with chronic kidney dis-
ease or heart failure).

In older persons, particularly women, diuretics may occa-
sionally cause profound and life-threatening hyponatremia.
The risk of this idiosyncratic reaction may be reduced by
avoiding administration of diuretics to patients in whom
serum sodium is low-normal at baseline and by monitoring
the serum sodium levels soon after beginning diuretic therapy
in these patients. Hyponatremia is not a dose-dependent
adverse effect and may even occur with the first dose of the
drug. Hypokalemia is a much more frequent concomitant of
diuretic therapy and usually requires weeks or months of
administration to become apparent. Diuretic-associated

potassium loss is dependent on sodium intake, because it is
mediated by the aldosterone response to sodium and volume
depletion and the resultant potassium-for-sodium exchange
in the distal segment of the kidney. Therefore, it can be
reduced or prevented by reducing sodium intake, which will
also enhance the efficacy of diuretic therapy in lowering the
blood pressure.

Alternatively, potassium-sparing agents can be combined
with the diuretic. Several are currently available, most in com-
bination form with hydrochlorothiazide. Triamterene is fre-
quently prescribed in combination with hydrochlorothiazide
(Dyazide, Maxzide), but this combination is less effective in
preventing potassium loss than others because the potassium-
conserving duration of action of the triamterene component is
shorter than the potassium-losing duration of hydrochloroth-
iazide. Amiloride (Midamor) is a longer-acting potassium-
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sparing agent that is usually combined with hydrochloroth-
iazide (Moduretic). It is available in the United States only in
doses of 5 mg amiloride and 50 mg hydrochlorothiazide, which
is a much higher diuretic dose than is preferable for most
patients. Triamterene and amiloride are available as single
agents but are relatively ineffective as diuretics when used
without a thiazide or other more-effective diuretic. The oldest
potassium-sparing agent, spironolactone (Aldactone), is the
most-potent agent of this group in terms of both blood pres-
sure reduction and potassium conservation. Its mechanism of
action is different from those of the other potassium-sparing
agents because spironolactone specifically antagonizes the
effect of aldosterone at the level of the renal mineralocorticoid
receptor. The appeal of spironolactone waned because of the
frequent occurrence of sex-hormone–related side effects
caused by its interaction with the estrogen receptor. This
was manifest by impotence, gynecomastia, and breast ten-
derness in males and menstrual irregularities in females.
Spironolactone is also available combined with hydrochloroth-
iazide (Aldactazide). A new and more selective mineralocorti-
coid receptor blocker, eplerenone6 (Inspra) has become avail-
able (see Chapters 12 and 70). This agent has virtually no
sex-hormone–related side effects and appears to be better tol-
erated than spironolactone. It also will be available in combi-
nation form with hydrochlorothiazide.

A word of caution should be voiced regarding the use of
potassium-sparing agents. In patients with renal impairment, in
some elderly diabetics with hyporeninemic hypoaldosteronism,
in some patients receiving nonsteroidal antiinflammatory drugs
(NSAIDs), and occasionally, in patients when combined with
angiotensin-converting enzyme inhibitors or angiotensin recep-
tor blockers, these agents can cause problematic hyperkalemia. If
a diuretic is selected as the initial choice for an older hyperten-
sive, lower doses are prudent. In addition, monitoring for and
correction of the commonly encountered metabolic side effects
of diuretic therapy other than hypokalemia and hyponatrem-
ia—such as hyperuricemia and gout, hyperglycemia, and hyper-
lipidemia—is appropriate. While some have contended that
these metabolic effects of diuretic therapy are trivial and tran-
sient, the results of the recent Antihypertensive and Lipid-
Lowering Treatment to Prevent Heart Attack Trial (ALLHAT)7

suggest otherwise, because the group assigned to initial therapy
with chlorthalidone, a thiazide-type diuretic, had a significantly
greater incidence of new-onset diabetes mellitus at the end of
the study as compared with the groups assigned to amlodipine
or lisinopril. Furthermore, the changes in potassium, glucose,
and lipids were found to persist at the end of 5 years of study,
and thus are hardly transient.

Calcium channel entry blockers provide an alternative to
diuretics for the older hypertensive, because these agents lower
blood pressure by inducing a diuresis and natriuresis in addition
to their vasodilator effect.8 This rarely recognized action of cal-
cium channel blockers provides a dual mechanism of action for
reducing blood pressure and probably accounts for the very
broad spectrum of antihypertensive efficacy demonstrated by
this class of drugs. The calcium channel blocker class can be sep-
arated on the basis of chemical structure and actions into three
distinct groups: the benzothiazepines (diltiazem), phenylalky-
lamines (verapamil), and the dihydropyridines (amlodipine,
felodipine, isradipine, nicardipine, nifedipine, and nisoldipine
are currently available in the United States). For blood pressure
reduction the dihydropyridines appear to be the most potent.

The antihypertensive dose of diltiazem is typically much higher
than the antianginal dose. Early studies indicated that the aver-
age effective antihypertensive dose of diltiazem was more than
300 mg/day. Verapamil also requires an average dose of 240 to
480 mg/day for antihypertensive efficacy. The greatest use of the
nordihydropyridine calcium channel blockers is in individuals
in whom slowing of heart rate is desired, because they reduce
heart rate by their effect on cardiac conduction. In addition, they
are useful in the treatment of patients with atrial fibrillation, a
not uncommon finding in older hypertensives. However,
because of this negative chronotropic effect, they should be used
cautiously in patients receiving β-adrenergic blocking drugs
because of risk of profound, symptomatic bradycardia and heart
block. Other side effects include edema (about which more will
be said later), constipation, and skin rash.

The dihydropyridines are devoid of heart-rate slowing
effects. In fact, the initial short-acting forms of these drugs,
which are no longer widely used, caused reflex activation of the
sympathetic nervous system as a result of their precipitous and
rapid blood pressure–lowering effect. However, the current
generations of these agents, generally sufficiently long-acting
for once-daily administration, do not have any demonstrable
effect on heart rate. The most commonly prescribed agent of
the group, amlodipine (Norvasc), is frequently given for the
treatment of angina as well as hypertension. The dihydropy-
ridines are generally the most potent in reducing blood pres-
sure but also may cause edema. The edema seen with calcium
channel entry blockers appears to be somewhat paradoxical in
view of the extensive documentation of their diuretic and
natriuretic actions. The edema seems to be due to the potent
vasodilation of the capillary bed, increasing the capillary pres-
sure with leakage of fluid into the interstitial tissues and, by the
effect of gravity, to pooling in the legs. This can typically be
remedied by antigravitational maneuvers such as elevating the
legs periodically, wearing support stockings, or if those tech-
niques are not adequate, by the addition of small doses of an
angiotensin-converting enzyme inhibitor or an angiotensin
receptor antagonist, which appears to correct the increased
capillary pressure responsible for the edema.

