TEXTBOOK OF
GERIATE#F@ Menicis
. -L'ﬁ@@)f

I{Enneth Roc f'-ujfhh
K&nnath Woodhouse™







BROCKLEHURST'S TEXTBOOK
OF GERIATRIC MEDICINE AND
GERONTOLOGY

SEVENTH EDITION

Howard M. Fillit MD

Clinical Professor of Geriatrics and Medicine

The Mount Sinai Medical Center

Executive Director

The Alzheimer's Drug Discovery Foundation and the Institute for the
Study of Aging

New York, New York

Kenneth Rockwood MD MPA FRCPC FCAHS FRCP

Professor of Medicine

Division of Geriatric Medicine

Dalhousie University

Geriatrician

Queen Elizabeth Il Health Sciences Centre
Halifax, Nova Scotia

Canada

Kenneth Woodhouse MD FRCP FHEA

Pro Vice-Chancellor

Professor of Geriatric Medicine
Cardiff University

Cardiff, Wales

United Kingdom







SAUNDERS

ELSEVIER

1600 John E Kennedy Blvd.
Ste 1800
Philadelphia, PA 19103-2899

BROCKLEHURST'S TEXTBOOK OF GERIATRIC
MEDICINE AND GERONTOLOGY ISBN: 978-1-4160-6231-8

Copyright © 2010, 2003, 1998, 1992, 1985, 1978, 1973 by Saunders, an imprint of 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 permission in writing from the publisher. Permissions may be sought directly from Elsevier's Rights
Department: phone: (+1) 215 239 3804 (US) or (+44) 1865 843830 (UK); fax: (+44) 1865 853333; e-mail:
healthpermissions@elsevier.com. You may also complete your request on-line via the Elsevier website at
http://www.elsevier.com/permissions.

Notice

Knowledge and best practice in this field are constantly changing. As new research and experience broaden
our knowledge, changes in practice, treatment and drug therapy may become necessary or appropriate.
Readers are advised to check the most current information provided (i) on procedures featured or (ii) by the
manufacturer of each product to be administered, to verify the recommended dose or formula, the method
and duration of administration, and contraindications. It is the responsibility of the practitioner, relying

on his or her own experience and knowledge of the patient, to make diagnoses, to determine dosages and
the best treatment for each individual patient, and to take all appropriate safety precautions. To the fullest
extent of the law, neither the Publisher nor the Editors assume any liability for any injury and/or damage to
persons or property arising out of or related to any use of the material contained in this book.

The Publisher

Library of Congress Cataloging-in-Publication Data

Brocklehurst's textbook of geriatric medicine and gerontology / [edited by] Howard M. Fillit, Kenneth Rockwood,
Kenneth Woodhouse. -- 7th ed.
p.;cm.

Includes bibliographical references and index.

ISBN 978-1-4160-6231-8 1. Geriatrics. 2. Gerontology. . Fillit, Howard. II. Rockwood, Kenneth. Ill. Wood-
house, K. W. IV. Brocklehurst, J. C. (John Charles) V. Title: Textbook of geriatric medicine and gerontology. VI.
Title: Geriatric medicine and gerontology.

[DNLM: 1. Geriatrics. 2. Aging. WT 100 B8641 2009]

RC952.B75 2009

618.97--dc22

2009008517

Acquisitions Editor: Druanne Martin

Developmental Editor: Anne Snyder

Editorial Assistant: Taylor Ball

Publishing Services Manager: Hemamalini Rajendrababu
Project Manager: Sukanthi Sukumar

Design Direction: Steven Stave

Marketing Manager: Helena Mutak

Working together to grow
libraries in developing countries

www.elsevier.com | www.bookaid.org | www.sabre.org

Printed in the United States of America
Last digit is the print number: 9 8 7 6 5 4 3 2 1

ELSEVIER  BOOKAID o, Foundation




Contributors

MUHANNED ABU-HIJLEH MD FCCP

Assistant Professor of Medicine

Director of Interventional Pulmonology and Clinical
Pulmonary Services

Department of Medicine

Rhode Island Hospital — The Alpert Medical School of
Brown University

Providence, Rhode Island

ENRIQUE AGUILAR MD

Assistant Professor of Medicine

Department of Medicine

University of Miami, Miller School of Medicine;

Associate Chief of Staff, Geriatrics and Extended Care Service

Assistant Professor

Department of Geriatrics Research, Education, and Clinical
Center

Miami Veterans Affairs Healthcare System

Miami, Florida

SONIA ANCOLI-ISRAEL PhD

Professor

Department of Psychiatry
University of California;
Director of Education
Sleep Medicine Center
University of California
San Diego, California

MELISSA K ANDREW MD MSc (PH) FRCPC

Assistant Professor

Department of Geriatric Medicine
Dalhousie University;

Assistant Professor

Internal Medicine and Geriatric Medicine
Capital District Health Authority
Halifax, Nova Scotia, Canada

WILBERT S ARONOW MD FACC FAHA FCCP AGSF

Clinical Professor of Medicine

New York Medical College;

Attending Physician

Divisions of Cardiology, Geriatrics, and Pulmonary/Critical
Care and Chief, Cardiology Clinic

Westchester Medical Center/New York Medical College;

Senior Associate Program Director and Research Mentor
for Residents and Fellows

Department of Medicine, Westchester Medical Center/
New York Medical College,

Divisions of Cardiology, Geriatrics, and Pulmonary/Critical Care

New York Medical College

Valhalla, New York

LODOVICO BALDUCCI MD

Chief, Senior Adult Oncology Program
H. Lee Moffitt Cancer Center and Research Institute
Tampa, Florida

MARIO BARBAGALLO MD PhD

Professor of Geriatric Medicine

Department of Internal Medicine and Emergent Pathologies
University of Palermo

Palermo, Italy

ANTONY BAYER MB BCh FRCP

Senior Lecturer in Geriatric Medicine
Department of Medicine

Cardiff University;

Director, Cardiff Memory Team

Rehabilitation Directorate

Cardiff and Vale University Local Health Board
Cardiff, Wales, United Kingdom

CERI BEATON BM BS BMedSci MRCS

Department of Surgery
Royal Gwent Hospital
Newport, South Wales, United Kingdom

PAUL E BELCHETZ MA MD MSc FRCP

Senior Clinical Lecturer

Faculty of Medicine

University of Leeds;

Consultant Physician/Endocrinologist
Leeds Nuffield Hospital;

Consultant Physician/Endocrinologist
Spire Leeds Hospital

Leeds, United Kingdom

STEVEN L BERK MD

Dean, School of Medicine
Health Sciences Center
Texas Tech University
Lubbock, Texas

RAVI S BHAT MBBS DPM MD FRANZCP

Associate Professor of Psychiatry

School of Rural Health

The University of Melbourne;

Consultant Old Age Psychiatrist and
Director of Psychiatry

Goulburn Valley Area Mental Health Service

Goulburn Valley Health

Shepparton, Victoria, Australia



vi Contributors

ARNAB BHOWMICK MBChB FRCS (Gen Surg)

Department of Surgery
Lancashire Teaching Hospitals NHS Trust
Lancashire, United Kingdom

ITALO BIAGGIONI MD

Professor of Medicine and Pharmacology
Vanderbilt University
Nashville, Tennessee

SIMON G BIGGS BSc PhD AFBPsS

Professor of Gerontology
Director, Institute of Gerontology
King's College London

London, United Kingdom

DAVID A. BLACK MA MBA FRCP

Dean and Director

Kent, Surrey and Sussex Postgraduate Medical and
Dental Deanery;

Consultant Physician

South London Healthcare Trust

London, United Kingdom

HARRISON G BLOOM MD

Associate Clinical Professor

Brookdale Department of Geriatrics and
Palliative Medicine

Mount Sinai School of Medicine;

Senior Associate and Director, Clinical Education and
Consultation Service

International Longevity Center

New York, New York

CHARLOTTE E BOLTON MD MRCP

Associate Professor in Respiratory Medicine
Nottingham Respiratory Biomedical Research Unit
University of Nottingham;

Honorary Consultant in Respiratory Medicine
Nottingham City Hospital

Nottingham, United Kingdom

JULIE BLASKEWICZ BORON MS PhD

Assistant Professor
Department of Psychology
Youngstown State University
Youngstown, Ohio

CLIVE BOWMAN FRCP FFPH

Medical Director
BUPA Care Services
Leeds, United Kingdom

SIDNEY S BRAMAN MD FCCP

Professor of Medicine

Director, Division of Pulmonary and Critical Care Medicine

Department of Medicine

Rhode Island Hospital, The Alpert Medical School of
Brown University

Providence, Rhode Island

LAWRENCE ] BRANDT MD MACG FACP FAAPP

Professor of Medicine and Surgery
Albert Einstein College of Medicine;
Chief of Gastroenterology
Montefiore Medical Center

Bronx, New York

ROBERTA DIAZ BRINTON PhD

Professor

Department of Pharmacology and Pharmaceutical Sciences

School of Pharmacy, Pharmaceutical Sciences Center and
Program in Neuroscience

University of Southern California

Los Angeles, California

SCOTT E BRODIE MD PhD

Associate Professor
Department of Ophthalmology
Mount Sinai Medical Center
New York, New York

GINA BROWNE RN PhD

Professor

School of Nursing, Clinical Epidemiology and Biostatistics
and Ontario Training Centre in Health Services and
Policy Research

McMaster University

Hamilton, Ontario, Canada

PATRICIA BRUCKENTHAL PhD APRN

Clinical Associate Professor

School of Nursing

Stony Brook University

Stony Brook;

Nurse Practitioner

Pain and Headache Treatment Center, Department of
Neurology

North Shore University Hospital

Manhasset, New York

ANDREW K BURROUGHS MBChB (Hons) FEBG FRCP

Professor of Hepatology

Centre for Liver Studies

University College London;

Professor and Consultant Physician

The Royal Free Sheila Sherlock Liver Centre
Royal Free Hospital

Hampstead, London, United Kingdom



ROBERT N BUTLER MD

President and CEO
International Longevity Center—USA
New York, New York

RICHARD CAMICIOLI MSc MD FRCP(C)

Professor of Medicine (Neurology)
University of Alberta
Edmonton, Alberta, Canada

IAN A CAMPBELL FRCP

Consultant Physician

Chest Department

Llandough Hospital

Cardiff, Wales, United Kingdom

ROBERT VICTOR CANTU MD

Assistant Professor of Orthopaedic Surgery
Dartmouth-Hitchcock Medical Center
Lebanon, New Hampshire

MARGRED CAPEL

Consultant in Palliative Medicine
George Thomas Hospice Care
Cardiff, Wales, United Kingdom

HARVINDER S CHAHAL BMedSci MBBS MRCP

Specialist Registrar in Endocrinology
Department of Endocrinology

St Bartholomew's Hospital

London, United Kingdom

HERMAN S CHEUNG PhD
James L. Knight Professor

Department of Biomedical Engineering and Medicine

University of Miami;

Senior VA Career Scientist

Geriatric Research, Education, and Clinical Center
Bruce W. Carter VA Medical Center

Miami, Florida

SEAN D CHRISTIE MD FRCSC

Associate Professor

Department of Surgery (Neurosurgery)
Dalhousie University

Queen Elizabeth Il Health Sciences Centre
Halifax, Nova Scotia, Canada

DUNCAN S COLE BSc FRCPC MD PhD

Senior Scientist

Division of Genomic Medicine
Toronto General Research Institute
Toronto, Ontario, Canada

Contributors vii

CLAUDIA COOPER BM MRCPsych MSc PhD

Senior Lecturer

Psychiatry of Older People

Research Department of Mental Health Sciences
University College of London

London, United Kingdom

TARA K COOPER MBBCh MRCOG

Department of Medicine and Veterinary Medicine
University of Edinburgh

Edinburgh;

Department of Obstetrics and Gynaecology

St Johns Hospital
Livingston, United Kingdom

RICHARD A COWIE BSc(Hons) MBChB FRCSE(SN)

Consultant Neurosurgeon

Greater Manchester Neuroscience Centre
Salford Royal Hospital

Salford, United Kingdom

PETER CROME MD PhD DSc FRCP (Lond, Edin and
Glasg) FFPM

Professor of Geriatric Medicine
School of Medicine

Keele University
Newecastle-under-Lyme

Staffordshire, United Kingdom

SIMON C M CROXSON MD FRCP

Consultant Physician
Department of the Elderly
Bristol General Hospital
Bristol, United Kingdom

STUTI DANG MD MPH

Assistant Professor of Medicine

Department of Medicine

Geriatrics Institute, University of Miami Miller School of
Medicine;

Researcher, Physician, and Director, T-Care and TLC

Geriatric Research, Education, and Clinical Center

Bruce W. Carter VA Medical Center;

Stein Gerontological Institute

Miami Jewish Home Health Systems

Miami, Florida

GWYNETH A DAVIES MRCP MD

Senior Clinical Lecturer

School of Medicine

Swansea University;

Honorary Consultant

Department of Respiratory Medicine
Singleton Hospital, ABMU Health Board
Swansea, Wales, United Kingdom



viif Contributors

TIMOTHY ] DOHERTY MD PhD FRCP(C)

Associate Professor

Department of Clinical Neurological Sciences
The University of Western Ontario

London, Ontario, Canada

LIGIA ] DOMINGUEZ MD

Assistant Professor of Geriatric Medicine

Department of Internal Medicine and
Emergent Pathologies

University of Palermo

Palermo, Italy

WILLIAM M DRAKE DM FRCP

Consultant Endocrinologist
Department of Endocrinology
St Bartholomew's Hospital
London, United Kingdom

EAMONN EELES MBBS MRCP MSc

Assistant Professor

Department of Geriatrics and Internal Medicine
Dalhousie University

Halifax, Nova Scotia, Canada;

Consultant Physician

Department of Geriatrics and General Medicine
Llandough Hospital

Cardiff, Wales, United Kingdom

WILLIAM B ERSHLER MD

Senior Investigator

Clinical Research Branch
National Institute on Aging
National Institutes of Health
Baltimore, Maryland

WILLIAM J EVANS PhD

Adjunct Professor

Department of Medicine, Division of Geriatrics
Duke University

Durham;

Vice President and Head

Muscle Metabolism Discovery Performance Unit
GlaxoSmithKline

Research Triangle Park, North Carolina

MARTIN R FARLOW MD

Professor and Vice Chair of Neurology
Indiana University School of Medicine;
Neurologist

University Clinical Neurologists
Indianapolis, Indiana

RICHARD C FELDSTEIN MD MSc

Department of Gastroenterology

New York University School of Medicine;
Attending Faculty

Department of Gastroenterology

Woodhull Medical and Mental Health Center
Brooklyn, New York

HOWARD M FILLIT MD

Clinical Professor of Geriatrics and Medicine

The Mount Sinai Medical Center

Executive Director

The Alzheimer's Drug Discovery Foundation and the
Institute for the Study of Aging

New York, New York

ANDREW Y FINLAY MBBS FRCP (Lond and Glas)

Professor of Dermatology

Department of Dermatology

Cardiff University School of Medicine
Cardiff, Wales, United Kingdom

ILORA FINLAY MBBS FRCP FRCGP

Professor of Palliative Medicine
Cardiff University;

Consultant in Palliative Medicine
Velindre Hospital

Cardiff, Wales, United Kingdom

ROGER M FRANCIS MB ChB FRCP

Professor of Geriatric Medicine
University of Newcastle upon Tyne;
Consultant Physician Bone Clinic
Musculoskeletal Unit

Freeman Hospital

Newcastle upon Tyne, United Kingdom

ANTHONY ] FREEMONT MD FRCP FRCPath

Professor of Osteoarticular Pathology

School of Clinical and Laboratory Sciences
University of Manchester;

Honorary Consultant in Osteoarticular Pathology
Department of Histopathology

Central Manchester NHS Foundation Trust

Great Manchester, United Kingdom

JAMES E GALVIN MD MPH

Associate Professor

Department of Neurology

Washington University School of Medicine
St Louis, Missouri

NICHOLAS J R GEORGE MD FRCS FEBU

Senior Lecturer and Consultant in Urology
Department of Urology

University Hospital South Manchester
Manchester, United Kingdom



NEIL D GILLESPIE BSc(Hons) MBChB MD

Senior Lecturer in Medicine (Ageing and Health)
Ninewells Hospital and Medical School
University of Dundee

Dundee, United Kingdom

ROBERT GLICKMAN DMD

Professor and Chair

Department of Oral and Maxillofacial Surgery
New York University College of Dentistry;
Director

NYU Medical Center/Bellevue Hospital Center
New York, New York

ADAM G GOLDEN MD MBA

Assistant Professor of Medicine

Department of Medicine

Geriatrics Institute, University of Miami Miller School of
Medicine;

Researcher and Physician

Geriatric Research, Education, and Clinical Center

Bruce W. Carter VA Medical Center

Miami, Florida

LESLIE B GORDON MD PhD

Associate Professor of Pediatrics Research
Department of Pediatrics

Warren Alpert Medical School of Brown University
Hasbro Children's Hospital

Providence, Rhode Island;

Medical Director

The Progeria Research Foundation Peabody, Massachusetts

MICHELLE GORENSTEIN PsychD

Psychology Intern

Department of Psychiatry

The Mount Sinai Medical Center
New York, New York

MARGOT A GOSNEY MD FRCP

Director

Department of Clinical Health Sciences
University of Reading;

Professor of Elderly Care Medicine
Department of Elderly Care

Royal Berkshire NHS Foundation Trust
Reading, United Kingdom

JOHN TREVOR GREEN MB Bch MD FRCP

Clinical Senior Lecturer
Department of Medical Education
Cardiff University;

Consultant Physician

Department of Gastroenterology
University Hospital Llandough
Cardiff, Wales, United Kingdom

Contributors

DAVID A GREENWALD MD FACG FASGE AGA-F

Associate Professor of Clinical Medicine
Albert Einstein College of Medicine;
Gastroenterology Fellowship Director
Montefiore Medical Center

Bronx, New York

CELIA L GREGSON BMedSci(Hons)
MRCP(UK) MSc

Wellcome Clinical Research Fellow
Academic Rheumatology
University of Bristol

Bristol, United Kingdom

MICHAEL L GRUBER MD

Clinical Professor of Neurology and Neurosurgery
New York University School of Medicine;
Attending

Department of Neurology and Neurosurgery
NYU Langone Medical Center

New York, New York;

Director, Brain Tumor Center of New Jersey
Department of Neurology

Overlook Hospital

Summit, New Jersey

DAVID R P GUAY PharmD

Professor

College of Pharmacy
University of Minnesota
Department of Geriatrics
HealthPartners Inc.
Minneapolis, Minnesota

RENATO MAIA GUIMARAES MD MSc

Director

Geriatric Medical Center
Hospital Universitario de Brasilia
Brasilia, Brazil

KHALID HAMANDI MB BS BSC MRCP PhD

Consultant Neurologist

Welsh Epilepsy Unit

Department of Neurology

University Hospital of Wales and University Hospital
Llandough

Cardiff, Wales, United Kingdom

PETER HAMMOND BM BCh MA MD FRCP

Consultant Physician

Department of Diabetes and Endocrinology
Harrogate District Hospital

Harrogate — North Yorkshire, United Kingdom



X Contributors

STEVEN M HANDLER MD MS

Division of Geriatric Medicine

Department of Medicine

Department of Biomedical Informatics

School of Medicine

University of Pittsburgh

Geriatric Research Education and Clinical Center
Veterans Affairs Pittsburgh Healthcare System
Pittsburgh, Pennsylvania

JOSEPH T HANLON PharmD MS

Division of Geriatric Medicine, Department of Medicine,
School of Medicine, and Department of Pharmacy
and Therapeutics, School of Pharmacy,

University of Pittsburgh

Geriatric Research Education and Clinical Center
and Center for Health Equity Research and Promotion

Veterans Affairs Pittsburgh Healthcare System

Pittsburgh, Pennsylvania

MALENE HANSEN PhD

Assistant Professor
Center for Neuroscience, Aging, and Stem Cell Research
Burnham Institute for Medical Research

La Jolla, California

DANIELLE HARARI MB BS FRCP

Honorary Senior Lecturer

Division of Health and Social Care Research
Kings College London;

Consultant Physician in Geriatric Medicine
Department of Ageing and Health

Guy's and St Thomas' NHS Foundation Trust
London, United Kingdom

MUJTABA HASAN MD MSc FRCP

Senior Lecturer

Department of Geriatric Medicine
Cardiff University

Cardiff;

Consultant Physician

Department of Geriatric Medicine
Aneurin Bevan Health Board
Caerphilly, Wales, United Kingdom

GEORGE A HECKMAN MD MSc FRCPC

Department of Medicine, Divisions of Geriatric Medicine
and Cardiology

McMaster University

Hamilton Health Science, General Division

Hamilton, Ontario, Canada

PAUL HIGGS BSc PhD

Professor of the Sociology of Ageing
Division of Research Strategy
University College London

London, United Kingdom

DAVID B HOGAN MD FACP FRCPC

Professor and Brenda Strafford Foundation Chair in
Geriatric Medicine

Department of Medicine

University of Calgary;

Medical Director, Cognitive Assessment Clinic

Department of Clinical Neurosciences and Medicine

Alberta Health Services — Calgary;

Medical Director, Calgary Falls Prevention Clinic

Department of Medicine

Alberta Health Services — Calgary

Calgary, Alberta, Canada

SOREN HOLM BA MA MD

Professor of Bioethics

School of Law

The University of Manchester
Manchester, United Kingtom;
Professor of Medical Ethics
Section for Medical Ethics
University of Oslo

Oslo, Norway

BEN HOPE-GILL MD FRCP

Consultant Respiratory Physician
Department of Respiratory Medicine
Cardiff and Vale NHS Trust

Cardiff, Wales, United Kingdom

SUSAN E HOWLETT BSc (Hons) MSc PhD

Professor of Pharmacology and Medicine
Division of Geriatric Medicine
Dalhousie University

Halifax, Nova Scotia, Canada

RUTH E HUBBARD MSc MD MRCP

Consultant Geriatrician
Department of Geriatric Medicine
Cardiff and Vale NHS Trust
Cardiff, Wales, United Kingdom

JOANNA HURLEY MB BCh MRCP (UK)

Specialist Registrar in Gastroenterology
Department of Gastroenterology
University Hospital Llandough
Penarth, Wales, United Kingdom

C SHANTHI JOHNSON PhD RD FACSM FDC

Professor and Associate Dean (Research and Graduate
Studies)

Faculty of Kinesiology and Health Studies

University of Regina

Regina, Saskatchewan, Canada



LARRY E JOHNSON MD PhD

Associate Professor

Department of Geriatrics and Family and Preventive
Medicine

University of Arkansas for Medical Sciences;

Medical Director

Community Living Center Central Arkansas veterans
Healthcare System

Little Rock, Arkansas

BINDU KANAPURU MD

Clinical Research Fellow

Clinical Research Branch

National Institute on Aging, National Institutes of Health
Baltimore, Maryland

ROSALIE A KANE PhD

Professor of Public Health
Health Policy and Management
School of Public Health
University of Minnesota
Minneapolis, Minnesota

CORNELIUS KATONA MD FRCPsych

Professor

University of Kent

Wingham Barton Manor

Westmarsh, Canterbury, Kent, United Kingdom

SEYMOUR KATZ MD FACP MACG

Clinical Professor of Medicine

Department of Medicine

Albert Einstein College of Medicine

Bronx;

Attending Physician

Department of Medicine

North Shore University Hospital/Long Island Jewish
Health System

Manhasset;

Attending Physician

Department of Medicine

St. Francis Hospital

Roslyn, New York

HORACIO KAUFMANN MD FAAN

Professor of Neurology and Medicine
Department of Neurology

New York University School of Medicine
New York, New York

NICHOLAS A KEFALIDES MD PhD

Professor of Medicine-Emeritus
Department of Medicine
University of Pennsylvania
Philadelphia, Pennsylvania

Contributors Xi

HEATHER H KELLER RD PhD FDC

Professor

Department of Family Relations and Applied Nutrition
University of Guelph

Guelph, Ontario, Canada

ROSE ANNE KENNY MD FRCPI FRCP

Chair of Geriatric Medicine

Department of Medical Gerontology
Trinity College Dublin;

Consultant Physician in Geriatric Medicine
Department of Medicine for the Elderly

St. James's Hospital

Dublin, Ireland

THOMAS B L KIRKWOOD MA MSc PhD

Director, Institute for Ageing and Health
Newecastle University
Newcastle upon Tyne, United Kingdom

BRANDON KORETZ MD

Assistant Clinical Professor

UCLA Medical Center

UCLA Santa Monica Orthopedic Hospital
Department of Medicine

University of California, Los Angeles

Los Angeles, California

MARK A KOSINSKI DPM

Professor

Department of Medical Sciences

New York College of Podiatric Medicine
New York, New York

KENNETH ] KOVAL MD

Professor of Orthopaedic Surgery
Dartmouth-Hitchcock Medical Center
Lebanon, New Hampshire

GEORCGE A KUCHEL MD FRCP

Professor of Medicine Citicorp Chair in Geriatrics and
Gerontology

University of Connecticut Center on Aging

University of Connecticut Health Center

Farmington, Connecticut

CHAO-QIANG LAI PhD

Research Molecular Biologist

Department of Nutrition and Genomics Laboratory

Jean Mayer USDA Human Nutrition Research Center on
Aging at Tufts University

Boston, Massachusetts



Xii Contributors

W CLARK LAMBERT MD PhD

Professor and Associate Head, Dermatology
Professor of Pathology

Chief, Dermatopathology

Department of Dermatology

New Jersey Medical School
Newark, New Jersey

ALEXANDER LAPIN MD Dr Phil (Chem) Dr Theol

Associate Professor

Clinical Institute of Medical and Chemical Diagnostics;

Head of the Laboratory Department
Laboratory Medicine

Sozialmedizinisches Zentrum Sophienspital
Vienna, Austria

MYRNA I LEWIS PhDt

Assistant Professor
Mount Sinai School of Medicine
New York, New York

STUART A LIPTON MD PhD

Professor (Adjunct)

Department of Neurology
University of California, San Diego;
Neurologist

Department of Neurology

UCSD Medical Center

La Jolla, California

GILL LIVINGSTON MBChB FRCPsych MD

Professor

Department of Mental Health Sciences
University College of London;
Consultant Psychiatrist

Mental Health Care of Older People
Camden and Islington Foundation Trust

London, United Kingdom

JORGE H LOPEZ MD

Professor of Internal Medicine and Geriatrics
Department of Internal Medicine

Universidad Nacional de Colombia;

President

Asociacion Colombiana de Gerontologia Y Geriatria
Bogota, Colombia

MARY V MacNEIL MD FRCPC

Assistant Professor

Department of Medicine

Dalhousie University;

Medical Oncologist

Department of Medicine

Division of Medical Oncology

Queen Elizabeth Il Health Sciences Centre and Nova
Scotia Cancer Centre

Halifax, Nova Scotia, Canada

tDeceased

ROBERT L MAHER PharmD BCPS CGP

Assistant Professor of Pharmacy Practice
Mylan School of Pharmacy

Duquesne University

Pittsburgh, Pennsylvania

JILL MANTHORPE MA

Professor of Social Work

Director, Social Care Workforce Research Unit
King's College London

London, United Kingdom

KENNETH G MANTON PhD

Research Professor

Office of Dean of Arts and Sciences
Duke University

Durham, North Carolina

BRYAN MARKINSON DPM

Assistant Professor of Orthopaedics and Pathology
Center for Advanced Medicine

Mount Sinai School of Medicine

New York, New York

MAUREEN F MARKLE-REID RN MScN PhD

Associate Professor

School of Nursing

McMaster University;

Career Scientist

Ontario Ministry of Health and Long-Term Care
Hamilton, Ontario, Canada

JANE MARTIN PhD

Assistant Clinical Professor

Co-Director

Neuropsychological Testing and Evaluation Center
Department of Psychiatry

Mount Sinai Medical Center

New York, New York

EDWARD ] MASORO PhD

Emeritus Professor
University of Texas Health Science Center
San Antonio, Texas

CHARLES N McCOLLUM MB ChB FRCS MD

Professor of Surgery
University Hospital of South Manchester
Manchester, United Kingdom

MICHAEL A McDEVITT MD PhD

Assistant Professor

Department of Medicine and Oncology

Johns Hopkins School of Medicine and Sidney Kimmel
Comprehensive Cancer Center at Johns Hopkins

Baltimore, Maryland



BRUCE S McEWEN PhD
Professor and Head

Laboratory of Neuroendocrinology
The Rockefeller University
New York, New York

JOLYON MEARA MD FRCP

Senior Lecturer in Geriatric Medicine
University of Wales
College of Medicine
Rhyl, North Wales, United Kingdom

MYRON MILLER MD

Professor

Department of Medicine

Johns Hopkins University School of Medicine;
Director

Division of Geriatric Medicine

Department of Medicine

Sinai Hospital of Baltimore

Baltimore, Maryland

ARNOLD MITNITSKI PhD

Associate Professor
Department of Medicine
Dalhousie University
Halifax, Nova Scotia, Canada

PAIGE A MOORHOUSE MD MPH FRCPC

Assistant Professor

Department of Medicine
Division of Geriatric Medicine
Dalhousie University;

Clinical Researcher

Division of Geriatric Medicine
Capital District Health Authority
Halifax, Nova Scotia, Canada

JOHN E MORLEY MB BCh

Professor of Gerontology

Director

Division of Geriatric Medicine;

Director

Geriatric Research, Education and Clinical Center
St Louis, Missouri

LATANA A MUNANG MBChB MRCP (UK)

Specialist Registrar in Geriatric Medicine and General
Internal Medicine

Department of Geriatric Medicine

Western General Hospital

Edinburgh, United Kingdom

JAMES W MYERS MD

Professor, Infectious Diseases
Department of Internal Medicine
Quillen College of Medicine
East Tennessee State University
Johnson City, Tennessee

Contributors Xiii

TOMOHIRO NAKAMURA PhD

Research Assistant Professor
Center for Neuroscience, Aging, and Stem Cell Research
Burnham Institute for Medical Research

La Jolla, California

JAMES NAZROO MBBS BSc MSc PhD

Professor of Sociology
Department of Sociology
School of Social Sciences
University of Manchester
Manchester, United Kingdom

MICHAEL W NICOLLE MD FRCPC DPhil

Associate Professor

Department of Clinical Neurological Sciences
University of Western Ontario

London, Ontario, Canada

SEAN M OLDHAM PhD

Assistant Professor

Cancer Center and Center for Neuroscience, Aging and
Stem Cell Research

Burnham Institute for Medical Research

La Jolla, California

JOSE M ORDOVAS PhD

Professor

Friedman School of Nutrition Science and Policy

Tufts University;

Director

Nutrition and Genomics Laboratory

Jean Mayer USDA Human Nutrition Research Center on
Aging at Tufts University

Boston, Massachusetts

JOSEPH G OUSLANDER MD

Professor of Clinical Biomedical Science
Associate Dean for Geriatric Programs

Charles E. Schmidt College of Biomedical Science;
Professor (Courtesy)

Christine E. Lynn College of Nursing

Florida Atlantic University

Boca Raton;

Professor of Medicine (Voluntary)

Associate Director

Division of Gerontology and Geriatric Medicine
University of Miami Miller School of Medicine
Miami, Florida

JAMES T PACALA MD MS

Associate Professor and Distinguished Teaching Professor
Family Medicine and Community Health

University of Minnesota Medical School

Minneapolis, Minnesota



Xiv Contributors

LAURENCE D PARNELL PhD

Computational Biologist

Nutrition and Genomics Laboratory

Jean Mayer USDA Human Nutrition Research Center on
Aging at Tufts University

Boston, Massachusetts

GOPAL A PATEL MD

Department of Dermatology

New Jersey Medical School

Newark, New Jersey;

Department of Medicine

Memorial Sloan Kettering Cancer Center

New York, New York

THOMAS T PERLS MD MPH FACP

Associate Professor of Medicine;
Director

The New England Centenarian Study
Boston University School of Medicine
Boston University Medical Center
Boston, Massachusetts

THANH G PHAN MBBS

Assistant Professor
Department of Medicine
Monash University;

Assistant Professor
Department of Neurosciences
Monash Medical Centre
Clayton, Australia

KATIE PINK MBBCH (Hons) MRCP

Specialist Registrar

Department of Respiratory Medicine
Llandough Hospital

Cardiff, Wales, United Kingdom

VALERIE M POMEROY PhD FCSP BA
Grad Dip Phys

Professor of Rehabilitation for Older People
Section of Geriatric Medicine

Division of Clinical Developmental Sciences
St George's University of London

London, United Kingdom

JOHN F POTTER BM BS DM FRCP
Professor of Ageing and Stroke Medicine
School of Medicine

University of East Anglia
Norwich, United Kingdom

MALCOLM C A PUNTIS MB Bach PhD FRCS

Senior Lecturer

Department of Surgery

Cardiff University;

Consultant Surgeon

University Hospital of Wales
Cardiff, Wales, United Kingdom

GANGARAM RAGI MD

Director
Advanced Laser and Skin Cancer Center
Teaneck, New Jersey

HOLLY ] RAMSAWH PhD

Assistant Project Scientist
Department of Psychiatry
University of California San Diego
San Diego, California

M SHAWKAT RAZZAQUE MD PhD

Department of Oral Medicine, Infection and Immunity
Harvard School of Dental Medicine

Boston, Massachusetts;

Department of Pathology

Nagasaki University School of Medicine

Nagasaki, Japan

DAVID B REUBEN MD

Professor of Medicine

Department of Medicine

UCLA Medical Center

UCLA Santa Monica

Orthopedic Hospital

University of California, Los Angeles
Los Angeles, California

KENNETH ROCKWOOD MD MPA FRCPC FCAHS
FRCP

Professor of Medicine

Division of Geriatric Medicine

Dalhousie University;

Geriatrician

Queen Elizabeth Il Health Sciences Centre
Halifax, Nova Scotia, Canada

CHRISTOPHER A RODRIGUES PhD FRCP

Consultant Gastroenterologist

Department of Gastroenterology

Kingston Hospital

Kingston-upon-Thames, Surrey, United Kingdom



YVES ROLLAND

Service de Médecine Interne et de Gérontologie Clinique
Hoépital La Grave-Casselardit
Toulouse, France

BERNARD A ROOS MD

Professor and Director

Geriatrics Institute

Department of Medicine, Neurology, and Exercise and
Sport Sciences

University of Miami Miller School of Medicine;

Director

Geriatric Research, Education, and Clinical Center

Bruce W. Carter VA Medical Center;

Director

Stein Gerontological Institute

Miami Jewish Home Health Systems

Miami, Florida

SONJA ROSEN MD

Assistant Clinical Professor

UCLA Medical Center

UCLA Santa Monica Orthopedic Hospital

Division of Geriatric Medicine

Department of Medicine

David Geffen School of Medicine at University of
California Los Angeles

Los Angeles, California

DAVID H ROSENBAUM MD

Associate Clinical Professor of Neurology
Mount Sinai Medical Center
New York, New York

PHILIP A ROUTLEDGE OBE MD FRCP FRCPE FBTS

Professor of Clinical Pharmacology

Section of Pharmacology, Therapeutics and Toxicology
Cardiff University;

Department of Clinical Pharmacology

University Hospital Llandough

Cardiff and Vale University Health Board

Cardiff, Wales, United Kingdom

LAURENCE Z RUBENSTEIN MD MPH

Professor of Geriatric Medicine

University of California Los Angeles School of Medicine
Los Angeles;

Geriatric Research Education and Clinical Center

Greater Los Angeles VA Medical Center

Sepulveda, California

Contributors Xxv

LISA V RUBENSTEIN MD MSPH

Professor of Medicine and Public Health

University of California Los Angeles School of Medicine
Los Angeles;

Department of Medicine

Greater Los Angeles VA Medical Center

Sepulveda, California

GORDON SACKS PharmD

Clinical Associate Professor
School of Pharmacy
University of Wisconsin
Madison, Wisconsin

GERRY ] F SALDANHA MA (Oxon) FRCP

Consultant Neurologist

Department of Neurology

Maidstone and Tunbridge Wells NHS Trust
Tunbridge Wells, Kent;

Consultant Neurologist

Department of Neurology

King's College Hospital NHS Foundation Trust
London, United Kingdom

LUIS F SAMOS MD

Assistant Professor of Medicine

Department of Medicine

University of Miami Miller School of Medicine;
Medical Director

Nursing Home Care Unit

Geriatrics and Extended Care Service

Miami Veterans Affairs Healthcare System
Miami, Florida

MARY SANO PhD

Professor of Psychiatry

Director of the Alzheimer's Disease Research
Mount Sinai School of Medicine

Director of Research and Development
Bronx Veterans Administration Hospital

Bronx, New York

ROBERT SANTER BSc PhD DSc

School of Biosciences
Cardiff University
Cardiff, Wales, United Kingdom

K WARNER SCHAIE PhD ScD(Hon) DrPhil (Hon)

Affiliate Professor

Department of Psychiatry and Behavioral Sciences
University of Washington

Seattle, Washington



Xvi Contributors

KENNETH E SCHMADER MD

Department of Medicine (Division of Geriatrics),
and Center for the Study of Aging and Human
Development

Duke University Medical Center

Geriatric Research, Education and Clinical Center

Veterans Affairs Medical Center

Durham, North Carolina

ANDREA SCHREIBER DMD

Clinical Professor

Department of Oral and Maxillofacial Surgery

New York University College of Dentistry;

Associate Attending

Department of Oral and Maxillofacial Surgery

Bellevue Hospital Center;

Director

New York University Medical Center/Bellevue
Hospital Center

New York, New York

ROBERT A SCHWARTZ MD MPH

Professor and Head
Department of Dermatology
Professor of Medicine

Professor of Preventive Medicine and Community Health

Professor of Pathology
New Jersey Medical School
Newark, New Jersey

DAVID L SCOTT BSc MD FRCP

Professor of Clinical Rheumatology
Kings College London;

Honorary Consultant Rheumatologist
Kings College Hospital

London, United Kingdom

MARGARET C SEWELL PhD

Assistant Clinical Professor of Psychiatry
Mount Sinai School of Medicine
Director, Education Core

Alzheimer's Disease Research Center

New York, New York

D GWYN SEYMOUR BSc MD FRCP

Emeritus Professor of Medicine (Care of the Elderly)

University of Aberdeen
Aberdeen, United Kingdom

KRUPA SHAH MD MPH

Instructor in Medicine

Division of Geriatrics and Ageing
University of Rochester, School of Medicine
Rochester, New York

HAMSARAJ G M SHETTY BSc MBBS FRCP (London)

Honorary Senior Lecturer
Department of Integrated Medicine
Cardiff University Medical School;
Consultant Physician

Department of Integrated Medicine
University Hospital of Wales
Cardiff, Wales, United Kingdom

FELIPE SIERRA PhD

Director

Division of Aging Biology
National Institute on Aging
Bethesda, Maryland

ALAN J SINCLAIR MSc MD FRCP

Director

Institute of Diabetes for Older People
University of Bedfordshire

Luton, Bedfordshire, United Kingdom

KRISTEL SLEEGERS MD PhD

Assistant Professor

Department of Molecular Genetics
VIB and University of Antwerp;
Laboratory of Neurogenetics
Institute Born-Bunge

Antwerp, Belgium

OLIVER MILLING SMITH MBChB BSc MD MRCOG

Department of Medicine and Veterinary Medicine
University of Edinburgh;

Department of Obstetrics and Gynaecology
Royal Infirmary Edinburgh

Scotland, United Kingdom

PHILLIP P SMITH MD

Department of Surgery
University of Connecticut Health Center
Farmington, Connecticut

VELANDAI K SRIKANTH

Assistant Professor
Department of Medicine
Southern Clinical School
Monash University;
Assistant Professor
Department of Neurosciences
Monash Medical Centre
Clayton, Australia;

Honorary Member
Department of Epidemiology
Menzies Research Institute
Hobart, Australia



JOHN M STARR FRCPEd

Professor of Health and Ageing
Geriatric Medicine Unit
University of Edinburgh
Scotland, United Kingdom

RICHARD G STEFANACCI DO MGH MBA
AGSF CMD

Director

Institute for Geriatric Studies

Director

Center for Medicare Medication Management
University of the Sciences in Philadelphia;
Medical Director

Department of LIFE

NewCourtland Elder Services

Philadelphia, Pennsylvania

PAUL STOLEE PhD

Associate Professor

Department of Health Studies and Gerontology
University of Waterloo

Waterloo, Ontario, Canada

MICHAEL STONE BA MBBS DM FRCP

Professor

Bone Research Unit

Department of Geriatrics

Cardiff University

Cardiff, Wales;

Geriatric Medicine

University Hospital of Llandough
Penarth, Wales, United Kingdom

BRYAN D STRUCK MD

Associate Professor
DW Reynolds Department of Geriatric Medicine

University of Oklahoma Health Sciences Center—College

of Medicine;
Medical Director
Palliative Care Unit
Department of Geriatrics and Extended Care

Oklahoma City Veterans Administration Medical Center

Oklahoma City, Oklahoma

ALLAN D STRUTHERS BSc MD FRCP FESC

Professor of Cardiovascular Medicine
Division of Medical Sciences
University of Dundee;

Consultant Physician

Department of Medicine

Ninewells Hospital

Dundee, United Kingdom

Contributors

STEPHANIE A STUDENSKI MD MPH

Professor

Department of Internal Medicine

University of Pittsburgh;

Staff Physician

Geriatric Research Education and Clinical Center
Pittsburgh Veterans Affairs Health System
Pittsburgh, Pennsylvania

DENNIS H SULLIVAN MD

Professor of Geriatrics and Internal Medicine
Executive Vice Chairman

Donald W. Reynolds Department of Geriatrics
University of Arkansas for Medical Sciences;
Director

Geriatric Research Education and Clinical Center
Central Arkansas Veterans Healthcare System
Little Rock, Arkansas

RAWAN TARAWNEH MD

Fellow

Department of Neurology

Washington University School of Medicine
Alzheimer's Disease Research Center

St Louis, Missouri

DENNIS D TAUB PhD

Senior Investigator

Clinical Immunology Section

Laboratory of Immunology

Gerontology Research Center

National Institute on Aging/National
Institute of Health

Baltimore, Maryland

ROBERT E TEPPER MD FACP FACG

Associate Attending Physician
Department of Medicine

North Shore University Hospital
Manhasset;

Attending Physician
Department of Medicine

St Francis Hospital

Roslyn, New York

LADORA V THOMPSON PhD BS PT

Professor

Program in Physical Therapy
University of Minnesota
Minneapolis, Minnesota

Xvil



XVili Contributors

AMANDA G THRIFT BSc (Hons) PhD PGDipBiostat

Adjunct Associate Professor

Department of Epidemiology and Preventive Medicine
Monash University;

Head of Unit

Department of Stroke Epidemiology

Baker IDI Heart and Diabetes Institute

Melbourne, Victoria, Australia

ANTHEA TINKER CBE PhD FKC AcSS

Professor of Social Gerontology
Institute of Gerontology

King's College London

London, United Kingdom

MOHAN K TUMMALA MD MRCP

Department of Hematology and Oncology
Marshfield Clinic

Minocqua, Wisconsin

JANE TURTON MD

Medicine and Geriatric Medicine
Cardiff University
Cardiff, Wales, United Kingdom

CHRISTINE VAN BROECKHOVEN PhD DSc

Professor and Department Director
Department of Molecular Genetics
VIB and University of Antwerp;
Research Director

Laboratory of Neurogenetics
Institute Born-Bunge

Antwerp, Belgium

BRUNO VELLAS MD PhD

Centre de Gériatrie
Toulouse, France

NORMAN VETTER FFPH MD

Department of Primary Care and Public Health
Cardiff University;

National Public Health Service

Temple of Peace

Cardiff, Wales, United Kingdom

EMMA C VEYSEY MBChB MRCP

Dermatology Department
Singleton Hospital
Swansea, United Kingdom

ANDREW VIGARIO BA

Research Coordinator

Alzheimer's Disease Research Center
Mount Sinai Medical Center

New York, New York

DENNIS T VILLAREAL MD

Professor of Medicine

Department of Medicine

University of New Mexico School of Medicine;
Chief, Geriatrics Section

Department of Medicine

New Mexico VA Health Care System
Albuquerque, New Mexico

OLEG VOLKOV PhD

Senior Research Associate
International Longevity Center

New York, New York

ADRIAN WAGG MB FRCP FHEA

Consultant and Senior Lecturer in Geriatric Medicine
Department of Geriatric Medicine

University College London;

Consultant and Senior Lecturer in Geriatric Medicine
Department of Geriatric Medicine

University College London and St Pancras Hospitals
London, United Kingdom

ARNOLD WALD MD

Professor of Medicine

Section of Gastroenterology and Hepatology

University of Wisconsin School of Medicine and Public
Health

Madison, Wisconsin

MARION F WALKER PhD MPhil Dip COT

Professor in Stroke Rehabilitation
School of Community Health Sciences
Institute of Neuroscience

The University of Nottingham
Nottingham, United Kingdom

KATHERINE WARD DPM DABPS

Palisades Podiatry Associates
Pomona, New York

HUBER R WARNER PhD

Associate Dean for Research
College of Biological Sciences
University of Minnesota
Minneapolis, Minnesota



BARBARA E WEINSTEIN PhD

Professor and Executive Officer

Health Sciences Doctoral Programs—Audiology, Nursing
Sciences, Physical Therapy, Public Health

Graduate Center

The City University of New York

New York, New York

SHERRY L WILLIS PhD

Research Professor

Department of Psychiatry and Behavioral Sciences
University of Washington

Seattle, Washington

MILES D WITHAM BM BCh PhD

Clinical Lecturer in Ageing and Health
University of Dundee
Dundee, United Kingdom

JEAN WOO MD

Professor

Department of Medicine and Therapeutics
The Chinese University of Hong Kong
Hong Kong, China

KENNETH WOODHOUSE MD FRCP FHEA
Vice-Chancellor

Professor of Geriatric Medicine
Cardiff University
Cardiff, Wales, United Kingdom

Contributors

ELIAS XIROUCHAKIS MD

Research Fellow
The Sheila Sherlock Hepatobiliary Pancreatic and Liver
Transplantation Unit
Royal Free and UCL Medical School
London, United Kingdom;
Consultant Gastroenterologist and Hepatologist
Department of Gastroenterology and Hepatology
Athens Medical, P. Falirou Hospital
Athens, Greece

JOHN YOUNG MB(Hons) MSc MBA FRCP

Professor of Elderly Care Medicine
Leeds Institute of Health Sciences
Leeds University

Consultant Geriatrician

Bradford Teaching Hospitals NHS Trust
Leeds, United Kingdom

ZAHRA ZIAIE BS

Laboratory Manager
Science Center Port at University City Science Center
Philadelphia, Pennsylvania






Acknowledgments

Dr. Fillit wishes to thank his wife Janet and children, Marielle and Michael, for their support, patience, and encouragement.
He also expresses his appreciation to Leonard Lauder and Ronald Lauder, founders and chairmen of the Institute for the Study
of Aging, for their vision and dedication to aging research. He also thanks Filomena Machleder, whose tireless and excellent
assistance made this book possible.

Howard M. Fillit

Professor Rockwood would like to thank many organizations that supported research on aging, including the Canadian
Institutes of Health Research, the Dalhousie Medical Research Fund, and the Fountain Innovation Fund of the Queen Eliza-
beth Il Health Sciences Foundation. He expresses special thanks for the support from his wife, Susan Howlett, and their sons,

Michael and James.
Kenneth Rockwood

Professor Woodhouse would like to thank his wife, Judith, and his children for their unwavering support and encourage-
ment. The support of his colleagues is very much appreciated and acknowledged. He would also like to thank his assistant,
Shirley Green, whose knowledge of journal and book production procedures has proved invaluable in assisting him to fulfill
his editorial commitment to the book.

Kenneth Woodhouse

All three editors wish to pay special tribute to the outstanding editorial support from Anne Snyder and Druanne Martin at
Elsevier.






Section |

CHAPTER 1

Introduction: Aging, Frallty,
and Geriatric Medicine

There are many landmarks in the history of care for older
adults. In ancient times, Hippocrates and Cicero wrote on
aging and health. The first medical textbook on aging was
published by Charcot in 1881 (Clinical lecture on senile and
chronic diseases, London, New Sydenham Society). The
term geriatrics was coined by Ignatz Nascher in 1909:

“Geriatrics, from geras, old age, and iatrikos,
relating to the physician, is a term | would
suggest as an addition to our vocabulary, to
cover the same field that is covered in old
age that is covered by the term pediatrics
in childhood, to emphasize the necessity of
considering senility and its disease apart from
maturity and to assign it a separate place in
medicine” (New York Medical Journal 1909;
90:358-359).

Nascher, who was later recognized as the father of geriat-
rics, published the first American textbook of geriatric medi-
cine in 1914 (Geriatrics: The diseases of old age and their
treatment, Philadelphia, P. Blakiston's Son & Co). The book
had three major sections: physiologic old age, pathologic old
age, and hygiene and medicolegal relations. Geriatrics was
first embedded as a component of a modern health system
and became a specialty in 1948 within the National Health
Service in the United Kingdom. As a result, the first “mod-
ern” textbook of geriatrics was published in 1973, edited by
John Brocklehurst. We are proud, then, to present the heir
of this lineage, the Seventh Edition of Brocklebursts Textbook of
Geriatric Medicine and Clinical Gerontology.

The first edition of Brocklehurst contained 39 chapters
written by 44 authors. The current edition contains 128
chapters and 205 authors. This growth reflects our increas-
ing knowledge, based on research, about gerontology and
geriatric medicine. There has also been a significant advance
in our understanding, in our perspective, and in our health
systems, which also contribute to the evolution of our
knowledge. Nevertheless, we have remained true to the
original concept.

In the seventh edition, we have attempted to make the
book more useful and valuable to the gerontologist, be they
a biologic, social, psychological, or medical gerontolo-
gist. Indeed, the study of aging as an interdisciplinary field
of research has expanded exponentially since the first edi-
tion. Consequently, the content on gerontology has been
significantly reorganized and expanded. Although the effort
to effectively combine gerontology and geriatric medicine

Gerontology

Howard M. Fillit
Kenneth Rockwood
Kenneth Woodhouse

in one comprehensive book is ambitious, we believe it is
necessary since the clinician clearly requires knowledge of
the gerontologic basis of geriatric practice, whereas the ger-
ontologist needs the clinical perspective for his or her work
to be relevant. Whether for the gerontologist, the geriatri-
cian, the primary care physician, the specialist, or the care
managers and other providers, we hope the book has value
as a resource to improve the care of elderly persons, to cre-
ate better systems of care, and to advance knowledge and
research in gerontology.

Fundamentally, geriatric medicine encompasses three
essential "bodies of knowledge.” The first is gerontology,
essential to the practice of geriatrics. One cannot effectively
practice geriatrics without understanding the basic funda-
mentals of aging itself, much as a pediatrician cannot prac-
tice pediatrics without understanding child development.
Indeed, geriatricians often refer to “adult development,”
not aging, as key to the practice of geriatric medicine. For
example, evaluating the cognition of an aged person requires
a working knowledge of the degree and nature of “normal”
changes in cognition at that age. Gerontology, the study of
aging, is also a fundamentally interesting scientific field rele-
vant to geriatric medicine in that it encompasses the demog-
raphy of aging, the biology of aging, the neuropsychology
of aging, and medical gerontology.

The second component of the body of knowledge in geri-
atrics is disease specific. That is, geriatrics requires knowledge
of the diseases that are more common in the aged than in the
middle-aged (such as Alzheimer's disease), and knowledge of
how common diseases such as pneumonia, hypertension, dia-
betes, or hypothyroidism differ in their presentation in old age.

The third component of geriatric medicine knowledge
may be called complexity. Complexity, a focus on function,
and an emphasis on multidisciplinary coordinated care man-
agement are each critical to geriatric medicine. Complexity
refers to the fact that many older patients (in contrast to
most middle-aged “internal medicine” patients with single
illnesses) often have many comorbid illnesses, are on multi-
ple medications, and suffer problems in the multiple spheres
of physical, functional, psychological, and social health.

Complexity is further reflected in the “geriatric
syndromes’—falls, polypharmacy, delirium, sleep disorders,
and others—that are presented in the section on “geriatric
syndromes.” The focus on function is important in the evalu-
ation of complexity in the frail elderly patient and key to the
practice of geriatric medicine.

Because of the preponderance of chronic illness, complex-
ity, and the resulting frailty (a state of increased vulnerabil-
ity that arises from multiple, interacting medical and social
problems), geriatric patients require effective health systems
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of chronic care, a multidisciplinary team approach, compre-
hensive yet efficient means of evaluation (such as geriatric
assessment), and the increasing use of technology, such as
electronic medical records and telemedicine. In particular,
physicians and other care providers need to know how to
participate in and to lead and manage health systems critical
to the provision of quality and efficient geriatric care, which
is presented in the section on health systems.

In the twenty-first century, with the emergence of bil-
lions of persons into a newly globalized world, we have
expanded our international perspective. Aging is clearly
now a global challenge, with all societies needing new and
effective ways to provide quality, cost-effective care to
the elderly with a focus on quality of life and continuing
productivity.

This edition also aims for easier ways for readers to pro-
vide feedback for future editions, through the “contact us”
button on the book's Web site (www.expertconsult.com).
The introduction of a Web site for the book also reflects
our aim to move from an exhaustive referencing style of
textbook. We have given thought to why anyone might
read—much less write—a textbook when so much infor-
mation is readily available, and so quickly, on the web.
The immediacy and proliferation of information is both
the triumph and the challenge of the Internet, a “place”
where the quality of information can be questionable.

2 Section| / Gerontology

Since information is not knowledge, we are persuaded that
there remains a role for a textbook that provides practitio-
ners and scientists, in one text, a compendium of useful
and validated information. We hope that as you read the
chapters, you will get the sense that they were written by
experts who care about their field and care about what you
should know about it.

With the seventh edition, we aim to build on what has
been achieved in geriatric medicine and gerontology, and to
renew our commitment to provide gerontologists, geriatri-
cians, and other academics and practitioners with updated,
useful information to aid them in their special mission of pro-
viding care for older persons. To do this, we have recruited
new editors: Professors Kenneth Rockwood (from Canada)
and Kenneth Woodhouse (from the United Kingdom). Each
has undertaken major research in the field and each brings a
wealth of clinical, scholarly, and health systems experience
and perspective to this important endeavor.

Thus, when colleagues or patients question “what is
geriatrics?,” we often reach for our "body of knowledge,”
here, a textbook weighing several pounds with more than
1350 pages of “small print.”

In the twenty-first century, there can be no more impor-
tant subject in medicine than gerontology and geriatrics. We
believe this textbook represents the knowledge base for that
effort.



CHAPTER 2

The Epidemiology of Aging

It must be obvious that, senescence apart, old
animals have the advantage of young. For one
thing, they are wiser. The Eldest Oyster, we
remember, lived where his juniors perished.

Sir PETER MEDAWAR!

INTRODUCTION

Epidemiology is about measuring and understanding the
distribution of the characteristics of populations. The origin
of epidemiologic methods relates to the study of epidem-
ics, initially set up by the rich to know when it was time
to leave the area when a new epidemic spread among the
poor. Epidemiologists are still concerned about the distri-
bution of disease, but apart from being perhaps less likely
to head for the hills when infection is rife, they have also
added noninfectious diseases and the determinants of disease
to their interests. Some have strayed into areas which are
not disease-related, but are characteristics of the population
itself; one such area is the epidemiology of aging.

The body of knowledge of the epidemiology of aging has
evolved into concentrating on three main areas: the causes
and results of the aging of populations, the natural history
of diseases of old age, and the evaluation of services set up
to assist older people. This chapter will concentrate on the
first of these; the other two will be covered elsewhere in the
textbook.

The causes and results of the aging

of populations

The early twenty-first century is unique in a number of
aspects, but in relation to the people of the world it is most
remarkable as a time when humans live appreciably longer
than ever before. Perhaps even more remarkably this rate
of prolongation of average life expectancy shows little sign
of abating. This extraordinary piece of good luck for those of
us who live at this time is tempered a little by the knowledge
that life insurers and those calculating pensions have been
betting our money on our not living so long, as a result of
which we may be poorer than we had hoped.

Longevity

The increase in human life expectancy over the past 10 years
has taken both scientists and the population generally by
surprise.2 Until recently, demographers were confidently
predicting that once the gains made by reducing mortality
in early and middle life had reached completion, growth in
longevity would stop and we would see the fixed reality of
the aging process. This has not happened. Mortality experts
who have repeatedly asserted that life expectancy is close to
an ultimate ceiling have repeatedly been proven wrong. The
apparent leveling off of life expectancy in individual coun-
tries has been an artifact of laggards catching up and leaders
falling behind. In the developed world, average prolonga-
tion of life continues at 4 to 5 hours a day. Late-life mortality,

Norman Vetter

which people theorized was likely to remain stable, has
steadily increased (Figure 2-1).

The probable causes for the linear quality of this increase
in life expectancy are twofold. Before 1950, most of the gain
in life expectancy was due to reductions in death rates at
younger ages. In the second half of the twentieth century,
improvements in survival after age 65 caused the increase in
the length of people’s lives. Most forecasts of the maximum
possible life expectancy in recent years have been broken
within five years of the forecast.?> World life expectancy has
more than doubled over the past 200 years. So where will
this lead? Life expectancy has increased by 2.5 years per
decade for a century and a half; a reasonable suggestion
would be that this trend will continue in coming decades. If
so, average life expectancy will reach 100 in about 60 years.

Why do we age?

There now appears to be a reasonably clear consensus that
the aging process is caused by an accumulation over time
of molecular damage. The rate of aging in an individual is
therefore a complex interaction between damage, mainte-
nance, and repair. These interactions are, of course, influ-
enced by both genetic and environmental factors. It has
been said that whoever created humans, whether nature or
a creator, did a poor job, but being aware of it, put in a lot
of back-up systems. On the other hand it may be a universal
law that hyperefficiency is less effective in the long run than
flexibility. This may be a useful lesson beyond the realms
of longevity in a world more fussed about efficiency than
effectiveness.

It is assumed that genetic changes are unlikely to alter
appreciably, under evolutionary pressure, over the short
period, during which longevity has dramatically increased.
The reason for the increasing longevity is therefore said to
be caused by the interplay of advances in income, nutrition,
education, sanitation, and medicine, with the mix varying
over age, period, cohort, place, and disease. It seems likely
then that these changes are largely a result of a wide range of
environmental factors.

That being said, the birth cohorts of people born around
the early 1900s experienced huge changes in socioeconomic
conditions, hygiene, lifestyle, and medical care, leading to
dramatic falls in infant mortality and infectious and respira-
tory diseases. The main effects were socioeconomic, lead-
ing to smaller families, better housing, and nutrition, though
later in the century vaccination must have played some part.
In later years it seems to have been the survival of older
people that has led to the extension of life expectancy. The
reason for this survival is not fully understood. The best we
can do is to guess that it may be the availability of specific
treatments for diseases of old age.®

However, it may be that we were working to the wrong
theory of maximum human lifespan all along. Studies of
large populations of humans, wasps, fruitflies, nematodes,
and yeast have revealed a leveling off, and in some species
even a decline, in mortality late in life instead of a continu-
ously increasing rate. The possible reason that this has been
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Figure 2-1. Life expectancy by time (United Kingdom + 95% confidence

intervals).

missed until now in humans may be that the deceleration in
age-specific death rates does not seem to begin in humans
until after 80 years of age, the plateau is not seen until after
110 years of age, and it requires the observation of large
populations.*

In addition, genetics and environment are known to be
intimately entwined. The length of telomeres has been said
to be a measure of aging. Telomeres are the ends of chro-
mosomes that help to protect the DNA from wearing down
during the replication process that replenishes cells. Telo-
meres shorten over an individual's lifetime and are thought
be a marker for aging. For instance it is known from matched
twin studies that telomeres in a physically active group of
people (who performed more than 3 hours and 20 minutes
of exercise a week) were 200 nucleotides longer than those
in a less active group (who performed less than 16 minutes
exercise a week). Smokers and obese people are known to
have shorter telomeres than their healthier counterparts.®

QUALITY OF LIFE AND DISABILITY

The measurement of quality of life on older people is self-
evidently a vital outcome measure for deciding upon, for
instance, the comparative effectiveness of different treat-
ments. Many approaches have been made to this. For an over-
view for large populations, questionnaire methods are most
commonly used, including the Bartel index, the SF-12, and
more recently the WHOQOL-OLD, a generic health-related
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QOL measure developed for the World Health Organiza-
tion.” A number of good reviews of measuring quality of life
have been written by Bowling® and Haywood.?

The latter explored 122 articles relating to 15 measuring
instruments. The most extensive evidence was found for the
SF-36, COOP Charts, EQ-5D, Nottingham Health Profile
(NHP), and Sickness Impact Profile (SIP). Four instruments
had evidence of both internal consistency and test-retest
reliability: the NHP SF-12, SF-20, and SF-36. Four instru-
ments lacked evidence of reliability: the HSQ-12, IHQL,
QWSB, and SQL. Most instruments were assessed for validity
through comparisons with other instruments, global judg-
ments of health, or clinical and sociodemographic variables.
The author concluded that there was good evidence for reli-
ability, validity, and responsiveness for the SF-36, EQ-5D,
and NHP. There is more limited evidence for the COOP,
SF-12, and SIP. The SF-36 was recommended where a
detailed and broad-ranging assessment of health is required,
particularly in community-dwelling older people with lim-
ited morbidity. The EQ-5D was recommended where a more
succinct assessment is required, particularly where a substan-
tial change in health is expected.

Another study of more than 16,000 in the health survey
for England provided evidence that the SF-6D is an empiri-
cally valid and efficient alternative multiattribute utility mea-
sure to the EQ-5D, and is capable of discriminating between
external indicators of health status.!?

Figure 2-2 shows data from the above study for EQ-5D
data by age. EQ-5D is an especially useful measure, where
valid, because it can be used directly to measure utilities in
cost-effectiveness studies when using the measure to build
up quality-adjusted life-years (QALYs). QALY maximiza-
tion as a means of, for instance, comparing two treatments,
is sometimes criticized for being ageist, because other things
being equal, the elderly with a shorter life expectancy will be
given lower priority.

[t is not the place of this chapter to go into detail on this
argument, but some people believe that everyone, when
faced with a sudden illness or accident at least, should be
regarded as equal no matter what their state of health or
likely longevity. This seems untenable at one extreme, say
elderly patients with severe dementia. In that case it would
seem that “not striving to keep alive” makes sense. How-
ever, a fit 90-year-old is usually able to benefit from high

1624 25-34 35-44 45-54 55-64 65-74

I I I 1
75+

Age group

Figure 2-2. EQ-5D utility data by age.
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technology solutions to his or her disease process as any-
one else.

In contrast some people believe that QALYs are not
ageist enough (e.g., the QALY-based view would give
the same weight to treating a 10-year-old with a quality-
adjusted life-expectancy of 10 years as to an 80-year-old
with the same life expectancy). This does not account
for the greater benefits that the old person has already
received so that some people think that younger people
should have priority over older people, regardless of life
expectancy.''

Changes with time

It is a truism to say that older people nowadays are fitter
than they were in the past. Measuring this between succes-
sive generations of the same age has been attempted. At
the level of overall quality of life, it has been reported that
people in their late 70s in the 1990s were less functionally
impaired than was a similar group in the 1980s.'2 Since then
various other longitudinal studies conducted in the United
States, Europe, and in other developed countries have exam-
ined this. Although the findings are not consistent, several
consensus publications and a meta-analysis that stratified
results based upon the adequacy of measurement concluded
that there appeared to have been a significant reduction in
the rate of functional decline over the last 3 decades and
that this finding was robust with respect to measurement
approach, methodology, and to some extent by country.!3
This was difficult to pinpoint in the face of an approximately
1% reduction in mortality in older people, but most research-
ers conclude that there has been at least a 2% reduction in
disability over the last several decades.

Turning to more specific problems that are common in
older people, it is thought that, for example, average blood
pressure measurements in successive cohorts of older people
appear to be declining. Thus in the Gothenburg study, it
was found that successive cohorts of 70-year-olds had lower
arterial blood pressure with time.'* Others have agreed
that although the prevalence of disability and need for help
increases with advancing age, within an age group these
improve over time from one birth cohort to another.!>:1¢ The
exception to this, until recently, has been fractures in older
people where age-adjusted fracture incidence seemed to be
rising steadily during the 1990s. However, since then, in Fin-
land where the best data have been collected over time, the
rate is changing rapidly, rising for some fractures'” and fall-
ing for others.!8:1?

The exact reasons for the secular change in the risk of
hip fracture are unknown. A cohort effect toward health-
ier elderly populations in the developed countries cannot
be ruled out: in earlier birth cohorts, the early-life risk
factors for fracture, such as perinatal nutrition, may have
had stronger impact on the late-life fracture risk than in
the others. A second reason could be the rising average
body weight and body mass index (BMI). In all adult age
groups in developed countries, the prevalence of obesity
has increased since the 1980s. A low BMI is a strong risk
factor for hip fracture, and it has been estimated that a
one unit increase in the BMI of a population could result
in an 7% decrease in the fracture incidence—the effect
being greatest with weight gain among the thinnest older
adults.

Measuring differences: predicting future
quality of life

Data from the English longitudinal study of aging have been
used to investigate whether longstanding illnesses, social
context, and current socioeconomic circumstances predict
quality of life.?? This was a nationally representative sam-
ple of noninstitutionalized adults living in England using a
standardized quality of life scale. The quality of life of the
group was found, where adversely affected, in rank order to
be reduced by depression, a poor financial situation, limi-
tations in mobility, difficulties with everyday activities, and
limiting longstanding illness. Quality of life was improved,
again in rank order, by trusting relationships with the family,
friends, and frequent contacts with friends; living in a good
neighborhood; and having two cars. The regression models
explained 48% of the variation in quality of life scores.

The authors concluded that efforts to improve quality
of life in early old age need to address financial hardships,
functionally limiting disease, lack of at least one trusting
relationship, and inability to move out of a disfavored neigh-
borhood. They did not mention the possible provision of
extra cars.

This importance of the perceptions of older people about
their neighborhood was also underlined by a further study
of over-65-year-olds in the community.2! In this study, per-
ceptions of problems in the area (noise, crime, air quality,
rubbish/litter, traffic, and graffiti) were predictive of poorer
health. The good news about these findings is that many of
these factors are modifiable and could have an important
impact on the quality of life of older people.

A 65-year-old person with severe disability will have
differences in need for support when compared with an
85-year-old person. The severe disability is likely to be com-
plicated by multiple problems, especially social and mental
problems, so that their health needs are likely to be greatly
complicated by housing and financial needs and by isolation
and loneliness.

Measuring differences: cross-sectional versus
longitudinal data

Much of the research done on the aging process has been
performed on cross-sectional data. This is not particularly
surprising because such studies are easier and much less
complicated to perform than longitudinal studies. Gener-
ally speaking, cross-sectional data indicate that aging has
a more marked deleterious effect on the study group than
longitudinal. The process of aging for us all is demonstrably
longitudinal, so that wherever possible we should be guided
by such data.

A number of examples of the differences between cross-
sectional and longitudinal studies exist. A classic longitu-
dinal study showed that cognitive decline appeared to be
much more closely related to age in cross-sectional studies
than in longitudinal.??> Other cross-sectional studies that
originally were thought to show that smoking had a protec-
tive effect on Alzheimer's disease were shown by longitudi-
nal studies to be the opposite of the true effect, probably
because smokers died before they had a chance to suffer
from Alzheimer’s.?3 In addition, marked effects have been
seen in different cohorts born more recently. Age cohorts
born only 5 years apart show notable differences in their



height, weight, and other measures associated with changes
in activity level.2* It is therefore important to distinguish
between the sorts of data that are available when making
judgments about populations of older people. Generally,
cross-sectional data paint a bleaker picture of the impact of
aging than do longitudinal data.

Measuring differences: age

The age distribution of older men and women is very differ-
ent, especially in the oldest age groups. For example, 3.8%
of older women compared with 1.7% of older men are aged
90 and above. This situation is expected to persist for some
time, but gender differences according to age will become
less notable in the future.

When describing age groups there is a particular problem
for the oldest group and sometimes for those below that.
The groups 65 to 69, 70 to 74, 75 to 79, 80 to 84, and 85+
are commonly used in the literature and in research findings.
This is a means of summarizing the data when looking at
trends and other differences. However, closer examination
of these groups compared with single year of age data may
show that, although the first four of these represent 5-year
age groups, the 85+ group can, depending on the popula-
tion studied, only go up to 90 years of age or may continue
beyond 100. In other words the 85+ group is not strictly
comparable with the other two. By grouping the data, one is
making the assumption that the group represents a midpoint.

Table 2-1. Year of Age by Age Groups
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This, together with the likelihood of small numbers in the
oldest age group, can account for anomalous findings in that
group.

Table 2-1 shows data for a population based in a large gen-
eral practice in South Wales by year of age and divided into
age groups. It can be clearly seen that the 85+ age group is
heavily skewed with the frequency midpoint of the group
between 86 and 87 years, nowhere near the 5 years which is
the midpoint of the others.

Figure 2-3 shows a typical example of how the top age
group is out of line with previous groups. It shows the preva-
lence of breathlessness in the group shown in Table 2-1. The
difference in value in the oldest age group may reflect a true
difference or it may be due to assuming that the oldest group
is at the midpoint, as explained above.

Measuring differences: sex

The average life expectancy at birth of females born in
the United Kingdom is 80 years compared with 76 years
for males. Women are more likely than men to be living
with high blood pressure, arthritis, back pain, mental ill-
ness, asthma, and respiratory disease. Men are more likely
than women to be living with heart disease. Older men are
much more likely than older women to drive. Among peo-
ple aged 75 and over, 58% of men and 33% of women have
access to private transport. Among people aged under 75,
women are more likely than men to be providing unpaid

AGE GROUPS

Age 65 to 69 70 to 74 75to 79 80 to 84 >85 Total
65 145 0 0 0 0 145
66 106 0 0 0 0 106
67 100 0 0 0 0 100
68 81 0 0 0 0 81

69 90 0 0 0 0 90
70 0 83 0 0 0 83

71 0 84 0 0 0 84
72 0 74 0 0 0 74
73 0 75 0 0 0 75
74 0 68 0 0 0 68
75 0 0 72 0 0 72
76 0 0 52 0 0 52
77 0 0 45 0 0 45
78 0 0 56 0 0 56
79 0 0 62 0 0 62
80 0 0 0 37 0 37
81 0 0 0 26 0 26
82 0 0 0 46 0 46
83 0 0 0 37 0 37
84 0 0 0 42 0 42
85 0 0 0 0 22 22
86 0 0 0 0 25 25
87 0 0 0 0 21 21

88 0 0 0 0 11 11

89 0 0 0 0 6 6
90 0 0 0 0 12 12
91 0 0 0 0 5 5
92 0 0 0 0 6 6
93 0 0 0 0 2 2
94 0 0 0 0 1 1

95 0 0 0 0 1 1

96 0 0 0 0 1 1

99 0 0 0 0 1 1

Total 522 384 287 188 114 1495
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Figure 2-3. Breathlessness by age group.
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Figure 2-4. Projected percentage of older women by age in the United
Kingdom.

care to relatives, neighbors, or friends; but among people
aged 85 and over, men are more likely than women to be
providing unpaid care. This is because of different aver-
age lifespans—older women are more likely to live alone,
whereas older men are more likely to be married. Figure
2-4 shows the projected percentage of older women by age
group.

Population aging is particularly rapid among women
because of lower mortality rates among women. In older
age groups, the proportion of women is therefore higher
than men; increasingly so with advancing age. Therefore,
when studying older people, it is essential to study gender
as a basis of differentiation. For example, it has been sug-
gested that older women's much higher level of functional
impairment coexists with a lack of gender differences in self-
assessed health. Some studies have reported no gender dif-
ferences in self-reported health status among elderly people,
whereas higher levels of more objectively measured disabil-
ity existed among women. It has been shown that gender
differences in health depend on the indicator and the age
stratum analyzed. It could very well be that among older
adults the impacts of different measures of socioeconomic
position differ by health indicator and that disability-related
indicators may be more sensitive to gender inequalities than
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Figure 2-5. Projected percentage of older people by sex and marital status
(England and Wales).

broad indicators of general health such as self-perceived
health status.?®

Among some older married couples, the man controls
household finances, meaning that his partner may be left in
a difficult position if suddenly she has to take over money
management. Women's pension entitlement is often lower
than men's and their risk of poverty in later life significantly
greater.

Although the gender differences in the structure by age
of the older population is expected to persist in the future,
things will slowly change. As a result of the faster increase
in life expectancy of men, gender differences in the compo-
sition of the older age groups will most likely shrink over
time. Thus it is estimated that between 2006 and 2031,
women will remain in the majority, but their share is due to
decrease. For example, the percentage of women aged 80
to 89 is expected to decrease from 63.2% in 2006 to 56.3%
in 2031.

Measuring differences: marriage

Older men and women are very different with respect
to their marital status: 61% of men are married com-
pared with 36.7% of women, whereas 16.5% of men are
widowed compared with 46.1% of women. This gender
imbalance varies by age, becoming more marked with time
or among older cohorts. In the future these differences are
expected to decrease dramatically. Figure 2-5 shows these
changes.

There is predicted to be a dramatic increase in the share
of divorced and separated individuals in the younger age
groups of the older population between 2003 and 2031.
Among the 65-74 year olds, one in five women will belong
to this group, whereas now the percentage stands at just
below 9%. The increase in the proportion of divorced and
separated men will not be as great because men have a higher
propensity to remarry, but the proportion of single men will
reach more than 16%. In short, for both genders, but par-
ticularly so for men aged 65-74, the proportion married will



diminish whereas the proportion of those in other groups
will increase.

Measuring differences: features of older
compared with younger people in the
population

Figure 2-6, adapted from work by Professor Grimley
Evans,?6 shows a general outline of the main differences
between young and older people. These are divided into
two main groups, differences due to the aging process itself
and those not due to that process. Aging may be primary
and intrinsic, set by the cellular makeup of the individual or
it may be extrinsic and due to environmental challenges—
the day-to-day wear and tear of the environment on that
person.

Secondary aging is said to be either individual, such as
the adaptations in an older person’s gait because of poor
proprioception or a tendency to write down things to over-
come problems with memory. They are not themselves due
to aging but are a response to some aspect of the aging
process. Some aspects of old age give an advantage to the
species. Thus humans with their odd need to stand on their
swhich have to go through those pelvises at birth, have as
a result very immature offspring who take many years to
become independent beings. It appears that, in evolutionary
terms, additional help in child care in the shape of grand-
mothers provided an advantage. Thus the menopause gave a
major advantage to humankind and was adopted generally.

Then there are three main categories of difference which
are not due to the aging process per se: selective survival, the
fact that people who take more risks, whether by smoking or
by dangerous sports, are less likely to be found in the older
age group so that that group is lacking in such individuals.
The second, a cohort effect, which I have mentioned else-
where in the chapter and the third differential challenges for
older people compared with those for the young, which I
will now describe more fully. In many countries older people
live in low quality housing as a consequence of social policy
as well as poverty. More pervasive is the poorer quality of
medical care provided for older people, largely as a result of
discrimination against those who are older.
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Indices of dependency

The ratio of the dependent population to the economi-
cally active or working population is sometimes called the
dependency ratio. This is used in setting taxation policies,
in particular, as the working population pay income tax. In
fact the taxman, when extracting taxes, is much cleverer than
just taking money from wage packets these days; so that all
groups of people who purchase pay value-added and other
taxes. There are a number of groups who are not part of the
working population: children, students, housewives, hus-
bands, and the unemployed. Being not formally employed
does not mean that they are not contributing to the econ-
omy. In particular grandparents contribute hugely in terms
of child care for working people and retired people, espe-
cially women, and are one of the biggest groups caring for
elderly disabled relatives, most often a spouse.

Another indicator of the age structure is the aging index,
defined as the number of people aged 65 and over divided
by the number under age 15. By 2030 it is thought that all
developed countries will have more people aged 65 and over
than people under 15.

Is aging inevitable?

The old joke says “aging is inevitable, maturing is optional.”
However, lifestyle factors seem able to have an impact on
aging. The best-known and obvious of these is smoking,
which is related to a wide range of problems, some well
known, as in lung disease, heart disease, and cancers, result-
ing in its being the most important predictor for mortality
in a combination of six large longitudinal studies.?” Others
have a particular resonance with older people, notably bone
strength and hearing ability.2® These changes are so ubiqui-
tous that there is a suggestion that smoking may accelerate
the aging process itself.

On the positive side, there are also a number of studies that
show the importance of continuing to perform exercise??:30
and others that have shown that muscular strength in old age
can, with training, be increased proportionately to a similar
extent to that found in younger people?! and that training
appears to have some effect on the prevention of falls.3?

Non-aging
v v v y
Primary | Secondary | Selective Cohort Differential
survival effect challenge
Intrinsic— | | Individual—
cellular adapting to
impairments
Extrinsic—
| | environmental Species—
challenge menopause

Figure 2-6. Differences between young and older individuals.
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Living alone

The vast majority of those who live alone are widowed,
although this percentage is much higher for women than
men. The distribution of those who live with a partner (the
vast bulk of older people) is similar between men and women
and consists mainly of married or remarried individuals. By
contrast, the category “living with others” is quite hetero-
geneous. Men are more likely to be married, perhaps living
with a younger wife, whereas women in this group are for
the most part widowed (Figure 2-7).

Living alone is likely to be increasingly common as the
millennium advances. It is likely that a quarter of people
born in the 1960s will be lone householders by age 60 and
that close to a half of the 1960s Baby Boomers will be living
solo by age 75.33 Living alone is not directly related to lone-
liness, but the cause of living alone, especially widowhood,
is closely related, so they are often associated.

Ethnicity, emigration, and immigration
(internal and external)

Because of the youthfulness of immigrants, immigration
is often seen as a solution to the “problem” of population
aging in countries with low fertility. Presently the lack of
people to take jobs in developed countries draws young
people from developing countries, lowering the average age
of the population. The overall large numbers and propor-
tions emigrating again among the overseas-born population
suggest that this UK. subpopulation ages more slowly than
does the U.K.-born subpopulation. This implies that the
currently observed processes of immigration and emigration
among U K s overseas-born immigrants will lower the U.K_s
old-age dependency ratio in the long run as well as in the
short run.

Table 2-2 shows the proportion of older people in the 2001
census by ethnic origin. There are a great preponderance of
white people in the United Kingdom, with only very minor
differences in the proportion between males and females.

Inequalities

Older people have tended to be neglected in research on
health inequalities compared with people in other stages of
life. Similarly, there has been a lack of research on how class
interacts with gender in later life. One of the central rea-
sons for this has been the difficulty of assigning people to
social groupings after retirement because the approach has
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Figure 2-7. Marital status of older people living alone. (Data from United
Kingdom 2001 census.)

Table 2-2. Older People by Sex and Ethnicity —
United Kingdom

Ethnicity Male Female Total
White 96.9 97.7 97 .4
Asian 1.8 1.3 1.5
Black 1.0 0.7 0.8
Other 0.3 0.3 0.3
Total 100.0 100.0 100.0

Data from Census (2001) Office of National Statistics, United Kingdom.

traditionally been based on occupational status and this is
difficult to attribute when older people are mainly retired.

There is evidence that increasing inequalities will occur
between future cohorts of elderly people. Inequalities will
persist between those who will have experienced full work
histories, have acquired pension rights and housing wealth,
and those who have not. The 1960s baby boomers, in partic-
ular, faced high unemployment levels when they first entered
the labor market. Some of them have never had a full-time
job, whereas others benefited from the Thatcher era, giving
rise to the 1980s “yuppies.” Inheritance of housing wealth pri-
marily goes to individuals who are already owner-occupiers,
further increasing the trend toward increased inequality and
Richard Titmuss' notion of "two nations in old age."3*

Inequalities by socioeconomic group continue even up
to the end of life. During the last year of life, older people
were still reluctant to take up their entitled benefits.3% Pri-
mary health care professionals saw nearly all of the people
who died during their last year. They could play an impor-
tant role in ensuring that the elderly and the less well-off are
aware of the services and benefits available to them.

CONCLUSIONS

Epidemiology is about measuring and understanding the dis-
tribution of the characteristics of populations. In relation to
aging, the early twenty-first century is unique in the span of
human existence for the longevity of the race. The aging of
the population is a global phenomenon that requires interna-
tional coordination nationally and locally.

The United Nations and other international organizations
have developed a number of recommendations intended to
reduce adverse effects of population aging. These include
reorganization of social security systems, changes in labor,
immigration, and family policies, promoting active and
healthy life-styles, and more cooperation between govern-
ments in resolving socioeconomic and political problems

KEY POINTS
The Epidemiology of Aging

e The world population is older than it has ever been.

® Measuring the effect of an aging population is not straightfor-
ward; longitudinal approaches more accurately describe people's
experience than do cross-sectional studies.

e Older people at a given age are fitter than they used to be in
nearly all objective parameters measured.

¢ Inequalities between different social groups of older people, both
for health and income, appear to be increasing in the U.K.
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related to population aging. A country with an aging popu-
lation may be helped by immigration of young workers to
enlarge the working population, potentially with benefit to
both countries as long as it is carefully monitored.

On the positive side, the health status of older people of
a given age is improving over time because recent genera-
tions are fitter and have had less diseases. As a result, older
vigorous and active people live to a much later age than

previously, and given the opportunities, they can contribute
economically. We have already extended the healthy and
productive period of human life and this shows little sign
of abating.

For a complete list of references, please visit online only at
www.expertconsult.com



CHAPTER 3

The Future of Old Age

The future of old age in the twenty-first century in the United
States and other economically developed countries will be
dynamic and will generate historically unprecedented demo-
graphic, social, economic, and medical conditions. This is
due to quantitative and qualitative population, social, eco-
nomic, and health factors. Some quantitative demographic
factors are well known, although details of their operation
are still not fully appreciated.

First, in the United States, there were rapid declines in
mortality at young ages from at least 1900 because of reduc-
tions in infectious disease risks and infant and maternal
mortality. Responsible for these declines were improved
nutrition, new antibiotic therapies, immunization and vacci-
nation programs for childhood diseases, and improved pub-
lic hygiene (e.g., improved sanitation, drinking water, and,
recently, air quality). The likelihood of surviving to 65 for
United States' males in 1900 was 37.3%; for females 41.0%.'
By 1950, this had increased to 61.8% for males and 74.3%
for females. By 2005 this increased to 78.8% for males and
87.0% for females. From 1954 to 1968, United States mor-
tality was viewed as static—male mortality rates increased
0.2% per year; although female mortality rates, in contrast,
declined 0.8% per year. Federal agencies began to plan, and
operate, as if the upper limit to population life expectancy
had been reached.? Projections of the Social Security ben-
eficiary population in the mid-1970s assumed that mortality
would decline no further.? This view was also expressed by
many epidemiologists who suggested that the third phase of
the epidemiologic transition involved increases in the preva-
lence of chronic degenerative diseases* caused by adverse
social®> and public health conditions intrinsic to industrial
society.® Additionally, some authors suggested there were
few medical innovations successfully reducing chronic dis-
ease progression in the elderly.”

Second, the size of birth cohorts increased. Post—World
Wear Il baby boom cohorts reached a maximum in 1963 in
the United States. The first of those cohorts reaches age
65 in 2012, and age 85 in 2032. The largest cohorts reach
age 65 in 2029 and 85 in 2049. The larger size of recent
cohorts, and improved mortality up to age 65, will pro-
duce large future increases in the elderly population in the
United States. Similar population dynamics operate in other
developed, and some major developing (e.g., China, India)
countries. This will produce severe strains on economic and
medical programs for elderly populations.

Third, after being static from 1954 to 1968, mortal-
ity in the United States above age 65 began to decline, in
part because of the start of national research programs on
chronic diseases. The National Heart Institute was created
in 1949. The Framingham Heart Study began in 1950. Actu-
ally, although reductions in chronic disease mortality were
identified as starting in 1968, a more comprehensive exami-
nation suggests that mortality declines for select chronic
diseases began earlier. Declines in stroke mortality can be
traced back to at least 1925.8 Declines in male heart disease
prevalence became evident after examining data on U.S.
Civil War veterans age 65 and over who were assessed for
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pensions in 1910. A comparison of heart disease prevalence
in Civil War veterans in 1910 with World War II veterans
aged 65 and over in 1985 showed a decline of 66% in the
intervening 75 years.? From 1950 to 1998, age-standardized
heart disease mortality rates declined 58.8%; stroke mortal-
ity declined 71.7%.

Reductions in chronic disease mortality raised concern
about society's “carrying” capacity for a growing elderly
population because it suggested that the number of years
individuals live after age 65 would be significantly extended.
Although Social Security finances benefit from an increas-
ing number of persons living through their labor force years
to age 65, living beyond 65 increases the financial burden
on Social Security, Medicare, and Medicaid programs. Rec-
ognition of the declines after 1968 in chronic disease mor-
tality, and life expectancy increases above age 65, raised
concerns about the long-term fiscal stability of the U.S.
Social Security system. In 1982, in addition to payroll tax
increases, increases in the Social Security normal retirement
age from 65 to 67 were scheduled to occur from 2003 to
2017. Increases in the retirement age to age 70, or even 74,
are currently being debated in Britain and Japan. A Japanese
study suggested that future economic growth could be com-
promised by population aging. That study anticipated that
one quarter of Japan's population will be over 65 by 2025
using estimates of life expectancy limits that were exceeded
by 3 years by Japanese females in 1992.'9!! Japanese life
expectancy continues to be the world’s highest, with 85.6
years for females in 2005.

Policy and social responses to population aging depends
upon a fourth dynamic—changes in the average health of
the elderly. Was the health of a person age 70 in 2005 better
on average than the health of a 70-year-old in 1970; will the
health of an 80-year-old in 2040 be better than the health of
an 80-year-old in 20052 U.S. data suggest that the answers
to these questions are yes. Significant declines in the preva-
lence of chronic disability and morbidity in the elderly pop-
ulation were observed from 1982 to 2004-2005, and appear
likely to continue to 2006 and beyond.!'>~!'7

Even recent concerns over an obesitty epidemic in the
United States seem to be overstated. Although obesity (mea-
sured by BMI >30.0) prevalence did increase in the United
States from 1980 to 2000, its adverse health effects seem to
have been muted by improvements from 1960 to 2006 in
the ability to manage the circulatory disease risk factors that
link obesity to diabetes and circulatory disease and death.
Indeed, even the linkage of obesity to chronic disability
seems to have been modulated.'® Thus the obesity epidemic
will not aggravate U.S. Medicare spending to the degree
suggested by some U.S. economists.'?

Such health changes have profound effects on the social
and economic institutions of a country and on its health care
delivery and financing system.?? There are already popular
responses in the perceived lower limit to “old age” in the
United States. A recent survey suggested that persons age 50
thought a person has to reach age 80 before being “elderly.”
This was due to changing social perceptions and economic
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realities due to the growing proportion of the total U.S.
population over age 65, and the effects on housing, insur-
ance, and other private markets along with physical changes
in younger old persons. Fundamental research issues involve
determining parameters of the population health dynam-
ics underlying changing social perceptions and economics.
Whether or not improvements in health and functioning
continue at late ages, and can be accelerated by judicious
public health and medical innovations and investments, will
affect how the United States’ and other developed countries'
social and economic institutions respond in the future to a
growing elderly population.

A difficulty in anticipating future improvements in health
at, for example, ages 85 and 95, is that changes depend in
part upon both historical and future conditions. Historical
factors are important because the individuals who will be
the elderly and oldest-old cohorts in the next 65 years are
already alive and have accumulated significant early expo-
sures that partly determine the age trajectories of health
parameters. Historical factors determine both the number of
elderly persons (by reducing early mortality), and the mix
of health problems they present (i.e., parameters of indi-
vidual's health change with age and vary due to differences
in the prior risk factor experiences of birth cohorts). That
is, depending both upon the cohort an elderly person is in
and the individual’s life experiences, the principal health
manifestations of aging may vary considerably. For example,
very elderly cohorts may have little early smoking experi-
ence, and hence, little chronic pulmonary disease. Recent
cohorts of postmenopausal females, because of the early
use of exogenous estrogens, may have reduced osteoporo-
sis and coronary heart disease (CHD) risks. An analysis of
future conditions is necessary because we are in a histori-
cally unique period where many biomedical technologies
and their clinical application are maturing so that many
conditions once palliatively managed are now subject to
disease-modifying treatments (e.g., rheumatoid arthritis?!
and, recently, osteoarthritis using orthobiologics??). Next,
we briefly review historical and future inputs to the health
dynamics of the elderly population, and then forecast what
“old age” will signify in the future.

HISTORICAL DETERMINANTS OF THE
FUTURE HEALTH OF THE ELDERLY

The realized human life span is increasing. The first well-
documented case of a centenarian was reported in 1800.%3
The first well-documented achievement of the age of
110 years was in 1932. The first well-documented achieve-
ment of the age of 120 years (Jean Marie Calment; who
lived over 122 years) was in 1995. There are partly docu-
mented reports of ages of 125 years being achieved for a
Brazilian female; and 127 years for a U.S. Hispanic female.
Thus the maximum documented human life span increased
10 years from 1800 to 1932, and over 12 years from 1932
to 1997 (i.e., at over twice the earlier rate). The number of
centenarians in the United States increased 7% per year
from 1960 to 1987. That growth continued with 54,000
centenarians estimated to be alive in 1995 and 82,000 cen-
tenarians estimated to be alive in 2007 (a 51% increase).?*
Similar annual rates of increase in the number of centen-
arians are found in other developed countries.?> Thus

centenarians are no longer a rarity, although population
studies of their current and past health characteristics
are.? One U.S. population study, the National Long Term
Care Survey (NLTCS), oversampled persons 95 and above
in 1994, 1999, and 2004. The age range of new elderly
and extreme elderly cohorts is now broad enough (e.g.,
65 to 115 years of age) that the parameters of the health
consequences of aging can differ significantly across the
cohorts.?”

Evidence suggests that the health of the extreme elderly
is improving and that interventions can be successful at late
ages. Indeed, one recent study showed active life expec-
tancy increased relatively faster at age 85 than at age 65.'7
One factor in health improvements is the effect of early
mortality on the health of very elderly populations; "high”
early mortality in a cohort “selects out” its genetically less
fit members between ages 50 to 85. In a Swedish study, the
relative risk of CHD mortality in monozygotic twin pairs
was roughly 15 to 1 in middle age. Above age 85, the rela-
tive risk was 1.0.28 Selection caused thyroid autoantibodies
in [talian centenarians to be only as prevalent as they were at
50, even though their prevalence increased from ages 50 to
85.29 Genetically determined lung cancer (because of defects
in the cytochrome P-450 enzyme system) peaks at 70%
at age 50; by age 70 the genetic form of the disease is 20%
of cases.3? ApoE4 (apolipoprotein E4), associated with
heart disease and dementia risk, declines with age from a
prevalence of more than 20% at age 80 to about 5% at
age 100.3' The null allele C4B*Qo is associated with heart
attack risk in middle-aged males, with such risks (and
selection against the genotype) occurring at later ages for
females.3233

If mortality selection were the only factor determining
the health of extreme elderly cohorts, average health would
decline as the proportion surviving from birth to late ages
increased. Indeed, in recent analyses, younger cohorts had
higher active life expectancies than older cohorts (M§37).
Thus factors other than selection must affect the health of
the extreme elderly including medical innovations.

A study of surgery performed on patients aged 90 to 103
showed that intraoperative mortality declined from 29%
in the 1960s to 8% by 1985.3* The study was performed
because surgery rates over age 90 increased fivefold from
1979 to 1989. The 5-year survival of this surgical group
(mean age 93.5 years) was better than the general popula-
tion (i.e., a 5-year survival of 21% versus 16% in regional life
tables). A factor in the success of surgical interventions was
the small number of “ever smokers” in the cohort and the low
prevalence of chronic pulmonary disease.

Nutritional factors were thought to cause the reductions
in chronic morbidity in Fogel's? study of Civil War veterans.
One theory suggests that prenatal nutrition affects the risk of
chronic disease at late ages3>—3” because the prenatal devel-
opment of major organ systems is affected by maternal nutri-
tion. In U.S. Civil War veterans born 1825 to 1844, the high
prevalence of chronic disease was thought to be a result of
poor maternal and early nutrition differentially affecting the
development of major organ systems. Improvements from
1910 to 1985 in physiologic status at late ages was argued to
be a result of improved early nutrition between the experi-
ence of the 1825 to 1844 and 1900 to 1920 cohorts. Fogel
traced this to temporal increases in stature and body mass



index (BMI) on Waaler surfaces.?® Similar improvements
were found in functional and strength measures between
Civil War recruits and military personnel post—World War Il
in the Gould samples.3°

Another theory suggests that improved food hygiene
reduced exposures to viral and other chronic “slow” infec-
tions (e.g., cytomegalovirus [CMV], herpesvirus, and Chla-
mydia pneumoniae*®*') in animal food sources causing later
reductions in atherosclerosis in adults.*> They suggest that
thermal food processing and tighter regulations on livestock
production reduced the risk of chronic circulatory diseases
and certain cancers*® by reducing the risk of chronic viral
and other infections.*>#* That is, recent declines in heart
disease mortality were traced to the ingestion of atherogenic
viruses in pre—World War Il and postwar declines in infec-
tion rates as food hygiene improved. A number of events
shaped these trends; vesicular exanthema, a viral disease of
swine, was discovered in 1932. Controls for this and other
livestock infections began in California in 1945 to 1949,
a state showing early (1950) declines in heart disease. An
outbreak of vesicular exanthema in 1952 mandated national
regulations requiring thermal processing of livestock feed.
Hog cholera eradication programs began in 1962. The
Swine Health Protection Act was passed in 1980 to prevent
another virus from entering the food chain. Thermal pro-
cessing of prepared foods, although existing as a technology
at the turn of the century, expanded rapidly after World War
II. Some early models of atherosclerosis*>4¢ suggested that
infectious agents were involved in addition to inflammatory
processes, homeostatic factors, and blood lipids.#” However,
the technical ability (e.g., polymerase chain reaction [PCR]
or fluorescence in situ hybridization [FISH]) to detect the
presence of agents, their genetic effects, or persistent immu-
nologic responses is relatively recent.*8

Another model suggests that chronic circulatory dis-
ease change was in part due to changes in the dietary lev-
els of micronutrients, such as vitamins A, B, C, E, and D.
Vitamins A, C, and E are antioxidants and may reduce the
rate of oxidation of low-density lipoprotein (LDL) choles-
terol in macrophages (producing “foam cells")—a factor in
atherogenesis.#” Vitamins A and E are cellular redifferenti-
ating agents possibly reducing the risk of some cancers.*’
The dietary levels of vitamins A (and other retinoids) and
C depend upon the availability of fresh fruits and vegeta-
bles—foodstuffs difficult to preserve before refrigeration
and transportation technologies allowed persons in northern
temperate climates to continue to consume such foodstuffs
through the winter. This also could affect hypertension and
stroke risk in that refrigeration reduced the use of salt as a
food preservative. Increased consumption of fruits may also
have increased potassium intake and lowered hypertension.

Vitamin D has long been a supplement. Moon et al®°
noted that the curative effects of cod liver oil on rickets were
documented in 1917. By 1923, the United States imported
half a million gallons of fish liver oil; nearly 3 million gallons
in 1930. Ultraviolet radiation of milk began in the United
States in 1924. Production of vitamin D rose from 35 Ib in
1948 to 14,000 Ib in 1972. Supplementation became prob-
lematic in that vitamin D is a potent hormonal agent with a
narrow therapeutic trough. Reductions in supplementation
were mandated by the Food and Drug Administration (FDA)
in 1972.

Chapter3 / The Future of Old Age 13

Vitamin D metabolism is complex, including effects on cel-
lular calcium metabolism and parathyroid hormone produc-
tion, possibly leading to hypertension.’! Vitamin D interferes
with the uptake of magnesium. Concomitant with increased
vitamin D supplementation were declines in magnesium in
the United States diet because of the use of nitrogen-based
fertilizers. Vitamin D also increases the absorption of iron,
so oversupplementation could affect heart disease by reduc-
ing magnesium (which could increase production of aldoste-
rone’?) and by increasing iron absorption—increasing LDL
oxidation (also by causing increases in serum calcium and
calcification of plaque), stroke (by affecting hypertension),
and osteoporosis (by direct effects on osteoclasts and bone
resorption). It is relatively recent that the standards for
vitamin D supplementation, especially in the elderly, are
now argued to be too low with increases of vitamin D intake
in the elderly suggested.

A fourth model involves elevated homocysteine because of
increased meat consumption and genetic or dietary deficien-
cies of vitamin B; and B;,. Decreasing renal function with age
may adversely affect physiologic vitamin B levels, as may age
changes in liver metabolism through the eighth decade of
life. The homocysteine model suggests that atherosclerosis
is partially a disease of protein toxicity whereby failure to
detoxify certain sulfur-based amino acid products of protein
metabolism leads to damage in arterial endothelium.>® The
homocysteine model may not only explain initiating events
in circulatory disease,>* but also possibly osteoarthritic and
rheumatoid arthritic changes (by affecting cartilage matrix
formation) and increases in dementia.>® Vitamin By also has
a wide range of physiologic effects (e.g.,, DNA binding and
nuclear localization) on a super family of ligand activated
transcription factors that exert biologic effects by regulating
target gene expression.’%>” Recently, however, folic acid sup-
plementation mandated in Canada and the United States was
associated with considerable reduction in stroke risk as com-
pared to Britain, where such supplementation did not occur.’®

CURRENT AND FUTURE BIOMEDICAL
INPUTS TO AGING

The factors described above determined health parameters
of persons now entering advanced age ranges. To respond to
this heterogeneity of aging parameters, and recent changes
in the physiologic manifestation of aging changes, are
treatment modalities made possible by recent biomedical
research. Research focused on aging began in the United
States with the creation of the National Institute on Aging
(NIA) in 1974. In the 1960s, biologic senescence was often
viewed as a genetically determined cellular process operating
universally in all tissue types, with chronic diseases believed
to be manifestations of its effects. Hayflick®® suggested such
a model after observing that human fibroblasts could repro-
duce only 50 to 60 times. An experiment® challenging this
view examined the number of cell replications remaining for
fibroblasts drawn from persons aged 30 to 80 years. Cells
lost one replication for every 5 years of life. Cristofalo et al®!
found similar results. Thus, if this is the basic mechanism of
senescence, it would not limit life spans near current levels. It
has been suggested that defects in mitochondrial DNA may
be a more likely biologic limitation to the maximum human
life span, suggesting a limit of 129 years.
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In the 1970s it became clear that many aging studies had
design flaws (i.e., the rate of loss of physiologic function was
tracked in “representative” elderly populations). This con-
founded the intrinsic physiologic rate of aging with the age-
dependent prevalence of chronic disease determined by the
history of environmental exposures. Studies of populations
screened for existing chronic diseases lowered estimates of
the age rate of loss of physiologic functions (e.g., the age
rate of loss of cardiac function in an active elderly population
was one half that in earlier studies).®> Age-related disease
processes were found to be physiologically more complex,
with much wider variation in expression than previously
thought %364

In the 1980s, medical science began to demonstrate sig-
nificant potential for modifying chronic disease processes.
Atherosclerosis was once thought to be a product of an
aging circulatory system. Now it appears to be reversible
by nutritional modification (e.g., cholesterol reduction) and
other interventions,®: with functional responses evident
before anatomic changes®”.%8 and facilitated by antioxidant
therapy.®® Left ventricular hypertrophy (LVH) was thought
to be because of age-related remodeling of cardiomyocytes.
However, angiotensin-converting enzyme (ACE)-II inhibi-
tors and controlling hypertension can also cause regression
of LVH,”° possibly by blocking the effects of aldosterone in
remodeling myocytes as fibrotic tissue.”! Many classic signs
of senescence, or old age, are now well-defined pathologic
processes (e.g., frailty and osteoporosis, cognitive impair-
ment, and Alzheimer's disease). With the pathologic mecha-
nisms identified, it is possible to develop disease-modifying
interventions, especially at the molecular level, and thus to
remold the aging process.

Some early chronic disease and aging interventions were
initiated serendipitously. Exogenous estrogens were used by
3 million U.S. women in 1985 for post menopausal symp-
toms. By 1994 this had grown to 10 million women. It appears
that exogenous estrogens reduce the risk of osteoporosis and
CHD?? in postmenopausal women.”? Research” suggested
that estrogen supplementation could reduce the risk of demen-
tia by 50%. A recent major clinical trial, however, calls those
benefits into question, although reanalysis of those data sug-
gested female Hormone Replacement Therapy has to be initi-
ated shortly after menopause to have positive effects. Negative
effects of HRT seemed most manifest in very elderly women
where HRT was initiated 15 to 20 years postmenopause. Fur-
ther analysis is needed to clarify the dynamics of treatment
and response. Evidence suggests that testosterone supplemen-
tation may have benefits for males in terms of reduced demen-
tia risk. Data from the 1999 NLTCS suggested there have been
large declines in dementia risk from 1982 to 1999.'%

Aspirin has long been used as an analgesic and to con-
trol fever. Recently, its potential in secondary prevention of
stroke and heart attack by affecting platelet adhesion has
been realized.”> An association of aspirin consumption with
reduced risk of colorectal cancer was found, as has a specu-
lative association with reductions in Alzheimer's disease
risks.”® Nonsteroidal anti-inflammatory drugs (NSAIDs),
by blocking inflammatory tissue responses, may affect other
cancers by affecting the ability of tumor cells to metastasize
and clonally organize.

Modeling senescence as the genetic control of the number
of cell replications was given impetus by investigations of

the end-segment of the human chromosome, the telomere,
and an enzyme, telomerase, that induces its lengthening.””
The evidence for the telomere controlling senescence is
mixed. The telomere does decrease in length as the cell rep-
licates but may correlate more strongly with oxidative stress.
However, even when a given length is reached, although the
cell ceases to divide, it may exhibit stable metabolism and
function. Bone marrow and blood cells express low levels of
telomerase, with that activity distributed across different cell
types. Furthermore, its production may be controlled hor-
monally and by growth factors in damaged (e.g., the lung)
tissues. Thus there may not be an absolute shutoff of telom-
erase in somatic cells but continuing production at low levels
and with continuing genetic potential for production. This
is consistent with templates of telomerase ribonucleic acid
(RNA) existing in somatic cells and the ability of tumor cells
to express telomerase after a crisis phase.”®

Evidence of the role of telomerase in neoplastic growth
is clear. Normally, cells stop replicating while the telomere
is still long. It may be that the p53 mediated pathway to
apoptosis’? is activated when the telomere drops below a
functionally suboptimal length. Then the cell enters a cri-
sis phase that leads either to cell death or a reactivation of
telomerase, a stabilized telomere length, and an immortal
cell line.8° Confirmation was found in that telomerase activ-
ity was present in 68% of stage I, and 95% of advanced stage
breast tumors, but not in normal tissue. Telomerase was
expressed in 45% of fibroadenomas, benign breast lesions.®!

The search for mechanisms of senescence is difficult.8?
Many physiologic mechanisms associated with aging and
cell growth have proved to be more mutable by environ-
mental factors, even at the genetic and molecular level, than
once thought.*” 8384 Some authors®® argued that human life
expectancy is limited to 85 years unless medical science
develops interventions at the molecular level to modify
parameters of aging. The problem with these arguments is
in defining molecular interventions; many existing interven-
tions operate at a molecular level. Nutritional factors (e.g.,
vitamins A, B) may affect receptor structure in the cell mem-
brane, the message to DNA, and the transcription of genetic
code to specific proteins. Some interventions have been
used for a long time, even though their mechanisms were
initially not understood. Doxorubicin, an anthracycline, is a
potent chemotherapeutic agent that disrupts cell replication
by affecting nuclear proteins: Topoisomerase Il @ and f3.83
Early chemotherapeutic techniques were based on relatively
simple principles where cell death was a function of drug
concentration. The ways (e.g., interactions of c-myc, bcl-2,
and p53 genes*®) in which apoptosis is induced, and inter-
ventions in ancillary processes such as angiogenesis, growth
factor dependency, metastatic invasion, and cellular rediffer-
entiation, are therapeutic avenues being investigated at the
molecular level.

To illustrate, an agent in use a long time, for which the
mechanisms of molecular action are still being elaborated,
is the antiestrogen, tamoxifen. This compound was given
to older women with advanced estrogen receptor positive
breast cancer to control its growth.3¢ At first, growth inhibi-
tion was attributed to competitive binding with estrogen in a
tumor cell's estrogen receptors. This initially raised concern
that tamoxifen would exacerbate osteoporosis and heart dis-
ease. However, tamoxifen's interaction with the receptor was



more complex—sometimes being an agonist (i.e., it was pro-
tective against bone loss and circulatory disease). It appears
that tamoxifen affects the ability to induce transcriptional
activity in the carboxy-terminal ligand binding domain.%” Of
further interest was that tamoxifen affected estrogen recep-
tor—negative tumor cells, and in interaction with chemothera-
peutic agents (e.g., cisplatin),?8 by synergistically interacting
in inducing apoptosis with other agents (e.g., vitamin D)3°—
possibly by increasing the expression of estrogen receptors
or by blocking the action of drug-resistant genes by affect-
ing the calcium channel membrane transport of the drug.?%°!
The effects on estrogen receptor—negative breast cancer cells
may be due to the induction of apoptosis by overexpres-
sion of c-myc, mRNA, and protein.”? These effects may be
enhanced by retinoic acid and vitamin D analogs.”3°* Inter-
ventions into the transcriptional expression of genotypes by
known agents is interesting, given growing insights into the
relation of carcinogenesis and senescence 809596

THE FUTURE OF AGING

The above suggest that (1) the physiologic expression
of aging changes will vary in the future because of major
changes in nutrition, infectious disease risks, and hygiene,
some exposures inducing stable genetic aberrations, 884 and
(2) that we already have many agents and therapies affect-
ing the molecular transcriptional expression of genotype,
although our knowledge of the details of those mechanisms,
and how to intervene, are not complete. It can be argued,
however, that we have only recently developed the scien-
tific tools (e.g., PCR, restriction fragment length polymor-
phism [RFLP]; chromosome painting*$:84) to accelerate our
understanding of these mechanisms, and the techniques and
agents for intervening (e.g., rational drug design; nonimmu-
nosuppressive cyclosporin, PSC833).97

Techniques intervening at a molecular level are not
restricted to cancer treatments but also apply to many other
disorders.”® A promising area is the improved regulation of
the aging immune system.? A promising recent development
was the observation that interleukin-10 (IL-10) suppressed
tumor growth and inhibited spontaneous metastasis.'%0.101
This was a surprise because IL-10 suppressed macrophage
and helper T-cell function, and delayed hypersensitivity
reactions. In suppressing macrophage activity, IL-10 sup-
pressed release of proinflammatory cytokines, nitric oxide,
and reactive oxygen intermediaries. It, however, stimulated
natural killer (NK) cells and chemoattraction of CD8+ cells
and neutrophils. Inhibition of macrophage activity may have
a tumor suppressive effect by reducing the local production
of multiple growth or angiogenesis factors. Alterations of
immune function (e.g., by vitamin A, C, or E supplemen-
tation'02.193) "and inflammatory responses and angiogenesis
may be important in autoimmune disorders'?* and in certain
stages of atherogenesis.'?%1% As in other cases, nutritional
factors hold promise for modifying abnormal immunore-
sponse (e.g., the role of fish oil supplementation on MHC-II
molecules and the membranes of human white blood cells
affecting auto-immune disorders).'” Omega 3 fatty acids
may protect against chronic obstructive lung disease in ever
smokers.'08

Thus there is a matrix of interrelations of physiologic
processes that underlie the major chronic diseases expressed
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in old age. For example, the expression of Lp(a), a factor in
circulatory disease risks, also has a strong association with
breast cancer risk and its ability to metastasize.!?? The role
of inflammatory response, and of the local production of
growth factors, is likely crucial to both tumor growth and
the development of atherosclerotic plaque.!0!.105.106 There
are likely associations of osteoporosis and atherosclerosis
due to altered calcium metabolism.!'9 Osteoporosis may
be linked to hypertension and renal function by vitamin D
metabolism %8111

Because of this rapidly increasing understanding of disease
process and therapeutic intervention at the molecular level, it
is reasonable to anticipate future and accelerating changes in
disease, function, and mortality risks at late ages. One of the
crucial factors is to develop therapeutics with positive effect
profiles. This is possible because of the above-mentioned
matrix of physiologic functions that interrelate many age-
dependent pathologies at the molecular level. For example,
ACE-II inhibitors have positive effects on lipid and glucose
metabolism, reduce LVH, possibly increase 3-receptor den-
sity, and control hypertension.!'?~!* Certain B-blockers may
improve B-receptor activity in the myocardium by downreg-
ulating both the response to norepinephrine and to activity
as an antioxidant.!'® The reason that IL-10 is promising is
because it does not produce the serious side effects found
with many other cytokines.!!®

An area of molecular medicine that is likely to strongly
affect the health and functioning of the U.S. elderly popu-
lation is in the management of osteoarthritis. Osteoarthri-
tis is currently viewed as a medically untreatable condition
in the United States (less so in Europe where glucosamine
supplementation is more accepted), with current clinical
responses involving surgical joint replacement (especially of
the knee and hip). Although reasonably effective, alterna-
tive surgeries (e.g., hip resurfacing approved for use in the
United States only last year by the FDA) and orthobiologic
approaches to cartilage regeneration (using growth factors,
stem cells for chondrocytes, and new materials for cartilage
growth matrices) are finishing phase Il trials and may repre-
sent improved approaches to deal with the 50% to 60% of
elderly with some degree of osteoarthritis.??> This, combined
with new immunomodulatory drugs for rheumatoid arthritis,
could greatly enhance the functionality of the U.S. elderly
population.