Cognitive decline and dementia of all forms are more fre-
quent among older persons than younger and in hypertensives
as compared with normotensives. In fact, elevated blood pres-
sure has emerged as a major risk factor for the development of
dementia. Importantly, trials in elderly hypertensives have
demonstrated, prospectively, a reduction in the development
of dementia in this susceptible group when systolic blood pres-
sure is lowered with a dihydropyridine calcium channel entry
blocker.9 It is likely that other agents will show a similar bene-
fit, but no data on this issue are presently available.

When the initial agent chosen for the older hypertensive,
typically a low-dose diuretic or a calcium channel entry
blocker, does not reduce blood pressure to goal (systolic pres-
sure below 140 mm Hg), the addition of an angiotensin-
converting enzyme inhibitor or angiotensin receptor blocker
will usually produce a further decrease in pressure because of
the additive effects of such agents to diuretics and calcium
channel blockers. I prefer not to use β-blocking drugs in this
population unless there is another compelling indication for
their use (such as atrial fibrillation, angina, congestive heart
failure, benign tremor, or migraine headaches) because of
their low antihypertensive efficacy and their adverse effects
on cardiac output and lipids.10
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When essential hypertension is diagnosed at a younger age,
typically less than 40 years, the etiology is more typically the
result of an increase in vasoconstriction induced by cate-
cholamines or angiotensin II via the renin system. In addition
to the increase in blood pressure, a resting tachycardia or
hyperdynamic chest wall may be observed. Such individuals
are typically more responsive to β-adrenergic blocking agents,
to which they may exhibit a reduction of blood pressure at rel-
atively low doses, thus making dose-related side effects less
likely, or to agents interfering with the renin-angiotensin sys-
tem, such as angiotensin-converting enzyme inhibitors or
angiotensin II receptor blockers. When β-adrenergic blocking
agents are prescribed, there is often concern regarding the
occurrence of bradycardia. Because the main mechanism by
which β-blockers reduce blood pressure is by reducing heart
rate and thereby decreasing cardiac output, a reduction in
heart rate is a good way to evaluate the efficacy of the agent.
For this reason, asymptomatic bradycardia, even with pulse
rates as low as 40 beats/min, should not necessarily be a rea-
son for discontinuation of a β-blocker if the blood pressure is
responsive and the patient does not exhibit other side effects.
β-Adrenergic blocking agents are less effective in cigarette
smokers, presumably because of the increase in catecholamine
release in such individuals.

With angiotensin-converting enzyme inhibitor treatment,
the major life-threatening side effect is angioedema. This is a
relatively rare event but does appear to be more prevalent in
Blacks, who generally are less responsive than Caucasians to
monotherapy with angiotensin-converting enzyme inhibitors
in terms of blood pressure reduction. This side effect does not
seem to be dose-dependent and may occur at any time during
treatment, not necessarily with the initial dose. Cough is
another much more frequently encountered side effect of this
drug class that, although not dose-dependent, appears to be
duration-dependent, more likely to occur the longer the
patient takes the drug. Cough also seems to be more prevalent
among African American and Asian American hypertensives,
as well as women and smokers. The incidence of both
angioedema and cough with angiotensin II receptor blockers
is much lower than that with angiotensin-converting enzyme
inhibitors, providing a rationale for preferring the former in
many patients.

ETHNIC BACKGROUND

A variety of studies have reported on differential responsive-
ness to antihypertensive agents among patients separated on
the basis of ethnic background or race (see Chapter 56).7,11-13

One of the earliest such reports concerned the decreased
responsiveness of Black hypertensives to treatment with 
β-adrenergic blocking drugs.12 These studies failed to demon-
strate a blood pressure response to 160 mg/day of propranolol
but demonstrated that 640 mg/day did lower pressure in a
small group of Black hypertensives. Similar observations have
been made with angiotensin-converting enzyme inhibitors
and angiotensin receptor blockers when used alone in this
subgroup. On the other hand, diuretics and calcium channel
entry blockers generally are effective in reducing pressure in
Black hypertensives.11,12 Because the elevation of pressure in
this population is often greater than in other subgroups, mul-
tiple medications are more frequently required. The addition

of angiotensin-converting enzyme inhibitors and angiotensin
II receptor blockers to initial therapy with diuretics13 or calci-
um channel entry blockers usually provides additional blood
pressure reduction.

There have been a paucity of studies in the United States to
provide information regarding the blood pressure responses of
Hispanic Americans, Native Americans, or Asian Americans to
different antihypertensive agents given as monotherapy. Some
of the large “outcome” trials such as ALLHAT7 and the
International Verapamil-Trandolapril Study (INVEST)14 can
provide that information, because they had a very substantial
representation of minority hypertensives.

GENDER

Despite a large number of studies that have included women
as well as men as participants, there is no consistent evidence
of gender differences in the response to antihypertensive
drugs when other factors such as age and ethnicity are consid-
ered.2,3 Having said that, several gender-specific concerns may
influence the choice of antihypertensive drug therapy in
women. Because angiotensin-converting enzyme inhibitors
and angiotensin II receptor antagonists are contraindicated in
pregnancy, they should probably be avoided in women with
childbearing potential unless a very effective form of contra-
ception is utilized. When hypertensive women are found to be
taking oral contraceptives or hormone replacement therapy, a
trial of several months of withdrawal of such agents may be
rewarded by a reduction in blood pressure. Women appear to
experience a cough with angiotensin-converting enzyme
inhibitors, hypokalemia with diuretics, and edema with calci-
um channel entry blockers more frequently than do men.