One argument may be that this increased understanding
of disease mechanisms may produce medical interventions
too expensive to provide en masse to a rapidly growing
elderly population (e.g., the prescription of human growth
hormone). This may, however, be due to a misunderstand-
ing of the economics of biomedical innovation in that while
the initial development of new technologies is expensive the
evolution of subsidiary production technologies reduces unit
costs and more of the population is treated (i.e., research
and development costs are amortized over larger numbers
of patients and the full benefits for the population are real-
ized).!'” For example, ACE-II inhibitors reduce the number
of days of hospitalization required for congestive heart fail-
ure (CHF).'"® As a result, the cost benefit ratio of ACE-II
inhibitors, appropriately applied, can be quite high.” Helico-
bacter pylori was characterized in 1984. The role of H. pylori in
the mechanism for most ulcers and gastric cancers!!® identi-
fied new treatment modalities that are very cost-effective.
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Antibiotic treatment for H. pylori costs about $200 compared
with about $100 per month for the use of histamine block-
ers, which do not cure the disease. Given that there may
be 4.5 million ulcer cases in the United States, the savings
would be significant. Other technologies have proven cost-
effective, such as day surgery and plastic lens implants for
cataracts'??, pacemakers more appropriate for cardiac func-
tional decline at late ages with dual chambers which respond
to the increasing importance of arterial pulse in regulating
cardiac output with age.'?! Thus the correct understanding
of a disease mechanism and linkages may produce synergistic
interventions that eventually prove economic, especially if
disease control is also accompanied by functional increases
at late ages.'?? Estimates of the savings to Medicare of
reductions in functional disability prevalence from 1982 to
1995 could be more than 7% of costs; or $180 billion to
$200 billion (in 1995 dollars'?).

Even more important is the failure of economic evalua-
tions of medical costs to compare costs to the benefits of
improved health (i.e., the return on investment). For exam-
ple, the U.S. labor force rate of growth is projected to slow
from 1.2% in 1996 to 0.8% in 2006, and 0.3% in 2016 with
the consequence of slowing economic growth. Improving
health at later ages, at the rates achieved from 1982 to 2004,
could prove to be a strong stimulus to economic growth by
enhancing the size and quality of the human capital pool at
later ages.'?3 In addition, economically, the share of GDP
expended on health services could usefully grow as other
consumer goods (e.g., electronics) markets saturate and dis-
posable income grows.'?*

If costs are not such an important limiting factor to
advancement of health at late ages when improved health
is properly economically evaluated, what might aging in the
mid-twenty-first century look like? Projections for the United
States suggest that control of major circulatory disease risk
factors, over a long enough time for their regulation to affect
existing disease, could significantly increase the mean age at
which CHD and stroke deaths occur.'?®> The predominant
forms of CHD would involve interactions of hypertension,
atherosclerotic change, and age-related declines in cardiac
function (e.g., age-related loss of B-receptor binding effi-
ciency) that would become further dominated by the age-
related changes in cardiac function. Cancer mortality has
begun to show significant declines (e.g., 16% drop from
1990 to 2006) because of a variety of factors, with many
new treatments now in clinical trials. Evidence suggests that
significant breast cancer mortality reductions have occurred
because of the use of tamoxifen in estrogen receptor—posi-
tive disease and adjuvant therapy in early node—negative
disease.'20.127 Greenspan'?® suggests current chemotherapy;,
rigorously applied, could reduce the number of U.S. breast
cancer deaths by one third. The aging of the population
could promote this trend, as recent studies indicate that very
young women with breast cancer may respond less favor-
ably than older women to chemotherapy.!??139 This is due
to the generally less aggressive nature of disease in older
women and probably to better management of the adverse
effects of more aggressive treatments at later ages (e.g., use
of granulocyte-colony stimulating factor [G-CSF]). How-
ever, progress is evident even for the more aggressive forms
of breast cancer because of the development of monoclonal
antibodies against specific growth factors, such as Herceptin.

The mix of cancers affecting an older population will
change significantly. This will be related to the nature of the
host tissue in which the tumor arises. For example, cancer
related to infectious processes (liver cancer, gastric can-
cer) or food spoilage may decline. Other neoplasia related
to biologic aging processes (e.g., prostate cancer, multiple
myeloma, certain types of lymphoma, late-onset breast can-
cer) will increase in importance, although the mean age of
death from those cancers will also increase. The effects of
viral diseases on cancer risks and possibly on atherogene-
sis and general immunologic dysfunction (e.g., plasma cell
dyscrasias of unknown significance, which often progress to
multiple myeloma)?? will become more treatable as antivi-
ral agents improve and as our understanding of the chronic
effects of viruses on the immune system advances. Thus there
are a number of areas where therapeutic advances could
occur, affecting multiple stages of very lengthy chronic
disease processes. In addition, therapeutic advances could
be supported by behavioral and lifestyle changes among
middle-aged and elderly persons. This can be anticipated
in that (1) the proportion of elderly cohorts who are better
educated is increasing (i.e., better educated populations tend
to be more amenable to public health messages)'3! and (2)
physical activity has been shown to have benefits to extreme
ages, 132134

These changes could increase life expectancy in the next
50 to 60 years (i.e., by 2050 to 2060) to 95 to 100 years.'3%.136
This compares with U.S. Census Bureau high life expectancy
projections for 2050 of 86.4 years for males and 92.3 years
for females.?* Census Bureau life expectancy estimates are
based on extrapolations of mortality trends. Our higher
estimates are based on using multiple risk factor data, their
dynamics, and assumptions about the ability to jointly con-
trol those factors.!3%.13¢ For example, in Kravchanko et al, 37
comparison of stringent risk factor control versus programs
for progenitor cell replacement to reduce the arterial dam-
age caused by atherosclerosis shows the potential benefits of
such stem cell therapies.

These projections do not assume that heart disease,
stroke, and cancer are eliminated. They do assume that the
mean age at death for each is increased because of preven-
tive and disease-modifying interventions on risk factor pro-
files. Those changes will also affect the proportion of deaths
because of specific causes. Male cancer mortality could
increase from about 20% to 40% of deaths at all ages. The
largest changes would come from increased proportions of
cancer deaths above age 85. For females, cancer mortality
would increase relatively more (to about 60% of all deaths)
because the adverse effects of menopausal changes in mul-
tiple cardiovascular disease (CVD) risk factors are assumed
controlled in the projections. CVD risks would decline
moderately (from 65% to 50%) for males as a proportion
of all deaths, but those deaths would occur at later ages. For
females, the projected declines in CVD deaths are much
larger.

Such projections imply different things for U.S. society's
carrying capacity for the elderly. In census projections, the
high life expectancy series projects a U.S. population of
416 million by 2050. In this projection, 1% would be over
age 100 (4.1 million), 7.2% would be over age 85 (30 mil-
lion), and 23.3% would be over age 65 (97 million). The
proportion of the population above a given age in the census



projections is strongly affected by fertility assumptions.
For example, Social Security Administration (SSA) cohort
life tables for persons born in 1950 (which use less favor-
able mortality assumptions) imply that 5.6% of females and
1.5% of males live to age 100. Assuming a 3 to 1 survival
advantage for females to age 100, this suggests that 4.6% of
the 1950 cohort survives to age 100. For the 1990 cohort,
survival to age 100 is 10.2% for females and 3.3% for males,
or 8.4% combined. Thus in a stable population, a large pro-
portion of persons reach age 100 even in less optimistic SSA
1990 life tables. In risk factor—based projections, the U.S.
population is projected to be 456 million persons in 2050,
with 14% over age 85, and 33% over age 65. Although these
proportions are larger than in the census projections, they
are not grossly different from the 25% of the Japanese popu-
lation expected to be over age 65 in 2025. If fertility and
immigration is lower than assumed in Japanese census projec-
tions, then the proportion of the population over age 65 and
over 85 would be higher. Even the extreme projections made
from risk factor data do not take into account recent studies
suggesting that human mortality never exceeds 40% at any
age (i.e., 40% is the maximum mortality rate)—an assump-
tion built into the Society of Actuaries 1994 group annuity
tables.!38 Such estimates are consistent with estimates from
multiple studies showing that the annual increase in mortality
rates slows to very low values (2% to 3%) about age 100.2¢
These slow increases in mortality are apparently because of
the high mortality rates of very elderly persons with high lev-
els of disability. Thus the average level of disability about age
95 tends to stabilize because of the equilibrium with mortality
rates at those ages.'?®> Recent analysis even suggests prospects
for mortality risk decline at advanced (i.e., 105+) ages.'3°
The question emerges of how a society and economy must
change to deal with a population with such a high propor-
tion of elderly, and quite possibly healthy and functional,
persons. This is primarily a problem only if the commensu-
rate change in the age-specific health status of the popula-
tion does not occur. The health-mortality factors discussed
above suggest that the natural dynamics of mortality, dis-
ability, and mortality (i.e., their dynamic equilibrium!4%)
enforce this in part. There is also evidence of such changes
in current health expenditures. Lubitz et al'*! found that the
average Medicare expenditure for those who died at age 70
was $35,511, compared with $65,633 for those who survived
to age 101. Thus the average Medicare expense per year for
centenarians from ages 65 to 101 was $1,823 compared with
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$7.100 per year for those who died at age 70. Thus the pat-
tern of a declining rate of Medicare expenditures with age
contrasts to the accumulated liability of increased life expec-
tancy for Social Security.

If disability declines, as observed from 1982 to 2004-2005,
health costs may decrease even more rapidly at later
ages.'”123 This pattern also seems consistent with the differ-
ent patterns of medical problems that may be faced at late
ages in the future. Disability will not only be prevented but,
in the future, functional loss will be increasingly reversed by
“regenerative medicine” (e.g., orthobiologic management
of osteoarthritis). Thus the primary response to the social
costs of such large elderly populations might be increases
in the normal retirement age for Social Security. Each year
of increase in the normal retirement age for Social Security
has a large fiscal impact. Thus, if the normal retirement age
could be increased to age 70 (or 74), because the average
physiologic status at those ages is now equivalent to the
physiologic status at age 65 in, say, 1982—then a large
portion of the fiscal burden of population aging could be
addressed. Indeed, given restrictions on the ultimate size of
human populations, improvements in health at advanced
ages may be an economic necessity in the United States and
other developed nations with rapidly changing population
age structures.
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CHAPTER 4

Evolution Theory and the
Mechanisms of Aging

The question "Why does aging occur?’ calls for answers
both at the level of proximate, physiological mechanisms
and also at the level of ultimate, evolutionary origins. This
chapter provides an understanding of why aging has evolved
and examines what evolution theory can tell us about the
kinds of mechanisms we might regard as prime candidates to
explain senescence.

Evolution theory is well recognized as a powerful tool
with which to inquire about the genetic basis of the aging
process.'=* Although human aging has its roots long ago
in our past, the study of its evolution can throw impor-
tant light on key present-day challenges. For example, a
range of population-based studies, including one based
on genealogical analysis of the entire population of Ice-
land, has shown consistent evidence for a generic contri-
bution to human longevity.” There is growing interest in
knowing how many and what kinds of genes are likely to
be involved in this heritability.>” There is also interest in
human genetic disorders such as Werner's syndrome and
Hutchinson-Gilford progeria that are characterized by
acceleration of many aspects of the senescent phenotype
(see Chapter 11).

Before addressing questions about the evolutionary ori-
gin of aging it is important to be precise about how the
term "aging” is to be understood. In this chapter, aging
is defined as “a progressive, generalized impairment of
function, resulting in a loss of adaptive response to stress
and in a growing risk of age-related disease.” The overall
effect of these changes is summed up in the increase in
the probability of dying, or age-specific death rate, in the
population.

This definition of aging—in terms of a mortality pattern
showing progressive increase in age-specific mortality—
allows comparisons to be made even among species where
the detailed features of the aging process may differ mark-
edly. In phylogenetic terms, aging is widespread but by no
means universal.>~'2 The fact that not all species show an
increase in age-specific mortality indicates that aging is not
an inevitable consequence of wear-and-tear. On the other
hand, the fact that very many species do show such an
increase is evidence that the evolution of aging has occurred
under rather general circumstances.

EVOLUTION OF AGING

Theories on the evolution of aging seek to explain why aging
occurs through the action of natural selection. The decline in
survivorship, which is often also accompanied by a decline
in fertility, means that there is an age-associated loss of Dar-
winian fitness that is clearly deleterious to the organism in
which it occurs. Natural selection acts to increase fitness, so
it is at once clear that selection should be expected, other
things being equal, to oppose aging. The challenge to evolu-
tion theory is thus to explain why aging occurs in spite of its
drawbacks.
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Programmed or “adaptive” aging

[t is sometimes suggested that despite its disadvantages to
the individual, aging is beneficial and even necessary at the
species level, for example, to prevent overcrowding.!3'# In
this case, genes that actively cause aging might have evolved
specifically to program the end of life, in the same way as
genes program development.

The difficulty with this view is that there is little evi-
dence that intrinsic aging serves as a significant contribu-
tor to mortality in natural populations,!® which means that
it apparently does not play the adaptive role suggested for
it. The theory also embodies the questionable supposition
that selection for advantage at the species level will be more
effective than selection among individuals for the advan-
tages of a longer life. Aging is clearly a disadvantage to the
individual, so any mutation that inactivated the hypothetical
adaptive aging genes would confer a fitness advantage, and
therefore, the nonaging mutation should spread through the
population unless countered by selection at the species or
group level. Conditions under which “group selection” can
work successfully are highly restrictive,'® especially when
there is selection in the opposite direction acting at the level
of the individual. Briefly, it is necessary that the popula-
tion be divided among fairly isolated groups, and that the
introduction of a nonaging genotype into a group should
rapidly lead to the group's extinction. The latter condition
is necessary to provide the selection between groups that
might, in principle, counter the tendency for selection at the
level of individuals to favor the spread of nonaging mutants.
Although theoretical special cases have been constructed
that might permit the selection of genes to cause aging, it
appears unlikely that the necessary conditions will be met
with sufficient generality to explain the evolution of aging.

Selection weakens with age

An observation of central importance to the evolution of
aging is that the force of natural selection—that is, its ability
to discriminate between alternative genotypes—weakens with
age.'>17-20 Because natural selection operates through the differ-
ential effects of genes on fitness, its discriminatory power must
decline with age in proportion to the decline in the remaining
fraction of the organism’s lifetime expectation of reproduction.
This is true whether or not the species exhibits aging.

The attenuation in the force of natural selection with age
means inevitably that there is only loose genetic control
over the later portions of the life span. For this reason it has
been suggested that aging might be due to an accumulation
in the germ line of mutations, which potentially are deleteri-
ous but are not expressed, or which produce no phenotypic
effect until late in life."”

The idea is that if deleterious mutations are expressed
so late that most individuals will already have died from
some other cause, such as predation, even though the genes
involved have the potential to cause harm they will be subject



Chapter4 / Evolution Theory and the Mechanisms of Aging 19

to very little selection against them. Over the generations, a
large number of such genes might accumulate. These would
cause aging and death only when an individual is removed to
a protected environment, away from the hazards of the wild,
and so lives long enough to experience their negative effects.

A stronger version of this theory was proposed by
Williams,'® who suggested that because of the declining
force of natural selection with age, any gene that conferred
an advantage early in life would be favored by selection even
if the same gene had deleterious effects at older ages. Such
“pleiotropic” genes could explain aging. The decline in the
force of natural selection with age would ensure that even
quite modest early benefits would outweigh severe harmful
side effects, provided the latter occurred late enough.

Disposable soma theory

The disposable soma theory!'#2!-23 explains aging through
asking how best an organism should allocate its metabolic
resources, primarily energy—between, on the one hand,
keeping itself going from one day to the next, and on the
other hand producing progeny to secure the continuance of
its genes when it has itself died. No species is immune to
hazards such as predation, starvation, and disease. All that
is necessary by way of maintenance is that the body remains
in sound condition until an age after which most individu-
als will have died from accidental causes. In fact, a greater
investment in maintenance is a disadvantage because it eats
into resources that, in terms of natural selection, are better
used for reproduction. The theory concludes that the opti-
mum course is to invest fewer resources in the maintenance
of somatic tissues than are necessary for indefinite survival
(Figure 4-1). The result is that aging occurs through the
gradual accumulation of unrepaired somatic defects, but
the level of maintenance will be set so that the deleterious
effects do not become apparent until an age when survivor-
ship in the wild environment would be extremely unlikely.

Comparison of the evolutionary theories

The adaptive program theory is in a category of its own
and support for this theory is weak; it will not be consid-
ered further in this chapter. The disposable soma and pleio-
tropic genes theories are adaptive in the sense that aging is
the result of positive selection for aspects of the organism'’s
life history, but the essential difference is that aging itself is

Aging Nonaging

T~

Darwinian fitness

Investment in somatic maintenance

Figure 4-1. Relation between Darwinian fitness and investment in somatic
maintenance predicted by the disposable soma theory of aging. Fitness is
maximized at a level that is less than that which would be required for indefinite
longevity (nonaging).

not adaptive but is a negative trait that arises only as a by-
product or tradeoff of some other benefit. The late-acting
deleterious mutations theory assumes an essentially neutral
evolutionary process, the accumulation of mutations reflect-
ing the inability of natural selection to maintain tight control
over the later portions of the life span.

Among the nonadaptive theories there is a common
strand, namely that old organisms count less. This is not due
to any implicit assumption of frailty or obsolescence (this
would render the theories circular), but to the simple math-
ematics of mortality. Even if old organisms retain exactly the
same vigor as young ones, to the extent that old and young
are physiologically indistinguishable, the fact that each
cohort becomes numerically attenuated with age means that
the selection force weakens. The nonadaptive theories are
not mutually exclusive. Therefore, aging might in principle
be due to a combination of any of them.

As regards the nature of gene action, the disposable soma
theory is the most specific of the evolutionary theories, for
it suggests not only why aging occurs but also predicts that
the genetic basis of aging is to be found in the genes that
regulate levels of somatic maintenance functions. Neither
the pleiotropic genes theory nor the late-acting deleterious
mutations theory is specific about the nature of the genes
involved.

GENETICS OF LIFE SPAN

This section looks at the genetics of life span, first from the
point of view of interspecies comparisons. That is, it will ask
the question Why do species have the life spans they do? It
will then look at intraspecies variation and heritability of life
span. Finally, there is a brief discussion of human progeroid
syndrome, such as Werner's and Hutchinson-Gilford proge-
ria, as models of genetically accelerated senescence.

Species differences in longevity

In addition to explaining why aging occurs, evolution theory
also must account for differences in species life spans. This
raises basic questions about the genetic control of aging:
specifically, how many genes are involved and how are these
modified by selection to produce changes in life span?

For each of the nonadaptive theories, the generality of
the selection forces that are involved suggests that multiple
genes will be implicated. If there is a very large number of
independent genes causing aging, however, the life span
may be slow to change, because modifying a single gene
may have little effect by itself and the probability of simulta-
neous independent modifications will be low. This suggests
that either a reasonably small number of primary genes are
responsible for aging, or that there exists some mechanism
for coordinate regulation.

The evolution of increased life span is most readily
explained if it is assumed that an adaptation occurs that results
in a general lowering of the accidental (age-independent)
death rate. In the late-acting deleterious mutations theory,
this may result in new pressure to eliminate or postpone the
deleterious gene effects. In the pleiotropic genes theory, the
balance between early benefit and late cost may be shifted in
favor of reducing the harmful effects on late survival. In the
disposable soma theory, there may be selection to tune the
optimum investment in maintenance to a higher level.
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Variation within species

The variability in life span observed within a species or pop-
ulation clearly owes much to chance, but there is a signifi-
cant heritable component as well.> Martin et al® have applied
the terms “public’ and “private” to denote genetic factors
related to aging that may either be specific to individuals
or shared across a population (perhaps even across species).
Late-acting deleterious mutations are strong candidates for
private genes because the fate of such alleles is determined
largely by random genetic drift. Public genes are more likely
to be those that arise through tradeoffs. In particular, the
genes involved in regulating mechanisms of somatic main-
tenance are likely to be public genes of considerable impor-
tance. Although these genes are “public” in the sense that all
individuals have them, there may nevertheless be variations
within a population in the precise levels at which these func-
tions are set. These variations in setting may in turn be the
cause of genetic variation in life expectancy.

As predicted by the disposable soma theory, the level of
individual somatic maintenance systems should be set high
enough so that the organism remains in sound condition
through its natural expectation of life in the wild environ-
ment, but not much higher than this, or resources will be
wasted. Numerous maintenance systems operate in parallel
to preserve viability (Figure 4-2). Depending on the levels at
which they are set, each maintenance system can be thought
of as “assuring” a given span of life (see also Cutler’* and
Sacher?® for earlier discussion of the concept of “longevity
assurance”). When any one of these critical mechanisms has
exhausted its potential for assuring longevity, which hap-
pens because the accumulated defects threaten survival, the
organism is liable to die.

If we now recall the shape of the fitness curve in Figure 4-1,
we see that its peak—the point towards which natural selec-
tion is expected to exert evolutionary pressure—is rounded
instead of sharp, and so we can expect a fair amount of intra-
population variance in the precise settings of maintenance
processes. Selection is expected to direct these settings
toward the peak, but once within the region of the peak, the
fitness differences on which selection can operate become
quite small.

Putting these ideas together generates the prediction
summarized in Figure 4-2. On the average, we expect the
longevity assured by individual maintenance systems to be
similar. This is because if the setting of any one mechanism
is so low that it consistently fails before any of the others,
then selection will tend to increase the level at which it is
set. Conversely, if any mechanism tends always to fail after
the others, then to the extent that this mechanism involves a

Somatic maintenance system

DNA repair

metabolic cost, there will be selection to tune down the level
at which it is set. In individuals, however, the genetic vari-
ance within the population is expected to result in variation
in the extent to which the organism is predisposed to age
from specific causes. For example, some individuals are likely
to be less well protected against oxygen radicals than oth-
ers, and these individuals will therefore experience greater
oxidative damage.

Instances of extreme longevity, such as human centenar-
ians, are of special interest for they are likely to be endowed
with unusually high levels of each of the important ingre-
dients of the cellular defense network.® Such individuals
may also be distinguished by their freedom from alleles that
predispose toward diseases that otherwise might shorten
life expectancy. Schichter et al>” performed the first genetic
study comparing centenarians with younger adult controls,
which validated the general potential of this approach. Since
then a number of further studies have been conducted to
examine the genetics of human longevity.”

It is anticipated that the next few years will see the pub-
lication of results from several large investigations looking
either at individuals of extreme longevity (e.g., centenari-
ans) or at families where there is reason to expect that family
members share a genetic endowment predisposing to above-
average longevity. Examples of the latter design include stud-
ies that are recruiting nonagenarian siblings (i.e., instances
where two or more members of the same family are still alive
past age 90). The technological advances that are presently
being made in the capacity to assess DNA samples for pos-
session of very large numbers of genetic markers at very high
speed mean that the focus is now increasingly on genome-
wide association studies and the linkage analyses that can
be made using family groups. Herein lies both the strength
of modern human genetics and a potential difficulty when
studying a trait like longevity, which is likely to prove highly
polygenic. If large numbers of genetic loci contribute to the
longevity phenotype, but these individually make only small
contributions, the difficulty of extracting the signals from
the statistical noise will be formidable.

Human progeroid syndromes

A number of inherited human diseases have been charac-
terized as showing a phenotype of accelerated aging. The
best studied of these conditions is Werner's syndrome, a rare
autosomal recessive disorder affecting around 10 in 1 million
people, who prematurely develop a variety of major age-
related diseases, including arteriosclerosis, ocular cataracts,
osteoporosis, malignant neoplasms, and type Il diabetes.
Cells grown from Werner-syndrome patients show reduced
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Figure 4-2. Polygenic control of longevity predicted by the disposable soma theory of aging. On average, the period of longevity assured by individual somatic
maintenance systems is predicted to be similar, but some genetic variance about the average is also expected, as shown.
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division potential and increased chromosomal instability
compared with age-matched controls, and there is evidence
that the pathology associated with Werner's syndrome may
be related rather generally to impaired cell proliferation.

Yu et al® identified the gene responsible for Werner's syn-
drome as a DNA helicase, an enzyme responsible for unwind-
ing DNA for purposes of replication, repair, and expression
of the genetic material. This discovery strongly supports the
concept that accumulation of somatic defects is important
in aging, and it well illustrates the predicted involvement of
longevity-assurance genes in determining the rate of aging.
A defective helicase increases the rate of accumulation of
DNA defects in actively dividing cell populations. A defect
in this gene leads to accelerated aging, particularly in tissues
in which cell division continues throughout life. In terms
of the scheme shown in Figure 4-2, the mutation respon-
sible for Werner's syndrome can be considered equivalent
to shortening the line for longevity assurance through DNA
repair. However, as Figure 4-2 illustrates, DNA repair is but
part of the network of longevity assurance mechanisms that
determine the overall rate of aging. It is striking that Werner's
syndrome is not associated with accelerated aging in postmi-
totic tissues, such as brain and muscle, which is consistent
with the fact that these tissues, by virtue of having little or
no cell division during adult life, are relatively unaffected by
having a defective DNA helicase.

Another striking example is Hutchinson-Gilford proge-
ria. In this condition features of aging develop even faster
than in Werner's syndrome. The discovery that Hutchinson-
Gilford syndrome is associated with mutation in the lamin A
gene, which affects the integrity of the cell's nuclear mem-
brane, has again confirmed the association between rapid
aging and accelerated accumulation of molecular and cellu-
lar damage.?$

TESTS OF THE EVOLUTIONARY
THEORIES

A key prediction of the evolutionary theories is that altering
the rate of decline in the force of natural selection will lead to
the evolution of a concomitantly altered rate of aging. This
has been tested by applying artificial selection on life history
variables or by making comparisons within and between spe-
cies on the effects of different levels of extrinsic mortality.
For practical reasons, most studies have focused on short-
lived species, in particular the fruit fly Drosophila melanogaster
and the nematode worm Caenorbabditis elegans.

Evidence for tradeoffs between early and late fitness
components, as predicted by both the disposable soma
and pleiotropic genes theories, comes from the success of
artificial selection for increased longevity in Drosophila.2%-34
A general correlate of delayed senescence has been reduced
fecundity in the long-lived flies. A similar tradeoff has also
been reported for a human population, based on analysis of
birth-and-death records of British aristocrats.3’

The nematode Caenorbabditis elegans has yielded a growing
number of long-lived mutants in which increased longevity
has been consistently associated with increased resistance to
biochemical and other stresses. Many of the affected genes
are linked to pathways that control a switch between the
normal developmental process of the worm and an alterna-
tive long-lived form called the dauer larva, which is invoked

during times of food shortage. The emerging picture points
to a fundamental link between metabolic control, growth
and reproduction, and somatic maintenance.?*-38 These find-
ings are directly consistent with the disposable soma theory,
which predicts that at the heart of the evolutionary expla-
nation of aging is the principle that organisms have been
acted upon by natural selection to optimize the use of meta-
bolic resources (energy) between competing physiologic
demands, such as growth, maintenance, and reproduction.
Consistent with this prediction it is striking that insulin sig-
naling pathways appear to have effects on aging that may be
strongly conserved across the species range. Insulin signal-
ing regulates responses to varying nutrient levels. Allied to
the role of insulin signaling pathways is the recent discovery
that a class of proteins called sirtuins appears to be centrally
involved in fine-tuning metabolic resources in response to
variations in food supply.3? It has long been known in labora-
tory rodents that restricted intake of calories simultaneously
suppresses reproduction and upregulates a range of main-
tenance mechanisms, resulting in an extension of life span
and the simultaneous postponement of age-related diseases.
What is not at all clear, however, is whether the large effects
on life span of modulating these pathways in very short-lived
animals, such as nematodes and fruit flies, will be found to
operate in longer-lived species. On evolutionary grounds it
seems likely that there will have been greater evolutionary
pressure to evolve a capacity to produce large responses to
extreme environmental variation in small, short-lived ani-
mals. Therefore the scope for such modulation in humans,
including through dietary restriction, is expected to be much
less. Nevertheless it will be surprising if there are no meta-
bolic consequences of varying food supply.

From the comparative perspective, the evolutionary theo-
ries predict that in safe environments (those with low extrin-
sic mortality) aging will evolve to be retarded. Adaptations
that reduce extrinsic mortality (wings, protective shells,
large brains) are generally linked with increased longevity
(bats, birds, turtles, humans). Field observations comparing a
mainland population of opossums subject to significant pre-
dation by mammals, with an island population not subject to
mammalian predation, found the predicted slower aging in
the island population.*°

At the molecular and cellular levels, the disposable soma
theory predicts that the effort devoted to cellular mainte-
nance and repair processes will vary directly with longev-
ity. Numerous studies support this idea. A direct relation
between species longevity and rate of mitochondrial ROS
production in captive mammals has been found*'#? as has a
similar relationship between mammals and similar-sized but
much longer-lived birds.*3> DNA repair capacity has been
shown to correlate with mammalian life span in numerous
comparative studies,** as has the level of poly(ADP-ribose)
polymerase,*> an enzyme that plays an important role in
the maintenance of genomic integrity. The quality of main-
tenance and repair mechanisms may be revealed by the
capacity to cope with external stress. Comparisons of the
functional capacity of cultured cells to withstand a variety
of imposed stressors have shown that cells taken from long-
lived species have superior stress resistance to that of cells
from shorter-lived species.*04”

Tests of the evolutionary theories support the idea that it
is the evolved capacity of somatic cells to carry out effective
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maintenance and repair that mainly governs the time taken positively or negatively with species’ life spans, (3) studies of
for damage to accumulate to levels where it interferes with the extremely long-lived (e.g., human centenarians) to iden-
the organism’s viability, and hence regulates longevity. tify factors associated with above-average expectation of life,

and (4) selection experiments to investigate the response of
life span to artificial selection pressures.

CONCLUSIONS

Our answers to the question “Why does aging occur?” have
broad implications for how we perceive the likely genetic KEY POINTS
basis of aging. Firstly, evolution theory can illuminate a Aging

long-running debate about whether programmed or sto-
chastic events, such as DNA damage, drive the aging proc-
ess. The weakness of evolutionary support for the adaptive
aging genes hypothesis calls the program theory into ques-
tion. Any notion of an aging "clock” needs to be qualified by
recognition of this fact. The existence of temporal controls

e We are not programmed to die.

e Aging occurs because, in our evolutionary past, when life expec-
tancy was much shorter, natural selection placed limited priority
on long-term maintenance of the body.

e Aging is caused by gradual accumulation of cell and tissue
damage. Much of the damage arises as a side effect of essential

in development and in cyclic processes such as diurnal and biochemical processes, such as the use of oxygen to generate
reproductive cycles does not provide a sufficient basis to sug- chemical energy through oxidative phosphorylation.

gest the existence of a clock that regulates aging. Nor does e Accumulation of damage begins early and continues progressively
the broad reproducibility of many features of aging provide throughout life, resulting after several decades in the overt frailty,
any real evidence for an underlying active program. This is disability, and disease associated with aging.

not to say, however, that the nature and rate of aging are e Multiple processes cause the damage that contributes to aging,
not genetically determined. The issue that distinguishes pro- and multiple genes regulate the efficacy of “longevity-assurance”
grammed from stochastic theories of aging is not whether processes, such as DNA repair, that together influence the rate of
the factors that determine longevity are specified within the aging.

genome, but rather, how this is arranged.* e Nongenetic factors, such as nutrition and exercise, can have

important effects in modulating the rate of buildup of damage

Secondly, evolution theory clearly indicates a polygenic
within the body.

basis for aging. Different mechanisms and even different
kinds of genes may operate together. This presents a major
challenge, and progress is likely to require a combination of
approaches, including (1) transgenic animal models in which
candidate genetic factors are altered by genetic manipula- For a complete list of references, please visit online only at
tion, (2) comparative studies to identify factors that correlate www.expertconsult.com




CHAPTER b

Methodological Problems
of Research in Older People

INTRODUCTION

The relentless aging of society, the accompanying growth in
age-related diseases, and the disproportionate use of health
and social care resources by older people might be expected
to be a powerful incentive to prioritize research into aging
and geriatric medicine. However, ageist attitudes and beliefs
persist among many funding agencies and researchers and
some older people themselves. These, together with the
many practical and methodological challenges that must
be overcome to deliver high-quality studies in older people
continue to act as barriers to effective delivery of research in
this heterogeneous and often vulnerable population.

The difficulty of undertaking research involving older
people tends to be exaggerated. It is wrongly assumed
that too many will have significant comorbidity leading to
a poor signal-to-noise ratio, an unacceptably high risk of
adverse events, inability to complete necessary assessments,
poor compliance, and high rate of drop-out. This can trans-
late into arbitrary, unscientific, and unnecessary upper age
limits. Yet many of the changes commonly attributed to
aging are typically because of reasons other than chrono-
logic age, notably physical and cognitive comorbidities
leading to frailty, and psychosocial factors, such as relative
lack of education and cigarette smoking. Furthermore it is
often the old who have the greatest morbidity and mor-
tality associated with the condition under study and who
therefore will have the greatest absolute benefit from any
effective intervention.

Ethical concerns about experimenting on elderly popu-
lations, who are considered "vulnerable” on the basis only
of chronologic age, may be cited as justification for their
exclusion, demonstrating misguided paternalism of younger
research workers and ignoring the older person’s right to
autonomous decision making. The majority of even the old-
est old will have no significant cognitive impairment and will
generally have the capacity to make an informed decision
about participation. The consequences of excluding older
people from therapeutic research, where they are left to
either receive treatments in the absence of evidence-based
trials, or are denied drugs because they have been untried in
their age group, might be considered especially unethical'
and imply that clinicians have a duty to actively promote
their inclusion in clinical trials.2 All researchers should be
careful that ageist attitudes do not influence their research
design, and funding bodies and research ethics committees
should challenge unnecessarily restrictive entry criteria,
including inappropriate upper age limits.?

[1l-informed beliefs about the supposed high risk of devel-
oping mental incapacity and perceived low life expectancy
after age 65 are sometimes used to exclude older people
from longitudinal studies because it is wrongly assumed
that few will stay the course. In reality, the annual incidence
of dementia in those over 65 is about 1% and healthy life
expectancy at age 65 in England is about 12 to 14 years.

Antony Bayer

Study Designs

The optimum choice of design to study aging and age-related
conditions and to understand the mechanisms underlying
change and their consequences will depend on the research
question to be answered.* Qualitative studies; ecologic
studies using available data; and quantitative studies using
cross-sectional, case-control, and cohort designs will help
to generate hypotheses. These can then be tested in experi-
mental studies, using randomized controlled trial designs.
Each design presents its own challenges and limitations.

Qualitative Methodologies

Qualitative research has its roots in anthropology and soci-
ology and is an umbrella term for a heterogeneous group
of methodologies with different theoretical underpinnings.®
They aim to gain an in-depth understanding of peoples'
behavior by exploring their knowledge, values, attitudes,
beliefs, and fears. This allows subjects to give “richer” answers
to questions and the researcher to explore the full complex-
ity of human behaviors, thereby providing detailed insights
that might be missed by other methods. For example, it may
illuminate the reasons behind patients’, carers’, and clini-
cians' decisions about management®” or explore important
issues such as dignity that may be difficult to quantify.?

Qualitative studies are hypothesis-generating rather than
hypothesis-testing, but results can identify specific issues
that need to be tested using quantitative methods or can help
to explain outcomes of experimental studies. Thus the two
methods can usefully complement each other and increas-
ing numbers of studies are using "mixed” methodologies (for
example, a study trying to understand the attitudes of the
elderly towards enrollment into cancer clinical trials).?

Samples in qualitative research tend to be small and labor-
intensive, with data collected usually by direct observation or
active participation in the setting of interest, or by in-depth
individual interviews (unstructured or semistructured), focus
groups (guided group discussions), or examination of docu-
ments or other artifacts. Other methods used in qualitative
research studies include diary methods, role play and simu-
lation, narrative analysis, or in-depth case study. Although
potential areas of interest may be identified beforehand,
there is no predetermined set of questions, and subjects are
encouraged to express their views and ideas at length. Rather
than formal sample size calculations, numbers of participants
may be decided by analyzing interviews alongside data col-
lection, which is stopped when no new themes are emerg-
ing (so-called “saturation”). Sampling tends to be purposive
rather than comprehensive or random, deliberately aiming
to reflect a specific range of experience and attitudes judged
to be of likely relevance to the research question. The results
are analyzed by exploring the content and identifying pat-
terns or themes, often through an iterative process allowing
meaning to emerge from the data, rather than by the deduc-
tive statistical approach of quantitative methods.

23
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Critics of qualitative analysis are concerned that it is too
influenced by the views and attitudes of the researchers
when they are collecting and analyzing data, so it introduces
unacceptable bias and problems with generalization and
reproducibility of findings. Qualitative research can be chal-
lenging with older people, but because it can be less intrusive
than more structured quantitative methodologies, it may be
especially suited to those who are frail. They may be unable
or unwilling to take part in lengthy interviews because of
communication deficits or fatigue and several shorter inter-
views may be more practical. Focus groups may work best
with just four or five elderly participants and need a skilled
facilitator to ensure a high level of participant interaction.
Extra effort is needed to ensure representative samples and
to support those who are less confident, easily fatigued, or
have cognitive or physical deficits. Participant or nonpar-
ticipant observation may be especially useful in institutional
settings, but time must be given to establish trust with the
researcher if residents and staff are not to feel threatened.
Assurances of confidentiality and commitment from man-
agement are essential. However, once trust has been estab-
lished, attrition rates tend to be low as participation tends
not to be burdensome.'®

ECOLOGIC STUDIES

Ecologic studies use available data to characterize samples
and to generate hypotheses, although evidence for causality
is generally weak. Data may be aggregated, such as census
data and records of disease incidence by hospital, or indi-
vidual, such as hospital discharge summaries or death certifi-
cates. As the data are already available, there are advantages
of speed and economy, and impact of factors operating at
population level (e.g., improved access to education, banning
smoking in public places) may be difficult to measure at an
individual level. However, measures may not be comparable
over time or place, quality is always outside the researcher’s
control, and the available data may be selective. Many offi-
cial statistics that are broken down by age will lump all the
over-65s together or will only report information on adults
of working age. When older people are included, they often
exclude those not living in the community and those with
cognitive impairment. Nevertheless, temporal data such as
the effect of daily variations in air pollution or temperature
on mortality of elderly people—where individual confound-
ing factors remain constant over time—can provide robust
evidence suggesting a causal effect, and ecologic data are
also of value in studying the effects of early life factors on
later health or disease in “life course epidemiology.”!!

CROSS-SECTIONAL STUDIES

Cross-sectional studies record information over a short
period of time and are suited to report prevalence and the
relationship between variables and age or dependency. They
are relatively fast and simple to conduct as each subject is
examined only once and several outcomes or diseases can
be studied simultaneously. For example, recent data from the
Health and Retirement Study of 11,000 adults aged 65 years
or older (representing the 34.5 million older Americans)
highlighted the important finding that common geriatric
conditions (cognitive impairment, falls, incontinence, etc.)
were similar in prevalence to common chronic diseases, such
as heart disease and diabetes in older adults, and strongly

and independently associated with dependency in activities
of daily living.'? However, cross-sectional studies give no
information about incidence or causality and are of limited
value when studying rare conditions or acute illness.

Data can be presented as the mean value for each age
group, or age can be used as a continuous independent vari-
able in a regression analysis, with the outcome of interest
as the dependent variable. Associations can be confounded
when the variable of interest affects the survival of subjects,
with selective mortality leading to a survival bias.

Misinterpretation can also arise from birth cohort effects,
with associations and differences not arising due to age dif-
ferences, but due to the era in which people were born and
brought up. Sometimes such differences from one genera-
tion to the next are of particular interest and a time series
design may then be appropriate, sequential samples of a par-
ticular age group being studied every few years. For exam-
ple, comparison of comparable datasets from the Health
and Retirement Study in 1993 and 2002 suggests a falling
prevalence of dementia in the United States.'3 Selection of
subjects needs to ensure that they are well matched at each
time point and methodologies need to be identical to ensure
that differences are solely due to temporal changes and not
to selection bias.

CASE CONTROL STUDIES

Case control studies choose groups with (cases) and with-
out (controls) the outcome of interest and look back at what
different exposures they may have had to identify possible
risk factors. Case control studies have been widely used in
genetic studies to identify susceptibility genes and are the
best design to study rare conditions, as they are efficient in
use of time and money, collecting a lot of relevant infor-
mation on targeted individuals. Case control studies may be
"nested” within cohort studies.

Bias can be introduced when cases and controls differ in
ways other than just the outcome of interest (selection bias)
or when cases are not “typical” (representativeness bias).
Given the increasing heterogeneity characteristic of aging,
bias can be a significant problem and care needs to be taken to
well match cases and controls. Recall bias may arise because
subjects are able to remember events better because of their
significance, or unintentionally they may be prompted to
remember by investigators, who should therefore be blinded
to whether the person is a case or control when assessing
exposures. People who have died do not make it into case
control studies and their representatives are likely to be less
reliable than the person themselves at remembering expo-
sures, introducing a potential survival bias. Although case
control studies can play a pivotal role in suggesting impor-
tant associations, as in the original studies linking cigarette
smoking and lung cancer,'* confounding can also lead to
highly misleading conclusions, as in the observational stud-
ies of combined hormone replacement therapy and cardio-
vascular disease in postmenopausal women.'?

COHORT STUDIES

In a cohort or longitudinal study, a group of subjects are fol-
lowed over time as they age to determine who develops a
particular outcome or the rate at which a variable changes.
Prominent cohort studies relevant to old people include the
Baltimore Longitudinal Study of Aging,'® the Rotterdam
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study,'” and the Caerphilly cohort study.!® Along with risk,
the number of people who actually develop the outcome of
interest can be calculated (incidence). Inevitably such stud-
ies take a long time and often require a large sample size
(the rarer the outcome, the larger the sample needs to be)
and so are expensive. The frequency of testing needs to be
decided, based on the rate of change, the precision of the
measures being used, available resources, and the stamina of
both researcher and research subjects. Analysis of longitu-
dinal data by slope analysis or other techniques is likely to
require specialist knowledge.

Recall bias is avoided as subjects are enrolled before the
outcome(s) and the sequence of events can be more clearly
established, although the possibility of reverse causality must
always be considered. Cohort effects are minimal because all
the subjects are generally from a single birth cohort. Ide-
ally, longitudinal aging studies would follow subjects from
birth to the grave, but this is unlikely, as they would then
outlive the research team. When age range in a longitudinal
study is wide, cohort effects can be identified by plotting
rates of change within age groups and seeing if the plots join
up smoothly (a true age effect), or are a disjointed group of
line segments similar to that often seen in repeated cross-
sectional studies.

Potential bias may arise when outcomes are not measured
or not recorded in a consistent fashion over time, with small
changes in methodology such as new equipment, a change
in assay technique, or differences in study personnel appear-
ing to suggest age-related changes (detection bias). Ensuring
a common period of training for all involved in the research,
with periodic refresher courses and measures of interrater and
intrarater reliability, can minimize problems, but researchers
must stay alert to possible methodological error throughout
data collection and analysis.

Important outcomes may be missed if follow-up is too
short or too long, so that subjects die before they are reas-
sessed. Inevitably, some subjects will drop out or be lost to
follow-up (excursion bias), and there are various approaches
to dealing with missing data by imputing values based on
available records.

CLINICAL TRIALS

A clinical trial is the methodology of choice to examine cau-
sality, with the randomized controlled trial (RCT) acknowl-
edged as the gold standard experimental design.' In a RCT,
the researcher controls exposure to a single variable, the
risk or treatment, by randomly assigning subjects to one
group (intervention) or another (control, often involving a
placebo intervention) and all subjects are then followed up
to determine the outcome. When an effective intervention
exists already, a placebo control is unethical and the new
experimental intervention is then compared against an active
control (the current standard of care). In rare cases, when the
size of the treatment effect relative to the expected progno-
sis is dramatic, randomization may not be necessary or ethi-
cal, and historical controls (apparently similar, past patients)
may be used.??

Parallel group RCT designs are generally preferred, inter-
vention and control groups being treated simultaneously.
Thus half the subjects receive treatment A (intervention) and
the other half receives treatment B (control). In a crossover
design, subjects swap groups half way through the study

(half the subjects receiving treatment A followed by treat-
ment B, with the other half receiving treatment B then A)
and so each subject can act as their own control, assuming
that there are no carry-over or seasonal effects. In a facto-
rial design, two (and occasionally more) interventions, each
with their own control, are evaluated simultaneously in the
one study. For example one group tests treatment A, another
tests treatment B, a third group tests A and B combined, and
the control group tests neither A nor B. Such designs are
used already extensively in cancer and cardiovascular studies
and are likely to be needed increasingly in other conditions
with multiple therapeutic options. Although they are an
efficient method to test therapies in combination, achieving
two comparisons for little more than the price of one, inter-
actions between the interventions can complicate analysis of
the outcomes and their interpretation.

Bias in clinical trials is reduced by the use of random allo-
cation and blinding. Randomization increases the likelihood
(but does not assure) that the groups will be well matched
except for the intervention, distributing potential confound-
ers both known and unknown between the intervention
and control groups. Stratified randomization can be used
to ensure particular groups (for example, the very old) are
evenly distributed. Cluster randomization designs random-
ize groups of individuals (e.g., all those in a ward or nursing
home) rather than individuals themselves and are increas-
ingly common in health services research. Blinding means
that the subject or investigator (“single-blind"), or both
("double-blind"), do not know to which group the subject
is assigned. This prevents people from being treated differ-
ently in any way other than the intervention itself and helps
to ensure that outcome assessments are unbiased.

National regulatory authorities, such as the U.S. Food
and Drug Administration (FDA) and European Medicines
Agency (EMEA), require positive outcomes from RCTs
before a drug or medical device is given marketing approval
for patient use. They will have been preceded by extensive
preclinical in vitro (laboratory) and in vivo (animal) testing
that, when appropriate, may include studies with nonhuman
primate models of aging or transgenic animal models of dis-
ease. Clinical trials then progress through an orderly series
of steps, commonly classified into Phases | to IV. Recently
the concept of preliminary Phase 0 trials has also been intro-
duced to describe exploratory, first-in human studies using
single subtherapeutic (micro-doses) of study drug or agent,
designed to confirm that the drug broadly behaves in man as
predicted from preclinical testing.

In Phase I trials, the study drug or agent is tested in a
small group of subjects (20 to 80) in single ascending dose
(SAD) and multiple ascending dose (MAD) studies to assess
a safe dosage range, the best method of administration and
tolerance and safety (pharmacovigilance). The changes
in the pharmacokinetics and pharmacodynamics of many
drugs in older people, especially the frail, may significantly
impact on the choice of dose and dosing frequency for clin-
ical use. A Phase I trial usually recruits healthy young adults
and so care must be taken with extrapolating results to
elderly patients. When the study indication is common in
older people, Phase I trials may recruit elderly healthy vol-
unteers or patients with the relevant condition (e.g., as hap-
pened in initial studies of immunotherapy for Alzheimer's
disease).
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In Phase Il trials, the study drug or agent is given to a larger
group of subjects (100 to 300), generally patients with the
study indication, to further assess safety and dosing require-
ments (Phase IIA) and to undertake preliminary studies of
efficacy (Phase 1IB). Usually these “proof of concept” studies
recruit a homogeneous group of younger subjects to maxi-
mize the chances of success and minimize adverse events
related to altered pharmacokinetics and pharmacodynamics,
comorbid conditions, and drug interactions more character-
istic of older patients. However, there have been recent calls
for regulatory authorities to require performance of Phase
II studies of new agents in individuals aged 70 and older.?!

In Phase IlI trials, the efficacy and safety of the study drug
or agent is evaluated in RCTs, usually two positive trials being
required to gain approval from regulatory authorities. These
require the recruitment of up to several thousand patients
from multiple centers and generally last for 6 months to
several years depending on the study indication. It is at this
phase that arbitrary exclusion criteria based on chronologic
age is especially difficult to justify. Randomization, strati-
fied by age, and predetermined subgroup analysis will allow
any issues specific to the elderly patients to become appar-
ent. Phase [V (postmarketing) trials are designed to provide
additional information about benefits and risks of treatment
in long-term use in clinical practice. Serious adverse effects
identified at this late stage in elderly patients have resulted
in withdrawal or restricted use of several prominent drugs.

The carefully controlled nature of RCTs may themselves
mean that they have limited generalizability as subjects are
often a very well-defined, highly selected group. Extensive
lists of inclusion and exclusion criteria may exclude those with
other comorbidities or those taking other medications and the
resulting trial population can end up bearing little resemblance
to patients normally presenting in the clinic. This can result in
unintended harm to future patients.?2?3 Certainly perceived
gains from narrow eligibility criteria are often outweighed
by the loss in generalizability and clinical applicability of
the results and less opportunity to test preplanned subgroup
hypotheses (including any effect of age).2* Pragmatic clinical
trials tend to take all comers and best reflect the effectiveness
rather than merely the efficacy of an intervention.

Exclusion of older people from research

Elderly people, especially the frail and the very old, are too
often excluded from RCTs, usually inappropriately and with-
out justification.?>2% A review of eligibility criteria of RCTs
published in high-impact medical journals from 1994 to 2006
found that, after inability to consent, age was the second
commonest exclusion criterion, with 38% of trials exclud-
ing the over-65s.2” Similarly, an analysis of research papers
published in four major medical journals in 1996 and 1967
found that one third of studies excluded subjects over 65
without providing justification,?® although when the analysis
was repeated in 2004 the proportion had fallen to 15%, with
5% of trials specific to older people.?? The age bias can be
present in clinical trials in most common conditions of older
people, including cancer,3%3!" cardiovascular disease, 3?33
Parkinson's disease,3* and urinary incontinence.?®> A search
for RCTs specifically involving very elderly subjects identi-
fied only 84 trials published between 1990 and 2002, but
concluded that their methodological quality did not differ
from comparable trials in the general population.3¢

Reasons given for excluding elderly subjects from research
include concerns about gaining consent, protocol eligibility
criteria with restrictions on comorbidities and concomitant
medications, worries about poor compliance, and high attri-
tion and fears of an unacceptable level of adverse events.
However, many of these concerns are unfounded or can be
easily overcome.3738 A systematic review>? examining partici-
pation of elderly patients in Phase Il publicly funded RCTs in
cancer between 1955 and 2000 found that in those trials with
sufficient numbers of elderly enrollees, survival, event-free-
survival, and treatment-related mortality outcomes were simi-
lar to outcomes reported in the remainder of the studies, with
the authors concluding that the similarity in these two groups
showing that the enrollment of elderly in experimental RCTs
is not associated with increased harm. A review* of patients
with various solid tumors entering Phase 1 cancer trials in
Europe concluded that, compared with younger patients, the
old did not have an increased risk of more severe or frequent
adverse effects and there was no difference in response rate.
However, doses did need more frequent adjustment in elderly
patients and treatment discontinuation increased with age
because of greater loss to follow-up and treatment refusal.

Informed consent

Seeking truly informed and freely given consent is fundamen-
tal to all research involving human subjects. The research
participant must be able to retain and understand the rel-
evant facts explained to them, be allowed sufficient time to
weigh the benefits and risks to make a choice (without coer-
cion), and then be able to communicate their decision to
the researcher.#! Consent is more than getting a signature in
triplicate on a consent form and should be regarded as a con-
tinuous process involving ongoing open dialogue between
researchers and participants.

Elderly patients may have more difficulty comprehending
consent information (mainly because of education differ-
ences rather than age itself), and particular attention should
be given to compensating for communication and sensory
deficits, improving readability of information sheets and
consent forms, and considering the use of innovative con-
sent procedures. However, most older people are cognitively
intact and, in empirical studies of competency to consent
to medical treatment, elderly control individuals were nearly
all judged fully capable using various legal standards.*?43
Gaining informed consent may require more time because
of characteristics of the older person and his or her wish to
involve family members in the decision.

Those with cognitive impairment and the institutionalized
are especially vulnerable to exploitation and require special
consideration and management, although even then, lack of
capacity should not be assumed.***® The MacArthur Com-
petence Assessment Tool for Clinical Research (MacCAT-
CR)#” is a semistructured assessment of a potential research
subject’s decision-making capacity to choose, understand,
appreciate, and reason through information needed to make
an informed decision and can be a useful aid, although it is
time-consuming to administer and requires specialist train-
ing. Simple cognitive screens, such as the Mini Mental State
Examination (MMSE) *8 are very imprecise guides to judging
capacity.*? If a prospective research participant is considered
incapable of giving consent, the relevant legal framework
must be followed.’*>! Generally, research is allowed to go
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ahead with the subject’s permission, an appropriate surrogate
decision maker (usually the patient's next of kin) providing
proxy consent, ethics committee approval, and if the study
has the potential to benefit the subject (so called “therapeutic
research”) or when the research entails minimal risk and bur-
den and cannot be undertaken with individuals able to con-
sent (“nontherapeutic research”). Research advance directives
or advance decisions clearly document an individual's views on
research participation, but have not been widely adopted.>2

Recruitment and retention

Research is dependent on recruiting and retaining sufficient
numbers of suitable study subjects. There is no consistent evi-
dence that chronologic age influences recruitment rate into
trials.>35* Rather, the problem is that elderly patients are not
given sufficient encouragement to take part. Thus a study of
breast cancer trials found that older age remained predictive
of not being invited to take part after adjustment for comor-
bidity, cancer stage, functional status, and race, yet a similar
proportion of younger and older patients were recruited when
they were asked.’> As well as ageism, clinician apathy and
inexperience of research may also contribute to the exclusion
of older patients. A survey of French geriatricians found that
nearly all considered that RCTs including very elderly subjects
were scientifically necessary, but less than half of the elderly
participated actively in such studies and many were never
approached to do s0.°° Researchers have the greatest moti-
vation and are therefore the most efficient recruiters. Elderly
patients themselves do not appear to actively seek clinical trials,
possibly because of a lack of knowledge, and are dependent on
others to inform them of what is available.” Inclusion of people
living in nursing homes is especially challenging given the par-
ticular issues around consent, loss of autonomy and negative
staff attitudes, confidentiality, and resident rights.*® Involving
older people themselves as active partners in research design
and conduct has become a policy requirement in the United
Kingdom and may be helpful, although little is known about
how involvement changes the research process.>” 58

Although curiosity may prompt the initial interest of
patients in research, anticipated personal benefits, such as
health screening and regular monitoring and the possibility
to help others, are the most important motivators for subse-
quent enrollment and for continued participation.’*>® The
main reasons for refusing enrollment are inconvenience and
not wanting to be experimented upon or a self-perception of
not being a suitable research candidate. Older research par-
ticipants are more motivated than the young by feelings of
altruism and “paying back” those who treat them and are less
concerned about financial compensation for volunteering.®®
Studies in which all patients receive the active treatment,
as part of a crossover design or open label extension after a
placebo control phase, seem to be preferred.

A systematic review of factors that limit the quality, num-
ber, and progress of RCTs (in all age groups) identified
many clinician- and patient-based barriers to participation
(Table 5-1) but no effective strategies to improve recruit-
ment,®! a finding similar to that of a recent Cochrane Review.%?
An earlier literature review specific to older people had iden-
tified a number of factors open to modification to increase
their participation in research studies. These included positive
attitudes of staff toward research, acknowledgement of altru-
istic motives, gaining approval of family members, protocols

Table 5-1. Barriers to Participation in a Randomized
Controlled Trial®'

Clinician Based

Time constraints

Lack of staff and training

Worry about the impact on doctor-patient relationship
Concern for patients

Loss of professional autonomy

Difficulty with the consent procedure

Lack of rewards and recognition

Patient Based

Additional procedures and appointments for patient

Additional travel problems and cost for patient

Patient preferences for a particular treatment 9 or no treatment 0
Worry about uncertainty of treatment or trials

Patients' concerns about information and consent

Protocol causing problem with recruitment

Clinician concerns about information provided to patients

designed for patient rather than staff convenience, and having
a physician rather than a nurse approach the patient.3 In a
study of recruitment of frail older adults living at home into a
RCT of geriatric assessment, yield (defined as the percentage
of individuals contacted who later enrolled) was highest from
community physician solicitations and presentations to reli-
gious or ethnic groups and lowest from media and mailing (and
often problematic because of frequent misunderstandings).”3

Once entered into a study, maintaining good com-
munications—primarily by regular face-to-face or telephone
contacts with the researchers, but also using regular newslet-
ters about study progress and lunchtime meetings to meet
staff involved and other participants—will aid subject reten-
tion.”® Token gifts—such as study-related calendars, fridge
magnets, and pens and pads—can also be given, but can be
counterproductive if they appear too costly. Test sessions
should aim to last no longer than 1 to 2 hours to prevent
fatigue, and spacing data collection over multiple visits
should be considered. Time must be allowed for social inter-
action and refreshments to stop contacts from becoming too
impersonal. It should be remembered that most older people
(and their accompanying caregivers) have other commit-
ments and timing of research sessions should fit around these.

Transport provision is critically important. Mobility and
cognitive problems may make travel more difficult and dis-
tance from home to the research center influences recruit-
ment of older persons more than the young.®*%> A prepaid
taxi to and from the research center has many advantages.
When research participants make their own travel arrange-
ments, they should be reimbursed and convenient car park-
ing ensured. Consideration should be given to easy access to
the research office, which should be wheelchair-friendly and
with suitable areas for accompanying relatives and caregivers
to wait. Assessments that can be reliably performed by tele-
phone or at the subjects' homes may be preferable to visits to
the research center and are more likely to ensure that the sub-
ject is at ease. However, it is more difficult for researchers to
set the agenda when they are guests in the subject's home, and
ensuring that well-meaning relatives and pets do not interrupt
testing sessions can be challenging. Regular delivery of study
medication by mail may reduce the number of necessary
visits. A formal “thank you” when the study ends and feedback
of the final outcome is appreciated and expected.
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Outcomes

Along with the standard outcome measures of morbidity
and mortality, research in older people commonly needs to
consider broader issues that impact quality of life, especially

Table 5-2. Checklist When Choosing Outcome Measures

e [s the measure proven to be valid and reliable in the study

population?

Is the measure responsive to clinically significant change?

Is it acceptable to research subject and user? Could presentation

be improved?

e Who is administering? Training need> Can a proxy respondent
complete reliably?

® How long does it take to administer? [s the environment

appropriate?

Is scoring simple and are results presented ready for analysis?

Has the measure been piloted in the study population?

Table 5-3. The 25-ltem GMDS

A. General Parameters
I. Full medical record including all past and present diseases,
organ impairments, fractures, and surgical interventions.
II. Full drug history, including number and type of generic
medications and adverse effects reported.
III. Charlson index
IV. Vision and hearing evaluation

V. EuroQol

B. Cardiovascular Risk Factors
. Assessment of diabetes and hypertension
II. Assessment of alcohol and smoking habits (pack years)
III. Blood pressure (BP) and heart rate (HR) in both sitting and
standing positions measured at minutes 1 and 3

C. Functional Status
I. Katz index (B-ADL)

II. Lawton’s instrumental activities of daily living (I-ADL)

III. Timed Up and Go

IV. Falls: 3 months recall record of the number, frequency, time
of the day, and mechanisms of falling, assistive devices, pain,
and fear of walking

V. Frailty index

D. Cognitive and Psychological Status
I. Years of schooling and educational level
II. MMSE
. NPI

IV. 15-item Geriatric Depression Score

E. Nutritional Status
I. MNA-SF followed by MNA if at risk
II. BMI
III. Weight loss measured as 4% in 1 year or 5 kg in 6 months

F. Biologic Parameters
I. Electrolytes (sodium, potassium creatinine, glucose), hepatic
function (GGT, ASAT, ALAT), lipids (T-Chol, HDL-Chol,
LDL-Chol), thyroid function, vitamin B, and folic acid,
albumin, and total protein levels, Hb A, CRP, hemoglobin
level, red and white blood cell count, and platelets
II. Creatinine clearance by Cockcroft formula

G. Social Status
I. Housing status
II. Caregivers: number and type of formal/informal caregivers
III. Time spent on formal care giving measured as hours per
week

From Abellan van Kan G, Sinclair A, Anreieu S, et al. The geriatric minimum data set
for clinical trials (GMDS). J Nutr Health Aging 2008;12:197-200.

functional, cognitive, and social outcomes. Chosen measure-
ment instruments must be valid (recording the attribute that
it purports to measure), reliable (recording consistent results
under varying conditions of measurement), and responsive
(able to detect change). Other factors to be considered when
selecting an instrument are whether it is self-administered
or researcher-administered, whether it measures capability
(what can be done relevant to experimental designs) or per-
formance (what is done, relevant in pragmatic studies), and,
perhaps most importantly, how long it takes to complete.
Attention should also be given to the readability and style of
self-completed questionnaires (Table 5-2).

The lack of validation of measurement instruments for use
in elderly populations is a problem. Scales must be able to
encompass the heterogeneity that is characteristic of elderly
populations, avoiding floor and ceiling effects, and they
must be acceptable to the study subjects. Even an apparently
simple measure such as height becomes an issue when the
person cannot stand. Use of validated alternatives such as
knee-floor height then need to be considered, perhaps even
in those who can stand, to ensure consistency across the
whole study population.

KEY POINTS

Methodological Problems of Research
in Older People

e Elderly people are too often excluded from research because of
concerns about gaining consent, unnecessarily strict protocol
restrictions on comorbidities and concomitant medications,
worries about poor compliance and high attrition, problems
with assessments and fears of an unacceptable level of adverse
events. Many of these concerns are unfounded or may be easily
overcome.

e Optimum choice of design to study aging and age-related
conditions depends on the research question to be answered.
Qualitative studies, ecologic studies using available data and
quantitative studies using cross-sectional, case-control, and
cohort designs, will help to generate hypotheses. These can
then be tested in experimental studies, ideally using randomized
controlled trial designs.

o Curiosity, anticipated personal health benefits, and the possibility
to help others are the most important motivators for enrollment
and for continued participation in research. The main reasons for
refusing are inconvenience and not wanting to be experimented
upon or a self-perception of being unsuitable. Older research
participants are more motivated than the young by feelings of
altruism and “paying back” those who treat them and are less
concerned about financial compensation.

o Cognitively intact older people may have more difficulty
comprehending consent information and special attention should
be given to compensating for communication and sensory deficits,
improving readability of information sheets and allowing sufficient
time for the consent process. People with cognitive impair-
ment and those in institutions may require alternative consent
procedures.

e Once entered into a study, retention is promoted by maintaining
good communications, good transport provision, and test sessions
that are no longer than necessary and arranged at times to suit
the participant. Outcome measures must be acceptable, valid,
reliable, and responsive and focus on quality of life, especially
functional, cognitive, and social outcomes, along with morbidity
and mortality.
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Experience with measures in younger, fit subjects cannot
reliably be extrapolated to older patients with their higher
prevalence of mobility, sensory, and communication defi-
cits. When norms for the over-65s are available, they may
be derived from small numbers of atypical, healthy, young-
elderly subjects and of little relevance to the frail octoge-
narian in a nursing home. Ideally, reliability should be
established in each population sample where the measure is
to be used. Certainly all raters need to be trained to ensure
consistency (interrater and intrarater reliability) and to help
minimize bias. Piloting of all outcome measures in the popu-
lation to be studied will ensure that the final choice is fea-
sible and reduce the number of subsequent subject dropouts.

There are a growing number of measurement instruments
that have established validity and reliability in elderly and frail
subjects, with some approaching the status of gold standard.
Examples are the Mini Mental State Examination (MMSE)
for cognition,*8 the Geriatric Depression Scale (GDS),%” the
Barthel index,%” and Katz index®® for basic activities of daily
living, the Lawton and Brody index for instrumental activi-
ties of daily living,%® the frailty index,”® the Mini Nutritional

Assessment (MNA),”! the timed up-and-go test (TUG) for
falls risk,”? and the Zarit Burden scale for caregiver burden.”?
Clinical trials in dementia have their own extensive battery
of assessment measures.”*

Recently, expert groups on both sides of the Atlantic have
considered suitable functional outcome measures for clini-
cal trials in frail older people.””~77 The GerontoNet collab-
oration of leading European geriatric research centers has
developed and piloted a 25-item geriatric minimum data set
(GMDS).”7 This aims to achieve a uniform nomenclature
and standardization of the assessment tools that will act as
the minimum set of information to be included in future clin-
ical studies involving older people. It claims to be straight-
forward, rapid to complete, easily accessible on the Internet,
inexpensive, valid in a wide spectrum of research areas, and
has been translated into the common European languages

(Table 5-3).

For a complete list of references, please visit online only at
www.expertconsult.com




CHAPTER 6

Biology of Aging

INTRODUCTION

For this discussion about the biology of aging, we begin with
a definition of what is meant by aging and the aging process.
There are many definitions proposed, but the one provided
by Richard Miller of the University of Michigan seems par-
ticularly useful for this chapter in a textbook on geriatric
medicine.! He defines aging as the “process that progres-
sively converts physiologically and cognitively fit healthy
adults into less fit individuals with increasing vulnerability
to injury, illness, and death.” Thus the two most important
general problems to overcome during human aging are (1)
the increasing loss of physical and cognitive function with
increasing age, and (2) the increasing susceptibility to a vari-
ety of morbid conditions.

The study of the biology of aging began with discovery
research, which mostly focused on describing and catalog-
ing aging changes. To understand how these age-related
changes relate to Miller's definition, the challenge is then to
distinguish among:

e Pathologically neutral age-related changes, such as the
graying of hair

e Changes such as the accumulation of oxidatively
damaged molecules or senescent cells
that are believed to contribute to the development of
one or more adverse age-related conditions

e Changes that cause overt pathology, such as the
development of plaque and tangles in the brain of
Alzheimer's disease patients

e Changes that are the result of such pathology

Three very important milestones occurring during the
early discovery phase of aging research include the obser-
vations that: (1) restricting caloric intake increases longev-
ity and delays the onset of age-related disease in rodents?;
(2) oxygen radicals are produced in vivo and continuously
damage cellular macromolecular components3; and (3) when
human fibroblasts are grown in culture they have a finite life
span.* Although these three concepts still provide much of
the basis for biogerontologic research, so much progress
has been made in fleshing out the details that Cell devoted
its entire February 25, 2005, issue to reviews of basic aging
research. Even so, in its July 1, 2005, issue, Science included
the question "How much can human life span be extended?"
as one of the 125 major scientific puzzles driving basic
research today.’

Over the years a large number of theories of aging have
been proposed to explain how age-related changes pro-
mote aging,® but the complexity of the process diminishes
the possibility that any one theory will completely explain
aging. The concept that aging is due to both genetic and
environmental/stochastic factors is now generally accepted,
but it remains difficult to distinguish between the process of
aging itself, and the effects due to age-related diseases.

The chapter will first focus on cellular pathways now
known to regulate longevity in a variety of animal model
organisms. Thisknowledge resulted from the ability to isolate
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long-lived mutants of short-lived species such as nematodes,
fruit flies and mice, which in turn has been greatly facili-
tated by success in sequencing the human genome and the
genomes of these popular model organisms. We then discuss
age-related changes related to cell proliferation and age-
related changes due to damage to important cellular macro-
molecules, such as DNA, proteins, and lipids. These include,
but are not limited to, free radical damage to DNA, proteins,
and lipids?; DNA repair’; nonenzymatic glycation®; protein
cross-linking and protein turnover. Such stochastic changes
can become important risk factors in the development of
the many degenerative age-related processes and diseases
that must be dealt with by geriatricians. Beckman and Ames
have written an excellent review of the free radical theory
of aging,” which includes a discussion of many aspects of
these overlapping phenomena, but a recent review of oxida-
tive stress in transgenically altered mouse models by Han
et al'® argues that the level of damage and its relationship
to late-life pathology, such as cancer, is still poorly under-
stood. However, the chapter then includes one example of
an age-related condition, sarcopenia, which may be at least
partly due to oxidative damage to skeletal muscle proteins.
The chapter concludes with a brief discussion of the general
value of research on the basic mechanisms of aging.

THE INSULIN-SIGNALING PATHWAY
AND LONGEVITY REGULATION

Our understanding of the molecular and genetic basis of
aging has witnessed a significant advance in the last decade.
The prevailing view until the mid-1980s'' was that aging
was stochastic and genetics probably played little direct
role in a process that occurred after the reproductive period,
and therefore beyond the power of genetic selection. How-
ever, hundreds of genes with effects on longevity have been
uncovered in a variety of organisms. This was done partially
as a result of the Longevity Assurance Genes Initiative of
the National Institute on Aging. Genetically tractable spe-
cies such as nematodes (Caenorbabditis elegans), fruit flies (Dro-
sophila melanogaster), and yeast have been used extensively
to interrogate the genetics of the aging process. Although
phylogenetically far away from humans, these models have
been chosen primarily because of their ease of manipulation,
powerful genetics, and short life span. The earliest gene
that was found to control the rate of aging in any organism
was the age-1 gene in C. clegans,'> and subsequent work by
several laboratories identified daf-2 and daf-16 as additional
genes controlling life span in nematodes.!3-15 As it turned
out, these genes all cluster within the insulin-signaling
pathway: daf-2 is the nematode homolog of the insulin/
[GF-like receptor, age-1 codes for the catalytic subunit of
PI3K, and daf-16 codes for a forkhead transcription factor
whose nuclear translocation is under the control of the insu-
lin receptor/PI3K axis (Figure 6-1). In nematodes, binding
of the Daf-2 receptor by any or some of the 38 known ILPs
(insulin-like peptides) activates a signal transduction cascade
that negatively regulates the activity of Daf-16. Under basal



conditions, Daf-16 is phosphorylated and sequestered in
the cytoplasm, and decreased activity of the Daf-2 pathway
results in its dephosphorylation and subsequent transloca-
tion to the nucleus where it acts as a transcription factor,
and activates a series of genes primarily involved in stress
resistance, metabolism, and development. This pathway is
inhibited by another gene involved in longevity regulation,
daf-18, which is the nematode homolog of PTEN.

After this seminal work in C. elegans, the insulin/IGF path-
way has been confirmed to play a role in regulating life span
in other organisms, including Drosophila and mice. Drosophila
has 7 different Dilps (Drosophila ILPs), and mutation of the
insulin receptor substrate (IRS) chico leads to increased
longevity. Mice (and humans) have a family of insulin-like
receptors, including the insulin receptor (InsR) and the insu-
lin-like growth factor receptors I and Il (IGFR). Because nei-
ther Drosophila nor C. elegans has an "IGF receptor,” it becomes
relevant to establish which of the two pathways, insulin or
IGF is relevant to aging in mammals.

Several mouse models with increased longevity due to
changes in the Ins/IGF pathway have been described. Most
studied are the Ames'® and the Snell'” dwarf mice. These
have mutations in the Prop-1 and Pit-1 genes, respectively,
both of which are required for pituitary development, thus
leading to a disruption of the somatotropic axis, which
through the action of growth hormone (GH) regulates
IGF-I levels. Furthermore, it has been observed that GH

receptor knockouts'® and IGF-1 receptor heterozygotes!'®

C. elegans

37 ligands

D. melanogaster

| 7 dILPs |
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are also long-lived. Many of these models have compensa-
tory changes in both the insulin and IGF pathways, so the
results are still not fully clear about the relative role of each
of these pathways in longevity regulation. Interestingly,
a recent report suggests that disruption of insulin signal in
the brain through heterozygote deletion of one of the two
IRS species, IRS2, leads to an extension of life span (18%)
comparable to that observed by systemic IRS2 deletion.2?
These observations suggest a central control of insulin/IGF
action that affects animal longevity, but the results have been
contested by another group.?! Further details are provided
by the work of Conover and Bale,?> which has shown that
reduction of bioavailable IGF-1 (by deletion of PAPP-A, a
protease that cleaves an IGF binding protein) also leads to
an extension of life span. Certainly, many details still remain
to be elucidated, but the available data support the hypoth-
esis that the longevity extension observed in nematodes
through manipulation of the Daf-2/Daf-16 pathway holds
true in mice as well. Humans display an age-related decrease
in GH release and IGF-1 synthesis, and the data from animal
models leave open the possibility that this decrease in the
activity of this axis might in fact be a protective mechanism.
Indeed, supplementation of normal aged individuals with
recombinant GH has resulted in significant adverse effects,
with no clear benefits.2? On the other hand, recent studies
suggest that centenarian Ashkenazi Jews have a mutation in
the IGF-I receptor, which in vitro correlates with a decrease
in IGF signaling.?*
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Figure 6-1. The insulin/IGF pathway is evolutionarily conserved, and has been shown to regulate longevity in several species, including C. elegans, D. melanogaster,
and mammals. The figure depicts the similarities among the pathways in these three species. Of note, in both C. elegans and D. melanogaster there is only one
pathway, whereas in mammals this has evolved into two separate ones, the insulin pathway and the IGF pathway. Although there is some debate, much of the
evidence favors the IGF pathway as being relevant to longevity, and it is depicted here. There are also differences in the effectors that activate the pathways:
in mammals there is only insulin and two IGFs, but in the lower species there are several ligands. The relative relevance of each of these ligands on aging has not yet

been elucidated.
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How does the insulin/IGF pathway regulate longevity? As
mentioned above, the final result of the signal transduction
cascade initiated at the receptor affects the translocation
of Daf-16 to the nucleus. Daf-16 is the nematode homolog
of mammalian FOXO (see Figure 6-1), and translocation
of FOXO has been shown to be affected by several addi-
tional pathways involved in longevity.?> Thus in addition
to phosphorylation via the InsR/Akt pathway, FOXO phos-
phorylation is inhibited by a lipophilic signal sent from the
gonads, and it is phosphorylated by activated AMP kinase in
response to low energy, a pathway that could link FOXO to
the mechanism of caloric restriction. FOXO is also modified
in response to oxidative damage, both by phosphorylation
through the JNK pathway and deacetylation by SirT1.2%
Thus it appears that FOXO lies at a nodal point that regulates
organismal longevity in response to a variety of cues, both
internal and external.2® After translocation to the nucleus,
FOXO acts as a transcription factor, upregulating the expres-
sion of a variety of genes involved in regulating the stress
response, energy metabolism, cell proliferation, inflamma-
tion, and others.?”28 It should be noted that nuclear trans-
location does not seem to be a sine qua non for FOXO's role
in longevity. An increase in nuclear Daf-16 is not observed
in age-1 mutants, and constitutive nuclear localization of the
transcription factor does not result in increased life span.??

[t is important to keep in mind that although these genetic
studies are aimed at unraveling the molecular mechanisms
underlying the aging process, genetic manipulation of
humans with the goal of extending life expectancy poses con-
siderable ethical issues and is not the goal of aging research.
Nevertheless, an understanding of the genetic basis of aging
can provide valuable targets for therapeutic intervention and
a solid theoretical foundation for age-delaying strategies (see
later discussion under Why invest in basic aging research—
the longevity dividend).

CELL PROLIFERATION, TELOMERASE,
AND TELOMERE FUNCTION

The early work of Leonard Hayflick* has been interpreted by
some to mean that aging itself is programmed. Although the
number of doublings a cell can undergo may have a genetic
basis, the number of doublings a cell actually undergoes is
subject to stochastic events. This aspect of aging is discussed
below.

Telomere structure and replicative
senescence

The mechanistic basis of Hayflick's observation that human
cells grown in culture have a limited life span remained a
mystery until Harley et al’® demonstrated that telomeres
shorten each time a cell divides. Telomeres are the structures
at the ends of chromosomes containing long noncoding
repetitive sequences, and they are synthesized by a special
enzyme called telomerase.3! Telomerase consists of a cata-
lytic protein complexed with a template strand of RNA that
determines the repeating sequence of the telomeric DNA.
Because most somatic cells do not express telomerase, as
these cells continue to divide, the length of the telomeric
DNA gradually shortens until a lower limit is reached (called
the Hayflick limit), at which point proliferation ceases. This
nonproliferative state is referred to as cell or replicative

senescence. The idea that telomere length is critical to
the proliferative potential of cells was strengthened by the
observation that increasing cellular telomerase activity trans-
genically also increases the number of doublings a cell can
undergo before reaching the senescent state.??

Telomeres consist of more than the long noncoding
repetitive sequence at the 5" end of each DNA strand. The
telomeric DNA binds a large number of proteins that are
important in the multiple functions of telomeres.?3 These
proteins are not only involved in DNA replication, but they
also protect the coding sequences near the ends of chromo-
somes, and prevent the recombination of chromosome ends
with each other or with the double-stranded DNA ends tran-
siently produced during the normal metabolism of DNA.

Telomere length and telomerase activity can impact
human health in at least three general ways. One is through
the altered phenotype of senescent cells, but negative effects
can also be observed if there is either too much or too little
telomerase activity present in the cell.

Altered phenotype and cancer

Phenotypical changes due to replicative senescence are best
understood in the human fibroblast. Whereas fibroblasts
normally facilitate the synthesis of the basement membrane
that helps to repress the proliferation of the cells attached
to it, senescent fibroblasts secrete enzymes that degrade
this matrix material.3* This degradation destroys the regula-
tory properties of the membrane, and Krtolica et al®*> have
directly demonstrated that the presence of senescent cells
promotes carcinogenesis of nearby preneoplastic cells. Thus
replicative senescence is an example of antagonistic plei-
otropy by preventing uncontrolled proliferation of cells in
young animals,3¢37 but promoting cancer in their vicinity, a
process of potential relevance as senescent cells accumulate
with increasing age.3®

Too much telomerase activity and cancer

Telomeres progressively shorten with time in proliferating
human cells because most human cells contain little if any
telomerase activity. Thus every time a cell proliferates, the
telomeres get shorter because the cell replicative machinery
cannot replace the little bit of DNA lost during the initiation
of DNA synthesis. Exceptions include germ cells and stem
cells, 3 lymphocytes,*° and transformed cells.#! 42 Thus high
telomerase activity is associated with the proliferative poten-
tial of cells and is considered to be a possible biomarker for
cancer. The details of what actually causes telomerase activ-
ity to reappear in cancer cells, thus maintaining uncontrolled
cancerous growth, remain to be worked out, but develop-
ing cancer drugs that inhibit telomerase is still a sought-after
therapeutic intervention.

Too little telomerase activity and aging

Too little telomerase can also be a problem even though
most human somatic cell types do not have significant lev-
els of telomerase activity. The ability to replace damaged
cells well into late life depends upon having robust stem cell
pools, as the stem cells in these pools divide asymmetrically
to produce the needed replacement cells. Telomerase activ-
ity is required to maintain the telomere length of the origi-
nal mother cell. Individuals born with a mutation in either
the telomerase catalytic protein or the associated template



RNA are defective in telomerase activity, and develop a
condition known as dyskeratosis congenita (DC) because
of their abnormal skin pigmentation. These patients may
also present with nail dystrophy, premature hair graying,
anemia, and/or bone marrow failure.*34* Bone marrow is a
good source of hematopoietic and mesenchymal stem cells,
so it is perhaps not surprising that defective telomere main-
tenance in stem cells might be associated with bone marrow
failure. If failure to maintain tissue homeostasis contributes
to the development of aging phenotypes, then decreased
telomerase activity in stem cells is likely to accelerate aging
indirectly because of decreased regenerative capacity of the
pools.#

Rudolph et al*® generated mice deficient in the RNA
component of telomerase, and therefore lacking telomerase
activity. Because mice have much longer telomeres than
humans, the first three generations of these mice were fairly
normal. However, by the sixth generation the mice were
infertile, and their life span was reduced to 75% of normal.
The sixth generation mice also had a reduced capacity to
respond to stress or to repair wounds; they exhibited pre-
mature hair graying and had a higher spontaneous cancer
incidence. Although increased telomerase activity is associ-
ated with cancer in humans, the loss of telomerase activity
can also lead to genetic instability and cancer, indicating the
complex and poorly understood relationships among telo-
mere structure, cancer, and aging.

At least one other protein found in these telomeric com-
plexes is related to a premature aging syndrome. Patients
with Werner's syndrome (WS) lack a DNA helicase activ-
ity that results in growth retardation and early development
of age-related pathologies beginning in the late teenage
years.*” Neither the role this DNA helicase plays in telomere
structure and function, nor why its absence leads to prema-
ture aging, is known, but patients with WS typically develop
cancer and osteoporosis prematurely, and die in their early
fifties.

Telomere length as a biomarker

of physiologic age

A surprising number of studies have reported an association
between telomere length in lymphocyte DNA and some
independent measure of human health and well-being. These
include mortality,*® Alzheimer's disease status,* exposure to
psychologic stress,*® cardiovascular disease,’! and parental
life span.>2 In every case these studies report a positive corre-
lation between telomere length and healthy aging.’3 Neither
the mechanistic basis for these associations, nor why these
phenotypes correlate with telomere length in lymphocyte
DNA, is well understood. However, they do support the
concept that environmental factors also have an impact on
aging.

CELL DEATH AND CELL REPLACEMENT —
A CRITICAL ROLE FOR STEM CELLS?

Oxidative damage to cell components is random, although it
may be concentrated in certain organelles such as the mito-
chondria, where most oxygen free radicals are generated.
If the damage is severe enough, subsequent repair may
be inadequate and apoptotic death may result, particu-
larly mediated through the action of the p66shc and ATR
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proteins.’*35 Cells lost through apoptosis must be replaced
either through division of a nearby somatic cell, by a pro-
genitor cell resident in the tissue where the cell has been
lost, or by recruitment of a stem cell from an appropriate
niche. Progenitor cells have long been known to be pres-
ent in skeletal muscle in the form of satellite cells, but it
has become clear that progenitor cells reside even in brain
tissue.’® Sharpless and DePinho** have recently proposed
that “... ageing—once thought to be degenerative—might
reflect a decline in regenerative capacity of resident stem
cells across many tissues.” Such an idea is certainly consis-
tent with the time dependence of appearance of the many
age-related pathologies that humans experience: osteopo-
rosis, diabetes, sarcopenia, neurodegenerative diseases,
end-stage renal disease, etc. It is not known why mesen-
chymal-derived tissues seem to be particularly vulnerable
during aging.

An important question is whether the stem cell defi-
ciency is quantitative (number of stem cells) or qualitative
(function of stem cells). Available data suggest it may be
either or both, depending on the tissue, the niche, and
other signals and variables. For example, hematopoietic
stem cell (HSC) number may be maintained, while HSC
function declines.’” Similarly, Conboy et al’® showed
that mouse satellite cells from old donors are rejuvenated
in young recipients. These results suggest that stem cell
function may decline during normal human aging. Such a
decline could reflect either an altered ability to differenti-
ate normally®® or simply the decreased ability to replicate
at all.® Recent evidence suggests that such declining stem
cell functionality can be caused by DNA damage leading to
excessive apoptosis,®' and genetic mouse models also link
this to premature aging phenotypes.®2¢3 Excessive apopto-
sis forcing increased proliferation of stem cells to maintain
tissue homeostasis, even in the absence of external DNA-
damaging agents, can thus have adverse effects on stem
cell niches resulting in accelerated aging.33#55 In contrast,
the presence of an overactive p53 protein®©® appears to
cause premature aging by attenuating stem cell prolifera-
tion, leading to development of aging-related phenotypes,
presumably due to inadequate cell replacement from stem
cell niches.

In humans, telomerase activity is normally found only in
the germline, stem cell niches, and activated lymphocytes. It
would be of interest to know whether decreasing telomerase
function is a factor in stem cell aging. Telomerase deficiency
does lead to the development of age-related phenotypes in
mice, but not until telomeres have been shortened by serial
breeding of telomerase-deficient mice,*® and replicative life
span of hematopoietic stem cells is decreased by telomerase
deficiency.33.6¢

PROGEROID SYNDROMES
AND NORMAL AGING

Much progress in understanding human disease has been
made by studying mouse models of the disease. Simi-
lar arguments can be made to support studies of aging of
short-lived animal models such as yeast, nematodes, fruit
flies, and mice. What is less accepted is whether there are
appropriate accelerated human aging syndromes that may
be informative about normal aging, in particular Werner's
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syndrome and Hutchinson-Gilford progeria syndrome
(HGPS). Despite obvious differences with normal aging,
these and other progeroid syndromes may provide uniquely
informative opportunities to formulate and test hypotheses
regarding the biology of aging and age-related diseases.*” 67
The phenotypes of these syndromes emerge at well-defined
ages and include progressively degenerative changes similar
to those observed during normal aging. The most common
feature of both human and mouse mutations that accelerate
the appearance of progeroid features is dysfunctional DNA
metabolism, including replication, transcription, repair, and
recombination. It remains to be determined whether such
DNA dysfunction, and the cell death it may subsequently
trigger, explains the time dependence of the appearance of
progeroid phenotypes, and whether similar mechanisms are
afoot although at a slower pace during normal aging. Such
models may also provide clues about why mesenchymal stem
cells might be particularly vulnerable in HGPS, as suggested
by Halaschek-Wiener and Brooks-Wilson %8

PROTEIN DAMAGE AND SARCOPENIA —
DOES PROTEIN OXIDATIVE DAMAGE
PLAY A CAUSAL ROLE?

Aging is associated with a progressive decline of muscle
mass, strength, and quality, a condition described as sar-
copenia. The prevalence of sarcopenia in older adults is
about 25% under the age of 70 years, and increases to 40%
in adults 80 years or older.®? Sarcopenia is a risk factor for
frailty, loss of independence, and physical disability.”® Sar-
copenia and its detrimental correlates have an immense
economical impact.”! Thus understanding the mechanisms
leading to muscle dysfunction (e.g., weakness) at advanced
age represents a high public health priority.

The free radical theory of aging, formulated 50 years ago,
proposes that aging can be attributed to deleterious effects
of reactive oxygen species.3 This hypothesis has been exten-
sively investigated and debated, and although oxidative
damage may not be the only cause of adverse age-related
changes, it clearly has been linked to a number of them.?
Overall, the oxidative stress theory states that a chronic state
of oxidative stress exists in cells even under normal physi-
ologic conditions because of an imbalance between pro-
oxidants and antioxidants. This imbalance results in a net
accumulation of oxidative damage in a variety of cellular
macromolecules. Such oxidative damage increases during
aging, which results in a progressive loss in the functional
efficiency of various cellular processes.”? Three tenets of this
theory include: (1) there are many oxygen-derived metabo-
lites and reactive nitrogen species produced during normal
metabolism; (2) these metabolites damage the phospho-
lipids, proteins, and DNA of the mitochondria and other
critical cellular components; and (3) oxidative stress influ-
ences signaling, transcriptional control, and other normal
processes within cells.

Skeletal muscle is particularly vulnerable to oxidative
stress, due in part to the rapid and coordinated changes in
energy supply and oxygen flux that occur during contrac-
tion, resulting in increased electron flux and leakage from
the mitochondrial electron transport chain. Skeletal muscle
also contains a high concentration of myoglobin, a heme-
containing protein known to confer greater sensitivity to

free radical-induced damage to surrounding macromol-
ecules by converting hydrogen peroxide to other more
highly reactive oxygen species.”3 Fundamental differences
in skeletal muscle fiber type metabolism (slow-twitch aero-
bic fibers and fast-twitch glycolytic fibers) may confer dif-
fering degrees of susceptibility to oxidative stress and may
be mechanistically related to the aging phenotype. The
extent and time course of the deterioration of muscle func-
tion depend on many factors, such as the fiber type com-
position of the specific muscle studied and the selected age
group. There is significant muscle atrophy, reductions in the
force-generating capacity, slowing of contraction, and alter-
ations in protein structure in fast-twitch fibers with normal
aging.”*”> In contrast, the age-associated atrophy and sig-
nificant functional declines of the slow-twitch fibers occur
later (well into senescence).”®

The hypothesis that age-related deterioration of muscle
function involves oxidative damage of muscle proteins by
reactive oxygen and nitrogen (ROS and NOS) species”” was
suggested by a series of in vitro studies showing that ROS
and NOS—such as peroxynitrite, hydroxyl radicals, H,O,,
and nitric oxide—inhibit force production and induce
changes in the regulation of calcium metabolism in skeletal
muscle.”-84 Studies on in vivo oxidative modifications of
specific muscle proteins such as sarcoplasmic Ca?*-ATPase
(SERCA), actin, and myosin focused on a few selected mark-
ers, such as nitration of tyrosine (3-NT), formation of HNE
(4-hydroxy-2-nonenal) adducts, oxidation of cysteine side
chains, and glycation.85-88

The SERCA protein is probably the most extensively
investigated muscle protein. These investigations focus on
what sites are vulnerable to oxidative stress, and how the
modification or damage alters protein function with increas-
ing age. Normal aging of skeletal muscle is associated with
increased nitration; in particular, specific nitration of the
SERCA2a isoform in slow-twitch muscle.?>8% Nitration
can alter protein function and is associated with acute and
chronic disease states.? 3-NT is formed when tyrosine is
nitrated by peroxynitrite, a highly reactive molecule gener-
ated by the reaction of nitric oxide with superoxide. Mus-
cle fibers are exposed to periodic fluxes of nitric oxide and
superoxide, thus providing favorable conditions for the for-
mation of peroxynitrite. Tyrosine nitration has the potential
to inhibit protein function by altering protein conformation,
imposing steric restrictions to the catalytic site, and prevent-
ing tyrosine phosphorylation.”! Moreover, the functional
significance of tyrosine nitration depends on both the site of
modification and the extent of the protein population con-
taining functionally significant modifications. Tyrosine nitra-
tion increases by at least threefold in skeletal muscle during
normal aging, and correlates with a 40% loss in Ca2*-ATPase
activity during normal aging. Mass spectrometry analysis
reveals an age-dependent accumulation of 3-NT at positions
294 and 295 of the SERCA2 protein, suggesting that these
tyrosines play a critical role in muscle function. In vitro stud-
ies also demonstrate that SERCA2a is inherently sensitive to
tyrosine nitration with concomitant functional deficits.8>.8°
Because the physiologic role of the Ca-ATPase is to medi-
ate muscle relaxation, the consequence of nitration-induced
inhibition of SERCA2a most likely explains the slower con-
traction and relaxation times observed in skeletal muscle
with normal aging.



Aging also leads to a partial loss of SERCA1 isoform
activity, and a molecular rationale for this phenomenon
may be the age-dependent oxidation of specific cysteine
residues. Mapping of the specific cysteine residues reveals
nine cysteine residues targeted by age-dependent oxida-
tion in vivo, and six cysteine residues partially lost upon
oxidant treatment in vitro.?? Interestingly, the residues
affected in vivo do not completely match those targeted
in vitro, suggesting that modification of some residues do
not contribute significantly to the loss of SERCA func-
tion with age. Taken together, these studies provide some
insights about the molecular mechanisms responsible for
age-related alterations in calcium regulation in skeletal
muscle.

Myosin and actin are two key contractile proteins respon-
sible for force generation and contraction speed. Age-related
oxidative damage of myosin and actin are probably increased
by decreased muscle protein turnover.??® In the presence of
reactive oxygen and nitrogen species, force is inhibited and
contraction speed is altered.”87294 Studies of in vivo oxi-
dative modifications of myosin and actin have focused on
selective markers of oxidative damage, such as nitration,
formation of HNE adducts, and oxidation of cysteines.?¢.88
During normal aging, myosin and actin do not significantly
accumulate 3-NT or HNE-adducts. In contrast, an age-
related decrease in cysteine content is detected in myosin,
but not in actin with increasing age. Because the physiologic
role of myosin and actin is to produce force and speed, the
lack of accumulation of these oxidative stress markers is
unlikely the explanation for age-related inhibitory changes
in muscle contractility.

Another possible explanation of age-related inhibitory
effects in muscle proteins is glycation. Accumulation of
advanced glycation end products (AGEPs) resulting from
the Maillard reaction alters the structural properties of
proteins and reduces their susceptibility to degradation.?®
Decreased susceptibility of glycated proteins to degra-
dation by the proteasome, the function of which is also
compromised during aging,?®°” might also contribute to
the buildup of damaged proteins. Generally, muscle shows
the least glycation of biologic tissues, with a basal level
of glycation in muscle protein of 0.2 mmol/mol lysine,®
but normal aging of skeletal muscle is associated with a
tenfold increase in the percentage of fibers containing gly-
cated proteins.8” Subsequent mass spectrometry analysis
identified the glycated proteins as creatine kinase, carbonic
anhydrase I, pB-enolase, actin, and voltage-dependent
anion channel 1, with -enolase showing an accumulation
of CML with age in muscle. -enolase may be a scavenger
of AGE because lysines are at the exposed surface of the
protein. This scavenging process may spare other proteins
from AGE-modification and consequent functional impair-
ment. B-enolase is a good candidate for this role because
glycation of this protein has only a limited impact on cell
physiology. Indeed, although glycation leads to a decrease
in B-enolase activity, no changes were detected in glyco-
lytic flux.?? The significance of glycation of other skeletal
muscle protein on muscle function is unknown, yet in vitro
studies show that glycation decreases myosin and actin
interactions.'%0

Taken together, these studies provide some insights about
potential molecular mechanisms responsible for age-related
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alterations in contractility. An important limitation in the
characterization of damaged proteins from muscle tissue is
the fact that the data provide only a snapshot of a dynamic
process because proteins are constantly being synthesized
and degraded in most tissues. Furthermore, current knowl-
edge about posttranslational modification due to oxidative
stress, and the techniques available to measure them, may
not permit the quantitative analysis of all potential modifica-
tions of a given protein of interest and its functional char-
acterization. It is likely that the future will see a significant
increase in the number of specific modifications of proteins
known, and an increase in our ability to associate them with
specific aging phenotypes.

In summary, reduced muscle function and its attendant
decrease in physical performance with age is a significant
public health problem. Sarcopenia affects more than half
of Americans older than age 50,'°! at an estimated annual
cost of $18.5 billion.”! The cumulative effect of the reduc-
tions in skeletal muscle mass and function with age is a
decrease in the capacity for physical work. This manifests
as an inability to perform simple tasks of everyday life!0!-105
and has been shown to contribute to disability,©° 101,106,107
greater risk for falls and fractures,® increases in all-cause
mortality,'%% and, in general, a poor quality of life. People
85 and older are the fastest growing segment of the U.S.
population, and estimates indicate that by 2030 almost
1 in 5 Americans, or 72 million people, will be 65 years
or older (U.S. Census Bureau, 2005). Thus the incidence
and prevalence of age-related decrements in muscle per-
formance will increase, necessitating greater health care
expenditures for supportive services and long-term care.
Oxidative damage to key skeletal muscle proteins may
be a contributing factor in sarcopenia. However, conclu-
sive results require a more complete determination of the
extent and location of oxidized sites, with parallel assess-
ment of functional interactions of the proteins. Thus future
research in the field of sarcopenia will attempt to identify
and quantify all of the posttranslational modifications that
a specific muscle protein accrues in vivo, and determine
their functional implications.

WHY INVEST IN BASIC AGING
RESEARCH? —THE LONGEVITY DIVIDEND

Much of current research into the biologic mechanisms
of aging use death (life span) as an end point. Most bio-
gerontologists agree that this is not the ideal end point,
but it is used because we currently do not have any good
biomarkers of the process, and ascertaining biologic age,
as opposed to chronologic age, in laboratory animals
is not an easy task. As a corollary to that choice, some
believe that the purpose of basic aging research should be
to increase human life span. Not only is that perception
incorrect, but it is also dangerous. Indeed, it has been a
long-held view that increasing the life span of humans will
lead to a dramatic increase in the incidence of disease and
disability.'?? If modern medicine succeeds in increasing
life span without a concomitant increase in health span,
the result could be a society of sick and infirm individu-
als, with poor quality of life, who will exert an enormous
pressure on the economy by increasing the investment
required for pensions, retirement, and health care costs.
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Unfortunately, that is what appears to have happened dur-
ing the last century, when median life span in the United
States increased from 47 to 77.8 years, and at the same
time, there has been a dramatic increase in the number of
people with chronic disabilities and disease. As an exam-
ple, Alzheimer's disease was not even described until 1907,
and currently more than 4 million Americans have been
diagnosed with the disease. So the prevalent view is that
increasing the human life span any further will only lead to
an ever more crippled society.

Most of the efforts of modern medicine are focused on
addressing (and hopefully defeating) each of the major dis-
eases burdening our population. For the aged, major fatal
chronic diseases include cardiovascular diseases, cancer,
dementias, and diabetes, but the quality of life is also impov-
erished by nonfatal diseases and conditions, such as osteopo-
rosis, arthritis, sarcopenia, and others.!'? Enormous progress
has been made in understanding and treating several (but not
all) of these disorders. Although such treatments and cures
"benefit” a few individuals (those afflicted), it has been cal-
culated that curing any of the major fatal diseases will only
have a marginal impact on median life span, usually in the
order of 3 to 6 years.!!! Furthermore, the benefit to those
cured may be only relative because usually the elderly suffer
from multiple disease conditions in parallel (comorbidities),
so that curing any one of them will still leave them exposed
to the ravages of the others. As an example, let us imagine
that suddenly all cardiovascular diseases are conquered, and
no one will ever again die of this. Many people who cur-
rently have semiclogged arteries would be elated by the
news, and many of them would indeed go on to live useful
lives for a few extra years. But the preponderant majority of
individuals currently affected by cardiovascular disease are
in a general state of diminished health and comorbidities,
and the extra years of life are more than likely to be spent
in an ever more frail state, as other age-related diseases (dia-
betes, Alzheimer’s) take hold. Thus the increase in life span
observed in the last century has led to an increase in the inci-
dence of these other diseases. We have indeed conquered a
major previous killer, infectious disease, and that led to the
increased incidence of previously uncommon illnesses, such
as cancer, diabetes, Alzheimer's.

What is then to be done? Aging is the major risk factor for
most, if not all, age-related diseases.''2 For example, a high
cholesterol diet will have only a minor immediate impact on
the health of a young individual, but could be fatal for an
older one (or for the same young individual, once he or she
ages). If we accept that age is a major risk factor for these
diseases, then as a corollary, slowing the rate of aging should
be expected to result in a delay in the appearance of all or
most age-related diseases, conditions, and ailments.!!3.114 [f
instead of addressing one disease at a time, as if their causes
were independent, we recognize that age-related biologic
changes are the main cause behind most age-related illnesses,
then addressing the biologic changes that drive the process
of aging is much more likely to have beneficial effects for
humanity.!'® In effect, it has been calculated that a small dec-
rement in the slope of the aging rate curve could result in a
significant increase in the proportion of our life span spent
in a healthy, disease-free state. A delay of just 7 years in the
appearance of major age-related illnesses could result in a
net increase in health span of 50% based on the fact that

age-related decline rises exponentially with age, with a dou-
bling time of approximately 7 years.!!°

At this time, such a goal seems within reach based on
results obtained in animal models. Although much longevity
research is performed in C. elegans, with few exceptions'!'”
there is a clear scarcity of reports dealing with physio-
logic data in these animals, so we cannot ascertain for sure
whether or not extension in life span in this model occurred
in a healthy or diseased state. On the contrary, a more mod-
est but generally reproducible increase in both median and
maximal life span has been observed in rodents subjected to
caloric restriction by 40%.2 It is not clear whether a similar
increase can be obtained in humans, but the observations in
a variety of mammals indicate that the increase in life span
afforded by caloric restriction is accompanied by a general
delay in the aging process, such that restricted animals show
a delay in the appearance of most age-related declines and
diseases measured, both at the physiologic and pathologic
level. Independently of whether caloric restriction (or a
mimetic thereof) will work in humans, the data show that
the rate of aging can be externally manipulated. Thus by
delaying the onset of age-related decline, it is possible to
postpone the entire range of age-related ailments, leading
to a significant extension of the period of healthy living.
This concomitant effect at a host of different levels has been
termed The Longevity Dividend >©

Interestingly, the longevity dividend concept extends
well beyond health and well-being. A significant concern
in many societies is the potential economic impact of the
oncoming onslaught of age-related disease and disabil-
ity, which threatens to break our pension and health care
systems. The longevity dividend concept predicts that by
addressing the basic mechanisms of aging, humans could live
longer productive lives. This would translate into tangible
economic benefits because people would be able to stay in
the workforce longer (thus allowing for further wealth pro-
duction and savings), and would withdraw less funds from
pensions and the health care system. The economic implica-
tions of the longevity dividend have been explored in further
detail elsewhere.''3

KEY POINTS
Biology of Aging

e Decreasing the activity of the insulin-signaling pathway at any
one of many steps, in a variety of animal models (fruit flies, nema-
todes, mice), shifts the focus of the organism from growth and
reproduction to stress response and survival, thereby increasing its
longevity.

e Damage to critical proteins changes their structure and compro-
mises their function, and unless repaired or replaced, ultimately
may decrease tissue function.

® Damage to DNA sufficient to block one of its critical functions
(replication, transcription, repair, or recombination) may lead
to cell death, and the need to replace that cell from a relevant
progenitor cell pool.

o Excessive cell death can ultimately lead to exhaustion of the
relevant progenitor cell pools responsible for maintaining tissue
homeostasis in the presence of stress.

¢ Elucidating the biologic causes of aging is inherently important
because aging is a major risk factor for development of most
age-related pathology.




If we do manage to postpone aging, are there new dis-
eases that will appear? Yes, that is a distinct possibility and
a caveat to what has been exposed above. Even though so
far we have been unable to increase maximal life span in
humans,!''! modifying the aging process in animal models
(e.g., by caloric restriction) does achieve that goal. If this is
extrapolated to humans, it is indeed possible that currently
rare or even new ailments will make their mark, just as defeat-
ing infectious diseases and many causes of childhood deaths
did lead to an increase in the incidence of what we now call
age-related diseases and conditions. Similarly, significantly
extending median and maximal life span might lead to an
increase in the prevalence of now rare diseases, such as liver
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amyloidosis. In this context, it is relevant to note that in
studies conducted to date, it has been observed that most
centenarians and super centenarians die of the same array of
causes as younger individuals (with maybe a slightly lower
incidence of cancer).''® Nevertheless, if half of the human
population reaches 100 years, and then are afflicted by these
diseases, we still would have achieved an important goal:
keep them healthy until their 90s. That could be one goal of
modern medicine.

For a complete list of references, please visit online only at
www.expertconsult.com




CHAPTER 7

Genetic Mechanisms of Aging

INTRODUCTION

Our society is experiencing unprecedented demographic
changes where improvements in health care and living
conditions together with decreased fertility rates have con-
tributed to the aging of the population and a severe demo-
graphic redistribution.! Over the last 50 years, the ratio of
people aged 60 years and over to children younger than 15
increased by about half, from 24 per hundred in 1950 to 33
per hundred in 2000. Worldwide by the year 2050, there will
be 101 people 60 years and older for every 100 children 0
to 14 years old,?> and many people over age 60 suffer from
chronic illnesses or disabilities.? Therefore, to better under-
stand the mechanisms of aging and the genetic and environ-
mental factors that modulate the rate of aging, it is essential
to cope with the impact of these demographic changes.*
Aging can be defined as “a progressive, generalized impair-
ment of function, resulting in an increased vulnerability to
environmental challenge and a growing risk of disease and
death.” It is generally assumed that accumulated damage to
a variety of cellular systems is the underlying cause of aging.®
To date, a large proportion of aging research has focused
on individual age-related disorders compromising adult life
expectancy and healthy aging, including cardiovascular dis-
ease (heart disease, hypertension), cerebrovascular diseases
(stroke), cancer, chronic respiratory disease, diabetes, men-
tal disorders, oral disease, and osteoarthritis and other bone/
joint disorders. Environmental factors, such as diet, physical
activity, smoking, and sunlight exposure, exert a direct impact
on these disorders, whereas significant genetic components
make separate contributions. Although individual genetic
factors could be small differences in DNA sequences—single
nucleotide polymorphisms or small insertions/deletions—
in both the nuclear and mitochondrial genomes, the over-
all genetic contribution to aging processes is polygenic and
complex.

The complexity of aging is reflected in that numer-
ous models have been proposed to explain why and how
organisms age and yet they address the problem only to a
limited extent. The models that are more widely accepted
include: (1) the oxidative stress theory implicating declines
in mitochondrial function®; (2) the insulin/IGF-1 signaling
(IIS) hypothesis suggesting that extended life span is asso-
ciated with reduced IIS signaling”; (3) the somatic muta-
tion/repair mechanisms focusing on the cellular capacity
to respond to damage to cellular components, including
DNA, proteins, and organelles®; (4) the immune system
plays a central role in the process of aging®; (5) the telo-
mere hypothesis of cell senescence, involving the loss of
telomeric DNA and ultimately chromosomal instability'?;
and (6) inherited mutations associated with risk for com-
mon chronic and degenerative disorders.!"!? In this work
we will elaborate on the genetic component of each of these
six hypotheses and the need for a more integrative approach
to aging research.
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MITOCHONDRIAL GENETICS, OXIDATIVE
STRESS, AND AGING

The central role of mitochondria in aging, initially outlined
by Harman,'3 proposed that aging, and associated chronic
degenerative diseases, could be attributed to the deleterious
effects of reactive oxygen species (ROS) on cell components.
As the major site of ROS production, the mitochondrion is
itself a prime target for oxidative damage. Moreover, this
is the only organelle in animal cells with its own genome,
(mtDNA), which is mostly unprotected, closely localized to
the respiratory chain, and subject to irreversible damage by
ROS. Specifically, accumulation of mtDNA somatic muta-
tions, shown to occur with age,'* often map within genes
encoding 13 protein subunits of the electron transport chain
(ETC) or 24 RNA components vital to mitochondrial pro-
tein synthesis. Not surprisingly, this mtDNA damage has
been associated with deleterious functional alterations in the
activity of ETC complexes. These mutations, whether single
point mutations or deletions, have been shown in many stud-
ies to be associated with aging and with multiple chronic
and degenerative disorders.’” An early report examining the
integrity of mtDNA found accumulated mtDNA damage
more pronounced in senescent rats compared with young
animals.'® Other reports followed, including age-associated
decreases in the respiratory chain capacity in various human
tissues.!” Hypotheses put forward stated that acquired muta-
tions in mtDNA increase with time and segregate in mitotic
tissues, eventually causing decline of respiratory chain func-
tion leading to age-associated degenerative disease and
aging.!” Furthermore, mtDNA haplotypes are associated
with longevity in humans.!®'? In sum, this mitochondrial
genome—ROS production theory of aging is mechanistically
sound and appealing.?°

Deletions are the most commonly reported mtDNA muta-
tions accumulating in aging tissues, and evidence for their
role in aging is considered supporting.! In order to solidify
the importance of mtDNA damage in aging, Trifunovic et al??
developed a mouse model that indicated a causative link
between mtDNA mutations and aging phenotypes in mam-
mals. This “mtDNA mutator” mouse model was engineered
with a defect in the proofreading function of mitochondrial
DNA polymerase (Polg), leading to the progressive, random
accumulation of mtDNA mutations during mitochondrial
biogenesis. As mtDNA proofreading in these mice is effi-
ciently curtailed, a phenotype develops with a threefold to
fivefold increase in the levels of point mutations.?2 However,
the abnormally higher rate of mutation took place during
early embryonic stages, and mtDNA mutations continued to
accumulate at a lower, near normal rate during subsequent
life stages.?3 Although these mice display a completely nor-
mal phenotype at birth and in early adolescence, they sub-
sequently acquire many features of premature aging, such
as weight loss, reduced subcutaneous fat, alopecia, kypho-
sis, osteoporosis, anemia, reduced fertility, heart disease,



sarcopenia, progressive hearing loss, and decreased spon-
taneous activity.?? Such results confirm that mtDNA point
mutations can cause aging phenotypes if present at high
enough levels, but alone do not prove that the lower lev-
els measured in normal aging are sufficient to cause aging
phenotypes. Hence, attention turned to the focal distribu-
tion of mtDNA mutations rather than the overall amount as
key in disrupting the efficiency of the respiratory chain and
thus driving the observed aging phenotypes. To prove this
hypothesis, Miiller-Hécker examined hearts from individu-
als of different ages and reported focal respiratory chain defi-
ciencies in a subset of cardiomyocytes in an age-dependent
manner.2* This was subsequently supported by evidence
from a number of other cell types.2>=27 In sum, intracellular
mosaicism, resulting from uneven distribution of acquired
mtDNA mutations, can cause respiratory chain deficiency
and lead to tissue dysfunction in the presence of low overall
levels of mtDNA mutations.

The mitochondrial hypothesis of aging is conceptually
straightforward, but in reality is much more complex?®
because a minimal threshold level of a pathogenic mtDNA
mutation must be present in a cell to cause respiratory
chain deficiency, and this threshold may vary between
experimental models.?? With 100 to 10,000 mtDNA cop-
ies per cell, mtDNAs that are mutated and normal at a
given position coexist within a cell, tissue, or organ—a
condition termed heteroplasmy. Different types of het-
eroplasmic mtDNA mutations have different thresholds
for induction of respiratory chain dysfunction.'” More-
over, subjects carrying heteroplasmic mtDNA mutations
often display varying levels of mutated mtDNA in differ-
ent organs and even in different cells of a single organ.'”
Furthermore, the intracellular distribution of mitochon-
dria could play a role in the manifestation of the effects of
mtDNA mutations.3?

Although significant advances in our understanding
of the role of mitochondria in aging have been made, it
is likely that current theories will be revised as the link
between mtDNA mutations and ROS production is more
deeply probed.?! Moreover, as the role of mitochondria
in the response to caloric restriction is gaining relevance,
available data are contradictory and not easily reconciled.3?
Thus research efforts will continue to describe the role of
the mitochondrion in influencing the mechanisms of aging,
but several boundaries should be heeded: (1) the difference
in complexity between humans and model organisms at
genetic, cellular, and organ levels; (2) the particular life span
of each species, especially as medicine has allowed humans
to live beyond a “normal” age of death; (3) the genetics
of inbred animals often used in experiments contradicts
humans who are highly outbred; and (4) the environmen-
tal conditions in which animals (highly standardized) and
humans (quite different for anthropologic and cultural rea-
sons) live.33

CHROMOSOMAL GENE MUTATIONS
AND AGING

GCenetic factors associated with human longevity and
healthy aging remain largely unknown. Heritability esti-
mates of longevity derived from twin registries and large
population-based samples suggest a significant but modest
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genetic contribution to human life span of about 15% to
30%.3* However, genetic influences on life span may be
greater as an individual ages.3®> Moreover, the reported mag-
nitude of the genetic contribution to other important aspects
of aging such as healthy physical aging (wellness), physical
performance, cognitive function, and bone aging are much
larger.3* Both exceptional longevity and a healthy aging phe-
notype have been linked to the same region on chromosome
43637 suggesting that although longevity per se and healthy
aging are different phenotypes, they may share some com-
mon genetic pathways.