WHAT TO DO WHEN INITIAL THERAPY
IS NOT ENOUGH

Several large trials have provided evidence that the majority
of uncomplicated hypertensives require more than two drugs
to achieve the current blood pressure goal recommenda-
tions.2,3,7,14 As previously mentioned, the JNC 7 report advo-
cates beginning with two agents when the blood pressure is
above 160/100 mm Hg, because a single drug is not likely to
achieve the targeted blood pressure reduction. In the
“Laragh” method, when the initial “V” or “R” drug, chosen on
the basis of the renin measurement, in full doses does not
lower blood pressure sufficiently, a drug from the opposite
class is recommended. When demographic characteristics are
used as a clue to initial therapy, a similar approach of adding
drugs with a differing mechanism of action from that initial-
ly prescribed is usually effective. It should be emphasized that
when calcium channel blocking drugs are given initially, the
addition of a diuretic is unlikely to produce a significant fur-
ther blood pressure reduction, although the opposite
sequence may demonstrate a further drop in pressure, pre-
sumably owing to the dual antihypertensive mechanisms of
calcium channel entry blockers.15 Similarly, combining a β-
blocker with an angiotensin-converting enzyme inhibitor or
angiotensin receptor blocker, or combining the latter two
agents, in the absence of a diuretic or calcium channel block-
er, is not likely to produce an additive antihypertensive effect.
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The very limited studies demonstrating the benefit of com-
bining angiotensin-converting enzyme inhibitors with
angiotensin receptor blockers, to date, have not compared the
response to full or increased doses of either agent alone to
satisfy the concern that the response to the combination
simply reflects greater inhibition of the renin-angiotensin
system. Such studies should be available in the future. When
two agents, working by different mechanisms, fail to reduce
blood pressure adequately, third-step agents—for example,
sympatholytic drugs such as clonidine (Catapres), guanfacine
(Tenex), guanabenz (Wytensin), methyl-dopa (Aldomet),
doxazosin (Cardura), terazosin (Hytrin), prazosin (Minipress)
or reserpine—may be appropriate. Alternatively, direct-act-
ing vasodilators such as hydralazine (Apresoline), or rarely,
minoxidil (Loniten), may be added.

SUMMARY

Given the large number of antihypertensive drugs available, it
is often bewildering to decide how to begin treatment in a
given individual. Essentially there are two rational approach-
es, one based on a cumbersome and sometimes inconsistent
method of measuring plasma renin activity in relationship to
24-hour urinary sodium excretion, which often requires a
manipulation of dietary-sodium intake to ensure accuracy,
and another based on demographic characteristics. Neither of
these approaches is fool-proof, nor have they been consistent-
ly and reproducibly subjected to rigorous randomized clinical
trial examination to compare their relative costs, efficacies,
advantages, and disadvantages. Nonetheless, both offer a way
to begin drug treatment in specific patients, recognizing that
the overwhelming majority of hypertensives will require more
than a single drug to achieve adequate blood pressure control.
The use of these algorithms should make the tough choices a
little easier.
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Appendix

Oral Antihypertensive Drugs

Class Drug (trade name) Usual Dose Range, mg/day Usual Daily Frequency*

Thiazide diuretics Chlorthalidone 12.5-25 1
Hydrochlorothiazide 12.5-50 1
Indapamide (Lozol†) 1.25-2.5 1
Metolazone (Mykrox) 0.5-1.0 1
Metolazone (Zaroxolyn) 2.5-5 1

Other diuretics Bumetanide (Bumex†) 0.5-2 2
Furosemide (Lasix†) 20-80 2
Torsemide (Demadex†) 2.5-10 1

Aldosterone receptor blockers Eplerenone (Inspra) 50-100 1
Spironolactone (Aldactone†) 25-50 1

β-Blockers Atenolol (Tenormin†) 25-100 1
Betaxolol (Kerlone†) 5-20 1
Bisoprolol (Zebeta†) 2.5-10 1
Metoprolol 50-100 1-2
Metoprolol extended release 50-100 1
Nadolol (Corgard†) 40-120 1
Propranolol 40-160 2
Propranolol long-acting (Inderal LA†) 60-180 1
Timolol (Blocadren†) 20-40 2

β-Blockers with intrinsic 
sympathomimetic activity Acebutolol (Sectral†) 200-800 2
Combined α- and β-blockers Carvedilol (Coreg) 12.5-50 2

Labetalol (Normodyne, Trandate†) 200-800 2
ACEIs Benazepril (Lotensin†) 10-40 1

Captopril (Capoten†) 25-100 2
Enalapril (Vasotec†) 5-40 1-2
Fosinopril (Monopril) 10-40 1
Lisinopril (Prinivil, Zestril†) 10-40 1
Moexipril (Univasc) 7.5-30 1
Perindopril (Aceon) 4-8 1
Quinapril (Accupril) 10-80 1
Ramipril (Altace) 2.5-20 1
Trandolapril (Mavik) 1-4 1

Angiotensin II antagonists Candesartan (Atacand) 8-32 1
Eprosartan (Teveten) 400-800 1-2
Irbesartan (Avapro) 150-300 1
Losartan (Cozaar) 25-100 1-2
Olmesartan (Benicar) 20-40 1
Telmisartan (Micardis) 20-80 1
Valsartan (Diovan) 80-320 1-2

CCBs—Nondihydropyridines Diltiazem extended release 180-420 1
(Cardizem CD, Dilacor XR, Tiazac†)
Diltiazem extended release 120-540 1
(Cardizem LA)
Verapamil immediate release 80-320 2
(Calan, Isoptin†)
Verapamil long acting (Calan SR, 120-480 1-2
Isoptin SR†)
Verapamil (Coer, Covera HS, 120-360 1
Verelan PM)

Continued
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Oral Antihypertensive Drugs—cont’d

Class Drug (trade name) Usual Dose Range, mg/day Usual Daily Frequency*

CCBs—Dihydropyridines Amlodipine (Norvasc) 2.5-10 1
Felodipine (Plendil) 2.5-20 1
Isradipine (Dynacirc CR) 2.5-10 2
Nicardipine sustained release 60-120 2
(Cardene SR)
Nifedipine long-acting (Adalat CC, 30-60 1
Procardia XL)
Nisoldipine (Sular) 10-40 1

α1-Blockers Doxazosin (Cardura) 1-16 1
Prazosin (Minipress†) 2-20 2-3
Terazosin (Hytrin) 1-20 1-2

Central α2 agonists and other 
centrally acting drugs Clonidine (Catapres†) 0.1-0.8 2