A number of potential candidate genes in a variety of bio-
logic pathways have been associated with longevity in model
organisms. Most of these genes have human orthologs and
thus have potential to yield insights into human longevity.38

First, the most prominent hypothesis of aging states
that mutants with decreased signaling through the insulin/
IGF-1 signaling (IIS) pathway have extended life span. This
pathway is evolutionarily conserved from nematodes to
humans.3® Thus genes of this pathway are promising can-
didate genes for influencing human longevity and healthy
aging. Several studies have reported the association between
genetic variants at IGF1R and PI3KCB and reduction of
insulin-IGF-1activation and longevity.**4! The finding that
a nonsynonymous mutation in IGF1R was found to be over-
represented in centenarians of shorter stature when com-
pared with controls*? supports a role for the IIS pathway in
life-span extension in humans, thus extending observations
in model organisms.

Second, macromolecule repair mechanisms regulate the
process of aging.® Dysfunctional systems for damage repair
to cellular constituents, such as DNA, proteins, and organ-
elles, could curtail life span. These repair mechanisms are
evolutionarily conserved across species.*> Many studies sup-
port the detrimental effects of defective repair on reduced
life span. Examples are human premature aging patients with
mutations in a RecQ helicase, a crucial enzyme responsible
for DNA strand break repair.** Variation at this gene has
shown association with cardiovascular diseases.*> However,
few studies have demonstrated that an enhanced repair abil-
ity increases life span.® In addition, the altered protein/
waste accumulation in the process of aging could aggravate
cellular damage.'® Thus dysfunction in clearance of cellu-
lar waste, which is also called autophagy, would accelerate
aging. Downregulation of autophagy gene expression, such
as Atg7 and Atg12, has shortened the life span of both wild
type and daf-2 mutant C. elegans.*”

Third, the immune system plays a central role in the
process of aging.® Although inflammation is an essential
defense of immune systems, chronic inflammation often
leads to premature aging and mortality.*® One key player
of inflammation is the cytokine interleukin 6 (ILs). IL6 over-
expression has been linked to many age-related that such as
rheumatoid arthritis, osteoporosis, Alzheimer disease, car-
diovascular diseases, and type 2 diabetes.*?°° Human studies
have also demonstrated that ILs genetic variation is associ-
ated with longevity.”! 52

Finally, cardiovascular disease is the major cause of mor-
bidity and mortality in industrialized countries and thus a
major obstacle to healthy aging and longevity. Much atten-
tion has been placed on genes encoding proteins functioning
in lipid metabolism. Plasma lipid levels are highly dependent
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on age, gender, nutritional status, and other behavioral fac-
tors. It is therefore difficult, at least in cross-sectional studies,
to determine to what extent a particular lipoprotein pheno-
type is causally associated with aging. One way to circum-
vent this issue is to rely on long-term prospective studies
or to perform family-based studies.!" Well-designed case-
control genetic studies may also be advantageous because
identification of particular variants associated with longev-
ity may provide some hints to the biologic pathways lead-
ing to exceptional longevity. To that end, a large number
of allelic variants in genes encoding apolipoproteins (APOE,
APOB, APOC1, APOC2, APOC3, APOA1, and APOAs5), trans-
fer proteins (microsomal transfer protein [MTP], choles-
teryl ester transfer protein [CETP]), proteins associated with
HDL particles (PON1), and transcription factors involved
in lipid metabolism (peroxisome proliferator-activated
receptor gamma [PPARG]) have been examined in elderly
populations. Similar to many other aspects of lipopro-
tein metabolism and cardiovascular disease risk, the most
explored locus in terms of associations with longevity has
been that of the apolipoprotein E (APOE) gene. Since the initial
observation by Davignon et al,>3 reports from different parts
of the world have observed a higher frequency of the APOE 4
allele in middle-aged subjects compared with older subjects
(octogenarians, nonagenarians, and centenarians), conclud-
ing that the presence of the APOE4 allele was associated
with decreased life span.’*

To summarize, data accumulated so far illustrate that a
variety of genes are involved in several mechanisms of aging,
age-related diseases, and to a certain extent with longevity.
Although thus far tenuous, there are a number of clues indi-
cating that there is crosstalk between genes involved in lon-
gevity and those involved in age-related diseases that could
be involved in longevity beyond effects on healthy aging.

Genetics is a valuable tool to expand our understanding
of the molecular basis of aging. However, most studies pub-
lished so far have been limited by design (i.e., cross-sectional
study, small sample size, limited SNP coverage of a small
number of candidate genes, interethnic differences) and so
results have been inconsistent.’> Most recently, genomewide
association studies (GWAS) offer a more comprehensive and
untargeted approach to detect genes with modest pheno-
typic effects that underlie common complex conditions.®
Some notable findings are emerging from GWAS with a
focus on aging-related phenotypes.3*°7.58 However, to ben-
efit fully from the contribution of genetics, large prospective
studies need to be undertaken and fully supported by exten-
sive genotyping and analytical capacities to collect adequate
phenotype data. Even more important is the urgent need for
a reliable intermediate phenotype for aging, both for genetic
studies and for therapeutic interventions.’”

Telomeres and aging

Telomeres are repetitive DNA sequences that are wrapped in
specific protein complexes and located at the ends of linear
chromosomes. Telomeres distinguish natural chromosome
ends from DNA double-stranded breaks and thus promote
genome stability.”® Although traditionally considered as
silent structural genomic regions, recent data suggest that
telomeres are transcribed into RNA molecules, which remain
associated with telomeric chromatin, suggesting RNA-
mediated mechanisms in organizing telomere architecture.®®

Telomere length has been proposed as a potentially reli-
able marker of biologic age, shorter telomeres reflecting
more advanced age. Thus telomeres fit within mechanisms
explaining the Hayflick limit®' because they shorten pro-
gressively with each cell division. When a critical telomere
length is reached, cells undergo senescence and subsequent
apoptosis. Initial telomere length is mainly determined by
genetic factors.®2%3 Although telomere shortening may be
a normal biologic occurrence with each cell division, expo-
sure to harmful environmental factors may affect its rate,
accelerating telomere shortening.* To counter telomere
shortening, telomerase, a cellular reverse transcriptase, pro-
motes maintenance of telomere ends in human stem cells,
reproductive cells, and cancer cells by adding TTAGGG
repeats onto the telomeres. Moreover, recent studies sug-
gest the existence of chromosome-specific mechanisms of
telomere length regulation determining a telomere length
profile, which is inherited and upheld throughout life.®®
Telomerases also may be involved in several essential cell
signaling pathways without apparent involvement of well-
established functions in telomere maintenance.®® However,
most normal human cells do not express telomerase and thus
each time a cell divides some telomeric sequences are lost.
When telomeres in a subset of cells become short (unpro-
tected), cells enter an irreversible growth arrest state called
replicative senescence.®” The crucial role of telomeres in cell
turnover and aging is highlighted by patients with 50% of
normal telomerase levels resulting from a mutation in one
of the telomerase genes. Short telomeres in such patients
are implicated in a variety of disorders, including dyskera-
tosis congenita, aplastic anemia, pulmonary fibrosis, and
cancer.?® In addition to this manifestation in rare genetic
disorders, short telomeres have been reported in the gen-
eral population for several common chronic diseases, such
as cardiovascular diseases®®7? hypertension,”! diabetes,”
and dementia.”?> With respect to cancer’* dysfunctional
telomeres activate the oncoprotein p53 (TP53) to initiate
cellular senescence or apoptosis to suppress tumorigenesis.
However, in the absence of p53, telomere dysfunction is an
important mechanism to generate chromosomal instabil-
ity commonly found in human carcinomas.” Telomerase is
expressed in the majority of human cancers, making it an
attractive therapeutic target. Emerging antitelomerase thera-
pies, currently in clinical trials, might prove useful against
some human cancers.”®

Based on current evidence, telomere shortening clearly
accompanies human aging, and premature aging syndromes
often are associated with short telomeres. These two obser-
vations are central to the hypothesis that telomere length
directly influences longevity. If true, genetically deter-
mined mechanisms of telomere length homeostasis should
significantly contribute to variations of longevity in the
human population. Unraveling cause versus consequence
of telomere shortening observed in the course of many
aging-associated disorders is not an easy task. In addition, it
remains unclear whether the biomarker value in a particular
disease depends on shorter telomere length at birth or rather
if it is merely a reflection of an accelerated telomere attri-
tion during lifetime, or a combination of both. Although the
importance of telomere attrition is supported by cross-sec-
tional evidence associating shorter telomeres with oxidative
stress and inflammation, longitudinal studies are required to



accurately assess telomere attrition and its presumed link
with accelerated aging.””

Epigenetics and aging

There is wide recognition that the fetal environment may
strongly influence the risk of cardiovascular diseases and
diabetes, both age-related disorders, as supported by epi-
demiologic data in humans and experimental animal mod-
els. It has been widely assumed that these long-lasting
consequences of early-life exposures depend on the same
mechanisms as those underlying “cellular memory” (i.e.,
epigenetic inheritance systems). There is a growing body
of evidence that environmentally induced perturbations in
epigenetic processes (such as DNA methylation and his-
tone modification) can determine different aspects of aging,
and the etiology and pathogenesis of age-related diseases.”®
Moreover, epigenetic alterations, such as global hypometh-
ylation and CpG island hypermethylation, are progres-
sively accumulated during aging and contribute to cell
transformation, a hallmark of cancer.”® Epigenetic tagging
of genes controls expression of the genome and maintains
cellular memory after many cellular divisions. Thus there
is great importance in studying the epigenome to better
comprehend genome health and the genetic mechanisms of
aging. Moreover, tagging can be modulated by the environ-
ment, implying that environmentally induced changes in
the epigenome could decrease or accelerate the process of
unhealthy aging.8°

An integrative approach to aging
mechanisms

Caloric or dietary restriction (CR or DR)8' is considered
a universal mechanism that prolongs the life span of many
organisms.8? Although there is no unified explanation, mul-
tiple mechanisms and networks are thought to be involved.
First, CR can extend life span through shifting energy
metabolism. Although yeast under CR display enhanced
respiration and decreased fermentation,?3 CR-mammals shift
energy expenditure toward metabolizing fat and glycogen
over glucose. One molecular mechanism potentially link-
ing caloric restriction with longevity involves the PPARG
pathway, possibly via lipid metabolism.?* Picard et al®* have
shown that Sirt1 (sirtuin 1), the mammalian SIR2 ortholog,
promotes fat mobilization in white adipocytes by repress-
ing the effects of PPARG. Second, CR can extend life span
by reducing ROS-mediated damage. Upon CR, SIRT1 also
activates peroxisome proliferator-activated receptor gamma-
coativator-1a. (PPARGC1A), which regulates a series of
nuclear receptors and controls mitochondrial function, oxi-
dative phosphorylation, and cellular energy metabolism.%
Upregulation of PPARGC1A reduces ROS production,8®
thus limiting mtDNA damage. PPARGCI1A variants are
associated with type 2 diabetes, CVD, DNA damage, and
high blood pressure in humans.8”.8% Third, CR-animals are
resistant to stress and inflammation through Foxo1 and Sirt1
inhibition of NF-«B signaling.?® The most likely mechanism
of CR-extension of life span adopts the hormesis hypoth-
esis, a positive response of the organism to a low-intensity
stressor.” CR is an evolutionarily conserved stress response
using stress-responsive survival pathways that evolved long
ago to provide for increased likelihood of survival in diverse
environments.$? Therefore, it is important to recognize the
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complexity of mechanisms involved in aging and the need
to integrate several pathways and cellular mechanisms in
understanding healthy aging. The term network theory of aging
has been proposed®! to overcome the reduction nature of
individual models and to allow for interactions between
individual contributing mechanisms. A proof of concept
example is to consider interactions between two indi-
vidual mechanisms that contribute to aging: DNA damage
response and telomere maintenance. The key framework
for considering these interactions is the integrative model,
which predicts that telomere maintenance is an integral part
of DNA damage response machinery. The integrative model
predicts the dual phenotype, namely dysfunctional DNA
damage response and dysfunctional telomere maintenance,
where one of these mechanisms is the cause of aging. In
line with this prediction, between 87% and 90% of mouse
models and human examples of premature aging show this
dual phenotype. Hence the integrative model is consistent
with the network theory of aging. Others have provided
evidence suggesting the connection between DNA damage
in telomeres and mitochondria during cellular senescence.??
Accordingly, improvement of mitochondrial function results
in less telomeric damage and slower telomere shortening,
whereas telomere-dependent growth arrest is associated with
increased mitochondrial dysfunction. Moreover, telomerase,
the enzyme complex known to re-elongate shortened telo-
meres, also appears to function independently of telomeres
to protect against oxidative stress. Together, these data sug-
gest a self-amplifying cycle between the genetics of the
mitochondrion and the telomere: DNA damage during cel-
lular senescence promotes aging and age-related disorders.
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KEY POINTS

Genetic Mechanisms of Aging

¢ Important links between ROS production, mtDNA mutations,
and aging, while strong, require further research.

¢ The mitochondrial role in the response to caloric restriction is
coming to light.

e A number of nuclear encoded genes and their genetic variants
affect any of several mechanisms of aging and longevity

e Genomewide association studies hold promise to identify genetic
variants pertinent to aging, but intermediate biomarkers of aging
are critically needed.

Shorter telomeres accompany human aging, and premature aging
syndromes often associate with telomere shortening but decipher-
ing the causal role of telomere length in aging remains.

e The environment affects epigenetic processes and can influence
the progression of aging and age-related diseases.

® The network theory of aging serves to link the genetic aspects
of mtDNA damage, telomere maintenance with aging and age-
related disorders.

For a complete list of references, please visit online only at
www.expertconsult.com




CHAPTER 8

Cellular Mechanisms of Aging

This chapter is an account of the subcellular mechanisms
that are currently believed to have a major role in age-
associated changes in cells that will ultimately result in cell
death. Research into aging at a cellular level has burgeoned
in recent years and is currently gathering pace as more and
more is revealed about the causes and consequences of aging
at this level. It is now generally accepted that age-associated
cellular damage principally affects membrane lipids, proteins
involved in metabolic and structural roles, nuclear and mito-
chondrial DNA, and intracellular signaling processes. There
is also a reduction in aging of cellular maintenance and repair
as a result of which cells are unlikely to recover from age-
associated damage. It is also becoming clear that many cel-
lular mechanisms of aging are closely tied to and interface
with cellular mechanisms of diseases such as cancer and of
certain degenerative diseases.

DESTRUCTIVE AGENTS IN CELLULAR
AGING

Environmental agents

Ultraviolet (UV) solar radiation, the amount of which
reaching the surface of the earth is increasing, causes dam-
age to DNA,; proteins, and lipids in the skin; and in the cor-
nea, lens, and retina of the eye. DNA bases absorb UV light,
resulting in structural changes that can be mutagenic such
that a base becomes noncoding or miscoding.! Further-
more other abundant UV-induced mutagenic or lethal base
lesions are cyclobutane-pyrimidine dimers and 6-4 pho-
toproducts, which are potentially lethal because they can
inhibit DNA polymerases from successful transcription.!
An early cellular response to UV-induced DNA damage is
by UV-damaged, DNA-binding proteins, which bind selec-
tively to UV-irradiated DNA to switch on the cell's response
to radiation damage.? UV-induced protein damage results
in the accumulation of high molecular weight aggregates
and reduced protein synthesis. Plasma membrane lipid dam-
age by UV is mainly photo-oxidation of thiol groups and
peroxidation of lipids themselves. UV-induced molecular
mutations are greatly enhanced by the presence of oxygen.
Thus, although oxygen is essential to life, it is the source
of potentially damaging reactive oxygen species (ROS) that
are found in the environment. Many sources of ROS are
present in the environment ranging from exposure to addi-
tional ionizing radiation (from industry, nuclear radiation,
and medicinal X-irradiation), ozone and nitrous oxide (pri-
marily from automobile emissions), heavy metals (mainly
cadmium, mercury, and lead), cigarette smoke (from both
active and passive exposure), unsaturated fats, and many
other chemicals intentionally or unintentionally present in
foodstuffs.

Reactive oxygen species

The generation of reactive oxygen species (ROS) is a con-
tinuous process and a normal part of metabolism, especially
the oxidative phosphorylation that takes place in mitochon-
dria for the production of ATP. Thus the moment a new cell
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comes into existence following cell division, it will become a
source of ROS production. ROS (originally called free radi-
cals) were suggested to be a fundamental source of subcellu-
lar damage leading to cellular aging by Harman? more than
50 years ago and have come to be accepted as major, proven
agents of such age-associated damage. ROS are ubiquitous
and are extremely reactive clusters of atoms on account of
the fact that they have an unpaired electron in the outermost
shell of electrons. This is an extremely unstable configura-
tion and they search for stability by rapidly extracting an
electron from another molecule to achieve the stable config-
uration of four pairs of electrons in the outermost shell; thus
they are very short-lived species. ROS, as indicated above,
are formed by the interaction of many environmental factors
with biologic molecules or as an unavoidable byproduct of
cellular respiration. Four main sites of ROS generation are
generally cited in the literature (the mitochondrial electron
transport chain, cytochrome P-450 reactions, peroxidation
of fatty acids, and phagocytic cells), but to this list must
now be added skeletal muscle contraction,*® which causes
a widespread increase in ROS levels. The major source of
ROS is mitochondria, where oxygen is partially reduced in
the electron transport system at the NADH dehydrogenase
stage and at the ubiquinone/cytochrome b intersection.
However, mitochondrial electron transport does not work
perfectly and a single electron reduction of oxygen to the
superoxide anion O, takes place. Enzymatic dismutation
of the O, by Mn-superoxide dismutase (SOD) in mito-
chondria and Cu-Zn-SOD in the cytoplasm leads to the
formation of hydrogen peroxide (H,O,). Thus the genera-
tion of O, and H,0O, is a major byproduct of oxidation
reduction reactions. It is also possible to remove H,O, from
tissues by catalases or by glutathione peroxidase. Unlike the
O, anion, H,0O, easily crosses plasma membranes. If it is
not removed and free Fe2* ions are locally present in the
cytoplasm, H,O, can generate the hydroxyl radical ((OH),
which can be regarded as the most damaging and reactive
member of the ROS family compared with hydrogen and
superoxide. The hydroxyl radical has a very short half-life,
and does much damage to proteins, lipids, and DNA close to
its site of production, but it can penetrate deep within cells
unlike O,~, which is more likely to damage plasma mem-
branes. The reaction that forms .OH is a two-stage process
called the iron-catalyzed Haber-Weiss or Fenton reaction,
which can be summarized:

H,0, +O; —Fe’*/Fe’ - OH+OH™ +0,

Another highly reactive ROS is peroxynitrite (ONOO-),
which is derived from the reaction of nitric oxide (NO) (pro-
duced by inducible, constitutive, or neuronal nitric oxide
synthase) and O, . The reaction is extremely fast, exceed-
ing the ability of SOD to break ONOO- down. Again,
ONOO- is a strong oxidant and the .OH radical formed
when it breaks down is highly reactive.

An example of the damaging effects of ROS, at a molecu-
lar level, is that of an .OH radical removing a hydrogen



atom from one of the carbon atoms in a side chain of a fatty
acid forming a molecule of water. The carbon atom is left
with an unpaired electron, which is very likely to react with
a molecule of oxygen to form a peroxyl radical. The peroxyl
radical can steal a hydrogen atom from a nearby side chain,
thus making it into a radical. Thus, in interacting with other
molecules to attain stability, ROS turn their target molecules
into a radical. This initiates a chain reaction that will con-
tinue until two radicals encounter one another and each con-
tributes its unpaired electron to form a covalent bond to link
the two.

ROS derived from the mitochondrial electron transport
chain at complex I (NADH dehydrogenase) and at com-
plex Il (ubiquinone-cytochrome ¢ reductase), the process
that consumes about 90% of a cell's oxygen intake, takes
place on the inner membrane of the mitochondria and is at
a very high level even in a state of low cellular activity. It has
been estimated that about 1% to 2% of the oxygen intake
is converted into ROS in mitochondria,® but this is a con-
stant, unremitting source of ROS production. In addition,
increased ROS production can result from disorders of the
respiratory chain and cause an increase in the expression of
Mn?2+-superoxide dismutase (MnSOD) leading to the pro-
duction of H,O,. Although mitochondria are the prime site
of ROS production, they possess antioxidant defense mech-
anisms such as MnSOD and glutathione peroxidase (GSH).
The increase of oxidation of GSH that occurs in aging and in
certain diseases of the liver and skeletal muscle” results in an
increase of oxidation of mitochondrial DNA. Evidence such
as this contributes to the concept that mitochondria are a
prime source of ROS in aging.®

Among other subcellular sources of ROS are (1) cyto-
chrome P-450 enzymes, which use a wide variety of endog-
enous and exogenous compounds as their substrates in many
metabolic processes throughout the body. They are also
involved in the oxidative metabolism of many drugs that
in turn may increase or decrease their activity. Cytochrome
P-450 enzymes are located in mitochondria and on the endo-
plasmic reticulum. Their most common reaction is a mono-
oxygenase reaction, but they can reduce O, to O,~*, possibly
leading to oxidative stress. (2) Peroxisomes are organelles
present in all cell types and whose role is to metabolize fatty
acids. Peroxisomes contain high concentrations of oxidative
enzymes whose activity generates H,O, as a byproduct,
which can leak out into the cytoplasm. However, they con-
tain catalase, which can theoretically restrict the potential
for damage by H,O,. Catalase levels, however, have rarely
been shown to decrease in aging; in elderly humans higher
plasma catalyze activity has been reported,® suggesting that
compensatory antioxidant mechanisms may be present.
(3) Phagocytic activity, induced by whatever pathologic
reason, employs a combination of ROS and oxidants in
large amounts and this activity generally increases with age.
(4) ROS production as a result of the contraction of skeletal
muscle has been shown to increase with age*? and its release
into the extracellular space suggests the potential for inflict-
ing more distant tissue damage. (5) In the brain the metabo-
lism of dopamine by monoamine oxidase produces H,0O,,
which has been implicated in the dopaminergic cell loss that
is characteristic of Parkinson’s disease. Indeed mesencephalic
dopamine cells are particularly sensitive to H,O,-induced

cell death.'?
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Molecular targets of ROS production and activity are
principally proteins, lipids, and DNA and it is now well doc-
umented that such ROS-inflicted damage and its functional
consequences increases with age. Peroxidative chain reac-
tions of lipids eventually yield unsaturated aldehydes, which
are highly reactive, inactivating enzymes, damaging DNA,
and reacting with proteins to form cross-links. Evidence
that lipid peroxidation increases with age is provided by the
increase in the amount of lipofuscin (age pigment) in aged
cells, representing a visible biomarker of aging. The most
important consequence of lipid peroxidation is to decrease
plasma membrane fluidity, thereby altering membrane prop-
erties and affecting membrane bound proteins. This will
tend to have deleterious effects on the proper functioning of
ion pumps and channels, receptors and/or their subunits and
transmembrane molecules, such as integrins and other adhe-
sion proteins by which cells interact with the extracellular
environment. [t may be significant that there is a correlation
between the higher content of oxidation-resistant phospho-
lipids in the plasma'! and mitochondrial'> membranes with
greatly increased longevity in certain rodent species. A more
widespread consequence of the oxidation of low-density
lipoproteins at a cellular level is the formation and buildup
of atherosclerotic plaque in the arterial system. ROS damage
proteins by oxidizing individual amino acids, resulting in the
induction of protein-protein cross-links and changing the
conformation of proteins such that their function is impaired.
Conformational changes of proteins with aging include those
of structural proteins affecting cell shape or functions (such
as axoplasmic transport in neurons), specific activities, and
efficiencies of enzymes and membrane-bounded receptors.
Proteins—such as myosin, creatine kinase, and ATPases,
which are high in -SH groups—are particularly susceptible
to oxidation by ROS as is the conversion of histidine resi-
dues to asparagine on account of the proximity of histidine
residues to metal-binding sites of proteins. It should not be
forgotten that age-associated damage as a result of ROS also
causes cross-linking in extracellular proteins such as col-
lagen. Nucleic acids are particularly vulnerable to damage
by ROS, in particular by the superoxide radical, which can
attack individual bases and sugars and cause several variants
of DNA strand breaks and alterations that have mutagenic
potential (see later discussion). Estimations of the amount
of ROS-induced DNA damage can be made by assaying lev-
els of the DNA oxidation product 8-hydroxydeoxyguano-
sine (8-OHdG), which has been shown to increase with
aging. In relation to this, levels of DNA repair glycosylases
such as those specific for 8-OHdG are positively correlated
with longevity. DNA, however, possesses a wealth of repair
mechanisms (see later discussion) that constantly attempt to
repair ROS-induced damage.

In summary, the constant generation of ROS leads to
molecular damage, which will cause damage to subcellular
organelles leading to dysfunction at the cellular level and
eventually to cell death. Together with ROS-induced dam-
age to extracellular molecules, tissue and organ damage
will eventually occur. As ROS generation commences with
the formation of a zygote, it could be argued that cellular
aging begins at conception! It is important to note that ROS
can induce apoptosis in cells or activate nuclear transcrip-
tion factors leading to the upregulation of death proteins or
inhibition of survival proteins as part of the turnover of cells
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during the course of life. ROS-induced cell damage or death
is implicated in a wide spectrum of age-related disorders,
particularly of the nervous and musculoskeletal systems. The
effects of ROS-induced damage on the life span has been
demonstrated in wild-type and short-lived mutants of the
nematode Caenorbabditis elegans, which can be extended by
less than 50% after treatment with a synthetic antioxidant
ROS scavenger.!3

The damaging effects of ROS can be counteracted by
antioxidants, which either occur endogenously or can be
supplied exogenously. Antioxidants act by combining with
ROS, thereby inactivating them and breaking ROS chain
reactions. The cellular antioxidant capacity is, however, not
100% efficient. Naturally occurring, endogenous antioxidants
vary in their concentrations from one cell type to another,
between species and with age. Their concentrations do not
necessarily decline with age because age-associated eleva-
tions of some antioxidants occur in organs such as the brain.
The main endogenous antioxidants are enzymes such as (1)
superoxide dismutase (SOD), which occurs in two forms—
a mitochrondrial form containing Mn2* (MnSOD) and a
cytoplasmic form containing Cu?* and Zn?* (CuZnSOD),
which converts superoxide anions into H,0,; (2) catalase,
which converts H,O, to molecular oxygen and water; and
(3) GSH, which is a selenium (Se)-containing glycopro-
tein occurring in both the cytoplasm and in mitochondria
(where it is imported from the cytoplasm) that also breaks
down H,0O, The antioxidant defense provided by GSH is
most important for mitochondria and for other cytoplasmic
components.

Certain micronutrients, such as vitamins C, E, and
B-carotene, have long been regarded as potent antioxi-
dants. Consequently, health promotion advice is constantly
given for individuals to eat plenty of prunes, blueberries,
spinach, strawberries, and hazelnuts to boost vitamin E
intake because it is the most abundant fat soluble antioxi-
dant. Similarly intake of fruits with high vitamin C levels
is highly recommended. More recently a-lipoic acid, which
inactivates hydroxyl and superoxide radicals and is claimed
to protect both lipoproteins and membranes, unlike other
antioxidants.'* a-Lipoic acid is involved in carbohydrate
metabolism. It is easily reduced to dihydrolipoic acid, which
stabilizes peroxyl and peroxynitrite radicals. Both a-lipoic
acid and dihydrolipoic acid regenerate by redox cycling
other antioxidants, such as vitamins C and E, and increase
intracellular glutathione levels, making it theoretically the
perfect antioxidant. However, as endogenous levels are low,
dietary supplementation is required and this has proved an
effective antioxidant strategy.'>'® The list of antioxidants
is constantly increasing: B-carotene and lycopene, reddish
plant pigments present in red fruit and vegetables, are also
potent antioxidants; estrogens are antioxidants that have pro-
tective effects on the nervous system; curcumin oil, which is
extracted from turmeric, induces the enzyme hemoxygenase
(HO-1), which is a potent antioxidant.

When there is a shortfall in the levels of the naturally
occurring antioxidants or an increase in the production of
ROS, a state of "oxidative stress” can occur in which per-
manent damage to proteins, lipids, and DNA results. Aged
cells, particularly those exposed to UV light, show increased
ROS generation and an increased tendency toward oxidative
stress as judged by increased amounts of protein, lipid, and

DNA damage.!” The cellular response to a state of oxidative
stress can be summarized as: (1) an increase in the expression
of antioxidant enzymes; (2) increased expression of genes
encoding chaperones (heat shock proteins); (3) expression
of immediate early genes (such as cFOS); (4) increased
expression of genes encoding DNA repair enzymes; and
(5) increased expression of genes encoding apoptosis-related
proteins. Aged cells are less able to respond in these ways
and consequently have a reduced potential for antioxidant
capabilities and therefore in their ability to repair ROS-
induced damage. Thus the effects that ROS production on a
wide range of genes whose expression is vital for normal cell
function and survival is now considered to be an important
factor in determining longevity.'8

Intracellular calcium homeostasis

The intracellular concentration of free calcium (Ca2*) is
instrumental in many processes of normal cellular activity
and can be responsible for dysfunctional changes in cell
function. The regulation of the passage of Ca?* into a cell
and throughout the cytoplasm has to be strictly regulated
for normal cellular activity to continue. In aging cells, Ca?+
homeostasis involves many different mechanisms including
calcium channels, pumps, transporters, and intracellular buf-
fers and binding proteins; one or more of these mechanisms
may be disrupted with potentially fatal consequences.'?20.2!
Ca?* homeostasis has been extensively studied in mammalian
neurons where it is intimately involved in neuron-specific
activities such as the synaptic release of neurotransmitters
and the regulation of genes encoding cytoskeletal elements
essential for the elaborate morphology of neurons and the
conduction of action potentials.

Extracellular Ca?* levels are approximately 2 mM, whereas
intracellular Ca?* levels are 100 nM. Voltage operated Ca?*
channels (VOCCs) and nonspecific cationic channels are the
key types of channels involved in the influx of extracellular
Ca?+. Of the six known VOCCs, the L-type VOCC is the
main channel involved in events associated with aging and
neurodegeneration. The very low intracellular Ca?* levels
are maintained by uptake into smooth endoplasmic reticu-
lum (SER) involving Ca2* ATPase activity, into mitochon-
dria through the activity of Ca2* uniporters and by Ca?*
binding proteins and Ca?* ATPases in the plasma membrane.
Additionally the endoplasmic reticulum is involved in the
release of Ca?* via the inositol 1,4,5-triphosphate pathway
or through ryanodine receptors. If intracellular Ca?* is ele-
vated it can cause cytotoxic cell death, particularly if the cell
is hypoxic. This is a common feature of all cell types but neu-
rons are more vulnerable to this as many CNS neurons have
nonspecific cationic channels, such as NMDA (N-methyl D
aspartate) and AMPA ligand-gated glutamate receptors in
their plasma membranes, which promote the influx of Ca?+
into the neuronal cytoplasm. Age-associated ROS damage to
plasma membranes, ion pumps, and channels, coupled with
altered gene expression for receptor and channel subunits,
will all contribute to the challenge of maintaining low intra-
cellular Ca?* levels.

Increased intracellular Ca?+ leads to increased ROS gen-
eration and to the activation of the calmodulin-dependent
enzyme nitric oxide synthase (NOS). NO interacts with
the superoxide radical to produce peroxynitrite. Per-
oxynitrite levels therefore increase intracellularly and it



diffuses rapidly to other neurons and causes cell damage
by oxidizing lipids, proteins, and DNA (i.e., it is highly
and rapidly cytotoxic). In astrocytes, age-associated deple-
tion of glutathione in mitochondria greatly increases the
sensitivity of astrocytes to peroxynitrite. It is critical for
a cell to maintain and control a submicromolar Ca?* level
since the level of Ca?* has important roles in many physi-
ologic processes, controlling for example hormone secre-
tion, ion channel activity, enzyme activity, assembly of the
cytoskeleton, and also in the expression of many of the
genes involved in these processes.?? The regulation and/or
restoration of Ca2* levels is energetically demanding for a
neuron because it is a highly ATP-dependent process. ROS
damage to mitochondria results in a disruption of oxida-
tive phosphorylation and in consequence reduced ATP
production, which is likely to be the underlying source of
perturbed Ca?* regulation. With increased age there is a
decrease in the mitochondrial membrane potential, which
results in Ca?* leaking out into the cytoplasm. Recently it
has been confirmed in peripheral neurons that, with increas-
ing age, the ability of the SER to take up Ca2* decreases.??
This can be demonstrated by depleting Ca?* stores with
caffeine and then measuring the reuptake by the SER. Ca?*
flow in and out of the SER is mediated by ryanodine recep-
tors and, with age, the expression and numbers of these
receptors is reduced.??

Decreases in intracellular calcium binding proteins
(CBP)—such as calbindin-D28k, calretinin, and parval-
bumin, which regulate the amount of calcium free in the
cytoplasm—may also contribute age-associated changes in
intracelluar Ca?* concentrations in neurons. There is much
variation in the age-associated changes in CBPs in differing
parts of the CNS: their levels are unchanged in the cerebel-
lum but reduced in the hippocampus, retina, and in lower
motor neurons. Changes such as these have been impli-
cated in motor neuron disease where neuron death has been
linked to disruption of intraneuronal Ca?* buffering. In the
peripheral nervous system, there are striking differences in
the effects of age on CBPs in postganglionic neurons. Many,
but not all, sympathetic but not parasympathetic ganglionic
neurons contain calbindin-D28k and the number of neurons
containing calbindin falls by 50% in aged rats. On the other
hand, all neurons of the rat major pelvic ganglion contain
neurocalcin and there is an equal decrease in neurocalcin-
positive neurons in both the sympathetic and parasympa-
thetic neuron populations of this ganglion in old age.?*

CELL SENESCENCE

Cultured cells normally only divide a limited number of times
after which they enter a growth-arrested state called repli-
cative senescence.?’ They do not produce any new DNA
by replication but they do not die, remaining metabolically
active in vitro for several months. Human diploid fibroblasts
taken from a 40-year-old and cultured in vitro cease divid-
ing after about 40 mitotic divisions, but those taken from
an 80-year-old can only manage about 30 mitoses. The
phenomenon of adult cells undergoing fewer mitotic divi-
sions than cells from younger donors, originally described
by Leonard Hayflick,2® has given rise to the concept of the
Hayflick limit and has been reported in human cells taken
from a wide variety of tissues.?” It is also well documented
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that cultured cells from short-lived species enter replicative
senescence after fewer mitotic divisions than cells from
longer-lived species, suggesting that replicative senescence
is an indicator of longevity. But how may replicative senes-
cence contribute to human aging? There are two possibili-
ties: either on account of a cell's exhaustion of the capacity
to divide or altered cell biology. Many organs, such as skin,
the intestinal lining, the liver, the immune system, and hair
follicles, rely on cell division for day-to-day functioning
to replace naturally occurring cell loss. In such instances a
decrease in cell division will have a serious impact on the
proper functioning of the organ in question. Also, some tis-
sues retain the ability for cell division in response to damage
or cell loss (a burst of cell division is a major feature of wound
healing); however, lower rates of wound healing is a feature
of elderly humans. The effects of replicative senescence on
cell biology may be manifested by differing patterns of post-
mitotic gene expression, which is often represented by an
overexpression of proteins (e.g., aged human dermal fibro-
blasts increase their production of collagenase, which leads
to the breakdown of the extracellular matrix [ECM] which
damages the skin contributing to formation of the wrinkles
seen with increasing age).

In vitro experiments have proven very productive in
aging research but in vivo experiments present a greater
challenge in detecting and evaluating age-associated cellu-
lar changes, particularly in a very long-lived species such
as man. In consequence a significant proportion of aging
research is conducted on short-lived species such as the
fruit fly Drosophila melanogaster and the nematode Caenorhab-
ditis elegans. However, there is a marker for human senescent
fibroblasts—an abnormal form of the enzyme galactosi-
dase—that is expressed late in a cell's life called senescence-
associated f-galactosidase (SA-B-gal), which is a lysosomal
enzyme.?® Detecting SA-fB-gal by histochemistry?® has
demonstrated that there are almost no senescent skin cells
in people in their thirties but those in their 70s have clus-
ters of SA-B-gal—positive cells in the dermis and epidermis.
Senescent cells are, in addition, characterized by the pro-
duction of high levels of ROS and consequent DNA dam-
age,?® increased levels of p53 tumor suppressor protein in
response to DNA damage and high content of lipofuscin
(age pigment). Senescent cells are generally harmful to an
organism: senescent skin cells produce increased amounts
of collagenase (metalloproteinase) as mentioned above and
less TIMPS (tissue inhibitors of metalloproteinases) and
other ECM degrading proteases, and senescent endothe-
lial cells produce the cytokine interleukin-1a, which causes
inflammation. Perhaps the most significant factor associated
with dysfunctional senescent cells is that they increase in
number with aging, possibly contributing to the greater
incidence of tumors in the elderly.

What is the cellular mechanism that stops cells from
dividing so that they enter the nondividing state of repli-
cative senescence? A possible solution is the existence of
one or more mutated genes that prevent mitosis from taking
place and interrupting the cell cycle, perhaps by suppress-
ing genes responsible for the synthesis of certain growth
factors. Alternatively or additionally, ROS-induced meta-
bolic changes that influence the synthesis or adversely affect
critical signaling molecules and the inability of aged cells
to activate antioxidant defense mechanisms may well be
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contributory factors. Most interest has, however, focused
on telomeres, the repeat sequence DNA terminal regions of
chromosomes that gradually shorten with successive mitotic
divisions.

Telomeres and telomerase

Telomeres are nucleoprotein complexes that contain hexa-
nucleotide repeat sequences of DNA at each end of a chro-
mosome. They are required for successful replication of
chromosomes during mitosis because they maintain chro-
mosome length and protect chromosomes against dam-
age. Telomeres are made up of tandem repeats of the bases
TTAGGG whose nucleotides are complexed with specific
telomere repeat-binding factors and another enzyme called
tankyrase to form a cap at the end of the chromosome. The
hexanucleotide repeats are added to the ends of the chro-
mosomes by an enzyme called telomerase, which uses an
RNA template and a reverse transcriptase (TERT) in con-
trast to the normal DNA polymerase. Thus telomeres are
not replicated in the same way as the rest of the chromo-
somal DNA. Telomere replication is not as accurate as true
DNA replication and the number of repeats in the telomeric
DNA will decrease over time. Telomere length is also aided
by a repair (recombination) protein called RAD51D (nor-
mally associated with the repair of double strand breaks in
DNA) but this mechanism acts independently of telomer-
ase. Cell senescence is associated with the gradual reduc-
tion in the number of TTAGGG repeats as cells continue
to divide and the telomeres become so shortened and worn
that eventually the chromosomes lose their ability to repli-
cate and the DNA is thus at risk of being damaged by not
being replicated. However, the gene which codes for the
synthesis of telomerase at the same time helps to prevent
the telomeres from shortening. In most cell types in man,
this gene is rarely switched on to produce the enzyme.
Therefore the cells become deficient in telomerase and
gradually lose their ability to divide (i.e., they enter the
state of replicative senescence). It was first demonstrated
by Harley3?' that the telomeres in human cultured fibro-
blasts become shorter as a function of age, and from this
arose the idea that measurement of shortening telomeres
represented a “biologic clock” ticking away on a cell’s jour-
ney toward replicative senescence. Oxidative stress has
been shown to speed up telomere shortening as telomeric
DNA is less well repaired than the remainder of the nuclear
DNA 32 The part of the telomerase enzyme that actually
synthesizes the TTAGGG repeats is called TERT. Is it pos-
sible to insert the TERT telomerase gene by gene therapy
so that the telomeres do not shorten and cells never enter
the senescent state? This cellular immortalization has been
attempted on cultures of skin fibroblasts from Werner's syn-
drome (progeroid) patients and on adult smooth muscle
cells with success. Moreover, such immortalized cells have
not shown any changes indicating that they have developed
a cancer cell phenotype. Telomere shortening is not a char-
acteristic of all cell types. In germ cells, cell division con-
tinues for decades and the telomeres never shrink because
the telomerase gene is always active and the telomeres are
constantly being replaced/synthesized. Germ cells can
therefore be regarded as having been immortalized. Also
the immune system relies on the constant and rapid produc-
tion of T and B cells for which maintenance of telomeres is

absolutely vital. It is thought that T-cell aging, combined
with telomere shortening, may lead to increases in autoim-
mune responses and explain the increased susceptibility to
inflammatory diseases in the elderly. In certain very active
tumor cells, the telomerase gene is switched on and conse-
quently the cells’ ability to divide is maintained and tumors
continue to grow. Cells with artificially lengthened telo-
meres live longer in culture and there are DNA-like mol-
ecules that make cancer cells grow much longer telomeres,
thereby doubling their life span and potentially slowing
down the rate of growth of tumors.

The contribution of telomere shortening to the other
factors previously mentioned as leading cells into the state
of replicative senescence clearly indicates that this is a
very complex cellular process in aged cells. In view of the
increased numbers of senescent cells with increasing age,
Von Zglinicki3? suggested that “telomeres act as cellular
‘sentinels’ for genomic damage and remove ‘dangerous’ cells
from further proliferation.” Whether this anthropomorphic
idea is correct or not, there is no doubt that the genome is
at great risk on account of telomere shortening and that it
will have a profound effect on the proper functioning of the
aging cell.

Genomic instability
DNA MUTATIONS

The declining force of natural selection in postreproductive
life applies to senescent cells (i.e., as there are no further
meiotic cell divisions, the opportunity for beneficial gene
mutations for passing on to successive generations to occur
has passed). On the other hand senescent cells may gener-
ate deleterious DNA mutations that, unlike DNA damage,
are irreversible and may cause cellular or metabolic damage
likely to decrease longevity. Using the mouse lacZ reporter
gene, it has been possible to quantify point and rearrange-
ment DNA mutations?? in the heart and liver of young
and aged mice where approximately threefold increases in
mutation frequency occurred with age. The increase in the
mutation frequency in the aged small intestine was even

higher.
GENE REPRESSION

Gene repression is the switching off of individual genes
whose products are needed to maintain the function of the
cell such as the production of vital enzymes or cofactors.
This is especially important if the products of such genes are
not long-lived and deteriorate, or are metabolized. Unless
these products can be supplied in the diet, the decrease in
concentration will inhibit functioning dependent on a par-
ticular gene product. In senescent human fibroblasts, there is
a range of genes that are repressed or underexpressed. The
genes include, among others, those involved in signaling
pathways, transcription factors, heat shock proteins, TIMPS,
cytokines, and DNA polymerases. Gene repression is dis-
tinct from gene silencing where regions of chromosomal
DNA become transcriptionally inactive on account of the
tight wrapping of the histone proteins that prevent access to
DNA polymerases, which would normally align the nucleo-
tides into a new nucleic acid chain. In yeasts, aging may be
regulated by DNA silencing®* that is undertaken by several
“silent information regulator” (Sir) proteins or sirtuins—the
evolutionarily conserved lysine deacetylase Sir2 together



with its partner proteins Sir3 and Sir4. In mammals the num-
ber of sirtuins increases to seven, indicating a more complex
process of DNA silencing.

GENE OVEREXPRESSION

Gene overexpression is the switching on of genes in aging
cells. Most of these have been demonstrated in senescent
human fibroblasts and are functionally associated with the
degradation of the ECM and the production of cytokines (i.e.,
these are deleterious functions that will lead to tissue dam-
age). Gene dysregulation, where regions of chromosomes
are activated inappropriately leading to the dysfunctional
expression of certain genes, may be a contributory factor in
age-associated gene overexpression. The use of high-density
oligonucleotide microarrays provides a powerful method to
visualize gene-expression profiles in tissues. This method-
ology has been used to investigate age-associated changes
of thousands of genes simultaneously. Among many tissues
examined, the gene-expression profile in aged mouse skel-
etal muscle was generally indicative of a lower expression
of metabolic and biosynthetic genes.?* In the neocortex and
cerebellum of aged mice, the gene-expression profile indi-
cated inflammatory responses, oxidative stress, and a reduc-
tion of neurotrophic support,3® very similar to that seen in
neurodegenerative diseases of the human brain. In a large
study on the human frontal cortex in brains from individuals
ranging in age from 26 to 106 years,3” transcriptional profil-
ing indicated downregulation of genes involved in synaptic
transmission, Ca2* homeostasis, signaling pathways, and
mitochondrial function among others. Among the genes that
are upregulated in this study were those involved with stress
responses, antioxidant defenses, and DNA repair. These
results raise the following questions: why is it that certain
genes are selectively vulnerable to aging, what controls this
vulnerability, and to what extent can the compensatory
upregulation of defensive/repair gene activity be effective?
The effects of dietary (caloric) restriction on aging cells is
normally associated with reduced metabolic rate and a decrease
in the amount of ROS produced. However, dietary restriction
has been shown to have distinct effects on gene expression
that are beneficial to mice. Lee et al?® and Weindruch et al?®
demonstrated that more than 100 genes were switched on as
mice aged—many being genes that are activated when cells
are damaged but in mice that had been fed a low calorie (but
vitamin and protein supplemented) diet, less than a third of
these genes were switched on, supporting the theory that
dietary restriction is beneficial at the level of the genome.

GENOMIC DNA DAMAGE

Genomic or nuclear DNA is a highly complex and inherently
unstable molecule and is susceptible to damaging agents,
such as UV, ROS, and environmental chemicals. As the basis
for the genome, it is a prerequisite that DNA is absolutely
stable and perfectly aligned to ensure accurate replication,
transcription, and minimalization of mutations. DNA strand
breaks, which may occur spontaneously, are very prone to
recombination and fusion with other chromosomes, thereby
disrupting part of the genome. Thus DNA requires constant
maintenance to repair the damage that occurs spontaneously
and frequently. DNA is the only molecule in cells that is
actively scanned to detect errors in synthesis and for DNA
damage for which a multiplicity of repair mechanisms exists.
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If the repair mechanisms fail, then a mutation is more likely to
occur and because of that potential threat, it is clear that the
stability of the genome depends on DNA repair. Some of the
changes in DNA structure that can be induced by ROS UV

radiation (mainly hydroxyl radicals) can be listed as follows:

1. Point mutations (base deletion or substitution). The most
common is the oxidation of guanine to 8-oxoguanine,
which pairs with adenine rather than cytosine.

2. Translocation or transposition of a segment of DNA
from one chromosome to another

3. Inversions — removal of a DNA segment and its
reinsertion in reverse order

4. Double-stranded DNA breaks resulting in fragmented
chromosomes

5. Insertion of nonchromosomal (usually viral) DNA

Deletion of whole genes

7. Single-stranded DNA breaks will interfere with gene
transcription during replication

o

Among the DNA protective mechanisms, GSH is present
in the nucleus and is important in protecting not only DNA
from ROS attack but also the nuclear membrane itself. Spe-
cific repair of oxidative damage of DNA by enzymes is now
evident. In the human genome, there are 130 DNA repair
genes which are classified as follows:

1. Base excision repair genes which encode for enzymes
that excise and replace damaged DNA purines and
pyrimidines. Specific enzymes such as glycosylases
recognize damaged or deficient C, G, T, and A bases and
remove them. DNA repair polymerases and DNA ligases,
normally involved in DNA replication, resynthesize a
new strand using the undamaged one as a template. This
is similar to DNA “proofreading,” which is a very energy-
demanding process that slows down replication but one
that has evolved over time; nevertheless it is not a 100%
perfect mechanism. One of the unsolved mysteries of
this process is how the glycosylases detect damaged
bases that are located deep within the DNA helix.

2. Nucleotide excision repair genes express enzymes that
excise a series of adjacent nucleotides of a particular
sequence.

3. Mismatch repair genes can rectify errors of DNA repli-
cation and recombination. Some enzymes are special-
ized for distinct types of mismatch.

4. Double-stranded breaks can be repaired by genes that
encode proteins that are involved in strand pairing
during recombination such as RAD51D, which is also
involved in protecting telomeres.

5. Translesional DNA repair deals with damaged bases
that impede the progression of a replicating DNA
polymerase.

With regard to DNA repair in the aging cell, there is good
evidence (by 8-OHdG measurement) that DNA damage is
increased, that long-lived species have more efficient DNA
repair mechanisms than short-lived ones, and that aged cells
are less efficient at DNA repair. In general the machinery
for selective gene expression, determined by chromosomal
DNA, leading to the normal phenotype, changes little dur-
ing life thanks to DNA repair.
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MITOCHONDRIAL DNA

Mitochondrial DNA (mtDNA), attached to the inner mito-
chondrial membrane, codes for 13 of the 60 polypeptides of
the mitochondrial respiratory complexes and is therefore an
integral part of mitochondrial function. It is much more eas-
ily damaged than nuclear DNA due to its proximity to ROS
production from oxidative phosphorylation and the fact that
it is naked, lacking the protection of histone proteins. It is
likely that the components of the electron transport chain
most susceptible to ROS are Complex | (NADH ubiquinone
reductase) and Complex IV (cytochrome oxidase). However,
a beneficial effect of this location is that confining oxidative
phosphorylation to mitochondria may reduce mitochondria-
derived ROS from gaining access to the cytoplasm, enter-
ing the nucleus, and damaging nuclear DNA. Unlike nuclear
DNA, mtDNA lacks repair mechanisms but mitochondria
have their own antioxidant defenses, including GSH and
MnSOD, both of which decrease in content in aging® as
does total mtDNA content in a variety of tissues.?83° Con-
sequently, 10 to 20 times more mtDNA bases are modified
or deleted by ROS in aging compared with nuclear DNA,
resulting in a reduction of mitochondrial transcripts and pro-
teins derived from mtDNA. Levels of 8-OHdG are higher
in mtDNA than in nuclear DNA. Because 8-OHdG is muta-
genic, mtDNA mutations increase with age, and it is likely
that this may be a factor contributing to the determination
of life span*’ and rate of aging.*' The rates of mitochondrial
ROS production and accumulation of mtDNA mutations are
higher in short-lived as opposed to long-lived mammals.

PROTEIN SYNTHESIS AND
DEGRADATION

Cellular proteins are in a constant state of turnover involving
synthesis and degradation, with individual proteins having
half-lives that vary from a few minutes to several days. Over-
all there is a general reduction in protein synthesis and con-
tent in aging, but this masks the fact that synthesis of some
proteins decreases, for others it remains static, and for other
proteins, levels of synthesis increase with age. Also levels of
protein synthesis vary with aging from one tissue to another
and between species. Age-associated levels of proteins may
not only relate to levels of synthesis but to malfunctioning
of the mechanisms for protein breakdown. Proteins are inte-
gral to all aspects of cell function as they interact with all
other macromolecules and are required for every aspect of
cellular maintenance and repair. The integrity of the cyto-
skeleton, vital for giving a cell its shape and for processes
such as axoplasmic transport, is also dependent on proper
protein turnover. Many proteins that are not turned over
rapidly undergo posttranslational modifications, such as
phosphorylation, oxidation, glycation, or methylation; such
altered proteins, which tend to accumulate in the cytoplasm
with age, are implicated as the cellular basis of a range of
pathologic conditions.

Although there is only one process for protein synthesis,
there are multiple subcellular processes for the degradation
of proteins. Protein degradation is a highly complex and
tightly regulated process that plays major roles in a variety of
basic cellular processes during the life and death of cells, and
hence in both health and disease. The two main pathways
are the lysosomal pathway and the ubiquitin-proteasomal

pathway. A third proteolytic mechanism, however, exists
involving the calpains (calcium dependent neutral proteases).
The lysosomal pathway is mainly an indiscriminate cellular
pathway for proteolysis that contributes to the general main-
tenance of a cell, resulting eventually in the formation of
lipofuscin (age pigment), which tends to accumulate in cells
with age. Lipofuscin is formed by ROS-induced oxidation of
macromolecules derived from subcellular organelles. Some
cell types are particularly prone to lipofuscin accumulation
with aging, of which cardiac myocytes are a prime example
in which almost a fifth of the cell volume may become occu-
pied by lipofuscin in old age. Although regarded as being
chemically inert, the disruptive effect on efficient contrac-
tion of the myofibrils may well contribute to myocardial dys-
function in old age. The accumulation of lipofuscin with age
can be reduced by the antioxidant vitamin E, thus implicating
ROS in lipofuscin formation. The efficiency of the lysosomal
pathway declines with age as the binding of macromolecular
targets to the lysosmal membranes and their transport into
the lysosome becomes less effective*?43 and there is leakage
of certain lysosmal enzymes into the cytoplasm.*4

In the ubiquitin-proteasome pathway, proteins are first
covalently tagged by ubiquitins, which are small (76 amino-
acid) proteins that control the system responsible for deg-
radation of proteins. The ubiquinated protein can then be
recognized by a 26S proteosome complex (of a 20S protea-
some and a 19S cap). These are barrel-shaped, widely dis-
tributed cytosolic organelles that act effectively as a protease
complex into which tagged proteins pass. The proteins have
to unfold themselves as far as possible to enter the pore of the
proteasome after which the ubiquitins are recycled. Protea-
somes are large complexes of proteolytic enzymes that have
three main types of proteolytic activity: chymotrypsin-like,
trypsin-like, and caspase-like activity. The degraded proteins
(i.e., amino acids or small peptides) can then be recycled.
During aging, proteasomal function becomes impaired, with
chymotrypsin-like activity in particular decreasing, but that
of catalase-like activity not declining.

The third proteolytic pathway—the calpains (calcium
dependent neutral proteases), which are ATP- and Ca?*-
dependent—have specific substrates in both the cytoplasm
and the nucleus. In the event of oxidative stress-induced
elevations of intracellular Ca?* concentrations, the amount
of DNA damage and repair, as indicated by reduced levels of
8-OHdG, implicates calpain-mediated degradation.*> Given
the trend toward increased oxidative stress and consequent
perturbations of intracellular Ca?* homeostasis in aging, the
proteolytic involvement of calpains, which are very wide-
spread, is also likely to be revealed as a major contributor.
That there is an overall decrease with age in proteolytic
activity is not disputed but the exact contribution made by
the different pathways for protein degradation has yet to be
resolved. Nevertheless the age-associated (and pathologic)
aggregation of and cytoplasmic accumulation of oxidized or
otherwise transformed proteins is not in doubt.

The tertiary structure of large protein molecules is achieved
not by “self-assembly” because linkages between certain sur-
faces or polypeptide chains are necessary to attain the correct
molecular configuration. Assistance in the noncovalent fold-
ing of polypeptide chains is supplied by molecular chaper-
ones. Heat shock proteins (HSPs) are a group of such proteins
that bind to such surfaces during assembly of large molecules



and prevent the occurrence of incorrect union/interactions
between parts/surfaces of the molecules. Many molecular
chaperones are also HSPs, in that they are proteins expressed
in response to raised temperatures or other cellular stress-
ors,*¢ but are not expressed when cells are performing their
normal biologic functions. A major function of chaperones is
to prevent newly assembled polypeptide chains from aggre-
gating into nonfunctional structures such as protein aggre-
gates that characterize some neurodegenerative diseases.*”
Chaperones also help in restoring correct conformation if a
large protein becomes distorted during a biosynthetic process
such as protein synthesis or during passage through a narrow
membrane channel or pore. Chaperones are also involved in
the constant removal and replacement of damaged proteins
that occurs during the continual remodeling of cell structure
by protein turnover. As proteins are turned over rapidly, the
continued expression of chaperones is vital for normal cel-
lular functioning. Chaperone expression is induced by stress
such as a decrease in temperature, which reveals the need
for chaperone production to cope with intracellular damage.
When not required, chaperone expression decreases.

In aging cells ROS-induced DNA damages genes encoded
to produce chaperones. Reduced levels of HSP expression
occur in aged cells such as fibroblasts, which have lower
expression of Hsp70—a collagen-specific chaperone—and
also of Hsp90, which is required for the assembly and func-
tioning of telomeres.*® Chaperone-mediated autophagy
(CMA) is a selective pathway for the degradation of dam-
aged proteins in lysosomes. The processes whereby the
proteins are targeted by the lysosome and cross the lyso-
somal membrane are aided by chaperones, can be induced
by oxidative stress, and are adversely affected by aging.%°°
The importance of molecular chaperones in cellular aging is
indicated by the extension of life span that has been demon-
strated in mice, C. elegans, and in Drosophila by the overexpres-
sion of chaperones or by the reduction in life span following
inhibition of HSP translation and expression.*?

SIGNALING PATHWAYS

Cells interact with their environment and respond to chang-
ing environmental conditions. Most stimuli are chemical
ligands that bind to receptors in the plasma membrane but
a much smaller number of stimuli, such as gases and steroid
hormones, cross the plasma membrane and interact with
intracellular receptors. Activation of a receptor by the bound
ligand transduces the stimulus into an intracellular chemical
signal, which can act as a messenger. The messenger molecule
usually amplifies the signal and in turn activates some form of
effector system for the cell to make the appropriate response
to the initial stimulus. This process is known as a signaling
pathway or signal transduction pathway. As most of the mol-
ecules involved in signaling pathways are proteins and the
biology of proteins is adversely affected by many factors
associated with cellular and molecular aging, such as ROS,
DNA damage, gene expression, mRNA translation, and Ca?*
levels, it is to be expected that signaling pathways will also be
affected in aging. Two of the most significant signaling path-
ways that have been shown to be involved in aging are the:

1. Insulin/IGF-1 pathway. This pathway is involved
in the regulation of life span and is evolutionarily
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conserved.’! Reduced receptor and PI3 kinase function
impair insulin/IGF-1 signaling, resulting in a dramati-
cally extended life span.>?

2. Target of rapamycin (TOR) pathway. The TOR
nutrient sensing pathway is an important regulator of
cell growth, development, and aging, which interacts
with processes such as transcription, mRNA transla-
tion protein turnover, and cytoskeletal organization.®
TOR signaling generally conserves cellular energy,
which can be diverted to cellular maintenance and
repair mechanisms that will be beneficial to aging
cells.

3

EXTRACELLULAR MATRIX

The interaction between cells and their immediate environ-
ment can be vital for their survival. Integrins, for example,
are transmembrane molecules that are attached directly to
the ECM and crucial to the cell's survival. Other molecules
of the ECM are involved in relaying signals from cytokines
or growth factors to receptors in the plasma membrane.
There is some evidence for alterations in membrane proper-
ties and in the number and type of receptors with age. The
process of glycation is a factor that causes changes in large
proteins, such as collagen, with increasing age and in cer-
tain progressive diseases of aging—such as atherosclerosis,
joint stiffness, arthritis, urinary incontinence, and conges-
tive heart failure. Essentially, blood sugars chemically bond
to proteins and DNA. Over time they become chemically
modified to form advanced glycation end products (AGEs).
AGEs interfere with the proper functioning of proteins
and some form covalent cross-links with adjacent protein
strands in the case of collagen and elastin. The mechani-
cal result is that formerly flexible or elastic tissues become
stiff. Also the chemical changes due to glycation and cross-
linking can initiate harmful inflammatory and autoimmune
responses. In addition, one of the effects of mechanical
stress or inflammation on chondrocytes is to induce the pro-
duction of ROS and as chondrocytes are isolated from one
another in cartilage, they cannot be replaced and cartilage
will degenerate.

KEY POINTS

Cellular aging is characterized by:

e The generation of reactive oxygen species (ROS)

® Damage to molecules and organelles by ROS

Variably effective cellular antioxidant defense mechanisms

e Dysregulation of intracellular calcium homeostasis

Alterations in telomere structure and telomerase expression
e Genomic DNA damage affecting gene expression

¢ Mitochondrial DNA damage affecting ATP production

e Alterations in protein synthesis and degradation

e Alterations in molecular chaperone activity

e Alterations in signaling pathways

e Alterations in cellular relations with the extracellular matrix
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CONCLUSION

The cellular mechanisms of aging described above may
provide a convincing account of the cellular processes that
determine the length of survival and fate of a cell as individu-
als grow older. Accumulated molecular and cellular damage
by UV, ROS, Ca?*, and changes in genomic function can be
demonstrated in aging cells. However, some of the scien-
tific literature of the twenty-first century questions whether
theories of aging such as accumulated oxidative damage are
universally applicable across the animal kingdom.>* Clearly
these complex theories of aging at a cellular level are far

from being completely understood. Another emerging real-
ization is the close connection between perceived cellular
mechanisms of aging with those underlying the develop-
ment of cancer, for which increasing age is the largest risk
factor.”® This realization should, ideally, focus the minds of
investigators in both fields in their quest for complete under-
standing of the mechanisms underlying these two critically
important cellular processes.

For a complete list of references, please visit online only at
www.expertconsult.com



CHAPTER 9

Physiology of Aging

When broadly defined, aging refers to all time-associated
events that occur during the life span of an organism. During
this time, many changes occur in the physiologic processes.
These changes may be beneficial, neutral, or deteriorative.
During the developmental period of life, most changes are
due to the maturation of the physiologic processes and
tend to be beneficial. However, during the postmaturational
period of life, most changes are detrimental, although some
may be neutral, such as the graying of the hair. Indeed, the
term “senescence” is used to specifically denote this postmat-
urational deterioration. Senescence is defined as the deterio-
rative changes with time during postmaturational life that
underlie an increasing vulnerability to challenges, thereby
decreasing the ability of the organism to survive. Although
senescence is a subset of aging, in common usage, aging is
often used to only mean senescence. Unfortunately, this spe-
cialized meaning is usually not explicitly stated. In this chap-
ter, aging and senescence will be used as synonyms, a usage
particularly appropriate in a textbook of geriatric medicine.

This brief chapter can cover only concepts and provide a
limited number of examples. Section 11 of the Handbook of
Physiology series published by the American Physiological
Society is dedicated to the physiology of aging.! That vol-
ume provides in-depth coverage of most age changes in the
physiologic systems and should be consulted by readers who
desire further information in a particular subject area.

PHYSIOLOGIC DETERIORATION AND
THE AGING PHENOTYPE

A major characteristic of the aging phenotype is the deterio-
ration of the physiologic processes exemplified by compar-
ing elderly people with young adults. Indeed, physiologic
deterioration plays an important role in the age-associated
increase in the age-specific mortality rate. Thus, knowledge
of the age changes in the physiologic systems is invaluable
for both the geriatric physician tending elderly patients and
the biologic gerontologist in the quest for an understanding
of the biologic nature of aging.

Causes of age-associated

physiologic deterioration

The progressive deterioration with age of the physiologic
systems that starts during young adulthood is caused by
the many damaging processes and agents that organisms
encounter during life. Apparently, repair systems during
postmaturational life are not able to fully eliminate the dam-
age. The result is a progressive functional inadequacy of the
physiologic systems due to the accumulation of damage. The
extent of this functional inadequacy and its rate of occur-
rence vary among species and among individuals within a
species, and among the physiologic systems of an individual.
[t is convenient to classify the damaging processes respon-
sible for the age-associated physiologic deterioration in the
following three categories: (1) damage resulting from intrin-
sic living processes, (2) damage caused by extrinsic factors,
and (3) damage resulting from age-associated diseases.

Edward J. Masoro

DAMAGE RESULTING FROM INTRINSIC
LIVING PROCESSES

Many of the processes essential to life also have damaging
aspects. For example, aerobic metabolism, which enables
organisms to readily generate metabolic energy from ingested
nutrients, has the negative aspect of the generation of highly
reactive compounds, such as superoxide radicals, hydroxyl
radicals, and hydrogen peroxide because of the univalent
reduction of oxygen. These oxygen-containing compounds
are potentially highly damaging. Protection from, and repair
of, damage due to these substances has evolved, but is not
totally effective. Therefore, an accumulation of oxidative
damage with increasing age occurs.? The extent of protec-
tion and the ability to repair damage varies among species.
Thus, it is not surprising that there is interspecies variation in
the rate of accumulation of oxidatively damaged macromol-
ecules. Another example involves glucose, a most important
fuel for most organisms. However, in addition to serving as
an energy source, glucose also participates in the glycation
and glycoxidation of proteins and nucleic acids and, in this
way, alters their biologic functions.? Again, there are pro-
tective mechanisms and processes that eliminate the dam-
aged macromolecules, which vary in efficacy among species.
Probably there is no intrinsic living process that does not
also have the ability to cause damage.

DAMAGE CAUSED BY EXTRINSIC FACTORS

There is general agreement that extrinsic factors contribute
to the aging phenotype. Despite this, many do not sub-
scribe to the view that these extrinsic factors are part of the
aging process. This view is based on long-held criteria for
aging processes enumerated by Strehler* in 1977. One of
the criteria is “intrinsicality,” the view that aging is entirely
an intrinsic phenomenon. Busse® recognized the conceptual
difficulty that this criterion caused and tried to resolve the
problem by proposing the concept of primary and second-
ary aging. Primary aging was defined as universal changes
occurring with age within a species or population, changes
not caused by environment. Secondary aging was defined as
changes as a result of the interactions of primary aging with
disease processes and environmental factors. This concept
may be faulty for two reasons. First, if aging results from pro-
gressive accumulation of unrepaired damage, it is irrelevant
whether that damage originates from intrinsic processes or
is caused by extrinsic agents. Second, extrinsic agents cause
damage only because of interactions with biologic structures
and processes. For example, it has been shown that the effect
of genes on the life span and aging of Drosophila melanogaster is
dependent on environmental interactions.®

In a sense, all damage is intrinsic whether it originates as
a result of basic living processes or from reactions to extrin-
sic factors. However, this view downplays the importance
of environmental factors that are not desirable because such
factors can be modified and thus should be the focus of
research on aging interventions.

Indeed, the notable effect that environmental factors can
have on the aging process is particularly well illustrated by the
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Figure 9-1. Survival curves for ad libitum—fed male F344 rats (group A, n=115)
and rats restricted to 60% of the mean ad libitum intake (group R, n=115).
(Reprinted with permission Yu BP. Masoro EJ, Murata |, et al. Life span study of
SPF Fischer 334 male rats fed ad libitum or restricted diets: longevity, growth,
lean body mass and disease. J Gerontol 1982:37:130—141, Fig 6.)

effects of long-term restriction of food intake by laboratory
mice and rats.” Restricting the food intake by 30% to 50%
of that eaten by ad libitum—fed animals markedly increases
longevity (see Figure 9-1 for its typical effect on population
survival characteristics®), prevents or delays age-associated
disease, and maintains a broad array of physiologic processes
in a youthful state until very advanced ages. Examples of the
scope of these beneficial effects include: immune function,®
cardiac function,'? female reproductive function,'' and gene
expression.'? Indeed, reduction of food intake retards most,
but not all, age-associated changes in physiologic processes
of rats and mice that have been studied. It has been estab-
lished that the reduction in energy (calorie) intake is the
dietary factor responsible for this retardation of age changes
in the physiologic systems.” Thus, this phenomenon is often
referred to as caloric restriction (CR). Although there is no
evidence that CR during the adult life of humans would
globally retard age-associated physiologic deterioration, it
has been shown to influence the physiologic systems of non-
human primates in a fashion similar to its effects on mice and
rats.'3 Moreover, there is evidence that CR influences the
occurrence and progression of age-associated human disease
processes,'* such as atherosclerosis,'® hypertension,!> and
insulin resistance and impaired glucose tolerance.'¢

The lifestyle factor that has received the most attention
relates to the fact that with increasing age many people
become increasingly sedentary.!” Studies on the effect of
exercise training in old human subjects indicate that some
of the decline in physiologic function with advancing age in
sedentary people is due to the effects of exercise deficiency
and probably can, at least in part, be reversed by physical
activity even at advanced ages.'® Skeletal muscle mass and
strength decrease with increasing age,'? and both the mass
and the strength can be increased by resistance training even
at very advanced ages.? It is likely that the frequently occur-
ring increase in body weight in people between the ages of 20
and 70 years is primarily the result of a sedentary lifestyle.?!
Exercise has also been found to attenuate the age-associated
increase in body fat content.?2 Most importantly, exercise
improves the distribution pattern of body fat in elderly men
and women.?3 There is also evidence that exercise increases

insulin sensitivity and thereby alleviates insulin resistance
and impaired glucose tolerance that commonly occur with
advancing age.?* There is little doubt that the increasingly
sedentary lifestyle with advancing age contributes greatly to
the deterioration of physiologic functions observed in old
people.

There is no clear demarcation between lifestyle factors
and personal habits. For example, exposure to the sun results
in changes in skin structure and function,? referred to as
photoaging by dermatologists and commonly viewed as a
marker of aging by laypersons. Excessive sun exposure may
be an inevitable consequence of the occupation of a person
or of the climatic conditions of the geographic region in
which the individual resides. If so, the effect of excessive
skin sun exposure probably should be in the lifestyle cate-
gory. However, recreational choice leading to excessive skin
sun exposure such as sunbathing can be viewed either as life-
style or as personal habit. A personal habit that has received
much attention in regard to aging is cigarette smoking. It is
established that aging of the skin is promoted by smok-
ing.2° Also, age-associated diseases that cause notable physi-
ologic deterioration are promoted by smoking. Examples are
chronic obstructive lung disease?” and atherosclerosis.?®

Psychosocial factors such as engaging in social activi-
ties have been shown to significantly lower the age-specific
mortality rate of people in the retirement age range.2? Since
this type of engagement has also been found to enhance the
execution of activities of daily living (ADL), it is likely that it
retards or reverses age-associated deterioration of the physi-
ologic system. Indeed, there is clear evidence that social sup-
port retards age-associated decline in cognitive function.3?
Although these psychosocial findings are intriguing, remark-
ably little is known regarding the underlying biologic mech-
anisms. Indeed, our understanding of this intriguing subject
has progressed little since the last edition of this book.

DAMAGE RESULTING FROM
AGE-ASSOCIATED DISEASES

Age-associated diseases are generally viewed as the cause
of much of the physiologic deterioration that occurs with
advancing age.3! These diseases usually cause morbidity and
mortality at advanced ages and are chronic or when acute are
the result of long-term processes, such as bone loss or ath-
erogenesis. It is also recognized that the occurrence and pro-
gression of age-associated diseases are strongly influenced
by age-associated physiologic deterioration. However, there
is disagreement regarding two fundamental questions. Are
age-associated diseases an integral part of the aging proc-
ess? Is there a fundamental difference between the aging of
physiologic processes and the progression of what are called
pathophysiologic processes?

In addressing these questions, the concept of “normal
aging” has emerged3' and is widely used by those conducting
physiologic studies on aging humans. It is defined as senes-
cence in the absence of disease; probably more appropri-
ately, it should be called “atypical aging” rather than “normal
aging.” Most elderly people have one or more age-associated
diseases. Moreover, Scully3? points out that any definition of
disease is problematic because what is called a disease is influ-
enced by medical advances and societal culture. For exam-
ple, Lakatta and Levy33 view hypertension as a disease and
point out that a systolic blood pressure of 140 to 160 mmHg



is now considered to be hypertension, whereas in 1990
it was considered to be in the normal range. Indeed, it is
to be expected that the fraction of the elderly free of age-
associated disease will become vanishingly small as advances
in medicine increasingly uncover occult disease. Moreover,
to study what many investigators call “normal aging,” great
effort is made to exclude from the population to be studied
subjects with age-associated disease. Although such studies
are invaluable by providing a reductionist approach to the
study of aging, a powerful tool in dissecting the details of
the aging processes, they provide little assessment of what is
occurring as the general population ages.

Furthermore, the view that normal aging does not involve
the occurrence of age-associated disease is not conceptually
sound in terms of basic biology. Evolutionary biologists pro-
pose that aging (senescence) occurs because of the decline
in the force of natural selection with advancing age.’*
Thus, biologic processes that result in detrimental effects
expressed late in life cannot be selected against. It is for this
reason that physiologic deterioration increases with increas-
ing age, and it is for the same reason that age-associated dis-
ease increasingly expresses with advancing age. It is true that
some people (a very small subset) may age without evidence
of discernible age-associated disease, but this may relate
more to the fact that the distinction between age-associated
disease and age-associated physiologic deterioration is arbi-
trary. For example, loss of bone mass is a well-recognized
age-associated physiologic deterioration and osteoporosis is
a major age-associated disease; the boundary in this case of
when to label a physiologic change as a disease is arbitrary.

For all of the above reasons, in this chapter, deterioration
of physiologic systems secondary to age-associated disease
will be considered to be an integral part of aging. Of course,
it is always important to know the specific reason for the
altered physiology, and when age-associated disease is the
major immediate cause, it should be identified.

INTERSPECIES AND INTRASPECIES
VARIATION IN AGE-ASSOCIATED
PHYSIOLOGIC DETERIORATION

In general terms, mammalian species are remarkably similar
in that a progressive, but usually not linear, deterioration in
the physiologic systems occurs with advancing postmatu-
rational age.’®> However, there is considerable interspecies
variation in the details of these physiologic changes.

There is also great intraspecies heterogeneity in age
changes in the physiologic systems, a phenomenon that
has been well characterized in humans. Rowe and Kahn3¢
have developed the concept of “usual aging” and “successful
aging" for considering the differences among individuals in
age changes in physiologic functions. “Usual aging” refers to
elderly who are functioning well but are at risk for disease,
disability, and premature death. They may exhibit modest
increases in systolic blood pressure and abdominal fat, and
deterioration of one or more physiologic systems. “Success-
ful” aging refers to a small group of disease-free elderly peo-
ple who exhibit the following characteristics:

¢ Low risk of disease or disability
e High level of mental and physiologic function
e Active engagement in life
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Rowe and Kahn focus on environment and lifestyle as
the major determinants for achieving “successful aging” and
point to adequate physical exercise, good diet, good per-
sonal habits (not smoking or abusing drugs and using alco-
hol in moderation), and good psychosocial environment as
being particularly important. Surprisingly, they barely men-
tion the role of genetics in achieving “successful aging.”

Although the concept of “successful aging” is provoca-
tive, there are questions regarding its value and usefulness.
One question is how common is “successful aging” now or
is it likely to become if most people were to live in a good
environment and adhere to an appropriate lifestyle. As of
now, only a small fraction of those in the eighth decade of
life would meet the criterion of being free of chronic disease
(i.e., almost all suffer from one or more of the following dis-
eases: osteoarthritis, coronary heart disease, cerebrovascular
disease, congestive heart failure, dementia, type Il diabetes,
Parkinson's disease, cancer, benign prostate hyperplasia, and
cataracts).?! And this does not fully cover the list of such
diseases.

A related question is what fraction of those who meet
the criteria of “successful aging” in the eighth decade of life
will continue to when in the ninth and tenth decades of life
or when they are centenarians. If most of them undergo
notable physiologic deterioration before death, what does
the concept of “successful aging” provide in addition to
the well-known fact that individuals age at different rates>
The concept of biologic age as distinct from chronologic
age was proposed long ago.3” Thus the question arises as to
whether the concept of “successful aging” is useful or mis-
leading. It is likely that most centenarians were in the “suc-
cessful aging” category when in the eighth decade of their
lives. However, they exhibit notable physiologic deterio-
ration, which must have occurred progressively during the
ninth and tenth decades of life culminating after becoming
centenarians.?! It seems more appropriate to say that these
centenarians undergo a slow rate of aging rather than “suc-
cessful aging.” This is not merely an academic issue but also
one with societal implications because “successful aging"”
implies that physiologic deterioration due to aging can be
prevented rather than merely delayed. Such a view may mis-
guide public policy based on the view that an appropriate
lifestyle and environment will enable people to reach very
old age without the disabilities that are so costly in the use
of societal resources. Unfortunately, it is possible that the
environment and lifestyle advocated for “successful aging”
may have just the opposite effect. Indeed, centenarians have
greatly increased in numbers during the twentieth century38
and may become commonplace during the twenty-first
century. Furthermore, since the environment and lifestyle
advocated for the achievement of “successful aging” is likely
to increase the number of centenarians, it may result in an
increase in the fraction of the population that consume soci-
etal resources because of notable physiologic deterioration.

AGE CHANGES IN THE PHYSIOLOGY

OF SPECIFIC ORGANS AND ORGAN
SYSTEMS

All organs and organ systems exhibit age-associated physi-

ologic deterioration, if not in all individuals, at least in a sig-
nificant fraction of the population. This subject area is so
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vast that it cannot begin to be covered in this brief chapter.
The volume on aging' of the Handbook of Physiology series of
the American Physiological Society provides a systematic
and extensive coverage for those needing in-depth informa-
tion about a particular organ or organ system. Also many
other chapters in this textbook provide a substantial discus-
sion of age changes in the physiology of specific organs and
organ systems relevant to the subject matter of the chapter.
In this chapter a few specific examples have been selected
for discussion solely for the purpose of illustrating general
concepts.

Before starting this discussion, it is important to point out
that most of the studies on age changes in the physiology
of organs and organ systems have used the cross-sectional
study design. The interpretation of cross-sectional stud-
ies is often confounded by factors not related to aging.3’
What are called “cohort effects” is a major confounder.*?
For example, during the twentieth century, the number of
years of education progressively increased in the developed
nations.*! Therefore, when comparing cognitive abilities
of 30-year-olds and 80-year-olds in a cross-sectional study,
the difference in educational levels confounds any con-
clusions about the effects of aging. What is referred to as
“selective mortality” is the other major type of confounder
of cross-sectional studies.#?> The older the age group being
studied, the smaller is the fraction of its birth cohort still
alive. Members of the birth cohort with risk factors for fatal
diseases tend to die at younger ages than others in the birth
cohort. Thus, for example, a difference in the blood level
of HDL-cholesterol between those in the age range of 80
to 90 years compared with those in the age range of 50 to
60 years may relate more to “selective mortality” than to
aging.

Aging broadly affects the cardiovascular system, rang-
ing from structural and functional alterations of the heart
and vasculature to changes in the neural reflexes regulating
cardiovascular functioning.*?® Left ventricular hypertrophy
commonly occurs with advancing age and its extent var-
ies among individuals.#* Notable left ventricular hyper-
trophy is associated with heart failure, coronary heart
disease, and stroke. Left ventricular compliance commonly
decreases with advancing human age and may be a con-
tributor to heart failure.#®> The ability to increase heart rate
in response to exercise-induced peak oxygen consump-
tion declines with increasing human age.*® Also, there is a
decrease with advancing age in the ability of B-adrenergic
agonists to increase heart rate.3? There is an age-associated
decrease in left ventricular contractility during maxi-
mal exercise and this is also a manifestation of reduced
B-adrenergic responsiveness.*” With increasing age, the
large arteries dilate, stiffen, and the intima thickens.*® Sys-
tolic blood pressure and pulse pressure commonly increase
with increasing age, a phenomenon primarily due to age-
associated arterial structural changes.*” The extent of the
increase in pulse pressure is a strong predictor of risk of
cardiovascular disease.

Many of these age-associated changes in cardiovascular
physiology may underlie the occurrence of cardiovascular
disease, while cardiovascular disease may play an impor-
tant role in many of the age changes in cardiovascular
function. Moreover, lifestyle and other environmental
factors undoubtedly are major players in the physiologic

deterioration of the cardiovascular system and in the
progression of cardiovascular disease. Of course, some of
the deterioration may be due to intrinsic aging processes
and thus inevitable. However, it is difficult to identify such
processes with certainty because one cannot be sure that
they do not arise from yet-to-be-recognized extrinsic fac-
tor or disease. Moreover, it is important to emphasize that
those age changes in cardiac function that are secondary to
lifestyle and other environmental factors are not inevitable
and may be modifiable even at advanced ages, at least to
some extent. Lakatta®® points out that the cardiovascular
age-changes are being studied at the molecular level in
rodent and nonhuman primate models and that the findings
of these studies hold promise for developing interventions
for even the intrinsic aging processes underlying cardiovas-
cular disease.

Cross-sectional studies of apparently healthy human
populations report a decrease in kidney function after age
40, with the glomerular filtration rate decreasing about
1% per year of age increase.®’ However, a longitudinal
study”? conducted on subjects of the Baltimore Longitudi-
nal Study of Aging has revealed that not all people exhibit
an age-associated decline in glomerular filtration rate
(Figure 9-2). The mean decrease in creatinine clearance in
446 male subjects followed over a 23-year period was 0.87 mL
per minute per year. However, one third of the subjects
showed no decline in creatinine clearance. Others in this
study exhibited a small but statistically significant decline
and still others had a notable decline in creatinine clearance.
It is interesting to note that the mean decline in creatinine
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Figure 9-2. Age changes in creatinine clearance of male subjects studied
serially in the Baltimore Longitudinal Study of Aging. The top panel presents

the findings of six subjects from the group who exhibited notable decreases in
creatinine clearance with increasing age; the middle panel presents the findings
of six subjects from the group who exhibited a small but significant decrease in
creatinine clearance with increasing age; the bottom panel presents the findings
of six subjects from the group who exhibited no decrease in creatinine clearance
with increasing age. (From Lindeman et al2 with permission of Blackwell
Science Inc.)



clearance of the subjects in this study group was similar to
what has been observed in many cross-sectional studies. The
reasons for the differences among people in changes with
age in kidney function have not been established. Linde-
man®! has suggested that the decline in renal function noted
in cross-sectional studies may be due to the fact that many
in the populations studied suffered from undetected patho-
logic processes and that a decrease in glomerular filtration
rate is not an inevitable involutional process. Indeed, it has
been shown that elevated blood pressure accelerates the
age-associated decline in renal function.’? It is also possible
that lifetime dietary preferences play a role since excessive
dietary protein is believed to promote renal functional dete-
rioration. Indeed, if the deterioration of renal function with
age is primarily due to disease and/or environmental factors,
then it is potentially modifiable by public health measures.

The appearance of the skin is widely used as an indicator
of the age of a person. The skin, indeed, undergoes many
structural and functional age-associated changes.>* The skin
wrinkles, loses elasticity and is increasingly more fragile. The
barrier function of the skin is compromised, as is its immune
function. The loss of sebaceous glands leads to dry skin and
the loss of melanocytes causes alterations in pigmentation.
There is a decrease in subcutaneous fat, which adversely
affects the ability to cope with cold environments. However,
the magnitude of most of these changes does not result from
intrinsic aging processes but is the result of cumulative sun
damage since their extent is much reduced in skin areas pro-
tected from the sun.?> Cigarette smoking is the other major
factor that promotes skin aging.?® Indeed, sun exposure and
cigarette smoking appear to act synergistically to promote
skin aging.?® Thus, commonly used skin markers of aging
have little relation to intrinsic processes but primarily relate
to environmental factors and can be readily modified by
altering lifestyle.

These three examples make clear that many age changes
are not primarily because of intrinsic aging processes but, to
varying degrees, are secondary to (or are at least promoted
by) age-associated disease or extrinsic factors or both. To
view them as not being part of the aging process removes
from consideration major problems that confront aging indi-
viduals nor is there any biologic basis for such a view. It is
true that deterioration due to disease or extrinsic factors may
be preventable and, in some cases, reversible, but that hardly
lessens their involvement in aging. Indeed, much of what we
currently consider to be intrinsic may ultimately be found
to be of extrinsic origin or at least influenced by extrinsic
factors. And what is considered to be extrinsic has its actions
by interacting with intrinsic processes. Indeed, what is con-
sidered to be lifestyle may have a strong intrinsic basis (e.g.,
the sedentary lifestyle adopted by many people as they age
also occurs in laboratory rats,®> which in the case of the
rodent is probably better viewed to be intrinsic rather than
a lifestyle choice). Moreover, as discussed earlier, there are
strong reasons to believe that most age-associated diseases
are part of the aging process, making their separation from
other aspects of aging arbitrary.3! Nevertheless, identifica-
tion of age-associated diseases is obviously essential in the
practice of geriatric medicine and is also invaluable in exper-
imental biogerontology by providing the detailed informa-
tion needed for interpretation of the findings of human and
animal studies.
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AGE CHANGES IN ORGANISMIC
FUNCTION

Given the many deteriorative changes that occur in the
physiology of organs and organ systems, it is to be expected
that the functional competence of the organism is compro-
mised with advancing age. Indeed, organismic functional
deficits occur that can be classified in the following way: (1)
decreased ability to cope with challenges, (2) reduced func-
tional capacity, and (3) altered homeostasis. A few examples
of these organismic functional deficits are presented next.

Ability to cope with challenges

The reduced ability to cope with challenges, or what are
often called stressors, is a hallmark of the aging pheno-
type.”® It is well known that secretion of glucocorticoids
by the hypothalamic-hypophyseal-adrenocortical system
and increase in the activity of the adrenal medullary-sympa-
thetic nervous system are responses common to all stressors,
and that they play an important role in enabling mamma-
lian organisms to cope with all stressors.’” Also, induction
of the heat shock protein system is a common response,
enabling organisms of almost all species to withstand many
different cellular stressors.’® Of course, in addition to these
general responses, there are defenses that are specific for
particular stressors or challenges. However, because the loss
with advancing age in ability of organisms to cope appears
to occur with all types of stressors, it might be expected
that there is deterioration of one or more of the general
mechanisms. The currently available evidence does not
indicate that the ability of the hypothalamic-hypophyseal-
adrenocortical system to respond to challenges by increas-
ing the secretion of glucocorticoid hormone is compromised
by aging.’® Of course, that does not rule out the possibil-
ity of a reduced ability of the glucocorticoid target site to
respond to the hormone, but studies designed to address this
possibility have yet to be done. There is some indication
that the response of the adrenal medullary-sympathetic ner-
vous system to challenges may be attenuated with advanc-
ing age,>® but these findings are hard to interpret because
basal levels of catecholamines are elevated with increasing
age. There is also evidence that there is a blunting with age
of at least some adrenergic responses in target tissues (e.g.,
the heart as discussed previously). Nevertheless, based on
current information, it does not seem that an inadequate
response of the adrenal medullary-sympathetic nervous sys-
tem plays a major role in the age-associated reduction in the
ability of the organism to meet challenges. In contrast to
these neuroendocrine responses, the evidence is clear that
the ability to induce heat shock proteins in response to cel-
lular stressors markedly decreases with the increasing age of
mammals,’® and this may play a major role in the loss in abil-
ity to cope with stressors. However, because the physiologic
deterioration occurs with advancing age in most organs and
organ systems, functional deficits in specific responses may
underlie the reduced ability to deal with a broad scope of
challenges. A case in point is the decrease in the ability of
the immune system to protect the organism from damage
due to infectious agents.°® Thus, although it has long been
known that successfully meeting challenges is compromised
with advancing age, the basis of this deficit remains to be
fully elucidated.
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Aerobic exercise capacity

The capacity of the cardiopulmonary system to supply oxy-
gen to exercising muscles along with the capacity of the
muscles to use this oxygen in energy metabolism is referred
to as the aerobic exercise capacity. It is a measure of the maxi-
mum ability to carry out exercise and is determined by mea-
suring the maximum rate of oxygen consumption attainable
when performing an exercise test of increasing intensity that
requires a large proportion of the total muscle mass. Aerobic
exercise capacity decreases in healthy sedentary men and
women at the rate of about 10% per decade.®' Since physical
fitness markedly influences aerobic exercise capacity, some
of this decrease may be a result of the fall in physical activity
with advancing age. The loss of aerobic exercise capacity is
associated with a decrease in forced expiratory volume per
second (FEV,) and maximum heart rate. Hollenberg et al®!
believe that these pulmonary and cardiovascular changes
play the major role in the age-associated decrease in aer-
obic capacity. Thus it is not surprising that the decline in
aerobic exercise capacity is much greater in elderly people
suffering from chronic disease, particularly atherosclerotic
disease. Well-trained endurance athletes at all ages have a
higher aerobic exercise capacity than untrained people of
the same age %2 Katzel et al®? carried out a longitudinal study
on the changes in aerobic fitness in endurance athletes of
advanced ages. They found that some exhibited a greater
longitudinal decline in aerobic exercise capacity than what
was observed in sedentary people of the same age. Other
old endurance athletes exhibited a very small longitudinal
decline in aerobic exercise capacity. The former group was
found to have decreased the magnitude of their endurance
training during the course of the study, whereas the latter
group had not. Katzel et al concluded that the rate of decline
in aerobic exercise capacity in older endurance athletes is
highly dependent on the intensity of their training. The aer-
obic exercise capacity of elderly sedentary men and women
can be increased by physical training.®3

Acid-base homeostasis

It has long been held that healthy elderly people have no
problem maintaining normal acid-base balance when living
the usual relatively unchallenged existence.®* However, a
careful meta-analysis of published data has challenged this
view.% It was found that that there is a progressive increase
in blood hydrogen ion concentration and a progressive
decrease in the blood concentration of bicarbonate ion
and carbon dioxide from age 20 to 80 years. The appar-
ent steady-state plasma concentration of hydrogen ion was
found to increase by 6% to 7% and the bicarbonate ion to
decrease by 12% to 16%. It is likely that an age-associated
deterioration of kidney function is responsible for the
increase in the blood hydrogen ion because, when chal-
lenged with an acid load, the ability of the kidneys to excrete
the acid load decreases with advancing age.”!

Fat-free mass (FFM)

Body mass is divided into two components: fat mass and FEM.
The constituents of FFM are skeletal muscle mass, body cell
mass, total body water, and bone mineral mass. In men, peak
FFM is reached in the mid-30s and progressively declines
thereafter; in women, it is stable in young adulthood until
about age 50 when it begins to progressively decline with

advancing age.%® Clearly, the homeostatic system regulating

FFM is deranged at advanced age. An important component
in the age-associated decrease in FFM is the loss of skeletal
muscle mass, an important factor in the decrease in muscle
strength with age.®® Although physical exercise with an
emphasis on weight-training can decrease the loss of muscle
mass in the elderly, even individuals who maintain their fit-
ness have some age-associated loss of muscle.®”

Fat mass

Body fat mass increases with age in both men and women
through middle age; a slow decrease occurs after age 70.9°
Even in those people whose body weight does not increase
with age, body fat increases as lean body mass decreases.
The homeostatic regulation of fat mass becomes faulty
with advancing age. Sedentary lifestyle plays a role in the
age-associated increase in fat mass since exercise is associ-
ated with a decrease in fat mass in the elderly.® However,
exercise attenuates but does not totally prevent the age-
associated increase in body fat. There is also a redistribution
of fat to the abdominal region with increasing age.%® Exer-
cise not only decreases the age-associated increase in body
fat but, most importantly, it also preferentially attenuates the
disproportionate increase in abdominal fat.®® The great con-
cern about abdominal fat is due to the extensive evidence
indicating that it is a risk factor for several age-associated
pathologic problems such as coronary heart disease and type
2 diabetes.”® Indeed, abdominal fat mass is positively asso-
ciated with mortality in the elderly.”! Thus interventions
aimed at preventing the abdominal accumulation of fat with
advancing age are most important to develop.

Bone mass

Bone mineral density (BMD), which accounts for 70% of
bone strength, declines in both men and women starting
in midlife.”> Osteoporosis refers to a disease condition in
which the extent of the decrease in BMD makes the indi-
vidual prone to bone fracture; the age-associated decrease
in BMD is probably the major reason that about 75% of
all hip, spine, and distal forearm fractures occur in persons
older than 65. In many women there is an age-associated
postmenopausal increased rate of bone loss that can last
for years.”? Since women also have a less massive skeleton
than men, it is not surprising that elderly women are more
prone to bone fracture than elderly men. Middle-aged and
older blacks of both genders have greater bone mass than
whites.”* They also have a substantially lower fracture rate,
which is only partly due to maintaining a higher BMD.
Cross-sectional studies have shown a positive correlation
between exercise and BMD.”> Although in postmenopausal
women, low dietary calcium intake increases the risk of
osteoporosis, this effect is often countered by such women
having an increased body mass index.”® Cigarette smoking
lowers the BMD.7”

Hormone replacement therapy has been the primary
method for retarding bone loss in postmenopausal women.
Treatment with low-dose conjugated estrogens or low-
dose estradiol increases BMD in postmenopausal women.”8
Recent concern about the nonskeletal risks associated with
long-term use of estrogens (e.g., breast cancer and cardio-
vascular disease) has lessened the enthusiasm for hormone
replacement.
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Figure 9-3. Influence of age on the response of plasma glucose and insulin
concentration to an oral load of glucose. Young and old healthy human subjects

were given 100 g of glucose orally. (From Chen et al®® with permission of
Blackwell Science Inc.)

Body temperature

The thermoregulatory system has the following compo-
nents: thermal sensors (cutaneous and central); afferent
neural pathways; central system integration; efferent neural
pathways (somatic and autonomic); effectors (skeletal mus-
cle shivering thermogenesis, brown adipose tissue nonshiv-
ering thermogenesis, cutaneous vasomotor activity, sweat
gland activity). With increasing age, there are deficiencies
at several levels of the thermoregulatory system.” Aging is
associated with a progressive deficit in the ability to sense
heat and cold, and also a reduced ability to generate heat
(lower muscle mass for shivering thermogenesis) and dissi-
pate heat (alterations in cardiovascular function and atrophy
of sweat glands).8% Also, there is impairment in nonshiver-
ing thermogenesis due to a decreased quantity of brown
adipose tissue with advancing age.?! The circadian rhythm
of core temperature deteriorates at advanced ages.8? Unlike
in young men, body temperature in old men continues to
increase following the cessation of a submaximal exercise.®3
Indeed, the deterioration of the thermoregulatory system
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makes old people extremely vulnerable to high and low envi-
ronmental temperature.8*

Glucose homeostasis

A diminished homeostatic regulation of plasma glucose
concentration is a common characteristic of the aging
phenotype.® When this regulatory ability declines suffi-
ciently, a diagnosis of type Il diabetes is made—a common
age-associated disease. A major tool for examining glucose
homeostasis has been the oral glucose tolerance test. Typi-
cal of the findings are those reported by Chen et al (Figure
9-3).86 They administered orally 100 g of glucose to groups
of healthy old and young subjects; plasma glucose rose to
higher levels and remained elevated longer in the old than in
the young, whereas the rise in plasma insulin level was delayed
in the old, but with time reached that of the young. With
increasing age, there is a reduced ability to secrete insulin®’;
however, it is not known how important a role it plays in
the alteration in glucose homeostasis with age. In contrast,
there is strong evidence that an increased resistance to insu-
lin action is a major factor in the diminished homeostatic
glucose regulation in old people.?® As discussed previously,
people become increasingly sedentary and have increased
body fat, particularly in the abdominal region, with advanc-
ing age; these two factors are known to increase insulin
resistance and to blunt the glucose homeostatic responses.
Indeed, the effect of aging on glucose homeostasis can be
ameliorated by increasing physical activity and in so doing
decreasing adiposity, particularly in the abdominal region.?
It is the increase in visceral fat that appears to be the major
factor in increasing insulin resistance with advancing age.”®
Indeed, probably exercise increases insulin sensitivity?!
because it decreases abdominal fat.

KEY POINTS
Physiology of Aging

e Physiologic deterioration occurs during the adult life of most, if
not all, mammalian species.

e The rate of age-associated physiologic deterioration and its
character varies among species and among individuals within
species.

e Age-associated physiologic deterioration results from the
following three sources of damage: intrinsic living processes,
environmental factors, and age-associated disease.

e Whether age-associated disease is an integral part of aging is a
fundamental question that has yet to be resolved.

e Whether the concept of “normal aging,” defined as aging in the
absence of disease, is useful or misleading is an open question as is
the related concept of “successful aging.”

® The cross-sectional design has been used in most studies on the
physiology of human aging; such studies can be confounded
by factors other than aging, which makes it imperative that
the possibility of confounders be carefully evaluated when
interpreting the findings.

¢ The ability to cope with stressors is diminished with advancing
adult age.

e The capacity to carry out activities (e.g., the aerobic exercise
capacity), declines with advancing adult age.

® Homeostatic regulation deteriorates with advancing adult age.
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SUMMARY AND CONCLUSIONS

Physiologic deterioration is a hallmark of the aging pheno-
type. This deterioration is caused by (1) damage resulting
from intrinsic living processes; (2) damage due to extrinsic
factors, such as diet, lifestyle, personal habits, and psycho-
social factors; and (3) age-associated diseases. Although
mammalian species are similar in that all show a progressive
deterioration of physiologic processes with advancing age,
the details of this deterioration vary among species. Thus the
detailed characteristics of the deterioration probably have
a strong genetic component. There is also a considerable
intraspecies variation in the rate and character of physio-
logic deterioration with advancing age. Many of the differ-
ences among individuals of the same species appear to relate
to extrinsic factors. Age-associated deterioration occurs in
all organs and organ systems. The extent to which extrinsic
factors and age-associated disease play a role varies among
organ systems and among individuals but, in most cases, one

or both appear to have a major role. These age changes in
the physiology of organs and organ systems compromise
the functional abilities of the organism and underlie the
decreasing ability to survive with advancing age. The physi-
ologic deficits of the aging organism can be summarized as
(1) a reduced functional capacity, (2) a decreased ability to
cope with challenges, (3) an altered homeostasis. Because
much of the physiologic deterioration with advancing age is
caused by extrinsic factors, aging can be modified by altering
lifestyle and environmental factors. Also, the large role that
age-associated disease plays in the physiologic deterioration
can be modulated by presently available medical and public
health measures and undoubtedly much more by those that
will be developed in the future.

For a complete list of references, please visit online only at
www.expertconsult.com



CHAPTER 10

A Clinico-Mathematical Model
of Aging

INTRODUCTION
Overview of frailty

Geriatricians have an affinity for frail elderly people, or
should. The complex care of elderly people who are frail is
argued—including in the Foreword of this book—to be the
very stuff of geriatric medicine.! This chapter, building on
recent reviews,?3 addresses the issue of frailty in relation to
complexity to argue that the formal assessment of complex-
ity can usefully be employed to understand the scientific
basis of the analyses of frailty, with insights for the practice
of geriatric medicine.

Frail, elderly patients are at an increased risk—compared
with others of the same chronologic age—as a consequence
of having multiple, interacting, age-related physiologic
impairments, some of which cross clinical thresholds to be
recognized as diseases and others as disabilities. These impair-
ments, diseases, and disabilities typically interact with various
social vulnerability factors, which commonly travel with the
frail to further increase the risk of adverse health outcomes.

The view of frailty as a multiple-determined at-risk state is
reasonably noncontroversial.#-8 By contrast, how best to oper-
ationalize frailty is more controversial. As outlined in various
reviews, some of the proposed operational definitions receive
more widespread support than others. In particular, the “phe-
notypic” definition of frailty used in the Cardiovascular Health
Study (CHS)? has been endorsed at consensus conferences®”
and employed by several groups.'®!3 Indeed, it has even been
claimed that the terms “frail” and “frailty” should be avoided
except when used in the context of a CHS assessment. !

Overview of complexity

The idea of complexity is proving to be one of the most
important conceptual advances in science.' Briefly, complex-
ity arises from systems. Systems can be defined in many ways
because there is an irreducible extent to which the definition of
a system depends on the context in which it is considered. To
start, it might work best to contrast a system with a set of elements.
The elements of a set exist as members of the set because of
some shared characteristic, but they do not become a system
until there is interconnectedness between them. Interconnect-
edness exists when changes in one element result in changes
in other elements, and these changes result in further changes,
and so forth. It is the nature of the interrelated changes that
defines complexity: complexity is the phenomenon of dynamic
interactions in the elements of a system. The goal of complex-
ity analyses is to quantify and summarize these changes.

The use of complexity analyses in aging has not been non-
controversial. For example, in 2002, an entire issue of Neurobi-
ology of Aging was devoted to complexity. Some of the papers
in the special issue gave examples in which complexity, as
measured in one specific context, appeared to decrease with
aging,'® whereas others gave opposite examples.!” Although
some commentators despaired,'® this result is typical when
complex systems are first investigated. Commonly, with
better specification of the context, (e.g., specification of
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intrinsic dynamics or of the time scale under consideration)
apparent contradictions resolve. Such specification can lead
to the implementation of new interventions that are based
on a better appreciation of changes in dynamic complexity
of biologic variability, such as the application of subsensory
noise to the feet to improve postural stability in older adults.!?

It is evident that aging humans constitute aging systems,
both as individuals and as groups, and that within the human
organism, there are different organ systems, although their
specification—where does the vascular system end and the
immunologic system begin>—often results in some arbitrari-
ness. Such arbitrariness is best not ignored when consider-
ing a phenomenon as all-encompassing as the passage of
time. How to specify the interconnectedness of the organs
in the body as people age is not clear. It is clear, however,
that there is (there must be, if it is a system) interconnected-
ness of health characteristics (interdependence of variables).
One way to specify the interconnectedness of health char-
acteristics is by the use of connectivity graphs (Figure 10-1).
Such graphs are constructed to represent interconnected-
ness between variables, so that a line between variables is
portrayed when some specified level of connectivity—say
a correlation >0.2 exists. As the graph illustrates, some vari-
ables are more highly connected than others (i.e., some have
more lines between them than others do.2? (It is this high
connectivity between some items more than others, that
means that the items of the frailty index do not need to be
weighted—an issue to which we will come.)

The connectivity graph illustrates two fundamental points
about complex states, which are multiplicity and intercon-
nectedness. Another way to think about interconnectedness
is that a system is “more than a sum of its parts”; this is some-
times referred to as the system having “emergent proper-
ties." (The idea of emergent properties is controversial and
need not be considered further here.) What will be evident
is that an individual's state of health can be summarized by a
single number—it is what we will refer to later as the frailty
index—and that the properties or behavior of that number
(for example, how the frailty index changes with age) can
be considered as an area of investigation in and of itself. To
continue that example, we have shown that the distribution
of the frailty index with age has distinctive characteristics.?!
These characteristics can be studied using network models,
which offer an apparatus for such analyses, based on stochas-
tic dynamics.??28 One example is the idea that heterogene-
ity (here, of the distribution of the frailty index with age)?'2¢
arises as a consequence of the stochastic dynamics of com-
plex systems. This approach to studying heterogeneity is
readily summarizable using a network approach, and has had
wide applicability from cortical networks in Alzheimer's dis-
ease?? to capital markets,3° to gas furnace pressures.?! Finally,
the connectivity graph also shows that a complex system is
summarizable. We will refer to this later, in terms of both
the frailty index, and of the more general case of a clinical
state variable. For now, we will simply note that a complex
system can be summarized in ways that are not necessarily
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Figure 10-1. Connectivity graph. Nodes indicate the deficits (codes correspond
to the deficits listed in reference 20) and edges indicate statistically significant
relationships between deficits (i.e., when the conditional probability of

one deficit, given another is statistically different (p < 0.05; t-test) from the
unconditional probability of the first deficit. It is clear that not all elements are
equally well connected. (Copyright A Mitnitski et al, used with permission.)

complicated. That is the goal of the bulk of initiatives in
bringing the tools of complexity analysis to studying what
happens as people age and become frail. As a start, the sim-
plicity of the output of these analyses is a good measure by
which the merit of the analyses might be judged.

THE PHENOTYPIC DEFINITION
OF FRAILTY

A very popular approach to defining frailty is by means of a
clinical phenotype. This operational definition, developed by
a consensus and tested in the Cardiovascular Health Survey,’
has been validated in several studies'?!3.32-3% and endorsed by
several groups.®8 The phenotypic definition concentrates on
five clinical characteristics: a self-report of exhaustion, self or
observer report of a decline in activity level, demonstrated or
reported weight loss, impaired strength (commonly operation-
alized as impaired grip strength using a dynamometer), and
slow gait (e.g., defined as the slowest 20% of the population
was defined at baseline, based on time to walk 15 feet, adjust-
ing for gender and standing height).? People who have none
of the five characteristics are said to be robust, and those with
three or more are said to be frail. People who have only one or
two problems are at an intermediate risk grade, referred to as
being "prefrail.” In several studies, the three groups have been
shown to have ascending levels of risk of a number of adverse
health outcomes, including worsening mobility, falls, disabil-
ity, fracture, mortality, and institutionalization.? 232337

A comprehensive series of studies have evaluated a
wide range of markers that are seen in association with
increasing grades of frailty. People who are frail have been
found to have, among other impairments, higher levels of
inflammatory markers,**#2 worse glucose control*3 and
lower antioxidant'3 and hemoglobin** levels.

The ready operationalization of the phenotypic definition,
especially in epidemiologic studies, is a clear asset. So too has

been the attempt to disentangle physical frailty from disabil-
ity and comorbidity.*> On the other hand, the phenotype
has been criticized for an artificial distinction between phys-
ical and cognitive (including affective) states,*® for requiring
performance tests that can be impracticable in the clinical
setting?” and for problems of both sensitivity and specificity
in relation to both mortality prediction*® and to what many
experienced clinicians would accept as frail.*¢

Frailty in relation to deficit accumulation

Our group has proposed that frailty can be understood in
relation to deficit accumulation.*® The fundamental idea to
this approach is that the more deficits that people have (the
more things people have wrong with them), the more likely
they are to be frail. We have been encouraged to continue
with this approach by the insights that can be gained from
the study of the frailty index itself. Our group, and others*8.50
have described how the frailty index changes in characteris-
tic ways. These changes are susceptible to precise analyses,
which we will outline below, and which also appear to have
useful clinical implications. In this way, we hope to move
beyond cartoon models of frailty. For example, Figure 10-2 is
one such cartoon model.?! It represents frailty as a state that
arises from a dynamic interplay between a variety of factors.
When people are well, their assets outweigh their deficits. As
they experience illness, the balance can shift, but as this is a
dynamic state, it can shift back. The model also suggests that
people with, for example, many social assets, will be harder
to tip into frailty than those with fewer social assets.

Although cartoon models have many uses, and the advan-
tage of readily illustrating complicated ideas, they cannot
offer the precision of formal, quantitative models, as depicted
in Figure 10-3.52 It demonstrates changes in frailty states, from
having # deficits at baseline, to k deficits at follow-up. The for-
mal model shows that these probabilities can be modeled as a
modified Poisson distribution. Here is what the formula says:
the chance of having k deficits at follow-up is a function of the
number of deficits #, at baseline. First, we must consider that
to have k deficits at follow-up, the person must be alive, so the
chance of moving from # to k must be adjusted for the chance
of surviving. The term P, 4 is the chance of dying during the
interval between baseline and follow-up (or between any two
consecutive assessments) so 1-P, 4 is the chance of surviving.
For any given u state (e.g., n = 1, n = 2, etc.), the chance of
having any k deficit proceeds in a highly ordered way, with
incremental change (this is what is implied by the Poisson
distribution). For example, for most baseline states, the single
most likely number of deficits that an individual will have at
follow-up is one more than they had at baseline. (Formally,
this can be summarized as saying that the mode of k is n +
1.) There is a slightly smaller chance of staying the same and
about the same chance of having two things wrong more than
at baseline, a smaller chance again of improving and so on.
The probabilities of achieving any given k therefore arise as
a function of #, and follow an ordered set of changes. On
average, # increases, but for virtually any value of #, there is
a chance of improvement (or stabilization or decline). Large
jumps in n to k states are uncommon; when large changes in
the value of n do occur, they usually go from a low # state (i.e.,
few deficits, good health) to a high k state.

Two other points are especially of note. One is that the
chance of moving from any given n state to any k state
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Figure 10-2. The balance beam model of changes in frailty states. The beam illustrates a multicomponent, dynamic state. (Copyright CMAJ and used with

permission.)

k
Poc= 50 exp(-pr)(1 - Prg

Figure 10-3. A formal mode of changes in frailty states, expressed as the
probability of a person with ndeficits at baseline surviving to have k deficits

at follow-up. P,y is the chance of dying; £,y= Pys exp(b,n). Note that {I}p,, =
po+bin{/1}; {1}pg {/1} and Py, are the characteristic risks associated with no
deficits. The two parameters b; and b, describe, respectively (given the current
number of deficits, n), the increments of their expected change, and the risk of
death. Note that the model can be elaborated to include the effects of specific
covariates, such as age, sex, or social vulnerability. In that case, the antilog of
the ratio of the regression coefficients associated with each covariate is an
estimate of the relative risk associated with that coefficient.

depends on both the present value of #, and the general (or
ambient, or background) changes in that environment. This
is captured in the formula by saying that {I}p, = py +bn{/I},
where {I}p, {/I} describes the chance of accumulating deficits
for people who have nothing wrong at baseline (i.e., who at
baseline are in the “zero [deficit] state.”) The parameter b,
describes, given the current nonzero number of deficits, the
increments of their expected change.?’> Of course, the same
obtains for the risk of death [i.e., P,y = Py exp(byn)]; P,y is
the chance of dying for people who have nothing wrong
at baseline. Here, parameter b, describes, again given the
current (nonzero) number of deficits, the associated risk
of death.?> In this way, it can be seen that the zero state
appears to be informative about the environment in which a
given population ages. Finally, we note that this is a simpli-
fied model, which can be adjusted to evaluate the impact of
various covariates. For example, to understand the impact
of high versus low level of education, we can evaluate its
impact on {I}p, {/I} and P,,.

The move from the operationalization of the concepts
of deficits in dynamic balance in Figure 10-2 to the terms
specified in Figure 10-3 took place over some years, but
each agrees on the following essential points: Frailty is a
multiply with agreement on determined state of risk that is
complex (component parts which interact in ways that are
not always summarizable at the level of the individual parts)
and dynamic (the interactions produce further interactions,
and change with time). In Figure 10-2, items that relate to
health are envisaged as weights on the balance beam. For
example, various health assets, such as a positive health

attitude®? or positive health practices such as exercise,>* fit
on the left hand side of the balance, giving positive weight
to assets. Others, such as illness, and the particular illness
which gives rise to disabilities, and the particular disabili-
ties that result in dependence on others are seen to weigh
on the negative side. As more health deficits mount up and
a person becomes more frail, the assets and deficits come
into a precarious balance. In this context, an acute illness
can be an important deficit, and can even “tip the balance”
between assets and deficits. As attractive as this model is—it
is easy to understand, accommodates multiple factors, and
is complex and dynamic—unless and until it can be quan-
tified, it cannot rise beyond the status of a metaphor. (In
its earliest operationalization, the deficits were quantified as
grades of disability, cognitive impairment, and poor health
attitude. )36

By contrast, Figure 10-3 proposes that changes in health
status—changes in grades of frailty—occur as a function of
the number of things that people have wrong with them. It
says that the chance that people with that number of things
wrong with them will change their health status in relation to
a known distribution of the range of chances. These changes
can be stability, worsening, or improvement. The distribu-
tion suggests that most people do not change their health
status that much (i.e., a person with # things wrong with
them is most likely, when followed up, to have #+1 things
wrong, or to show a slight worsening) but also could stay
at just » things wrong, or improve to n—1 things wrong. For
most people, the chance of improvement to n—1 is about the
same as the chance of worsening to n+2 things wrong. But
those discrete states (slightly better, the same, or 1 or 2 more
things wrong) consist of over half of the possible outcomes.
The model assigns all possible outcome states (better, same,
worse, or dead) typically with high precision based on just
four parameters—a staggering degree of dimensionality
reduction compared with most multivariable models. As the
equation shows, each of the four parameters becomes an
object of investigation, in and of itself. So the motivation to
continue this line of inquiry is very strong.