Clonidine patch (Catapres-TTS) 0.1-0.3 1 weekly
Reserpine (generic) 0.1-0.25 1

Direct vasodilators Hydralazine (Apresoline†) 25-100 2
Minoxidil (Loniten†) 2.5-80 1-2

From the National Heart, Lung, and Blood Institute (NHLBI). From Physicians’ Desk Reference. 57th ed. Montvale, NJ: Thomson PDR;
2003.
ACEI, Angiotensin-converting enzyme inhibitors; CCBs, calcium channel blockers.
*In some patients treated once daily, the antihypertensive effect may diminish toward the end of the dosing interval (trough effect). BP
should be measured just prior to dosing to determine if satisfactory BP control is obtained. Accordingly, an increase in dosage or fre-
quency may need to be considered. These dosages may vary from those listed in the Physician’s Desk Reference, 57th ed.
†Available now or soon to become available in generic preparations.
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Combination Drugs for Hypertension

Combination Type Fixed-Dose Combination, mg Trade Name

ACEIs and CCBs Amlodipine-benazepril hydrochloride (2.5/10, 5/10, 5/20, 10/20) Lotrel
Enalapril-felodipine (5/5) Lexxel
Trandolapril-verapamil (2/180, 1/240, 2/240, 4/240) Tarka

ACEIs and diuretics Benazepril-hydrochlorothiazide (5/6.25, 10/12.5, 20/12.5, 20/25) Lotensin HCT
Captopril-hydrochlorothiazide (25/15, 25/25, 50/15, 50/25) Capozide
Enalapril-hydrochlorothiazide (5/12.5, 10/25) Vaseretic
Fosinopril-hydrochlorothiazide (10/12.5, 20/12.5) Monopril/HCT
Lisinopril-hydrochlorothiazide (10/12.5, 20/12.5, 20/25) Prinzide, Zestoretic
Moexipril-hydrochlorothiazide (7.5/12.5, 15/25) Uniretic
Quinapril-hydrochlorothiazide (10/12.5, 20/12.5, 20/25) Accuretic

ARBs and diuretics Candesartan-hydrochlorothiazide (16/12.5, 32/12.5) Atacand HCT
Eprosartan-hydrochlorothiazide (600/12.5, 600/25) Teveten-HCT
Irbesartan-hydrochlorothiazide (150/12.5, 300/12.5) Avalide
Losartan-hydrochlorothiazide (50/12.5, 100/25) Hyzaar
Olmesartan medoxomil-hydrochlorothiazide (20/12.5, 40/12.5, 40/25) Benicar HCT
Telmisartan-hydrochlorothiazide (40/12.5, 80/12.5) Micardis-HCT
Valsartan-hydrochlorothiazide (80/12.5, 160/12.5, 160/25) Diovan-HCT

β-Blockers and diuretics Atenolol-chlorthalidone (50/25, 100/25) Tenoretic
Bisoprolol-hydrochlorothiazide (2.5/6.25, 5/6.25, 10/6.25) Ziac
Metoprolol-hydrochlorothiazide (50/25, 100/25) Lopressor HCT
Nadolol-bendroflumethiazide (40/5, 80/5) Corzide
Propranolol LA-hydrochlorothiazide (40/25, 80/25) Inderide LA
Timolol-hydrochlorothiazide (10/25) Timolide

Other combinations Amiloride-hydrochlorothiazide (5/50) Moduretic
Spironolactone-hydrochlorothiazide (25/25, 50/50) Aldactazide
Triamterene-hydrochlorothiazide (37.5/25, 75/50) Dyazide, Maxzide

From the National Heart, Lung, and Blood Institute (NHLBI). From Physicians’ Desk Reference. 57th ed. Montvale, NJ, Thomson PDR;
2003.
ACEI, Angiotensin-converting enzyme inhibitors; CCBs, calcium channel blockers; ARBs, angiotensin receptor blockers.
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A Lotrel Evaluation of Hypertensive Patients
with Arterial Stiffness and Left Ventricular
Hypertrophy. See ALERT

AASK. See African American Study of Kidney
Disease

ABCD. See Appropriate BP Control in Diabetes
trial

Abeta, Alzheimer’s disease and, 180
Abnormal diastolic function (CHF-D), 258

drugs for, 265
studies of, 263

ABPM. See Ambulatory blood pressure
monitoring

Absolute risk, 219
attributes of, 221
hypertension and, 22-23, 302t
stroke and, 220, 220f, 221

ACE (angiotensin-converting enzyme), 89
DD genotype, 97
gene, LVH and, 251, 254
kidney disease and, 284
LVH and, 250
properties and function of, 95-97
schematic of, 96f

ACE inhibitors. See Angiotensin-converting
enzyme inhibitors

ACE2 (angiotensin converting enzyme 2)
knockout mouse, RAS and, 101
physiologic function of, 95, 96f
schematic of, 96f
structure of, 95

Acebutolol, β-adrenergic receptors and,
653

ACEi. See Angiotensin-converting enzyme
inhibitors

Acetylcholine, coronary circulation and,
268

Acoustic quantification, diastolic function
and, 260

ACR. See Albumin creatinine ratio
ACS. See Acute coronary syndrome
Acute coronary syndrome (ACS)

invasive strategy for, 573-574, 574f
therapy for, 570-571

Acute heart failure, tezosentan and, 164
Acute isometric exercise, 498-499
Acute isotonic exercise, BP during, 496-498
Acute myocardial infarction (AMI)

β-adrenergic blocking drugs and, 657
ANP and, 181
BP reduction and, 527
clinical trials for, 410
VALUE and, 383

Acute urinary retention (AUR), 667
ADA. See American Diabetes Association
Adenosine triphosphate levels.