Even so, most readers—especially most medical readers,
for whom the mathematics is stereotypically not their strong
suit—will worry that whatever apparent precision in these
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estimates might be obtained by the quantitative model, it
comes at a very high price of comprehensibility. The bal-
ance beam is much easier to understand. For now, we will
make the claim that almost everything that is in the balance
beam can be included in the quantitative model: the model
helps us understand how to quantify what our clinical intu-
ition tells us is the case. An important addendum—what
compels us to say "almost everything” and not “everything”
is that some elements that are important in the balance beam
need a more elaborate model to achieve full specification.
For example, the balance beam posits an interaction between
so-called "medical” and “social” factors. As covered in a later
chapter of this textbook on social vulnerability, social defi-
cits appear to operate in a way that has much in common
with frailty, but at a level that is separable from it.>”

A useful way to understand the dynamics of deficit accumu-
lation is to consider what Benjamin Gompertz quantified in
1825%8: the older people are, the more likely they are to die,
as a precise function (+/- one or two error terms)>?0 of the
logarithm of their age (see Figure 10-3). But it is not as though
people suddenly drop dead as they age. Instead, before death,
they accumulate deficits, and they accumulate them expo-
nentially with age.®! In fact, it is the deficit count, more than
chronologic age, which correlates most with the risk of death
at any age.*849.61.62 The deficits that we can see accumulate
clinically—the symptoms, signs, diseases, disabilities, and
laboratory abnormalities that we typically count in frailty
indices—presumably begin as subcellular impairments.®® So
the line of reasoning goes that barring sudden death or acci-
dents, the more impairments people have, the more deficits
they have; the more deficits they have, the more frail they are;
and the more frail they are, the more likely they are to die.

DEVELOPMENT OF A FRAILTY INDEX
BASED ON COMPREHENSIVE GERIATRIC
ASSESSMENT

We began work on the frailty index by counting deficits in
existing databases, chiefly epidemiologic ones. Over the
years, we have collaborated with several groups to build a
frailty index in their databases, usually epidemiologic, not
clinical ones. This has justifiably caused concern in some
quarters about the clinical usefulness of the approach,®*
especially as an optimal frailty index should contain no fewer
than 30 to 40 items. (The lowest practical limit seems to be
about 10, although at that point, selection of which items are
to be counted becomes more important.)®> Most recently,
we have begun to build a frailty index prospectively from
the standardized comprehensive geriatric assessment form
that is used on all clinical geriatric medicine services at the
Capital District Health Authority in Halifax, Nova Scotia.
The CGA form (Figure 10-4) is the basis of our consultation
assessment on the consultation services, and of care planning
on each of our inpatient services (acute and rehabilitation
services) and the day hospital. It is worth noting that the
form readily can count up to 50 items (+10 items relating to
social vulnerability) but can still fit on a single page.

The frailty index that is derived from the CGA form is built
like any other, which is to say that it counts deficits. (We
have built other frailty index measures based on CGA.)%6.67
In a recent open access journal publication, we have spelled
out how to create a frailty index.°® A video is also available at

http://geriatricresearch.medicine.dal.ca. By convention, we give
any deficit a score of 1 if it is present and 0 if it is absent. On the
CGA form, for example, under the section “Communication”
we would give 1 point each for problems of vision, hearing, and
speech. Similarly, we would give a point for impaired mobility
or a recent fall. In addition, we count each of the comorbidities
that an individual might have and score one point for each. We
count additional deficits for every five medications prescribed
beyond five (5 through 9 medications, one deficit; 10 through
14 medications, two deficits, and so on). Any asymptomatic risk
factor where modification would have a mortality benefit (e.g.,
hypertension or antiplatelets in secondary vascular prevention)
would be considered as a further deficit if left untreated.

An important point about the frailty index-CGA is that
almost all deficits can be measured in every patient, so there
should be few missing data—typically less than 5% for any
given item. This requirement has the effect of excluding
many performance-based measures from frailty index vari-
ables, at least from survey data in which they typically have
considerably more than 5% missing data.*” If they are to be
included, then it seems to be useful to assign missing data the
score associated with worst performance status.*”

Validation of the frailty index

The frailty index has been validated by our group and by oth-
ers, typically using a three-part approach that considers con-
tent, construct, and criterion validity.°® The content validity of
a measure that counts what people have wrong with them, and
assumes that the more they have wrong with them, the more
likely they are to be frail, seems secure. In addition, it offers
the idea of grades of frailty. On the other hand, many com-
mentators have been concerned about the idea that the frailty
index weights all items equally. A common specific objection
is that it seems implausible that both “cancer” and “skin dis-
ease” should have the same weights (i.e., “0" if absent and “1”
if present). The usual rejoinder is that although cancer more
often is more lethal than skin disease, not all cancers are lethal,
and not all skin diseases are benign. When skin disease is lethal
(e.g., psoriasis with vasculitis and skin breakdown), it will have
more deficits associated with it. The same would hold for a
cancer that impacted the overall state of health. This detection
of multiple deficits has the effect of weighting more serious ill-
ness higher, regardless of the cause of the illness.

Construct validity has been tested chiefly by convergent
construct correlation (i.e., by correlating the frailty index
with other frailty measures, and measures of disability, cogni-
tive impairment, and comorbidity).”® Correlations between
the frailty index and other measures of frailty—including the
phenotypic definition—typically run in the range of ~0.6 to
0.8. As reviewed elsewhere?3 slightly lower correlations (in
the range of ~0.4 to 0.6) typically are seen with global mea-
sures of function, comorbidity, and cognition.

One aspect of construct validation that lends some insight
into the nature of frailty is the relationship between the frailty
index and age (Figure 10-5). Consistently in epidemiologic sam-
ples, we have found that the average value of the frailty index
is highly associated with age (correlation coefficients >0.95).23
Although the average value of the frailty index increases with
age (typically about 3% per year on a log scale—see Figure
10-5, lower best fit line), individuals have variable numbers of
deficits at any given age. People who have a large number of
deficits (e.g., people with a frailty index score of more than 0.5,
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Figure 10-4. A standard Comprehensive Geriatric Assessment (CGA) form used at the Centre for Health Care of the Elderly, Capital Health, Halifax, Nova Scotia.
The individual items on it can be scored to derive a frailty index based on the CGA (FI-CGA). (Copyright Geriatric Medicine Research Unit, Dalhousie University, Halifax,

Nova Scotia, Canada. Used with permission.)




64 Section| / Gerontology

1.0
0.5 0000 <><><> > 9 0 -----------------
ottt Y £33 & 7F
(g

0.3 o . Y
g AT
2 027 RS S 2t o0
é‘ ._.-—-v"'v* -*'fv
£ |ver .
rc 041 Tx *

0.05

65 70 75 80 85 90 95
Age (years)

ALSA (pb) Breast cancer
CSHA-comm (pb) CSHA-inst

v CSHA-clin (pb) Myoclnfarct
NHANES (pb) US-LTHS

« NPHS (pb)
& SOPS (pb)

= H70-75 (pb)

Figure 10-5. The relationship between the frailty index and age. Across several
surveys, the frailty index accumulates in community dwelling older adults at
arate of about 3% per year, on a log scale (lower line). By contrast, in clinical
samples and among institutionalized older adults, the values of the frailty index
are much higher on average and show almost no accumulation with age.

and who had half or more of all deficits that were measured)
typically show no mean accumulation with age; that is, they
have, on average, about as many deficits as they can tolerate, so
that if more deficits occur, they die. This is also typical of the
mean value of people who come from clinical and institutional
samples (see Figure 10-5, upper best fit line).6!7!

Even though the average value of the frailty index increases
with age, there is considerable individual variability, so that
some people are well above and others well below the mean
value. If the frailty index quantifies a risk state, then people
with high frailty index values should have a higher risk of
death than people with lower frailty index values. As noted,
this is the case; it also holds for institutionalization,® 72 health
service use,%” and worse health status.>27374 In each case, the
higher the frailty index count, the more likely the person is
to experience an adverse outcome. The relationship between
the frailty index and the risk of death, like the relationship
between age and the risk of death, is also exponential.

The frailty index as a clinical state variable

[f variation in grades of the frailty index reflects variation in
the risk of adverse health outcomes, then it is reasonable to
suppose that these grades in the frailty index represent dif-
ferent states of health. To this end, we have proposed that
the frailty index can be considered as a clinical state vari-
able.? A state variable is one that quantitatively summarizes
the state of an entire system; a classic example is tempera-
ture, which can be measured has a single number on a graded
scale. The number has a known meaning, as the average of the
kinetic energies of the molecules which make up a given sys-
tem. These individual kinetic energies are indeterminate. By
contrast, temperature is more stable, and can behave in ways
that can be known with precision. An important trait of a
state variable is that it can be described using plain language

descriptions. Temperature can be meaningfully communi-
cated as, for example, hot, warm, cool, cold, or freezing.
These descriptions can also be contextualized. In a biologic
context, scalding would have a precise clinical meaning.
These attributes appear to be particularly worthwhile in
grading frailty and allow some precision to be brought to the
question of what procedures might safely be entertained in a
“frail” patient. This grading of risk in relation to the severity/
load of the intervention and the responsiveness/frailty of the
individual is an active area of inquiry. For now, the interim
answer seems to be to translate the frailty index into terms
used. One aspect of the frailty index as a clinical state vari-
able that has yet to be fully explored is its translation into
plain language: what is the analog to "hot” versus “tepid” with
respect to frailty? Pending this answer being fully worked
out, the high correlation between the frailty index and the
Canadian Study of Health and Aging Clinical Global Frailty
Scale”® makes that measure seem to be a reasonable way to
quickly grade degrees of fitness and frailty (Table 10-1).

Another consequence to flow from the idea that the frailty
index defines discrete health states is that how these states
change might be informative. As noted, this appears to be
the case (see Figure 10-3). The probability for a given indi-
vidual of a change in the number of deficits that they have
depends on two factors. The first is the number of deficits
that that individual has at baseline and the number of deficits
that are accumulated, on average, by a person who has no
deficits at baseline. Another notable feature of the reproduc-
ibility of the changes in health states represented by variable
deficit counts/grades of frailty is that these estimates are very
robust. The estimates noted above do not just come from dif-
ferent countries, but were developed using different versions
of the frailty index, which typically has not been constructed
in the same way in any two studies (see Figure 10-5). The
examples quoted above employ iterations of the frailty index
that use different types of variables (e.g., self-reported in the
NPHS, clinically assessed [CSHA, H-70], or laboratory data
H-70), and often different numbers of variables (from 39 in
the NPHS to 70 in the CSHA to 100 in H-70).

The frailty index has often been referred to as a measure of
biologic age.?%°%73 If we consider that biologic age derives its
rationale not as time since birth—that is already well handled
by chronologic age—but as the time to death, then the high
correlation between the frailty index and mortality can be use-
fully exploited to calculate biologic age. Here is how. Con-
sider two people (“A" and “B") of the same chronologic age,
say 80 years old (Figure 10-6). One has a frailty index score of
0.11, which by interpolation we can see is the mean value on
average of the frailty index at age 65. We can this say that this
person has a biologic age of 65 years. The second person has
a frailty index value of 0.28, which corresponds to the mean
value of the frailty index at age 95, meaning that this per-
son has a biologic age of 95. In multivariable models, which
include both chronologic age and the frailty index, each con-
tributes independently, but with more information typically
coming from the frailty index.*84° In addition, people who
accumulate deficits more quickly have a higher mortality rate.

The frailty index-CGA is one instance of a clinical state
variable, with a single number summarizing the overall
clinical state of the individual. Other candidate clinical state
variables can be considered. Recalling that a system is differ-
ent from a set of elements by virtue of its interconnectedness,
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Table 10-1. Clinical Frailty Scale
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Grade Plain Language Descriptor Common Characteristics Usual Frailty Index Values
1 Very fit Robust, active, energetic, well motivated, and fit; these people 0.09 (0.05)
commonly exercise regularly and are in the fittest group for
their age. Commonly describe their health as “excellent.”
2 Well Without active/symptomatic disease, but less fit than people 0.12 (0.05)
in category 1.
3 Well, with treated comorbid Disease symptoms are well controlled compared with those 0.16 (0.07)
disease in category 4.
4 Apparently vulnerable Although not frankly dependent, these people commonly 0.22 (0.08)
complain of being “slowed up” or have disease symptoms or
self-rate health as “fair,” at best. If cognitively impaired, do
not meet dementia criteria.
5 Mildly frail Shows limited dependence on others for instrumental 0.27 (0.09)
activities of daily living.
[3 Moderately frail Help is needed with both instrumental and some personal 0.36 (0.09)
activities of daily living. Walking commonly is restricted.
7 Severely frail Completely dependent on others for personal activities of 0.43 (0.08)
daily living.
8 Terminally ill Terminally ill
MEAN PROPORTION OF DEFICITS of mobility and balance appears to hold particular promise as
AS A FUNCTION OF AGE . . . 76
a candidate for a clinical state variable that changes acutely.
0.5 - Recently, too, a frailty index has been employed using data
. available in the emergency department record.””
2 04 - Good geriatric medicine has always had an intuitive grasp
% .. of the nature of complexity as manifest in the frail elderly
S 03 - . - patients for whom geriatricians are privileged to care. The
2 * intent in making the analysis of complexity explicit is to build
£ 02 - . . on this intuition, not substitute for it. As has been argued, pro-
§_ L . ¢ viding a scientific basis for the specialty of geriatric medicine,
L . . .1 .
& 01 4 B rather than it existing as a set of utilitarian values (we do these
i PBA(B) PBA(A) things becaust? they seem to work), is essential to ad;;ancing
0 | | | : | | | : | the care of frail elderly patients with complex needs.

60 65 70 75 80 85 90 95 100 105
Chronological age, t (years)

Figure 10-6. Personal biologic age. Because the mean value of the frailty
index is so highly correlated with mortality (r2 typically >0.95), it can be used
to estimate personal biologic age, understood as a measure of the proximity
to death. Consider two men, each with the same (chronologic) age of 78 years.
Person A has a value of the frailty index that corresponds to the mean frailty
index value for 93-year-olds. In that sense he has a personal biologic age of
93 years. By contrast, person B has a value of the frailty Index that is seen,

on average, at age 63 years. That person would have a mortality risk that
corresponds to that of 63-year-olds.

clinical state variables need to integrate information about
connectedness of the component parts. In this way, decline
in connectivity can be considered as a manifestation of frailty,
a point that can be illustrated with connectivity graphs.2° In
this way too, it is evident that any clinical state variable should
represent the functioning of a system, so from that standpoint
must be high order. For humans, the evolutionary high order
functions are upright bipedal ambulation, opposable thumbs,
divided attention, and social interaction. In consequence,
candidate clinical state variables logically can be sought in
measures of mobility and balance, function, divided attention,
and social withdrawal. Any geriatrician will recognize in this a
short list of important “geriatric giants,” those being impaired
mobility (“taking to bed,” “off legs"), falls, functional decline,
and social withdrawal, or caregiver distress. This textbook
has chapters on each topic and each is moving toward better
quantification of the underlying phenomena. The valuation

KEY POINTS
Models of Aging

o Frailty is an important issue for geriatricians; geriatric medicine
chiefly consists in the complex care of elderly people who are frail.

o Frailty is a state of increased risk of adverse health outcomes.

e Operationalization of frailty is controversial, with three approaches
to measurement: classification from preset descriptors; criteria based
on the idea of common frailty phenotypes, and a count of deficits.

o An attractive feature of the deficit count approach is that it allows
insights from formal analyses of complexity to be applied to
clinical problems associated with frailty.

One insight from complexity analyses is the notion of clinical state
variables (i.e., single numbers that allow the overall clinical state to
be summarized). The frailty index, a deficit count, is one example
of the chronic health state. Mobility and balance, appropriately
measured, appears to be another clinical state variable, more
applicable for acute changes in health.

e Another idea that can be imported from complexity analyses
is that instruments meant to convey information should be
presented in ways that allow for easy pattern recognition.

e The formal analysis of complexity also makes clear why
comprehensive geriatric assessment, and the evaluation of delirium,
falls, and immobility are intrinsic to geriatric medicine. Each is a
response to the analysis of complex systems at high risk for failure.

For a complete list of references, please visit online only at
www.expertconsult.com




CHAPTER 11

The Premature Aging Syndrome

Hutchinson-Gilford Progeria:

Insights Into Normal Aging

INTRODUCTION

Hutchinson-Gilford progeria syndrome (HGPS) is an
extremely rare, uniformly fatal, segmental “premature aging”
disease in which children exhibit phenotypes that may give
us insights into the aging process at both the cellular and
organismal levels. This chapter will compare HGPS with
normal aging with respect to its genetics, biology, clinical
phenotype, clinical care, and treatment. By looking care-
fully at one of the rarest diseases on earth, we gain novel and
important insight into the most common conditions affect-
ing quality and longevity of life—aging and cardiovascular
disease.

HGPS: disease description

Hutchinson-Gilford progeria syndrome is, in most cases, a
sporadic, autosomal dominant, “premature aging” disease in
which children die of heart attacks or strokes at an average
age of 13.12 Children experience normal fetal and early post-
natal development. Between several months and 1 year of
age, abnormalities in growth and body composition are read-
ily apparent (Figure 11-1). Severe failure to thrive ensues,
heralding generalized lipoatrophy,3# with apparent wasting
of limbs, circumoral cyanosis, and prominent veins around
the scalp, the neck, and trunk. Children reach a final height
of approximately 1 m and weight of approximately 14 kg.
Bone and cartilaginous changes include clavicular resorption,
coxa valga, distal phalangeal resorption, facial disproportion
(a small, slim nose and receding mandible), and short stature.
Dentition is severely delayed.’>¢ Eruption may be delayed for
many months, and primary teeth may persist for the dura-
tion of life. Secondary teeth are present, but may or may
not erupt. Skin looks thin with sclerodermatous areas and
almost complete hair loss.”? Skin findings are variable in
severity and include areas of discoloration, stippled pigmen-
tation, tightened areas that can restrict movement, and areas
of the dorsal trunk where small (1 to 2 cm) soft bulging skin
is present. Joint contractures, due to ligamentous and skin
tightening, limit range of motion. Intellectual development
is normal in HGPS. Transient ischemic attacks and strokes
may ensue as early as 4 years of age, but more often they
occur in the later years. Death results from sequelae of wide-
spread arteriosclerosis between the ages of 8§ and 21 years,
almost exclusively from myocardial infarction or stroke.!2!10

Molecular genetics and cell biology
LAMIN A

HGPS is a member of the family of genetic diseases known
as the laminopathies, whose causal mutations lie along
the LMNA gene (located at 1q21.2).!"-13 The LMNA gene

codes for at least four isoforms, of which only the lamin A
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isoform is associated with mammalian disease.'*'> The lamin
proteins are the principal proteins of the nuclear lamina; a
structure located inside the inner nuclear membrane.!¢
Lamin A, like all lamin molecules, contains an N-terminal
head domain, a coiled-coil a-helical rod domain, and a car-
boxy terminal tail domain!” (Figure 11-2). It is derived from
a larger molecule, prelamin A, which undergoes multistep
proteolytic processing, which includes the addition and then
cleavage of a farnesyl group to become mature lamin A.'8-20
The loss of the farnesyl anchor presumably releases prelamin
from the nuclear membrane, rendering it free to participate
in the multiprotein nuclear scaffold complex just internal to
the nuclear membrane, affecting nuclear structure and func-
tion.!” The integrity of the lamina is crucial to many cel-
lular functions, including mitosis, creating and maintaining
structural integrity of the nuclear scaffold, DNA replication,
RNA transcription, organization of the nucleus, nuclear pore
assembly, chromatin function, cell cycling, and apoptosis.

MUTATIONS IN LMNA CAUSE HGPS

HGPS is almost always a sporadic autosomal dominant
disease, with only one proven case of mosaicism.2! Ninety
percent of HGPS patients have a single C to T transition
at nucleotide 1824, which activates a cryptic splice site22—24
(Figure 11-2). Translation followed by posttranslational
processing of this altered mRNA produces a shortened abnor-
mal protein with a 50 amino acid deletion near its C-terminal
end, henceforth called "progerin.” The 50 amino acid dele-
tion does not affect the ability of progerin to localize to the
nucleus or to dimerize because the necessary components for
these functions are not deleted.'” Importantly, however, it
does remove the recognition site that leads to proteolytic
cleavage of the terminal 18 amino acids of prelamin A (see
Figure 11-2), along with the phosphorylation site(s) involved
in the dissociation and reassociation of the nuclear mem-
brane at each cell division.'81?

The multisystem and primarily postnatal disease manifes-
tation in HGPS is not surprising, since lamin A is normally
expressed by most differentiated cells, preserving function
in undifferentiated cells that dominate fetal development.!'¢
Lamin A expression is developmentally regulated and dis-
plays cell and tissue specificity, primarily in differentiated
cells including fibroblasts, vascular smooth muscle cells,
and vascular endothelial cells.'#2°26 Although the alternate
splicing in HGPS leads to decreased levels of lamin A, this
does not seem to affect cell function at all. In fact, a mouse
model entirely lacking lamin A shows no signs of disease.?”
HGPS is therefore a dominant negative disease; it is the action
of progerin, not the diminution of lamin A, that causes the
disease phenotype.
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Figure 11-1. Physical characteristics of HGPS: Four different children at ages (A) 3-month-old female, (B) 2.2-year-old female, (C) 8.5-year-old male, and (D) 16-year-
old male. (E) Carotid artery MRI with contrast in a 4-year-old with HGPS demonstrates patency of right common carotid artery, and 100% occlusion of left common
carotid artery (arrow). (F) Truncal skin showing areas of discoloration, stippled pigmentation, tightened areas that can restrict movement, and areas of the dorsal trunk
where small (1 to 2 cm) soft bulging skin is present in a 7-year-old male. (G) Knee joint restriction in a 12-year-old male. (H) Nail dystrophy and distal phalangeal tufting
in a 10-year-old male. Typical x-ray findings: (1) acro-osteolysis of the distal phalange, (J) clavicular shortening, (K) coxa valga. Growth characteristics showing normal
birth weight and length, followed by failure to thrive. Average length (blue) and weight (black) for age for 10 females during (L) birth to 12 months and (M) 2 to 8 years.
Standard deviation less than 6% for each data point. Data for males is not significantly different from those of females (p < 0.05) (data not shown). (Photos courtesy
from The Progeria Research Foundation. Data courtesy from the PRF Medical and Research Database. Growth charts adapted from those developed by the National
Center for Health Statistics in collaboration with the National Center for Chronic Disease and Health Promation, published May 30, 2000, www.cdc.gov/growthcharts.)
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Figure 11-2. Abnormal splicing in HGPS and normal LMNA. (A) Sequences in bold and italics represent potential splice donor sequence. Partial DNA sequence for
ideal consensus splice donor sequence (seven bases, Top line), which shares six of seven bases with HGPS (Middle line), and five of seven bases with normal LMNA
(Bottom line). Codes for glycine are underlined. Mutant transition (C to T) in red. Vertical red line represents splice point used variably in HGPS, and in normal cells (less
frequently). (B) Representation for mutant splicing that results in 50 amino acid deletion from lamin A, thus creating progerin. (C) Translation of the LMNA gene yields
the prelamin A protein, which requires posttranslational processing for incorporation into the nuclear lamina. The prelamin A protein has the amino acids CSIM at the
C terminus. This comprises a CAAX motif (where C is cysteine, A is an aliphatic amino acid, and X is any amino acid), which signals for isoprenylation (in this case, the
addition of a farnesyl group to the cysteine by the enzyme farnesyltransferase [FTase]). After farnesylation, the terminal three amino acids (SIM) are cleaved by the
ZMPSTE24 endoprotease, and the terminal farnesylated cysteine undergoes carboxymethylation. A second cleavage step by ZMPSTE24 then removes the terminal 15
amino acids, including the farnesyl group. This final cleavage step is blocked in Hutchinson-Gilford progeria syndrome. (Copyright 2006. Nature Reviews Genetics.)

FARNESYLATION AND HGPS

A key to disease in HGPS is the presumably persistent
farnesylation of progerin,®* which renders it permanently
intercalated into the inner nuclear membrane, where it can
accumulate and exert progressively more damage to cells
as they age. That the failure to remove the farnesyl group
is at least in part responsible for the phenotypes observed
in HGPS is strongly supported by studies on both cell
and mouse models, which have either been engineered to
produce a nonfarnesylated progerin product, or treated
with a drug that inhibits farnesylation, rendering a non-
farnesylated progerin product. Drugs tested include farne-
syltransferase inhibitors, statins, and nitrogen-containing
bis-phosphonates, all of which work at different points along
the pathway leading to farnesylation of the abnormal lamin
A proteins produced in progeria.?® By preventing the ini-
tial attachment of the farnesyl group to newly synthesized
preprogerin molecules, progerin is thought to be unable to
effect its aberrant function at the inner nuclear membrane.
In many in vitro and mouse model studies, some or all of
the phenotypes of HGPS were reversed toward normal.

This included reversing vascular disease in an HGPS mouse
model that mimics progressive arteriosclerosis,®® increased
life span by 50%, fewer bone breaks, and increased size
using farnesyltransferase inhibitor (FT1),3° and increasing life
span by 80%, improved growth, hair, and bone breakage in
a ZMPSte24 —/— model.3!

Aging and HGPS
HGPS is described as a “segmental” premature aging syn-
drome because it shares some phenotypes with normal
aging, but not all. Cancer, Alzheimer's disease, and various
other sequelae of aging are not present in HGPS. Clinical
characteristics common to both, but accelerated in HGPS,
include progressive vascular disease, bone loss (osteopenia
or osteoporosis), loss of subcutaneous fat (lipoatrophy), and
hair loss. A number of laminopathies have both progeroid
and nonprogeroid phenotypes, but HGPS is the best studied
for its commonalities with aging, senescence, and arterio-
sclerosis.?®

HGPS and aging share a variety of cellular elements key
to aging at the cellular level, including decreased resistance
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to oxidative stress, increased DNA damage, and decreased
ability to repair that damage; abnormal nuclear shape (bleb-
bing) (Figure 11-3; see also color plate 11-3); decreased resil-
ience in response to mechanical strain; and a host of signaling
pathways that change with senescence and age, including the
Notch pathway.32 Perhaps our most exciting new clue to the
aging process is the presence of progerin protein at increas-
ing concentrations as both HGPS and normal cells age.
Normal fibroblasts senesce, but HGPS fibroblasts senesce
more rapidly (i.e., usually within 15 passages®?). Oxidative
stress, in the form of superoxide radicals and hydrogen per-
oxide, has been found to induce senescence and apoptosis
and is implicated in the cause of atherosclerosis®* and normal
aging.3*3¢ Antioxidants such as superoxide dismutase, cata-
lase, and glutathione peroxidase help eliminate superoxide
radicals and hydrogen peroxide. Yan et al?” demonstrated
significantly decreased glutathione peroxidase, magnesium
superoxide dismutase, and catalase levels in HGPS fibroblast
cultures compared with normal control cultures. Normal cel-
lular senescence is also marked by increasing rates of DNA
damage and a decline in the ability to repair this damage.38
Progeria cells accumulate double stranded DNA (dsDNA)
breaks and impaired DNA repair3®-*! Aberrant nuclear shape
(called blebbing or lobulation) occurs in normal fibroblasts
undergoing apoptosis as an antecedent to apoptosis and
senescence'® (see Figure 11-3; see also color plate 11-3).
A consistent phenotype in HGPS cells is the same aber-
rant shape of their nuclei, which is readily detected follow-
ing staining with antilamin antibodies.'®?* The blebbing

E

is a structural sign of cellular decline in both normal and
HGPS cell cultures. Another structural weakening associ-
ated with aging cells, development of cardiovascular dis-
ease, and HGPS is the response to mechanotransduction
(applied force).#243 When strain is applied to early passage
wild-type fibroblast nuclei, they remain stiff.#* Although
progeria fibroblasts show normal rigidity at early passages
(when progerin levels and nuclear blebbing are at a mini-
mum), late passage nuclei show dramatically increased rigid-
ity over wild-type fibroblasts. In addition, whereas wild-type
cells enter S phase and G2 phase in response to mechani-
cal stretch, HGPS cells do not proliferate in response to
stretch. Microarray studies have revealed significant overlap
between cell signaling in senescing cells and HGPS fibro-
blasts as compared with early passage normal cells.*>~*7 The
Notch regulatory pathway in particular stands out because
Notch is important for maintenance of stem cells (including
mesenchymal stem cells), differentiation pathways, and cell
death. Significantly, both HGPS cells and non-progeria cells
induced to produce progerin display up-regulation of three
genes in the Notch pathway: Hes 3, Hes 4, Hey 1.

The discovery that progeria is caused by a mutation in lamin
A, which had not previously been implicated in mechanisms
of aging, brought in an entirely new question: Are defects in
lamin A implicated in normal aging? The first positive evi-
dence was reported by Scaffidi et al in 2006,*> who showed
that cell nuclei from normal individuals have acquired simi-
lar defects as progeria patients, including changes in histone
modifications and increased DNA damage. Younger cells

F

Figure 11-3. Nuclear blebbing and presence of progerin in HGPS and aging. Fibroblast nuclei stained with antilamin antibody (A) passage 4 HGPS, (B) passage 10
normal, (C) passage 40 normal; skin biopsies stained with antiprogerin antibody and shown here at 40x for (D) HGPS donor age 10 years old; (E) normal newborn, (F)

normal, donor age 90 years old.
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show considerably less of these defects. They further dem-
onstrated that the age-related effects are the result of the
production of low levels of preprogerin mRNA produced by
activation of the same cryptic splice site that functions at
much higher levels in progeria, and is reversed by inhibi-
tion of transcription at this splice site. Cao et al,’° studying
the same phenomenon, showed that among interphase cells
in fibroblast cultures, only a small fraction of the cells con-
tained progerin. The percentage of progerin-positive cells
increased with passage number, suggesting a link to normal
aging. Notably, McClintock et al found progerin in skin
biopsies of older donors, while young donors had no detect-
able progerin. This is the first human in vivo demonstration
of a buildup of progerin with normal aging’! (see Figure
11-3; see also color plate 11-3). The newly discovered rela-
tionship between HGPS and lamin A has opened the doors
of scientific exploration into how lamins play a role in heart
disease and aging in the general population. Scaffidi et al*?
have shown that normal fibroblasts also produce some
progerin by using this same splice site to a lesser degree than
do HGPS fibroblasts.

A key element when considering treatment for HGPS, or
for arteriosclerosis and normal aging, is progerin's dosage
effect. In HGPS, the nonmutated LMNA gene splices nor-
mally produce full length lamin A, and only rarely uses the
cryptic splice site to produce progerin. The other (mutated)
LMNA gene produces both progerin in substantial amounts
and a minor amount of lamin A. Reddel and Weiss showed
that the mutant allele in cultured HGPS fibroblasts uses the
cryptic splice site 84.5% of the time.>? Different individu-
als may produce more or less progerin, and within an indi-
vidual, different cell types may produce varying amounts of
progerin versus normal lamin A. In normal fibroblast cells
in culture, the cryptic splice site is used about fiftyfold less
as compared with HGPS fibroblasts. However, because
progerin protein accumulates with increasing age in skin
biopsies’! (see Figure 11-3; see also color plate 11-3) and
in vitro with increasing passage number,'® the influence of
progerin on health in the general population probably also
increases as we age. Clinical support for the dosage effect
hypothesis is found in the study of a 45-year-old man with a
progeroid laminopathy, whose mutation in T623S produced
a cryptic splice site abnormality in LMNA, but the splice site
was used 80% less frequently than in classic HGPS.>3 His
phenotype mimicked HGPS, but to a milder degree. There-
fore we can assume that decreasing the levels of progerin by
a relatively modest percentage will significantly ameliorate
disease. In addition, it is highly possible that one compo-
nent of genetic predisposition to atherosclerosis lies in the
amount of progerin that an individual accumulates in his or
her lifetime.

OVERLAP BETWEEN HGPS AND ARTERIOSCLEROSIS
OF AGING

Individuals with HGPS develop premature severe arterio-
sclerosis in childhood and frequently succumb to result-
ing heart attacks or strokes in the second decade of life.!>*
Hypertension, angina, cardiomegaly, and congestive heart
failure are common end-stage events.’>-% The disease pro-
gression of progeria blood vessels does not fit the typical
atherosclerotic description, which includes intima-media
thickening, atherosclerotic plaque (rich lipid core) with

ruptured cap and superimposed thrombosis, inflamma-
tion and endothelial destruction, and proliferating medial
smooth muscle cells. In HGPS, intima-media thickness of
the carotid artery is normal,>° as are cholesterol, low-density
lipoprotein (LDL), and high sensitivity C-reactive protein
levels—all factors in chronic lipid-driven inflammation of
atherosclerosis.®”

Instead, the HGPS vascular phenotype resembles an arte-
riosclerosis, which is characterized by hardening of the ves-
sels (decreased compliance) in medium and large vessels, and
affects millions of aging individuals. Meredith et al, study-
ing a cohort of 15 patients with HGPS, found that younger
children displayed normal vascular compliance but that,
with age, compliance decreased, and in a number of children
this led to left atrial enlargement.>® Blood pressure and heart
rate were in the normal range in younger children, whereas
the older children had increasing blood pressures and vari-
able heart rates. Electrocardiograms were normal in most,
although a few had long Q-T intervals suggesting fibrosis of
the conduction system.

Gordon et al® found serum levels of cholesterol, triglycer-
ide (TG), LDL, and C-reactive protein (a mediator of inflam-
mation) within normal limits in 19 patients, but showed
decreasing high-density (HDL) and adiponectin (a secretory
product of adipose tissue) with increasing age in HGPS. In
fact, adiponectin values exhibited a strong positive correla-
tion with HDL values in progeria children. Declines in HDL
and adiponectin have been implicated in other lipodystro-
phic syndromes and lipodystrophy associated with type 2
diabetes.'-% Adiponectin is emerging as an independent
cardiovascular risk factor, which may directly regulate endo-
thelial function®'-%> and which also correlates with HDL in
type 2 diabetes.%¢

The fewer than 20 autopsies on children with HGPS have
revealed focal plaque throughout large and small arteries,
including all coronary artery branches.! 37786770 The plaque
is markedly calcified and contains cholesterol crystals and
a nearly acellular hyaline fibrosis. Vessel cross-sections at
autopsy of one 22-year-old woman with clinical features of
HGPS revealed no indication of vasculature inflammation.>*
The vascular media no longer contained smooth muscle cells
and the elastic structure was destroyed and replaced with
extracellular matrix or fibrosis, with profound adventitial
thickening and a depleted media. Presumably the primary
loss of smooth muscle cells initiates vascular remodeling
by secondary replacement with matrix in large and small
vasculature.

Apoptosis occurs in vascular smooth muscle cells before
the development of calcification,”' and may even be required
for calcification to occur. Since vascular calcification is a req-
uisite event in plaque formation,”? apoptosis may be a key
element in the development of disease in HGPS and arterio-
sclerosis.33:42.73

HGPS is a disease involving abnormalities in the extra-
cellular matrix, with increased collagen and elastin secre-
tion, disorganized dermal collagen, decreased decorin, and
increased aggrecan and ankyrin G compared with normal
controls.*347.74=77 Extracellular matrix molecules have both
structural and cell signaling functions in skin, bone, and the
cardiovascular system,”8-34 all of which are severely affected
in HGPS. In pathologic and clinical studies, mesoderm-
derived tissues and their extracellular matrices are targets of
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principal defects. Gene expression studies of HGPS fibro-
blasts are consistent with these findings.*¢8> Aneurysms,
noted in several cases of HGPS, 106770 derive from medial
necrosis, which could reflect either a connective tissue prob-
lem and concurrent death of smooth muscle cells.

In summary, the study of HGPS has provided a completely
new molecule, progerin, which may play an integral role in
general vascular biology and health. The progeria vascula-
ture is characterized by global stiffness, tortuosity, and a loss
of smooth muscle cells in the media with subsequent extra-
cellular replacement. Biochemical abnormalities include
progressively decreasing HDL and adiponectin. Smooth
muscle cell dropout is unique to progeria, whereas global
stiffness and tortuosity, decreased HDL, and adiponectin
are observed in arteriosclerosis and type 2 diabetes in the
normal aging population. Although progerin was found in
arterioles of an HGPS patient,?® future studies in this young
field will need to assess for the presence of progerin in non-
HGPS vasculature, and its potentially causal relationship to
cardiovascular disease with aging.

Clinical care
DIAGNOSTICS AND GENETIC COUNSELING

Initial indications for HGPS include failure to thrive, skin
signs, stiffened joints, delayed dentition, gradual hair loss,
and subcutaneous loss of fat with normal developmen-
tal milestones. Average age at diagnosis is 2 years (see
www.genetests.org). The Progeria Research Foundation
(www.progeriaresearch.org) is the only patient advocate
organization worldwide that is solely dedicated to discover-
ing the cause, treatments, and cure for progeria. The orga-
nization provides services for families and children with
progeria, such as patient education and communication with
other progeria families. It serves as a resource for physicians
and medical caretakers of these families via clinical care rec-
ommendations, a diagnostics facility, a clinical and research
database, and funding for basic science and clinical research
in progeria.

CARDIAC CARE AND LOW-DOSE ASPIRIN
Children with HGPS are at high risk for heart attacks and

strokes at any age. The earliest published incidence of stroke
is at the age of 4 years.”® In one case, seizures were the pre-
senting cerebrovascular event.'” Importantly, stroke (cere-
bral infarction) may occur while the child exhibits a normal
EKG and may be caused by occlusion of a small cerebral
vessel in the absence of large-vessel intracranial blockages.8¢

Studies in adults have shown that the benefits of low-
dose aspirin therapy increase with increasing cardiovascular
risk.8788 Recommendations here are extrapolated from this
evidence in adults. Low-dose aspirin should be considered for all
children with HGPS at any age, regardless of whether the child
has exhibited overt cardiovascular abnormalities or abnor-
mal lipid profiles. Low-dose aspirin may help to prevent ath-
erothrombotic events, including transient ischemic attacks
(TIA), stroke, and heart attacks, by inhibiting platelet aggre-
gation. Dosage is determined by patient weight, and should
be 2 to 3 mg/kg given once daily or every other day. This
dosage will inhibit platelet aggregation but will not inhibit
prostacyclin activity.

Once a child begins to develop signs or symptoms of vas-
cular decline, such as hypertension, TIA, strokes, seizures,

angina, dyspnea on exertion, EKG changes, echocardiogram
changes, or heart attacks, a higher level of intervention is
warranted. Antihypertensive medication, anticoagulants,
antiseizure and other medications usually administered to
adults with similar medical issues have been given to children
with HGPS. All medication should be dosed according to
weight, and carefully adjusted according to accompanying
toxicity and efficacy.

INTUBATION

Intubation is difficult in the child with progeria due to the
small oral aperture with retrognathia, little flexion or exten-
sion in the cervical spine, relatively large epiglottis, and
small glottic opening. Nasal fiberoptic may be difficult to
place because of an unusual glottic angle. Intubation with
direct visualization is recommended because glottic angle
may make fiberoptic intubation difficult. For nonoral proce-
dures, mask ventilation, or laryngeal mask airway is recom-
mended over intubation.

PHYSICAL THERAPY (PT) AND OCCUPATIONAL
THERAPY (OT)

Children with progeria need PT and OT as often as pos-
sible (optimally two to three times each per week) to ensure
maximum range of motion and optimal daily functioning
throughout their lives. The role of PT and OT is to maintain
range of motion, strength, and functional status. Proactive
PT and OT are important since all children with progeria
develop restrictions in range of motion in a progressive man-
ner (see Figure 11-1). Bony abnormalities are almost always
evident in x-rays by the age of 2 years.89-23 Range of motion
may be restricted because of progressive joint contractures,
primarily in the knees, ankles, and fingers as a result of ten-
dinous abnormalities; hip abnormalities due primarily to
progressive coxa valga; and shoulder restrictions due to cla-
vicular resorption. Tightened skin can also restrict range of

KEY POINTS

The Premature Aging Syndrome Hutchinson-Gilford
Progeria

e HGPS is a rare segmental premature aging syndrome in which
children die of heart attacks or strokes between ages 7 and 20
years.

e HGPS is an autosomal dominant disease caused by a single base
mutation in LMNA, leading to a silent mutation that creates a
cryptic splice site.

® Lamin A is an inner nuclear membrane protein that is central to
cellular structure and function, primarily in differentiated cells.

® The abnormal lamin A protein produced in HGPS, called
progerin, is not only generated in HGPS, but is also generated to
a lesser extent in the normal population.

e Cardiovascular disease in HGPS resembles arteriosclerosis of ag-
ing, with hypertension, vascular stiffening, vessel wall remodeling
with abnormal extracellular matrix, plaque formation in the face
of normal cholesterol levels, and finally stroke and heart attacks.

® Progerin accumulates with increased age and is likely associated
with cellular aging and vascular disease in the general population.

Preclinical studies show that preventing farnesylation of progerin
improves disease phenotype both in cell culture and in mouse
models, including reversal of vascular disease.
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motion. Skin tightening can be almost absent in some chil-
dren, or can be severe and restrict chest wall motion and
gastric capacity in others.

Each regimen should be tailored to the child's individual
needs, and tailored according to cardiac status in consulta-
tion with the child’s physician. Any child who develops dys-
pnea (shortness of breath), angina (chest pain), or cyanosis
(blue discoloration of lips and skin) during exertion should
stop immediately. If symptoms do not rapidly resolve, the
child should receive emergency medical care. If oxygen
is available, it should be administered. Therapy personnel
should be trained in cardiopulmonary resuscitation and have
access to an automated external defibrillator with pediatric
capability.

Common protocols for PT and OT include but are not
limited to the following: Tracking progress through regu-
lar joint range of motion measurements is advised at least
every 3 to 4 months. Due to the orthopedic conditions com-
monly seen in the hip and shoulder, range of motion in these
joints should be closely monitored. Tightness is also seen
in the heel cords, low back muscles, finger flexors, and tri-
ceps muscles. To maintain range of motion, a combination of
myofascial release techniques followed by more traditional
passive, active, and active-assisted stretching exercises are

effective. Due to the possibility of weakened joint integrity
due to coxa valga in the hips and clavicular resorption in the
shoulders, it is advisable to avoid passive stretching in these
joints and instead focus on active stretching. Weight-bearing
activities in hands and knees are helpful for stretching finger
flexors. To help maintain range of motion, traditional stretch-
ing can be followed by functional activities. Strengthening
activities should target core strengthening for the hips and
abdominals with activities such as sit-ups, bridges, and leg
lifts. Due to orthopedic deformities, tendinous, and muscular
and skin tightness, gait deviations often occur. It is advisable
to focus on maintaining heel cord flexibility and hip internal
rotation to minimize gait deviations.
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CHAPTER 12

Connective Tissues and Aging

Aging is a continuous process that constitutes a cycle stud-
ded with events that affect all systems in the body, includ-
ing the connective tissues. The interrelationship between
the aging process and connective tissues is complex, involv-
ing a variety of factors and interactions acting in a recip-
rocal fashion. One could inquire into the effects of aging
on connective tissues and, conversely, one may ask how the
components of connective tissue contribute to the aging
process. To answer these questions, it is important to have
some understanding of the structural biochemistry of con-
nective tissues, some knowledge of the processes involved in
their biosynthesis, modification, extracellular organization,
and molecular genetics, and the factors affecting the prop-
erties of connective tissue cells and the extracellular matrix
(ECM). In the period since the last edition, new data became
available which highlight the progress made in the area of
the mechanisms responsible for the alterations in connective
tissue components in diseases associated with aging. Armed
with this knowledge, it becomes apparent that there can be
a huge number of events in the development of connective
tissues that may be associated, directly or indirectly, with the
processes or effects of aging. These have been and continue
to be areas of intensive research.

This chapter presents an abbreviated discussion of the
various components of the ECM, their structure, molecu-
lar organization, biosynthesis, modification, turnover, and
molecular genetics. It discusses some concepts on the effects
of aging on the ECM and the effects of aging on the prop-
erties of various connective tissues and the involvement of
connective tissue physiology on diseases associated with

aging.

THE PROPERTIES OF CONNECTIVE
TISSUES

The properties of connective tissues are derived primarily
from the properties of the components of the ECM sur-
rounding, and secreted by, the cells of those tissues. Some
connective tissues, such as cartilage or tendons, may be com-
posed primarily of a single-cell type e.g., chondrocytes or
fibroblasts), whose synthesis and secretion of ECM and other
factors largely determine the properties of the tissue. Some
tissues, such as bone, blood vessels, and skin, contain a num-
ber of different connective tissue cell types (e.g., osteoblasts
and osteoclasts) in bone, endothelial, and smooth muscle
cells in blood vessels, and fibroblasts and epithelial cells in
skin, which contribute to both their structural and functional
properties. Other tissues, such as cardiac muscle and kidney,
may have properties dependent upon connective tissue com-
ponents whose biologic roles are separate from the major
physiologic function of the tissue and which may have influ-
ence over the properties of that tissue during the process of
aging. Different cell types will exhibit different phenotypic
patterns of ECM production, which in turn will influence the
structural properties of a given connective tissue.

The major components of the ECM fall into three gen-
eral classes of molecules: (1) the structural proteins, which
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include the collagens (of which there are now 28 types rec-
ognized) and elastin; (2) the proteoglycans, which contain
several structurally distinct molecular classes, such as hepa-
ran sulfate and dermatan sulfate; and (3) the structural glyco-
proteins, exemplified by fibronectin (FN) and laminin (LM),
whose contribution to the properties of connective tissues
has been recognized only within the past 35 to 40 years. The
interactions among these materials determine the develop-
ment and properties of the connective tissues.

The collagens
STRUCTURE

The collagens are a family of connective tissue proteins hav-
ing a triple-stranded organization and containing molecu-
lar domains within which the strands are coiled around one
another in a triple helix. The reader is referred to two recent
reviews on collagen biochemistry.!?

The genes of at least 28 distinct collagen types have been
characterized.? The interstitial collagens—types [, 11, III,
and V—exist as large, extended molecules that tend to orga-
nize into fibrils.! There may be more than one collagen type
within these fibrils.* Type IV collagen, also known as base-
ment membrane (BM) collagen, does not exist in fibrillar form, but
rather in a complex network of collagen molecules linked by
disulfide and other cross-linkages and associated with non-
collagenous molecules, such as LM, entactin, and proteogly-
cans, to form an amorphous matrix.>® Although at least 28
collagen types are recognized, the protein of only the first
11 collagens has been isolated from tissues.

There are 46 genes corresponding to the o chains of 28
collagen types.? Collagen type I is the most abundant col-
lagen and the most abundant protein in the body. The basic
unit of the type I collagen fibril is a triple helical hetero-
trimer, tropocollagen, consisting of two identical chains,
termed a1(I), and a third chain, a2(I).! The other collagen
types have been given similar designations; however, some
of the types are homotrimers containing three identical
chains and some contain three genetically distinct o chains.

The collagen a chain has a unique amino acid composition
with glycine occupying every third position in the sequence.
Thus the collagenous domains consist of a repeating pep-
tide triplet, -Gly-X-Y-, in which X and Y are amino acids
other than glycine. A large percentage of amino acids in the
Y position is occupied by proline. In addition, collagen con-
tains two unique amino acids derived from posttranslational
modifications of the protein, 4- and 3-hydroxyproline and
hydroxylysine. The presence of 4-hydroxyproline provides
additional sites along the a chain capable of forming hydro-
gen bonds with adjacent a chains, which are important in
stabilizing the triple helix so that it maintains its structure
at body temperatures. If hydroxyproline formation is inhib-
ited, the triple helix dissociates into its component a chains
at 37° C.

The presence of glycine in every third position, along with
the extensive hydrogen bonding, provides the triple helix
with a compact protected structure resistant to the action
of most proteases. The a chains of the collagen superfamily
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are encoded with information that specifies self-assembly
into fibrils, microfibrils, and networks that have diverse
functions in the ECM.¢ The structures of collagens can be
stabilized further through the formation of covalent cross-
linkages derived from modification and condensation of cer-
tain lysine and hydroxylysine residues on adjacent a chains.?
Cross-linkage formation is important in stabilizing collagen
fibrils and contributes to their high tensile strength.

BIOSYNTHESIS’

Type 1 collagen o chains are synthesized as a larger pre-
cursor, procollagen, containing noncollagenous sequences
at their C and N termini. As each pro-a chain is synthe-
sized, intracellular prolyl and lysyl hydroxylases act to
form hydroxyproline and hydroxylysine. The triple helix
is formed intracellularly and stabilized by the formation of
interchain disulfide bonds near the carboxyl termini of the
component pro-o chains. After secretion of the triple helical
collagen, procollagen peptidases remove most of the non-
collagenous portions at each end of the procollagen. Extra-
cellular lysine and hydroxylysine oxidases oxidize the amino
groups of lysine or hydroxylysine to form aldehyde deriva-
tives, which can go on to form Schiff base adducts, the first
cross-linkages. These can rearrange and become reduced to
form the various other cross-linkages. Increased numbers of
collagen cross-linkages have been reported in a pathologic
state known as scleroderma.

DEGRADATION OF CONNECTIVE TISSUE
COMPONENTS

The role played by matrix metalloproteinases (MMPs) in
connective tissue turnover has gained prominence in the
past 35 years as information on the mechanisms by which
MMPs mediated synovial joint inflammation and ECM turn-
over in arthritides became available.® Extracellular degrada-
tion of collagen is accomplished by enzymes known as tissue
collagenases. These enzymes cleave triple helical collagen at
a site three quarters from the amino acid terminus, resulting
in the formation of two triple helical fragments (225 nm plus
75 nm respectively), which denature at temperatures above
32° C to form nonhelical peptides that can be degraded by
tissue proteinases. Cleavage by tissue collagenase is consid-
ered to be the rate-limiting step in collagenolysis of triple
helical collagen. Collagenolysis is the subject of reviews by
Kleiner and Stetler-Stevenson® and Tayebjee et al.!?

Collagenolysis is an important physiologic process
responsible to a large extent for the repair of wounds and
processes of tissue remodeling in which undesired accumu-
lations are removed as new connective tissue is laid down.
However, in conditions such as rheumatoid arthritis, osteo-
porosis (OS), and aging, the production of collagenases may
be stimulated, resulting in an elevated degradation of syno-
vial tissue or bone.

Degradation of elastin by elastases—belonging to a fam-
ily of serine—metalloproteinases, or cysteine proteinases,
gives rise to the generation of elastin fragments, designated
as elastokines.!!

Tissue collagenases are secreted by connective tis-
sue cells as a precursor, procollagenase, which must be
activated to become enzymatically active. This can be

achieved in vitro by the action of trypsin on the latent
enzyme. Other proteinases, including lysosomal cathep-
sin B, plasmin, mast cell proteinase, and plasma kallikrein,
also can activate latent collagenases. Thus inflammatory
cells can secrete factors that lead to collagenase activation,
accounting for the inflammatory sequelae of the arthriti-
des. Collagenases are also under the influence of plasma
inhibitors, of which a2 macroglobulin accounts for most
of the inhibitory process. In addition, inhibitors of plas-
minogen activation can indirectly prevent the activation
of procollagenases by plasmin. Fibroblasts and other con-
nective tissue cells also secrete inhibitors of collagenases,
suggesting a complex system of extracellular control of
collagenolysis.? 10

Elastin

The biochemistry and molecular biology of elastin have been
subjects of excellent reviews.'2!3 As in interstitial collagens,
glycine makes up about one third of the amino acid content
of elastin. Unlike collagen, however, glycine is not present
in every third position. In addition, elastin is an exceedingly
hydrophobic protein, with a large content of valine, leucine,
and isoleucine.

Elastin is synthesized as a precursor molecule, tropoelas-
tin, with a molecular weight of about 70 kDa. However, in
tissues, elastin is found as an amorphous, macromolecular
network. This is due to the condensation of tropoelastin
molecules through the formation of covalent cross-linkages
unique to elastin. These cross-linkages arise through the
condensation of four lysine residues on different tropoelas-
tin molecules to form the cross-linking amino acids, desmo-
sine and isodesmosine, characteristic of tissue elastin. The
reader is referred to reviews by Bailey et al®> and Wagenseil
and Mecham'3 for discussions of the details of collagen and
elastin cross-linking.

The hydrophobicity, together with the formation of
cross-linkages, endow elastin with its elastic properties
and an extreme insolubility and amorphous structure.
Elastin accounts for most of the elastic properties of skin,
arteries, ligaments, and the lungs. The presence of elastin
has been demonstrated in other organs, such as the eye
and the kidney. In most tissues, elastin is found in asso-
ciation with microfibrils, which contain several glycopro-
teins, including fibrillin. Microfibrils have been identified
in many tissues, and the importance of their assemblies as
determinants of connective tissue architecture has been
brought into focus by the identification of mutations in
fibrillin in the heritable connective tissue disorder Marfan
syndrome.'*

An elegant review summarizes the current knowledge of
the structure of the elastin gene, including consideration of
the heterogeneity observed in immature mRNA as a result
of alternative splicing in the primary transcript.'® Analysis
of the bovine and human elastin genes revealed the sepa-
ration of those exons coding for distinct hydrophobic and
cross-linking domains. Comparison of the cDNA, genomic
sequences, and S1 analyses demonstrated that the primary
transcript of both species is subject to considerable alterna-
tive splicing. It is likely that this accounts for the presence
of multiple tropoelastins found in several species. It is sug-
gested that the differences in alternative splicing may be cor-
related with aging.!®



The proteoglycans

Proteoglycans are characterized by the presence of highly
negatively charged, polymeric chains (glycosaminogly-
cans or "GAGs") of repeating disaccharide units covalently
attached to a “core” protein. The disaccharide units com-
prise an N-conjugated amino sugar, either glucosamine or
galactosamine, and a uronic acid, usually D-glucuronic acid
or—in the instances of dermatan sulfate, heparan sulfate,
and heparin—L-iduronic acid. In cartilage and in the cornea,
another GAG, keratan sulfate, containing D-glucose instead
of a uronic acid has been demonstrated. The amino group
of the hexosamine component is usually acetylated and the
GAG:s are usually O-sulfated in hexosamine residues with
some N-sulfation, instead of acetylation, in the instances of
heparan sulfate and heparin. Depending on the source and
type of proteoglycan, the number of GAGs attached to the
core protein can vary from three or four all the way up into
the twenties, with each GAG having a molecular size in the
tens of thousands of daltons. In addition, as in the case of the
cartilage proteoglycans, there may be more than one type
of GAG attached to the core protein. In cartilage, several
proteoglycan molecules may be associated with another very
large GAG, hyaluronic acid, consisting of disaccharide units
of glucuronyl N-acetylglucosamine. The compositional
structure of the GAGs is summarized in Table 12-1.