See ATP levels
ADM. See Adrenomedullin
ADMA. See Dimethylarginine
Adolescents

hypertension and, 31
treatment of, 611, 612t, 613

hypertension in childhood and, 608-609
Adrenal adenoma, Cushing’s syndrome with,

802-803
Adrenal cortex, angiotensin system with,

705-706, 707t

Adrenal cortex hypertension, 792-803, 793b,
793f, 794f, 795f, 796f, 797t, 801f

ACE inhibitors with, 792-793, 795f, 798,
803

apparent mineralocorticoid excess
syndromes with, 793b, 799

ARB with, 792-793, 798
CT scan for, 794, 795f, 796, 798, 799,

801f
Cushing’s syndrome with, 793b, 799-803,

801f
adrenal adenoma and, 802-803
adrenocortical carcinoma and, 802
diagnosis of, 800, 801f
ectopic ACTH syndrome and, 802
iatrogenic, 800
metastatic ACTH-secreting tumor and,

802
pituitary-dependent, 800
presentation of, 800
treatment principles for, 800
TSS for, 800, 801-802
unresectable ACTH-secreting tumor and,

802
hyperdeoxycorticosteronism with, 793b,

798-799
CAH with 11β-hydroxylase deficiency in,

793b, 799
CAH with 17α-hydroxylase deficiency in,

793b, 799
DOC-producing tumor in, 793b, 799
primary cortisol resistance in, 793b, 799

PAC with, 792-793, 793f, 794, 794f, 795f,
796

PRA suppressed in, 792, 793, 793f, 794f,
795f, 799

primary aldosteronism with, 792-798, 793b,
793f, 794f, 795f, 796f, 797t

aldosterone-producing adrenal
malignancy in, 798

APA, 792, 793, 793b, 794, 795f, 796,
797

clinical presentation of, 792
confirmatory tests for, 793-794
diagnosis of, 792-796, 793f, 794f, 795f
FH, 792, 793b
GRA, 792, 794, 796f, 797, 798
hypokalemia, 792, 793f, 794, 794f, 797,

798, 799, 803
IHA, 792, 793b, 794, 795f, 796, 797, 798
PAC/PRA ration in, 792-793, 793f, 794f,

795f
pharmacologic treatment of GRA in,

798
pharmacologic treatment of IHA in,

797-798
prevalence of, 792
principles of treatment for, 796-797
screening tests for, 792-793, 793f, 794f
subtype studies for, 794-796, 795f, 797t
surgical treatment of APA in, 797
surgical treatment of hyperplasia in,

797
Adrenal medulla, 62

angiotensin system with, 707t
Adrenergic blockade, obesity hypertension

and, 466-467

Adrenergic crisis, hypertensive emergencies
with, 833t, 835

Adrenergic inhibitors, 725-730, 726t
action mechanism with, 729-730
α-adrenergic receptor blocking agents

with, 725, 729-730
BPH with, 725, 730
bretylium as, 727-728

clinical uses of, 728
hemodynamic effects of, 727-728
side effects of, 728

clonidine as, 728-729
clinical uses of, 728
hemodynamic effects of, 728
side effects of, 728-729

dopamine with, 725, 726t, 729
epinephrine with, 725-726, 726t
ESRD with, 725
ganglion blocking drugs as, 726-727

action mechanism of, 726
clinical uses of, 727
hemodynamic effects of, 726-727
side effects of, 727

guanabenz as, 728-729
clinical uses of, 728
hemodynamic effects of, 728
side effects of, 728-729

guanethidine as, 727-728
clinical uses of, 728
hemodynamic effects of, 727-728
side effects of, 728

guanfacine as, 728-729
clinical uses of, 728
hemodynamic effects of, 728
side effects of, 728-729

MAO with, 725, 729
methyldopa as, 728-729

clinical uses of, 728
hemodynamic effects of, 728
side effects of, 728-729

monoamine oxidase inhibitor as, 729
clinical uses of, 729
hemodynamic effects of, 729
side effects of, 729

norepinephrine with, 725-726, 726t, 727,
728, 729

postganglionic, 727
rauwolfia alkaloids as, 727

clinical uses of, 727
side effects of, 727

Veratrum alkaloids as, 729
clinical uses of, 729
hemodynamic effects of, 729
side effects of, 729

α1-adrenergic receptors. See Postsynaptic
adrenergic receptors

α1-adrenergic antagonists, 516, 517t,
528t

α1-adrenergic blockers, obesity hypertension
and, 471

α-adrenergic blockers, 510, 660-667
PVD and, 575

α-adrenergic receptor blocking agents, 725,
729-730

β-adrenergic blockers, 4, 508, 510, 514, 515t,
516, 653-657

adolescents and, 611, 612t
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β-adrenergic blockers, (Continued)
adverse effects of, 657
BP effects of, 657
children and, 611, 612t
contraindications for, 657
elimination characteristics of, 653, 656t
hypertension and, 386
initial therapy with, 509
melatonin and, 539
obesity hypertension and, 471
pharmacokinetic properties of, 653-654,

654t, 655t
β-adrenergic receptors, kidney and, 288
α1-adrenoceptors antagonists (α1ARA),

664t
metabolic effects of, 664-665
molecular mechanism of, 660-661, 661t

α-adrenoceptors (αAR), 660-667
activity, 653
hyperresponsiveness, 69
types of, 660

α-adrenoceptors antagonists (αARA), overview
of, 660-667

Adrenocortical carcinoma, Cushing’s syndrome
with, 802

Adrenocorticotropic hormone (ACTH), ADM
and, 199

Adrenomedullin (ADM)
biologic actions of, 198-199
disease states and, 198
distribution of, 198
human hypertension and, 198
receptors, 199

CGRP receptors and, 199
roles of, 199-200

Adverse effects (AEs), BP control and,
526t

Aerobic exercise
clinical studies of, 500-501

design and measurement considerations
in, 500-501

MAP and, 497
African American Study of Kidney Disease

(AASK), 591, 674
CAs and, 693

African Americans
ACE inhibitors and, 678
BP and, 533, 740
CAs and, 689
DASH studies and, 455, 456
DASH-Sodium studies and, 458
DBP and, 588f
health team approach and, 426
high BP treatment for, 533
hypertension in

clinical sequelae of, 589-590
elderly and, 579
epidemiology of, 587
management of, 587-593
mechanisms of, 588-589, 589b
pharmacologic intervention for,

590-592
treatment options for, 590-592

lifestyle modifications for, 590
outreach programs and, 424
stroke for, 590

Age. See also Elderly
arterial stiffness and, 140
baroreflex abnormalities with, 65
BP and, 52, 230, 231, 396
CHD and, 245, 245t
coronary flow reserve and, 268, 269f
counting risk factor by, 226
counting stratification by, 226
diastolic function and, 260
effects of alcohol and, 475

Age (Continued)
Framingham Heart Study and, 230, 231
hypertension and, 19-20, 20f, 243
PWV and, 142f
SNS and, 68

AGT. See Angiotensinogen
Albumin creatinine ratio (ACR), proteinuria

and, 282
Alcohol

cardiovascular risks and, 298
DM and, 554
resistant hypertension and, 618-619

Alcohol consumption. See also Binge drinking
gene environment interactions and,

481-482
γGT and, 481
hypertension and, 475-483

alcoholic beverage types and, 476
BP and, 475-483
cross sectional population studies of,

475-476
gender effects of, 476
mechanistic animal studies of, 479-480
mechanistic human studies of, 480-481
prospective population studies and, 476
randomized controlled trials of, 476,

477-479
hypertensive target-organ disease and, 482
Kaiser Permanente data and, 475, 476, 476f
public health and, 482-483

Alcohol related hypertension
apolipoprotein E polymorphisms and, 482
γGT and, 481

Aldehyde groups, aldosterone and, 117
ALDH2 gene, alcohol and, 481
Aldosterone, 125, 126t. See also Primary

aldosteronism
ACEi with, 736, 740, 741, 742
Ang II and, 118
antagonists, 510

heart failure and, 572
resistant hypertension and, 620

ARB with, 736, 740
blockade, 572
cardiovascular injury and, 736-744, 737f,

738f, 739f, 739t, 740f, 741f, 742f, 743f,
744f

eplerenone with, 737-743, 738f, 739f, 739t,
740f, 741f, 742f, 743f, 744f

blood pressure lowering activity of,
739-743, 739f, 740f, 741f, 742f, 743f,
744f

pharmacokinetic properties of, 738
placebo vs., 739-740, 739f, 740f, 741f, 742,

742f, 743f, 744f
serum potassium concentration and,

742
UACR and, 742, 743f

high fat diet and, dog study of, 468f
LVH with, 737, 741-742, 742f, 743, 744f
mineralocorticoid receptor antagonists with,

736-744, 737f, 738f, 739f, 739t, 740f,
741f, 742f, 743f, 744f

nonepithelial effects of, 737
nongenomic effects of, 737
pathophysiology of, 120
physiologic actions of, 118
proarrhythmogenic effects of, 737, 743
secretion

disorders of, 117-120
regulation of, 117

sodium relationship to, 120
spironolactone with, 737-739, 738f, 739t
structure and synthesis of, 117
transport and metabolism of, 118

Aldosterone rebound, 736

Aldosterone receptor antagonists, selective, 520
Aldosterone synthase (CYP11B2), 118

deficiency, 119
Aldosterone-producing adenoma (APA)

primary aldosteronism with, 792, 793, 793b,
794, 795f, 796, 797

surgical treatment of, 797
Aldosterone-producing adrenal malignancy,

798
ALERT (A Lotrel Evaluation of Hypertensive

Patients with Arterial Stiffness and Left
Ventricular Hypertrophy), 525

Algorithms, BP and, 396
Aliskiren, renin inhibitors with, 757f-759f,

759-761, 762f, 763f
Allbutt, C., 2
Alleles, 42, 43-44

hypertension and, 35
ALLHAT. See Antihypertensive and Lipid-

Lowering to Prevent Heart Attack Trial
Allometric dysfunction, 32
Alzheimer’s disease

Abet and, 180
natriuretic peptides and, 180

Ambulatory blood pressure
alcohol and, 480, 480f
DASH diet and, 455
measurements, alcohol and, 475-476
recording, 307f

Ambulatory blood pressure monitoring
(ABPM), 305, 391

advantages vs. disadvantages of, 311
CHD and, 569
circadian pattern and, 531, 532f
clinical applications of, 314-315
diastolic function and, 261
LV mass and, 251
office monitoring vs., 318
office readings vs., 308
prognostic importance of, 307-312
recommendations for, 315, 315t
steady state BP lowering and, Cbcs and,

535f
technique of, history of, 305-307
verapamil chronotherapy and, 533
WCH and, 319f
white coat vs. sustained hypertension in,

312
Ambulatory hypertension, medication

adherence and, 436, 436f
AME. See Apparent mineralocorticoid excess
American Diabetes Association (ADA),

diagnostic criteria revisions of, 543,
544b

American Society of Echocardiography (ASE),
LV mass values and, 255

Amiloride
congeners, 645-648
hypertension and, treatment of, 647-648

21-amino acid peptide hormones, 159, 160f
Amlodipine, 385, 509, 519, 519t, 525

ALLHAT and, 340, 342, 343t-345t, 346, 412
chlorthalidone vs., 346, 349f
elderly and, 583
Treatment of Mild Hypertension Study and,

412
VALUE study and, 367, 368, 379, 380

ANBP2. See Second Australian National Blood
Pressure Study

Anemia, renal disease and, 290
Anesthesia

blood pressure and, 813, 814t, 815, 815f, 816,
816f, 817f, 818, 819t, 820-823

blood pressure determinants affected by, 813,
814f

brachial plexus block, 819
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Anesthesia (Continued)
cardiovascular pharmacology for, 814-818,

815t, 816f, 817f
anesthetic techniques with, 814-815, 815t,

816f, 817f
general anesthetics with, 815-818
sedative drugs with, 814-815, 815t, 816f,

817f
choice of technique of, 819
drugs for induction of, 815-817

diazepam as, 815-816
Diprivan as, 817
Ketalar as, 816-817
ketamine as, 816-817
midazolam as, 816
Pentothal as, 815
propofol as, 817
thiopental as, 815
Valium as, 815-816
Versed as, 816

drugs for maintenance of, 817-818
inhalation anesthesia, 817
narcotics, 817-818

femoral-sciatic nerve block, 819
general, 815-818, 816f, 817f, 819-820

cardiovascular pharmacology for,
815-818

hypertension with, 813-823, 814f, 814t,
815f, 815t, 816f, 817f, 818b, 819b, 819t,
822b

introduction to, 813-814, 814f, 814t, 815f
lumbar plexus block, 819
MAC, 814, 815, 817f, 819, 820, 821, 823
major nerve block, 819, 820
monitoring with, 821
neuraxial, 820
operative course using, 821-822

emergence with, 822
induction with, 822
intubation with, 822
laryngoscopy with, 822
maintenance with, 822

perioperative patient classification with, 813,
814t

postoperative management of, 822, 822b
preoperative evaluation with, 818-819, 818b,

819b, 819t
blood pressure in, 818
objectives of, 818, 818b
physical examination for, 818

regional, 819, 820
summary of, 823
surgery with, 816f, 817f, 818-822

outcome studies on, 820-821
surgical patient evaluation/preparation for,

814f, 814t, 818-819, 818b, 819b, 819t
Ang I (Angiotensin I), 90

renin and, 93
Ang II (Angiotensin II), 62, 63, 89, 370, 404

AT1 receptor and, 113-114, 114b
AT2 receptor and, 113-114, 114b
ACE and, 672
actions of, 707t
aldosterone secretion and, 117
angiotensin system with, 705-707, 706f, 707t
blockade, renoprotective effects and, 286
CHF-D and, 263-264
DASH diet and, 469
diastolic function and, 260
effects of, 112b
ET system and, 161
glomerular filtration rate with, 706
initial therapy with, 509
introduction to, 705
kidney and, 102, 285
kinins and, 211, 212

Ang II (Angiotensin II) (Continued)
LIFE study and, 352
obesity and, 468
peptide analogues of, 707-708
receptor antagonists, obesity hypertension

and, 471
receptor distribution with, 707
renal effects of, 113, 113b, 284
renal flow and, 104f
renin inhibition with, 760
renin-angiotensin system cascade with,

706f
structural effects of, 707
type 1 receptor antagonists, renoprotective

effects of, 286-288
Ang II-dependent vasoconstriction, Ang-(1-7)

and, 105, 106f
Ang-(1-7). See Angiotensin-(1-7)
Angina, 359

ALLHAT and, 349
CCBs and, 408

Angioedema, 518
Angioedema of intestine, ACE inhibitors and,

678, 678f
Angiography, renovascular hypertension

screening with, 777-778, 777f
Angioneurotic edema, ACE inhibitors and, 678
Angioplasty, renovascular hypertension with,

780-783, 781f, 782f
Angiotensin

AT1 receptor and, 111
obesity and, 468

Angiotensin converting enzyme 2. See ACE2
Angiotensin I. See Ang I
Angiotensin II Antagonist Losartan (RENAAL)

trial, 384
DM and, 550

Angiotensin II receptor antagonists, 705-719,
706f, 707t, 708f, 709f, 711f, 712b, 716b,
716t, 718b

behavior effects of, 712
biphenyl tetrazole derivatives with, 708-709

candesartan cilexetil as, 709, 711f
irbesartan as, 709, 711f
losartan as, 708, 711f
valsartan as, 709, 711f

cardiac effects of, 710
clinical pharmacology with, 712-715, 716t

adverse effects of, 715
candesartan cilexetil in, 714, 716t
eprosartan in, 714, 716t
irbesartan in, 713-714, 716t
losartan potassium in, 712-713, 716t
olmesartan medoxomil in, 715, 716t
safety in, 715
telmisartan in, 714-715, 716t
valsartan in, 713, 716t

clinical uses of, 715-719, 716b, 716t, 718b
ACE inhibitors with, 718-719
acute myocardial infarction in, 712, 717,

718, 718b
cardiac disease in, 716-718, 718b
CHARM trial on, 717-718
chronic heart failure in, 718b
ELITE study on, 717
hypertension in, 715-716, 716b, 718b
IDNT study on, 718
kidney disease in, 718b
LIFE study on, 717
OPTIMAAL study on, 718
RENAAL study on, 718
renal disease in, 718
Val-Heft study on, 717
ventricular dysfunction in, 718b

cognition effects of, 712
development of, 707-708

Angiotensin II receptor antagonists (Continued)
effects of, 710-712
hemodynamic effects of, 710, 712b
introduction to, 705
medicinal chemistry of, 708, 708f
nervous system effects of, 712
neurohumoral effects of, 712b
nonbiphenyl tetrazole derivatives with,

709-710
eprosartan as, 710, 711f, 714, 716t
telmisartan as, 709-710, 711f

renal effects of, 710-712
SCOPE with, 712
summary of, 719

Angiotensin II receptor blocker (ARB). See also
Angiotensin II receptor antagonists

adrenal cortex hypertension with, 792-793,
798

renovascular hypertension screening with,
774, 775

renovascular hypertension therapy with,
779-780, 783

Angiotensin II. See Ang II
Angiotensin receptor antagonists, 516-517,

517t
Angiotensin receptor blockers (ARBs), 2, 4,

89, 213, 385, 528t, 677
ACE inhibitors and, 673
African American hypertension and, 592
cardiac hypertrophy and, 253
CHF-D and, 265
clinical trials of, 382t
hyperkalemia and, 288
hypertension and, 381, 382t
hypertension studies and, 367f
ISH and, 582
kinins and, 211-213
proteinuria and, 553
renal disease and, 384
renal function and, 287
renoprotective effects of, 552
trials, 334
VALUE study and, 370

Angiotensin receptors, 111-114
Angiotensin system, 705-707, 706f, 707t

adrenal cortex in, 705-706, 707t
adrenal medulla in, 707t
angiotensin generation pathways in, 705
angiotensin II actions in, 705
blood vessels in, 705, 707t
brain in, 707t
heart in, 707t
kidney in, 706-707, 707t
nervous system in, 707, 707t

Angiotensin-(1-7) (Ang-[1-7])
AT1 receptors and, 105
action mechanisms for, 103-106, 103f
formation and metabolism of, kidney and,

100-101, 101f
intrarenal actions of, 102-103, 103f
rat kidney and, 104f
WKY rats, 105, 106f

Angiotensin-converting enzyme inhibitors
(ACEi), 171, 203, 335, 384, 386, 393, 400,
404, 509, 510-511, 517-518, 518t, 523, 524,
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renal disease and, 598
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Flow-mediated dilation (FMD), alcohol and, 481
Fluid balance, renin and, 93
FMD. See Flow-mediated dilation
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CKD and, 669
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action mechanism of, 726
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side effects of, 727
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quantitative vs. qualitative phenotypes in, 49
renin gene mutations and, 90-91
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GFR. See Glomerular filtration rate
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Follow-Up Program

HDI/Pulse wave CR 2000, arterial stiffness and,
139, 139t

HDL cholesterol. See High density lipoprotein
cholesterol

HDL. See High density lipoprotein
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angiotensin system with, 707t
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BPLTTC findings and, 329
CAs and, 687
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stress-related, animal models of, 77-79
studies, drugs and, 367f
thiazide type diuretics and, 645
treatment algorithm for, 570, 592f
treatment choices for, 400-405, 507-511
treatment control rates for, 25, 26f, 27
treatment history of, 1-6
trials, 386-389, 387b
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Hypothyroidism, 302
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Individual BP perspective, gene-environment
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255f
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pharmacological interventions and, 552, 552f

Irbesartan for MicroAlbuminuria in type 2
Diabetes study (IRMA-2), 384
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ISH. See Isolated systolic hypertension
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treatment for, 401
Isolated office hypertension (IOH), 313b, 318.

See also White coat hypertension
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366
Canada and, 401
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DASH studies and, 456
elderly and, 243, 579, 580t, 581
LIFE study and, 357
MI and, 246f
SHEP study and, 253
treatment for, 247, 582

Isradipine, morning vs. evening therapy of, 536
Italy, antihypertensive treatments and, 403
ITT. See Intention to treat
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BP and, 248
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BP and, 507
BP therapy and, 400
cardiovascular risk and, 392
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DASH studies and, 458
DM and, 546
elderly and, 579
hypertension and, 496

drug choice for, 572f
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risk factors and, 224
weight gain and, 464
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renin and, 89
renin producing cells and, 91f

Kaiser Permanente Insurance data, 475
alcohol consumption and, 475, 476, 476f
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types in, 476

Kallikrein gene, 213
Kallikrein-kinin system, 203-213, 212f

gene KO models and, 207
hypertension and, 207
local blood flow and, 205-206

Kaplan-Meier curves
CHF and, 665
heart failure endpoints and, 288f
LIFE study and, 358f

Kaplan-Meier survival analysis, 312f
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alcohol and, 482
Ang-(1-7) and, 100-101, 101f
angiotensin antagonist effects on, 710-712
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Kidney. (Continued)
β-blockers and, 654
channel proteins and, 639
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ACE inhibitors and, 510
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risk reduction for, 551-553
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diuretics and, 290
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obesity and, 546
weight gain and, 469

Kinin(s), 203
ACE inhibitors and, cardiac anti hypertrophic
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alcohol and, 482
ALERT and, 525
antihypertensive therapy and, 247
B2 kinin receptors and, 208
BP and, 270
cardiovascular event risk and, 247t
cardiovascular events and, 245t
causes of, hypertension and, 250-251
coronary autoregulation and, 267-268
coronary flow reserve and, 268, 269f
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diastolic function and, 261
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Left ventricular hypertrophy (LVH) (Continued)
hypertension and, 17, 239, 243, 498
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regression, 257-258

pharmacologic approaches for, 258
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hypertension and, 496
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mapping, 46, 52
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Peripheral vasodilation, 830-832, 831t
Peritoneal dialysis (PD), hypertension and, 557
Perivascular fibrosis, 267
Persistent hypertension, 141-142
Personality, BP associated with, 80-82
Pharmacogenomics, 53
Pharmacokinetics

of antihypertensive drugs, 512-521
compliance and, 437

Pharmacologic blockade, renin and, 93
Pharmacology, vasopeptidase inhibitors,

750-751
Phase I trials, FDA and, 634
Phase II trials, FDA and, 634
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preconditioning and, 211
Protein phosphorylation, AT1 receptor and, 114
Proteinuria, 674

atorvastatin and, 552-553
CVD and, 282
ESRD and, 281
hypertension and, 299, 299t
renal failure and, 283, 285

Pseudo-Cushing’s syndrome, alcohol and, 481
Pseudoephedrine, β-blockers and, 657
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(RENAAL), 718

Refractory hypertension, 300, 301
Regional arterial stiffness, 137

indices of, 137-139, 139f
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(SOLVD), 388

alcohol and, 482
CHF and, 386

Study on Ambulatory Monitoring of Pressure
and Lisinopril Evaluation (SAMPLE), 307,
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Supine hypertension, 624-625
Suprachiasmatic nuclei (SCN),

chromotherapeutics and, 530

Surgery, OSA therapy with, 769
Surgical risk, 219
Surgical sympathectomy, 3
Survival and Ventricular Enlargement (SAVE),

CHF and, 386
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aging and, 68
ANP and, 175-176
BP and, 472
BP elevation and, 60-72, 61f
BP regulation and, 66-69, 660
circadian variation in, 66
drugs and, 510
early hypertension and, 67
family history studies and, 67
insulin activation of, 126
obesity hypertension and, 466
organization and function of, 60-63
outflow control in, 65

central neuroanatomy and, 60
prehypertension and, 67
renin-angiotensin aldosterone system and,

hypertension and, 68
Sympathetic nervous system (SNS) activation

hypothalamic melanocortins and, 462
leptin and, 462
mechanisms of, obesity and, 462
RAAS and, reinforcing interactions of,

62-63
Synapse, 660, 661ff
Synaptic gap (cleft), 660
Synchronicity, 32
Syndrome of impaired genetic homeostasis,

hypertension and, 33
Systemic arterial stiffness, 137
Systemic risk, 219
Systemic vascular resistance (SVR), 63, 64, 66

tezosentan and, 164
Syst-Eur trial. See Systolic Hypertension in

Europe trial
Systolic blood pressure (SBP), 16, 21, 21f, 353,

391, 416
acute isotonic exercise and, 497
African Americans and, 588f
alcohol and, 476, 477f, 479f
cardiovascular risk and, 230
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Tadalafil (Cialis), selective α1 antagonists and,

665
Tailor therapy, renin measurement and, 91-92
TAL, reabsorption and, 639
Tamoxifen, heart and, 268
Tamsulosin, 667
Target organ damage (TOD)

ACE inhibitors and, 674
BP and, 311f
white coat effect and, 319

TBC 11251. See ET-A receptor antagonist
sitaxsentan

TDI. See Tissue Doppler imaging
TDT. See Transmission disequilibrium test
Telecommunication technologies, outreach

programs and, 425
Telmisartan, 383, 709-710, 711f, 714-715, 716t

clinical trials with, 385
Telmisartan Randomized Assessment Study in

ACE-I Intolerant Patients with
cardiovascular disease (TRANSCEND),
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Tezosentan (RO 610612), ET antagonists and,

164
TGF. See Transforming growth factor
TGF-β. See Transforming growth factor-β
The Therapy, 1
Theophylline, chronopharmocology of, 538
Thermoregulation, SNS and, 65
Thiazide diuretics, 3, 4, 513, 513t

African American hypertension and, 593
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