The overall effect of these structures is the creation of
huge, negatively charged highly hydrophobic complexes.
The hydration and charge properties of these complexes
cause them to become highly extended, occupying a hydro-
dynamic volume in the tissue much larger than would be pre-
dicted from their chemical composition. In the instance of
synovial cartilage, it is suggested that the hydration endows
the tissue with shock-absorbing properties in which applied
pressure to the joint is counteracted by the extrusion of
water from the complex, forcing a compression of the nega-
tive charges within the molecule. Upon the release of pres-
sure, the electronegative repulsive forces drive the charges

Table 12-1. Properties and Tissue Distribution
of Glycosaminoglycans

GAGs Composition Tissue Distribution

Blood vessels, heart,
synovial fluid,
umbilical
cord, vitreous

N-acetylglucosamine
D-Glucuronic acid

Hyaluronic acid

Chondroitin N-acetylgalactosamine  Cartilage, cornea,
sulfate D-Glucuronic acid tendon, heart
4- or 6-O-sulfate valves, skin, etc.
Dermatan N-acetygalactosamine Skin, lungs, cartilage
sulfate L-Iduronic acid

Keratan sulfate

Heparan sulfate

Heparin

4- or 6-O-sulfate
N-acetyglucosamine
D-Galactose
O-sulfate
N-acetylglucosamine

N-sulfaminoglucos-
amine
D-Glucuronic acid
L-Iduronic acid
O-sulfates

Cornea, cartilage,
nucleus pulposus

Blood vessels,
basement
membranes, lung,
spleen, kidney

Mast cells, lung,
Glisson membranes
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apart with a concomitant influx of water to restore the initial
hydrated state. The metachromatic staining properties of
connective tissues are due mainly to their proteoglycan con-
tent. Several excellent reviews of proteoglycan biochemistry
have already been written.'¢-18

In recent years, several proteoglycans have been identi-
fied in the pericellular environment, either associated with
cell surfaces or interacting with ECM components such as
interstitial collagens, FN, and TGEF-3. Current reviews by
Groffen et al'® and Schaefer and lozzo!” describe the struc-
tures of the protein cores, their gene organization, their
functional characteristics, and tissue distribution. Several of
the proteoglycans described by Schaefer and lozzo on the
list constitute a group of small leucine-rich proteoglycans
(SLRP). Notable among them are decorin'® and perlecan.'?
They are multidomain assemblies of protein motifs with
relatively elongated and highly glycosylated structures hav-
ing several protein domains shared with other proteins. In
their review, Groffen et al'® discuss the role of perlecan as
a crucial determinant of glomerular BM permselectivity and
suggest that the additional presence of agrin, another heparan
sulfate proteoglycan species, makes the latter an important
contributor to glomerular function.

Lumican, one of the leucine-rich proteoglycans, is found
in relative abundance in articular cartilage,'® which, along
with its size, varies with age. In adult cartilage extracts, it
exhibited a molecular size in the range of 55 to 80 kDa.
Extracts from juvenile cartilage had a more restricted size
variation corresponding to the higher molecular size range
present in the adult. In the newborn, the sizes were in the
range of 70 to 80 kDa.

The biosynthesis of proteoglycans begins with the synthe-
sis of the core protein. The sugars of the GAG chain then are
sequentially added to, in most instances, serine residues of the
protein, using uridine diphosphate conjugates of the compo-
nent sugars, with sulfation following as the chain elongates.
Most of the chain elongation and sulfation is associated with
the Golgi apparatus. The degradation of proteoglycans is
mediated through the action of lysosomal glycosidases and
sulfatases specific for the hydrolysis of the various structural
sites within the GAG chain. Genetic abnormalities in the
production or synthesis of these enzymes have been shown
to be the main causes of “mucopolysaccharidoses,” whose
victims may exhibit severe tissue abnormalities and a high
incidence of mental retardation.

The structural glycoproteins

In addition to the collagen and elastin components of connec-
tive tissues, there are groups of glycoproteins, the structural
glycoproteins, that have important roles in the physiology
and structural properties of connective and other types of
tissues. These proteins, which include FN, LM, entactin/
nidogen, thrombospondin (TSP), and others, are involved
during development, in cell attachment and spreading, and
in tissue growth and turnover.

FIBRONECTIN

One of the best characterized of the structural glycopro-
teins is fibronectin (FN). It was originally isolated from
serum where it was referred to as “cold-insoluble globulin”
(CIQ). As it became recognized that FN was an all important
secretory product of fibroblasts and other types of cells, and
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was involved in cell adhesion, the term “FN" replaced CIG.
Comprehensive reviews on the structure and function of FN
have been published by Lafrenie and Yamada?? and Mao and
Schwarzbauer.?!

FN exists as a disulfide-linked dimer with a molecular
weight of about 450 kDa, each monomer having a molecu-
lar size of 250 kDa. FN exists in at least two forms, a tissue
form and plasma FN. Plasma FN is somewhat smaller and is
more soluble at physiologic pH than the cellular form. Spec-
trophotometric and ultracentrifugal studies indicate that
both forms are elongated molecules composed of structured
domains separated by flexible, extensible regions. Limited
proteolytic digestion has revealed the presence of specific
binding sites for a number of ligands, including collagen,
fibrin, cell surfaces, heparin (heparan sulfate proteoglycan),
factor Xllla, and actin.

FN plays a role in blood clotting by becoming cross-
linked to fibrin through the action of factor Xllla transami-
dase, which catalyses the final step in the clotting cascade.??
Fibroblasts and other cell types involved in the repair of
injury adhere to the clot by interacting with the cell-binding
domain of FN. FN also enables cells to migrate in developing
embryos. FN contains a unique peptide sequence, arginyl-
glycylaspartylserine (RGDS or RGD), that binds to specific
cell surface proteins (integrins), which span the plasma
membrane.?! Purified RGD can inhibit FN from binding the
cells and can even displace bound FN. The integrins have a
complex molecular organization and appear to interact with
certain intracellular proteins, thereby providing a mecha-
nism for the control of a number of events by components of
the extracellular environment.

FN is encoded by a single gene and its complete primary
structure has been determined by the DNA sequencing of
overlapping cDNA clones.?? From such studies, it became
recognized that there are peptide segments derived from
alternative splicing of FN mRNA at three distinct regions,
termed extra domain A (ED-A), ED-B, and connecting seg-
ment (III CS). A middle region of the polypeptide contain-
ing homologous repeating segments of about 90 amino
acids, called type Il homologies, has been identified.?*2°
Using immunologic techniques with monoclonal antibodies,
it was shown that the ED-A exon is omitted during splicing
of the FN mRNA precursor in arterial medial cells, while the
expression of FN containing ED-A is characteristic of modu-
lated smooth muscle cells, such as those in culture or those
involved in intimal thickening and atherosclerotic lesions. It
would appear that this process of alternative splicing is used
during embryonic development or tissue repair as a mecha-
nism to generate different forms of FN in the ECM by the
inclusion or exclusion of specific segments. This could be the
source of differences between the plasma and cellular forms
of FN. This phenomenon of alternative splicing may also be
involved in the synthesis of collagens and elastin, and may
well be implicated in processes of aging.

LAMININ

Laminin (LM) is the major structural glycoprotein of BMs.
In addition to its association with the molecular components
of BMs (e.g., type IV collagen, entactin/nidogen, and hepa-
ran sulfate proteoglycan), it plays an important role in cell
attachment and neurite growth.26-28 LM is difficult to isolate
from whole tissues or from BMs owing to its poor solubility,

and so most of our knowledge of it is derived from extracts
of tumor matrices.

LM is a very large complex composed of at least three
protein chains associated by disulfide linkages. The largest
of these, the a1, has a molecular weight of about 440 kDa,
whereas the smaller units, 31 and y1 chains, have molecular
weights of about 200 to 250 kDa. Several LM isoforms have
been described in recent years,?® necessitating a new nomen-
clature of its component chains.?? The authors describe 15
isoforms of LM. The first new chain a2 has been found in
preparations from normal tissues but is absent from those
from neoplastic tissues.3%3!' LM has been shown to have a
twisted cruciform shape consisting of three short arms and
a single long arm with globular domains at the extremities
of each arm. In several of the newer isoforms of LM, the a1
chain has a smaller molecular size, lacking a portion of its
amino terminus.

LM can influence processes of differentiation, cell growth,
migration, morphology, adhesion, and agglutination. It plays
a major role in the structural organization of BMs.32 LM
exhibits a preferential binding to type IV collagen compared
with other collagen types. LM contains domains similar to
those of FN that bind to different proteins, and cell surface
components containing an RGD sequence on the a1 chain
and a YIGSR sequence on the f1 chain, both of which bind
to different integrins on the cell surface and are involved in
cellular attachment and migratory behaviors.

ENTACTIN/NIDOGEN

Entactin/nidogen, a novel sulfated glycoprotein, is an intrin-
sic component of BMs. Entactin was first identified in the
ECM synthesized by mouse endodermal cells in culture.33
Subsequently, a degraded form, termed nidogen, was iso-
lated from the Englebreth-Holm-Swarm sarcoma and mis-
takenly identified as a new BM component.3* Both terms,
entactin and nidogen, are used interchangeably in the
modern literature. Entactin-1/nidogen-1 and entactin-2/
nidogen-2 are differentially expressed in myogenic differ-
entiation.?’

Entactin/nidogen forms a tight stoichiometric com-
plex with LM. Rotary shadowing electron microscopy has
revealed its association with the y1 chain of LM. Entactin/
nidogen has been shown to promote cell attachment via
an RGD sequence, and calcium ions have been implicated
in its properties.3¢ Its role along with LN in BM assembly
and in epithelial morphogenesis has already been noted
in the previous section. It has been shown that entactin-1/
nidogen-1 regulates LM-1 dependent mammary specific
gene expression.

THROMBOSPONDIN

Thrombospondins (TSPs) are a family of extracellular, adhe-
sive proteins that are widely expressed in vertebrates. Five
distinct gene products—designated TSP 1-4 and cartilage
oligomeric matrix protein (COMP)—have been identified.
TSP-1 and -2 have similar primary structures. The molecule
(450 kDa) is composed of three identical disulfide-linked
protein chains. It is one of the major peptide products
secreted during platelet activation, and it is also secreted
by a diversity of growing cells. TSP has 12 binding sites for
calcium ion and depends upon it for its conformational sta-
bility. It binds to heparin and heparan sulfate proteoglycan



and to cell surfaces, and appears to modulate a number of
cell functions, including platelet aggregation, progression
through the cell cycle, and cell adhesion and migration.37:38
Recent genetic studies have shown associations of single
nucleotide polymorphisms in 3 of the 5 TSPs with cardio-
vascular disease.3” Both TSP 1 and 2 are best known for their
antiangiogenic properties and their ability to modulate cell-
matrix interactions.3®

INTEGRINS AND CELL ATTACHMENT PROTEINS

As indicated above, cell surfaces contain groups of proteins,
the integrins, that mediate cell-matrix interactions. The
integrins behave as receptors for components of the ECM
and interact with components of the cytoskeleton.?? This
provides a mechanism for the mediation of components of
the ECM of intracellular processes, including control of cell
shape and metabolic activity. The integrins exist as paired
molecules containing o- and p-subunits. They appear to
have a significant degree of specificity for ECM proteins,
which apparently is conferred by combination of different
a- and B-subunits.

In addition to the integrins, cell attachment proteins
(CAMs) are present on the cell surface. These confer spe-
cific cell-cell recognition properties. For reviews on integrins
and CAMs, see Albelda and Buck,3® Danen and Yamada,*?
Takagi,*' and Lock et al.#2

AGING AND THE PROPERTIES
OF CONNECTIVE TISSUES

From the foregoing discussion, it becomes apparent that
there can be a multitude of possible loci in the development,
structural organization, metabolism, and molecular biology
of connective tissues for the introduction of alterations in
the properties of these tissues. For a given tissue, changes
in the composition of the ECM or changes in the factors
that control the production of ECM can feed back through
complex mechanisms to induce changes in the properties of
the tissue. The process of aging may well involve some of
these factors. It is probable that, during the aging process,
the phenotypical expression of ECM (i.e., the patterns of
ECM composition) will change. It is also probable that many
of the components of the ECM may evolve with time as a
function of their long biologic half-lives and the enzymatic
and nonenzymatic modifications that take place. These can
include processes of maintenance and repair, responses to
inflammation, nonenzymatic glycosylation, cross-linkage
formation, etc.

In a sense, it may be important to differentiate between
those processes of senescence that are genetically pro-
grammed (i.e., innate senescence), and the contributions
to aging induced by “environmental” factors. However, it
becomes difficult to distinguish whether a given alteration is
an effect or a cause of aging.

In this section an attempt is made to discuss some of the
factors and conditions involving connective tissues that may
be associated with the aging process. These include aspects
of cellular senescence, inflammatory and growth factors,
photoaging of the skin, diabetes mellitus, nonenzymatic
glycosylation, the cause of OS, osteoarthritis (OA), athero-
sclerosis, Werner's syndrome (WS), and Alzheimer’s disease

(AD).
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Cellular senescence

A large body of research has established conclusively that
normal diploid cells have a limited replicative life span and
that cells from older animals have shorter life spans than
those from younger animals. Thus the process of aging could
be attributed to cellular senescence. A number of observa-
tions suggest that connective tissue proteins may be affected
during cellular senescence. In an extensive study on the
properties of murine skin fibroblasts, van Gansen and van
Lerberghe*3 concluded that among the main effects of cel-
lular mitotic age were a depression of chromatin plasticity,
changes in the organization of cytoplasmic filaments, and
changes in the organization of the ECM. They implicated
an involvement of collagen fibers in the intracellular events
both in vivo and in vitro. Although senescent fibroblasts may
not be dividing, they are biosynthetically active, showing an
increased synthesis of FN and increased levels of FN mRNA.
However, both senescent and progeroid cells demonstrated
a decreased chemotactic response to FN and developed a
much thicker extracellular FN network than did young fibro-
blasts.** There is some indication that, with increasing age,
cells become less able to respond to mitogens, which may
have a bearing on age-related differences in wound heal-
ing.* It was also shown that the presence of senescent chon-
drocytes increases the risk of articular cartilage degeneration
that is associated with fibrillation of the articular surface and
increased collagen cross-linking.*® Thus it would appear that
there is some correlation between cellular senescence and
changes in the regulation of connective tissue metabolism
and cellular interactions.

Inflammatory and growth factors

One of the active areas of contemporary connective tissue
biology is the study of the influence of inflammatory and
growth factors on the properties of connective tissues. It
is well recognized that inflammatory cells accumulate in
damaged and infected tissues as part of the inflammatory
response. These cells secrete lymphokines, such as the inter-
leukins, and other factors which may influence connective
tissue metabolism. In addition, a number of growth factors,
including epidermal growth factor (EGF), platelet-derived
growth factor (PDGF), fibroblast growth factors (FGFs),
and transforming growth factors (TGFs), can have exten-
sive control over connective tissue metabolism. As indicated
earlier, senescent cells may not respond to these factors as
do young cells. In addition, it is possible that stimulation
of cell replication by certain of these factors may accelerate
the progression of cells toward senescence. To add to the
complexity are the findings that many cells can synthesize
certain of these factors including interleukin-1, PDGF, FGFs,
and TGFs, endowing the cellular components of tissues with
autocrine and paracrine properties.

In studies reported by Furuyama et al,*” alveolar type
Il epithelial cells cultured on collagen fibrils in a medium
supplemented with TGF-B-1 synthesized a thin continuous
BM. Immunohistochemical studies revealed the presence of
type IV collagen, LM, perlecan, and entactin/nidogen. Simi-
lar stimulatory effects of TGF-B-1 on BM protein synthesis
in rat liver sinusoids were reported by Neubauer et al.*
The role of a variety of growth factors and cytokines in the
development of inflammatory synovitis accompanied by
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destruction of joint cartilage was demonstrated in studies by
Gravallese.*? Recent studies by Takehara® suggest that the
growth of skin fibroblasts is regulated by a variety of cyto-
kines and growth factors with a resultant increase in ECM
protein production.

The extent of involvement of these interacting factors in
the aging process is not clear, but it is probable that they
contribute to the process.

Mechanisms of cutaneous aging

Cutaneous aging is a complex biologic activity consisting
of two distinct components: (1) intrinsic, genetically deter-
mined degeneration, and (2) extrinsic aging due to exposure
to the environment, also known as “photoaging.” These
two processes are superimposed in the sun-exposed areas of
skin, with their profound effects on the biology of cellular
and structural elements of the skin.’'52 The symptoms of
photoaging are different from those of intrinsic aging, and
evidence suggests that these two processes have different
mechanisms.

A variety of theories have been advanced to explain aging
phenomena and some of them may be applicable to innate
skin aging as well. It was postulated that diploid cells, such
as dermal fibroblasts, have a finite life span in culture.>® This
observation, when extrapolated to the tissue level, could be
expected to result in cellular senescence and degenerative
changes in the dermis. Others have suggested that free radi-
cals may damage collagen in the dermis,>3 and a third theory
implicates nonenzymatic glycosylation of proteins, such
as collagen, leading to increased cross-linking of collagen
fibrils. It is postulated that this process is the major cause of
dysfunction of collagenous tissues in old age.>* Finally, cuta-
neous aging may be attributed to differential gene expres-
sion of ECM of connective tissue. It has been demonstrated
that the rate of collagen biosynthesis is greatly reduced in
the skin of elderly people.?® Collectively, the observations
on dermal connective tissue components in innate aging
suggest an imbalance between biosynthesis and degrada-
tion, with less repair capacity in the presence of ongoing
degradation.

Additional changes in the aged dermis concern the archi-
tecture of the collagen and elastin networks. The spaces
between fibrous components are more compact owing to
a loss of ground substance. Collagen bundles appear to
unravel and there are signs of elastolysis. Scanning electron
microscopic studies of the three-dimensional arrangement
of rat skin from animals ranging in age from 2 weeks to 24
months showed that, during postnatal growth, there was a
"dynamic rearrangement” of the collagen and elastic fibers,
with an ordered arrangement of mature collagen bundles
being attained by producing distortions of relatively straight
elastic fibers. During adulthood, there is a tortuosity of these
elastic fibers coupled with an incomplete restructuring of the
elastic network that was deposited to interlock with the col-
lagen bundles.

The effects of photodamage on dermal connective tis-
sue are exemplified in the histopathologic pictures of
photoaging. The hallmark of photoaging is the massive
accumulation of the so-called “elastotic’ material in the
upper and middermis. This phenomenon, known as “solar
elastosis,” has been attributed to changes in elastin.’® Solar
elastotic material is composed of elastin; fibrillin; versican,

a large proteoglycan; and hyaluronic acid. Even though the
elastotic material contains the normal constituents of elas-
tic fibers, the supramolecular organization of solar elastotic
material and its functionality are severely perturbed. It was
also known that elastin gene expression is notably activated
in cells within the sun-damaged dermis. In addition, it has
been shown that accumulation of elastotic material is accom-
panied by degeneration of the surrounding collagen mesh-
work. Parallel studies provide evidence implicating MMPs as
mediators of collagen damage in photoaging.>®

It would appear that the main culprit in photoaging
appears to be the UV-B portion of the ultraviolet spectrum,
although UV-A and infrared radiation also contribute to the
damage. In UV-A irradiated hairless mice, there appears to
be alteration in the ratio of type Il to type I collagen in
addition to the elastosis. It has been shown that UV irradia-
tion of fibroblasts in culture enhances expression of MMPs 5>
There is also an increase in the levels of the components
of the ground substance in photoaged skin (predominantly
dermatan sulfate, heparan sulfate, and hyaluronic acid). In
human aged skin, mast cells are numerous and appear to be
degranulated. These cells are known to produce a variety
of inflammatory mediators so that photoaged skin is chroni-
cally inflamed. In innate aging, the skin tends to be hypo-
cellular. The microcirculation of the skin is also affected,
becoming sparse, with the horizontal superficial plexus
almost destroyed. Although atrophy may be presented in
end-stage photoaging in the elderly population, ongoing
photoaging is characterized by more, not less.

The effects of photoaging could be totally prevented by
broad-spectrum sunscreens. Although severe photoaging in
humans is considered to be irreversible, in hairless mice it
was found that repair could take place after the cessation
of irradiation, with the newly deposited collagen appearing
totally normal. A similar repair was observed in biopsies of
severely photo-damaged human skin after several years of
avoidance of exposure to the sun.

Diabetes mellitus

Currently two types of diabetes mellitus are recognized clin-
ically, type-1 diabetes (DM-1), which is insulin dependent
and is caused by p-cell destruction, and type-2 (DM-2), for-
merly known as noninsulin dependent. Diabetics often show
signs of accelerated aging, primarily as a result of the com-
plications of vascular disease and impaired wound healing so
common in this disease. It is well documented that diabet-
ics will exhibit a thickening of vascular BMs.” The biologic
basis for this thickening is as yet obscure, but could well be
related to abnormalities in cell attachment, or the response
to factors affecting BM formation to excessive nonenzymatic
glycosylation of proteins, or to an abnormal turnover of BM
components. Fibroblasts from diabetic individuals exhibit
a premature senescence in culture.®” The role of inhibi-
tors of aldose reductase was investigated by Sibbitt et al.>8
They showed that, in normal human fibroblasts, the mean
population doubling times, population doublings to senes-
cence, saturation density at confluence, tritiated thymidine
incorporation, and response to PDGF were inhibited with
increasing glucose concentrations in the media. They found
that inhibitors of aldose reductase, sorbinil and tolrestat,
completely prevented these inhibitions. Myoinositol had
similar effects; however; no data were presented to indicate



that aldose reductase inhibitors would reverse the premature
senescence in fibroblasts from diabetic individuals. Thus it
is not clear whether prevention of the formation of reduced
sugars can have a therapeutic effect, nor is it clear that all of
the aging effects of diabetes are mediated by reduced sugars.

One of the less known complications of DM-1 and DM-2
is bone loss. This complication is receiving increased atten-
tion because DM-1 diabetics are living longer due to better
therapeutic measures; however, they are faced with addi-
tional complications associated with aging, such as OS.>°
Both DM-1 and DM-2 diabetic patients are under high risk
of cardiovascular disease. Uncontrolled hyperglycemia may
give rise to nonenzymatic glycosylation of proteins, which
may lead to the generation of reactive oxygen species,
increased intermolecular and intramolecular cross-linking
with subsequent vessel damage, and atherogenesis.®%.¢!

Nonenzymatic glycosylation and collagen
cross-linking

When enzymes attach sugars to proteins, they usually do so
at sites on the protein molecule dictated by the specificity of
the enzyme for the regional sequence to be glycosylated. On
the other hand, nonenzymatic glycosylation, a process long
known to cause food discoloration and toughness, proceeds
nonspecifically at any site sterically available.®' The longer
a protein is in contact with a reducing sugar, the greater the
chance for nonenzymatic glycosylation to occur. In uncon-
trolled diabetics, elevated circulating levels of glycosylated
hemoglobin and albumin are found. Since erythrocytes turn
over every 120 days, the levels of hemoglobin A, are an
index of the degree of control of hyperglycemia over a 120-
day period. The same is true for glycosylated albumin over a
shorter period. Proteins such as collagen, which is extremely
long-lived, have also been shown to undergo nonenzymatic
glycosylation. Paul and Bailey®? demonstrated that glycation
of collagen forms the basis of its central role in complica-
tions of aging and diabetes mellitus.

The nonenzymatic reactions between glucose and pro-
teins are collectively known as the Maillard or Browning
reaction. The initial reaction is the formation of a Schiff
base between glucose and an amino group of the protein.
This is an unstable structure and can spontaneously undergo
an Amadori rearrangement in which a new ketone group is
generated on the adduct. This can condense with a similar
product on another peptide sequence to produce a covalent
crosslinkage.® Initially, glycation affects the interaction of
collagen with cells and other matrix components, but the
most damaging effects are caused by the formation of glu-
cose-mediated intermolecular cross-linkages. These cross-
linkages decrease the critical flexibility and permeability
of the tissues and reduce turnover. Another fibrous protein
that is similarly modified by glycation is elastin.®> Verzijl et
al®3 have shown that, during aging, nonenzymatic glycation
results in the accumulation of the advanced glycation end-
product pentosidine in articular cartilage aggrecan.

The arthritides —osteoarthritis

The development of rheumatoid diseases, particularly OA, is
a common event in aging individuals. The cause of OA and
OS is based on a variety of factors ranging from genetic sus-
ceptibility, to endocrine and metabolic status, to mechanical
and traumatic injury events.®* With aging, the bone loss in
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OA is lower compared with OS. The lower degree of bone
loss with aging is explained by the lower bone turnover, as
measured by bone resorption-formation parameters.® In the
initial stages of OA, there is increased cell proliferation and
synthesis of matrix proteins, proteinases, growth factors,
and cytokines synthesized by adult articular chondrocytes.
Other types of cells and tissues of the joint, including the
synovium and subchondral bone, contribute to the patho-
genesis. %0

In inflammatory arthritis, degradative enzymes including
tissue collagenases and metalloproteinases are present in the
rheumatoid lesion, leading to degradation of both cartilage
and bone. It is believed that inflammatory factors stimulate
abnormal levels of these enzymes.%” Studies by lannone and
Lapadula®® demonstrated that interleukin-1 (IL-1) is pro-
duced by synovial cells. IL-1, TNF-f, and other cytokines
are also mitogenic for synovial cells and can stimulate the
production of collagenases, proteoglycanases, plasminogen
activator, and prostaglandins. It is suggested that IL-1 plays
an important role in the pathogenesis of rheumatoid arthritis.

Osteoporosis

OS is a systemic skeletal disease, comprising rarefaction of
bone structure and loss of bone mass, leading to increased
fracture risk. The frequency of this disorder increases with
aging. Twin and family studies have demonstrated a genetic
component of OS regarding parameters of bone properties,
such as bone mineral density, with a heredity component of
60% to 80%.%° OS affects most women above 80 years of
age; at the age of 50, the lifetime risk of suffering an OS-
related fracture approaches 50% in women and 20% in men.
Studies indicate that genetic variations explain as much as
70% of the variance for bone mineral density in the popula-
tion.”® The National Organization of Osteoporosis recom-
mends bone density testing for all women over 65 and earlier
(around the time of menopause) for women who have risk
factors.

Viguet-Carrin et al”! demonstrated that different determi-
nants of bone quality are interrelated, especially the mineral
content and modifications in collagen. Different processes of
maturation of collagen occur in bone, involving enzymatic
and nonenzymatic reactions. The latter type of collagen
modification is age related and may impair the mechani-
cal properties of bone. In a study of human trabecular bone
taken at autopsy, Oxlund et al”> examined both collagen
and reducible and nonreducible collagen cross-linkages in
relation to age and OS. The extractability of collagen from
vertebral bone of control individuals was increased with age.
Bone collagen of OS individuals showed increased extract-
ability and a marked decrease in the concentration of the
divalent reducible collagen cross-linkages compared with
sex- and age-matched controls. No alterations were observed
in the concentration of trivalent pyridinium cross-linkages.
These changes would be expected to reduce the strength of
the bone trabeculae and could explain why the OS individu-
als had bone fractures although the collagen density did not
differ from that of the sex- and age-matched controls.

Croucher et al”® have quantitatively assessed cancellous
structure in 35 patients with primary OS. Their data dem-
onstrate that, for a given cancellous area, structural changes
in primary OS are similar to those observed during age-
related bone loss in normal subjects. These findings strongly




80 Section| / Gerontology

implicate an abnormal increase in the activity(ies) of osteo-
clast-derived resorption enzymes, acting on the degradation

of the ECM, in the cause of OS.
Arterial aging

In young healthy individuals, the cushioning function of
elastic arteries—principally the aorta—results in optimal
interaction with the heart, and optimal steady flow through
peripheral resistance vessels. As the arteries age, changes in
their composition and structure lead to an increase in the
stiffness of their walls, resulting in increased pulse pressure,
hypertension, and a greater risk of cardiovascular disease.
Another effect of aortic stiffening is transmission of flow
pulsations downstream into vasodilated organs, principally
brain and kidney, where pulsatile energy is dissipated and
fragile microvessels are damaged. This accounts for micro-
infarcts and microhemorrhages, with specialized cell dam-
age, cognitive decline, and renal failure.”*

The arterial media responsible for arterial stiffness and
resilience is composed of elastin, collagen, vascular smooth
muscle cells, and ground substance. Elastin comprises 90%
of arterial elastic fibers. The generalized age-related stiffen-
ing (arteriosclerosis) is confined primarily to the media of
arteries. Although the absolute amounts of both collagen
and elastin in arteries fall with age, the ratio of collagen
to elastin increases. In addition, with age, elastic lamellae
undergo fragmentation and thinning, leading to ectasia and
a gradual transfer of mechanical load to collagen, which is
100 to 1000 times stiffer than elastin. Possible causes of this
fragmentation are mechanical (fatigue failure) or enzymati-
cally driven by MMP activity.”” MMPs navigate the behav-
ior of vascular wall cells in different atherosclerosis stages, in
adaptive remodeling, in normal aging, and in nonatheroscle-
rotic vessel disease.”® In arteries, accumulation of advanced
glycation end products over time leads to cross-linking of
collagen and consequent increases in its material stiffness.
Furthermore, the remaining elastin itself becomes stiffer,
owing to calcification and the formation of cross-links due to
advanced glycation end products, a process that affects col-
lagen even more strongly.”” These changes are accelerated
in the presence of disease such as hypertension, diabetes,
and uremia. Most studies show that arterial stiffening occurs
across all age groups in both DM-1 and DM-2. Arterial stiff-
ening in DM-2 results partially from the clustering of hyper-
glycemia, dyslipidemia, and hypertension, all of which may
promote insulin resistance, oxidative stress, endothelial dys-
function, and the formation of proinflammatory cytokines
and advanced glycosylation end products.””

Although there is ample evidence for the link between
arteriosclerosis and the degradation and remodeling of col-
lagen and elastin, much remains unknown about the detailed
mechanisms.

Werner’'s syndrome

WS is a rare autosomal recessive premature aging disease
manifested by age-related phenotypes, such as atherosclero-
sis, cataracts, OS, soft tissue calcification, premature graying,
and loss of hair, and a high incidence of some types of can-
cer.”8 The gene product, WRN, which is defective in WS, is
a member of the RecQ family of DNA helicases.” Clinical
and biologic manifestations in four major body systems—
the nervous, immune, connective tissues, and endocrine

systems—similar to normal aging, appear at an early stage of
the patient’s life. WS may cause abnormalities in the cardio-
vascular system manifested as restrictive cardiomyopathy.8°
Ostler et al®!' reported that WS fibroblasts show a mutator
phenotype, abbreviated replicative life, and accelerated cel-
lular senescence. They also demonstrated that T-cells derived
from WS patients have the mutator phenotype. Increased
collagen synthesis in fibroblasts from two WS patients has
been reported. This was accompanied by a near doubling of
the levels of procollagen mRNA over normal controls. Simi-
larly, studies by Hatamochi et al®? demonstrated that WS
fibroblast-conditioned medium brought about activation of
normal fibroblast proliferation but failed to alter the relative
rates of collagen and noncollagenous protein synthesis by

such fibroblasts.

Alzheimer’s disease

AD is a disease of old age. The characteristic pathophysi-
ologic changes at autopsy include neurofibrillary tangles,
neuritis plaque, neuronal loss, and amyloid angiopathy.
Mutations in chromosomes 1, 12, and 21 cause familial AD.
Susceptibility genes do not cause the disease by themselves
but in combination with other genes modulate the age of
onset and increase the probability of AD %3 Significant prog-
ress has been made in identifying the mutations in the Tau
protein and dissecting the cross-talk between Tau and the
second hallmark lesion of AD, the AB peptide-containing
amyloid plaque .84

Recent studies with familial AD have demonstrated reduc-
tion or loss of smooth muscle actin in the media of cerebral
arterioles. Intracerebral arterioles and numerous capillaries
were laden with amyloid deposits. There was marked expres-
sion of collagen type Il and BM collagen type IV. Fibers of
both amyloid and collagen were found within the BM. %

Clinical and experimental studies have shown that cere-
bral perfusion is progressively decreased during increased
aging, and this decrease in brain blood flow is significantly
greater in AD. Studies by Carare et al®® have shown that cap-
illary and arteriole BMs act as “lymphatics” of the brain for
drainage of fluid and solutes. Amyloid p (Ap) is deposited in
BM drainage pathways in cerebral amyloid angiopathy and
may impede elimination of amyloid p and interstitial fluid
from the brain in AD.

The localization of BM components, such as LM, entac-
tin/nidogen, and collagen type 1V, to the amyloid plaque
has suggested that these components may play a role in the
pathogenesis of AD .87 The work of Kiuchi et al®® has shown
that entactin/nidogen, collagen type IV, and LM had the
most pronounced effect on preformed AP 42 fibrils, causing
disassembly of amyloid B-protein fibrils. Circular dichroism
studies indicated that high concentrations of BM compo-
nents induced structural transition in Af 42 B-sheet to ran-
dom structures.

[t has been suggested that the vascular BM may serve as a
nidus for senile plaque, playing a role in the development of
both amyloid and neuritic elements in AD.

SUMMARY

This chapter has reviewed some aspects of biochemistry
and molecular biology, and the involvement of connec-
tive tissue in the process of aging. There is a complexity
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KEY POINTS inherent in the control of connective tissue structure,
Connective Tissues and Aging metabolism, and molecular biology, and aging might con-
tribute to alterations in these and vice versa. Among the
phenomena that may prove central to the aging process
are the processes of collagen cross-linking and nonen-
zymatic glycosylation, alternative gene splicing, effects
of solar radiation, the interplay of cytokines and growth
factors on the control of connective tissue phenotype,
production and action of degradative enzymes, factors
that affect cell replication, connective tissue diseases, and
intracellular factors that control senescence. The causes
and effects of aging are an active area of contemporary
research in which the involvement of connective tissue is
an important element.

e Changes in the structural integrity and production of connective
tissue macromolecules are associated with the process of aging.

® Loss of tissue function in aging is associated with increased
cross-linking of collagen and elastin fibrils and subsequent
decrease in their turnover.

o Alternative splicing in the mRNA of the connective tissue
macromolecules has been implicated in the process of aging.

o There is a correlation between cellular senescence and changes in
the regulation of connective tissue metabolism.

e Nonenzymatic glycosylation of collagen and elastin is accelerated
with aging and may be associated with changes in diabetes.

¢ |n age-related osteoporosis, a decrease in divalent reducible
collagen cross-linkages may lead to reduced bone strength and
may explain increased bone fractures.

¢ [n aging and in senile dementia of the Alzheimer type, there
is colocalization of type IV collagen, laminin, heparan sulfate
proteoglycan and amyloid plaque in the brain vasculature.

For a complete list of references, please visit online only at
www.expertconsult.com




CHAPTER 13

Clinical Immunology: Immune

Senescence and the Acquired
Immune Deficiency of Aging

As a fundamental organ necessary for the maintenance of
life, the immune system first appeared in primitive organ-
isms about 480 million years ago.! The intricate relationship
between acquired immunity and infection was apparent early
in recorded history. Observing an epidemic of plague in 430
BC, Thucydides reported that anyone who had recovered
from the disease was spared during future outbreaks. The era
of modern immunology was launched with Jenner's report
in 1798 of an effective vaccine employing cowpox pustules
to prevent smallpox in humans. Improved understanding
of immunity and infection continued throughout the nine-
teenth and twentieth centuries. For example, identification
of bacterial organisms ultimately resulted in the discovery of
antibodies that could neutralize these microbes and/or their
toxins, eventually leading to endorsement of the concept
of vaccination. The discovery of antibody structure during
the 1960s finally began the era of modern immunochem-
istry. With regard to cellular immunity, despite the early
work of Metchnikoff and his followers, the role of cells in
acquired immunity was not truly appreciated until the 1950s.
Although theories of “self-recognition” and "autoimmunity”
appeared early in the twentieth century, autoimmune dis-
eases remain incompletely understood.

As a concept, immunogerontology is a relatively recent
focus of interest. In 1969, Walford proposed that declin-
ing immune function contributes to the biologic processes
of aging.? He speculated that disorders in the immune sys-
tem that occur with aging account for three major causes
of disease in old age: (1) increased autoimmunity; (2) fail-
ing surveillance allowing the expression of cancers; and (3)
the increased susceptibility to infectious diseases. Current
evidence supports the notion that the decline in immune
function with aging may be viewed as a form of acquired
immunodeficiency of modest dimension. Complicating the
assessment of aging on immune function, older people are
more likely to have diseases, conditions, or exposures that
contribute to declining immune function.?

CHANGES IN THE HUMAN IMMUNE
SYSTEM WITH AGING
Nonspecific host defense
Primary (innate) immunity is the first line of defense against
invading pathogens. It differs from secondary (acquired)
immunity in that it does not require sensitization or prior
exposure to offer protection. Primary immunity involves
tissues (e.g., mucocutaneous barriers), cells (monocytes,
neutrophils, natural killer [NK] cells) and soluble factors
(cytokines, chemokines, complement) coordinated to medi-
ate the nonspecific lysis of foreign cells.

A feature of innate immunity is the detection of pathogens
using pattern recognition receptors such as Toll-like receptors
(TLRs) that recognize specific molecular patterns present on
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the surface of pathogens triggering a variety of signaling
pathways. After processing of antigen by the antigen pre-
senting cells, the peptide fragments are presented along with
major histocompatibility (MHC) class Il molecules to CD4+*
T cells or with MHC class | molecules to CD8* T cells to
generate efficient T-cell responses. The antigen presenting
cells also provide additional co-stimulatory stimulus (e.g.,
ligation of B7.1 or CD80 on antigen-presenting cells with
CD28 on T cells) to lower the threshold of T-cell activa-
tion and survival following the recognition of antigens. The
ligation of TLRs on antigen presenting cells enhances the
phagocytosis of the pathogen through the release of chemo-
kines and other peptides, which then result in activation and
recruitment of immune cells to the sites of infection.

Phagocytosis

Phagocytosis involves the engulfment and lysis and/or diges-
tion of foreign substances. The capacity of neutrophils, mac-
rophages, and monocytes for phagocytosis is determined by
their number and ability to reach the relevant site, adhere
to endothelial surfaces, respond to chemical signals (chemo-
taxis), and complete the process of phagocytosis.* The study
of alterations in phagocytosis with age must then involve
examinations of each of these steps, and are inherently
more difficult in human populations than in disease-free
inbred animals. Extrapolation of studies of senescent mice
to humans suggests age itself does not attenuate response to
bacterial capsular antigens in a well-vascularized area such
as the lung.>® Niwa et al reported a deterioration in neutro-
phil chemotaxis and increase in serum lipid peroxidase in the
nonsurviving cohort of a 7-year longitudinal study, suggest-
ing a preterminal but not necessarily “normal” aging altera-
tion in these factors.” However, age-related effectiveness in
chemotaxis may be reduced in less vascular tissues in vivo,
such as in the skin, which also has a number of other changes
that may impair the ability of cells in the vascular compart-
ment to reach a site of infection.® Although elderly persons
preserve the number and overall phagocytic capacity, in
vitro neutrophil functions (including endothelial adherence,
migration, granule secretory behavior such as superoxide
production, nitric oxide, and apoptosis) appear to be reduced
with age,®!"'" and significantly fewer neutrophils arrive
at the skin abrasion sites studied in older people.'> How
this translates to immune response and immune-mediated
repair in infected or otherwise physiologically stressed older
people remains unknown. Although the expression of TLRs
and GM-CSF receptors are not diminished, ligation of these
receptors results in altered signal transduction. With aging,
alterations in signal transduction of these receptors may
be involved in the defective function of neutrophils with
decreased response to stimuli such as infection with gram
positive bacteria.'3'* These changes in the elderly, unlike in
the young, could be the result of changes in the recruitment
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of TLR4 into lipid rafts and no-raft fractions (the domains
on plasma membrane that play an important role in cell sig-
naling) with LPS stimulation.!> And similarly, the activation
through GM-CSF on the surface of these cells is also altered
in the elderly because of an age-related presence of a phos-
phatase in the lipid raft blocking cell activation and contrib-
uting to decreased response to GM-CSF in neutrophils from
older people.!¢

Macrophage activation also appears to change with
age; this may be partially attributable to a reduced gamma
interferon signal from T lymphocytes.!”!® A decrease in
the number of macrophage precursors and macrophages is
observed in bone marrow.'? Although it is not clear if there
is an age-associated decrease of TLR on the surface of aged
macrophages, defective production of cytokines has been
observed after TLR stimulation, possibly due to altered sig-
nal transduction.?%2! With aging, there is diminished expres-
sion of MHC class Il molecules both in humans and in mice,
resulting in diminished antigen recognition and processing
by these antigen presenting cells.'??2 In addition, activated
macrophages from humans and mice produce higher levels
of prostaglandin E2, which may negatively influence antigen
presentation.'? Fewer signals at the site of infection may be a
consequence of reduced numbers of activated T cells locally
due to reduced antigen processing capacity of macrophages.
Fewer T cells and the defective expression of homing mark-
ers to attract T cells from peripheral blood into inflamed tis-
sues?3 suggests that increased susceptibility of old mice to,
for example, tuberculosis, reflects an impaired capacity to
focus mediator cells and the additional cytokine they may
express at sites of infection (see more on T-cell changes with
age in later discussion). These observations may help explain
why late-life tuberculosis or reactivation tuberculosis occurs
and remains clinically important in geriatric populations.
The change in function of antigen-presenting dendritic cells
(DC) with aging is less well defined. A decrease in number
and migration of Langerhans cells in skin has been described
in elderly people,2* but their function remains sufficient for
antigen presentation.?” In contrast, DCs from the elderly
who are considered “frail” have been demonstrated to have
reduced expression of costimulatory molecules, secrete less
interleukin (IL)-12, and stimulate a less robust T-cell pro-

liferative response when compared with those who are not
“frail 26"

Cell lysis

Cell lysis is mediated through a variety of pathways, includ-
ing the complement system, natural killer (NK), macrophage/
monocyte, and neutrophil activity. Complement activ-
ity does not appear to decline significantly with age, and
neutrophil function also appears intact. However, in lon-
gitudinal studies of nonhuman primates, NK activity does
appear to be affected by age?” and acute stressors such as
illness.?® The functioning status of NK cells is dependent
on a balance of activating and inhibitory signals delivered
to membrane receptors.?? A well preserved NK cell activ-
ity is observed in healthy elderly individuals3® explaining,
in part, a lower incidence of respiratory tract infections and
higher antibody titers after influenza vaccination.3' How-
ever, elderly individuals with chronic diseases and frailty
are characterized by lower NK cytotoxicity and a greater
predisposition to infection and other medical disorders.3?:33

Although little is known about any changes in expression
of activating and inhibitory receptors in the elderly, NK
activation and cytotoxic granule release remain intact.30.34
Secretion of IFN-y after stimulation of purified NK cells
with IL-2 shows an early decrease, which can be overcome
with prolonged incubation.?® IL-12 or IL-2 can upregulate
chemokine production, although to a lesser extent than that
observed in young subjects.3¢ These observations suggest
that NK cells have an age-associated defect in their response
to cytokines with subsequent detriment in their capacity
both to kill target cells and to synthesize cytokines and
chemokines.

Specific host defense

There are well-defined alterations in both cellular and
humoral immunity with advancing age. In the cellular
immune system, most studies show no significant changes
with human aging in the total number of peripheral blood
cells, including total lymphocytes, monocytes, NK cells, or
polymorphonuclear leukocytes.?337-4! The appearance of
lymphocytopenia is associated with mortality in elderly peo-
ple, but is not an age-related finding.*>~** Most studies show
no changes in the percentages of B- and T-lymphocyte pop-
ulations in the peripheral blood,*>¢ although chronically ill
elderly people may particularly have a decline in total T-cell
numbers. Equivocal changes in the ratio of helper cells to
suppressor cells (T4/T8) occur in normal aging.3940.4347.48
These findings are in contrast to human immunodeficiency
virus (HIV)-induced acquired immunodeficiency syndrome
(AIDS) associated with a decreased T4/T8 ratio. Finally,
there is a specific age-related increase in memory cells, cells
that express the CD45 surface marker.49->2

Qualitative changes in T-cell function

The function of lymphocytes is altered with aging. This
may be a consequence of decreased thymic function, an
important factor for age-related changes in thymic depen-
dent immunity-adaptive T-cell immunity. Declines in serum
thymic hormones precede the decline in thymic tissue. By
the age of 60, few of the thymic peptides are measurable in
human peripheral blood,’3 and the thymus undergoes pro-
gressive reduction in size associated with the loss of thy-
mic epithelial cells and a decrease in thymopoiesis. Thymic
hormone replacement may improve immune function in old
age,”*%% but there are no current clinical indications in this
regard.

T cells may be considered either “naive” or “memory” on
the basis of prior antigen exposure, and with advancing age,
there has been noted a relative expansion of the memory
T-cell pool. The competency of adaptive immune function
declines with age primarily because of a dramatic decline
in production of naive lymphocytes because of a decline in
thymic output and an increase in inert memory lymphocytes
(see later discussion). Naive CD4* T cells isolated from aged
humans and animals display a decreased in vitro responsive-
ness and altered profiles of cytokine secretion to mitogen
stimulation and expand poorly and give rise to fewer effec-
tor cells when compared with naive CD4* T cells isolated
from younger hosts. Naive CD4* T cells from aged animals
produce about half the IL-2 as young cells on initial stimula-
tion with antigen-antigen presenting cells. Also the helper
function of naive CD4* T cells for antibody production is
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also decreased.’® But newly generated CD4* cells in aged
mice respond quite well to antigens and are able to expand
with adequate IL-2 production with good cognate helper
function. Thus these age-related defects in naive CD4+ T
cells appear to be a result of the chronologic age of naive
CD4* T cells rather than the chronologic age of the indi-
vidual. These aged naive CD4* T cells proliferate less and
produce less IL-2 in response to antigenic stimulation than
naive CD4* T cells that have not undergone homeostatic
divisions in the peripheral blood. The mechanism underly-
ing homeostasis associated dysfunction of naive CD4 T cells
is not known. But in contrast to naive cells, memory CD4+
T cells are long lived, maintained by homeostatic cytokines,
and are relatively competent with age. [solated CD4* T cells
from healthy elderly human and old mice are normal in anti-
gen proliferation in vitro.”” Memory CD4* T cells generated
from young age respond well to antigens over time, whereas
memory CD4+ T cells derived from older age respond
poorly.”® Memory T cells generated from aged naive T cells,
upon stimulation, survive and persist well, but they are mark-
edly defective in proliferation and cytokine secretion dur-
ing recall responses with impaired cognate help for humoral
immunity. Healthy elderly are able to mount a CD4* T-cell
response comparable to that observed in younger individuals
when vaccinated with influenza, but they exhibit an impaired
long-term CD4* T-cell immune response to the influenza
vaccine.’® Vaccination with influenza results in increased
[L-2 secretion in response to viral antigen in vitro.®%¢! But
the number of influenza-specific cytotoxic T cells declines
with age, with no increase after vaccination.?

Alteration in cell surface receptor expression (e.g., the
loss of costimulatory receptor CD28 on the surface of
CD8* T cells) is one of the most prominent changes that
occur with aging. CD28-CD8* T cells are absent in new-
borns but become the majority (80% to 90%) of circulating
CD8* T cells in the elderly. Functionally, these CD28-CD8§+
T cells are relatively inert and have a reduced proliferative
response to TCR cross-linking, but maintain their capacity
for cytotoxicity and are resistant to apoptosis.®® This loss
of CD28 expression is associated with a gain of expression
of stimulatory NK cell receptors in CD28-CD8* memory T
cells, enabling their effector function as a compensation for
impaired proliferation.®*

There is a reduction of naive CD8* T cells with some
degree of oligoclonal expansion of CD8* T cells with age
observed in the healthy elderly.®> This expansion may reflect
a compensatory phenomenon to control a latent viral infec-
tion or to fill available T-cell space as a result of diminished
output of naive T cells from the thymus. When this clonal
expansion reaches a critical level, the diversity of T-cell
repertoire is reduced and its ability to protect against new
infections is compromised as seen when elderly humans are
exposed to new antigens. For example, the effect of host age
was studied in the recent severe acute respiratory syndrome
(SARS) outbreak, and it was discovered that the antigen
recognition repertoire of T cells was approximately 108 in
young adults but only 10° in the elderly.°® Notably, most of
the SARS mortality was observed in infected persons over
the age of 50 years. Accumulation of CD28-CD8* T cells
are also found in viral infections, such as CMV, EBV, and
hepatitis C, so CD28-CD8* T cells may be derived from
CD28-CD8* T cells after repeated antigenic stimulation.®”

This clonal expansion of CD28-CD8* T cells appears to
be associated with increased infections and failed response
to vaccines in the elderly. As a result of the combination of
thymic involution, repeated antigenic exposure and altera-
tion in susceptibility to apoptosis (increased for CD4 and
decreased for CD8), the thymic and lymphoid tissue in the
aged host becomes populated with anergic (nonresponsive)
memory CD8+*CD28~ T cells resulting in impaired cell medi-
ated immunity. The potential for far-reaching effects of the
presence of senescent T cells is illustrated by the correlation
between poor humoral response to vaccination in the elderly
and an increase in the proportion of CD8 T cells that lack
expression of C[)28§.68.69

There is also a decline in delayed-type skin hypersensitiv-
ity (DTH)7%-73 and the assessment of this has become a use-
ful measure of cell-mediated immunity. Generally, a battery
of skin test antigens (usually four to six antigens) is required
to adequately assess DTH. The number of skin test positive
reactions declines with age from more than 80% in young
individuals to less than 20% in older individuals.”> As with
most functional measures in geriatric populations, there is
remarkable heterogeneity. In one study,”> 17.9% of subjects
over age 66 years and living at home were anergic compared
with 41% who were living in a nursing home but able to care
for themselves and 60% who were functionally impaired and
living in a nursing home. Although skin testing is a good
indicator of cell-mediated immunologic health, it is heavily
influenced by both acute and chronic illnesses and the com-
ponent of anergy because of “aging” is difficult to discern.
Furthermore, concomitant in vitro testing suggests that not
all anergic patients have impaired in vitro responses, 3”74 sug-
gesting that some of the observed skin test anergy may be
either technical (i.e., due to difficulty in intradermal injec-
tion in the skin of elderly people) or because of a deficit in
antigen presentation, as described above. Thus both in vivo
cutaneous DTH assessment and in vitro lymphocyte testing
may be necessary to more adequately identify individuals
who are truly anergic and presumably immunodeficient. The
relevance of this type of determination is apparent by the
repeated demonstrations of an association between anergy
and mortality.43.72.73.75-77

The issue of an age-associated decline in DTH has partic-
ular relevance for the testing of past or current tuberculosis
exposure.”8-82 Acknowledging the high incidence of anergy
in elderly patients, care must be given to assess response to
control antigens, such as Candida, mumps, or streptokinase-
streptodornase (SKSD) before concluding a negative
tuberculin reaction indicates absence of TB exposure. Fur-
thermore, for the healthy elderly, false positive skin tests
may be observed in those who have had repeated testing
("booster” effect).8?

Qualitative changes in B-cell function

In the humoral immune system, there are no consistent
changes in the number of peripheral blood B cells with
age. The decline in antibody production following vaccina-
tion in the elderly is the result of reduced antigen-specific
B-cell expansion and differentiation, leading to production
of low titres of antigen-specific [gG. Most studies indicate
a mild to moderate increase in total serum immunoglobu-
lin (Ig)G and IgA levels with no change in IgM levels.83.84
Declines in antibody titers to specific foreign antigens
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have been noted, including naturally occurring antibod-
ies to the isoagglutinins,® and titers of antibody to for-
eign antigens such as microbial antigens.’¢°° Both the
primary®! and secondary immune responses to vaccination
are impaired. Elderly patients tend to have lower peak titers
of antibody and more rapid declines in titers after immu-
nization®2?3 and the peak titer occurring slightly later (2
to 6 weeks rather than 2 to 3 weeks postvaccination) than
in younger people.?* In contrast, serum autoantibodies may
have organ specificity, such as antiparietal cell, antithyro-
globulin, and antineuronal antibodies.**?>-1! With aging,
there is a decreased generation of early progenitor B cells
resulting in low output of new naive B cells with clonal
expansion of antigen-experienced B cells. This results in
limited repertoire in immunoglobulin generation (through
class switch) in B cells as observed in elderly humans and
old mice!?? with limited antigen-specific B-cell expansion
and differentiation, leading to production of reduced titers
of antigen-specific [gG. The antibodies produced by older
B cells are commonly of low affinity due to reduced class
switching and somatic recombination in the variable region
of the immunoglobulin gene that is necessary for antibody
production and diversity. The generation of memory B cells
is highly dependent on germinal centers, the formation of
which are known to decline with age. The formation of ger-
minal centers is dependent to some extent on interactions
of B cells with CD4* T helper cells, and the age-related
quantitative and qualitative changes in T and B cells may
account, in large part, for the clinically observed diminished
response to vaccines. For example, although 70% to 90% of
individuals less than 65 years old are effectively protected
after influenza vaccination, only 10% to 30% of frail elderly
are protected.'®

Organ-nonspecific autoantibodies, such as antibodies to
DNA and rheumatoid factors, also increase with age. Circu-
lating immune complexes may also increase with advancing
age.?> 19 The reason why auto-antibodies increase with age
is not known. Several explanations are possible, including
alterations in immune regulation and an increase in stimula-
tion of B-cell clones because of recurrent or chronic infec-
tions or increased tissue degradation.

Cytokine dysregulation and aging

There has been an increased awareness of alterations in the
production and degradation of cytokines with age (Table
13-1). In vitro studies to assess functional aspects of lym-
phocytes after stimulation with mitogens show a decline
in proliferative responses possibly as a result of decreased
T-cell lymphokine production and regulation, particularly
interleukin-2 (IL-2).4448,107.108 Decreases in the percentage
of IL-2 receptor positive cells, IL-2 receptor density, and in
the expression of IL-2 and IL-2 receptor specific mRNA
in old humans have been reported.*81% [L-2 production
in response to specific antigens also declines. There is a
profound decline in the proliferative capacity of T lym-
phocytes to nonspecific mitogens. 464873110 [n addition,
antigen-specific declines in the proliferative potential of T
cells have been demonstrated.”%!!'! The number and affinity
of mitogen receptors on T lymphocytes do not change with
age.'"? However, the number of T lymphocytes capable of
dividing in response to mitogen exposure is reduced, and
the activated T cells do not undergo as many divisions.?

Table 13-1. Immunologic Markers of Aging

Decreased Increased

Memory T and B cells
Oligoclonal expansion of
memory lymphocytes

Thymic output
Naive peripheral T cells
Diversity of T- and B-cell

repertoire

Co-stimulatory stimuli to CMYV specific CD8+/CD4+
T cells T cells

CD28* T cells CD45 RO T cells

CD45* T cells CD 28~ T cells

IL-2, INF-y, IL-12, IL-10, IL-13 IL-6, SCF’, LIFt

Proliferation with mitogens
Delayed type hypersensitivity
Response to vaccination

Anergic T cells

“Stem cell factor
tLeukemia inhibitory factor

Superimposed upon the accumulation of a relatively inert
naive T-cell fraction observed with advancing age, there
appears also to be a shift in predominance of helper T-cell
responses from type 1 (TH1) to type 2 (TH2). Cells of the
TH1 type produce IL-2, interferon-y, and TNF-a and pre-
dominantly mediate cell-mediated immune and inflamma-
tory responses, whereas cells of the TH2 type produce IL-4,
IL-5, IL-6, and IL-10, factors that enhance humoral immu-
nity (Figure-13-1).°° Whereas the decline in IL-2 and IL-12
may contribute to the observed decline in cellular immune
function, the increase in proinflammatory cytokines (par-
ticularly IL-6) may contribute to the metabolic changes
associated with frailty. It has been proposed that a chronic
exposure to such proinflammatory signals contributes to the
phenotype of frailty.'!3 In fact, elevated IL-6 levels have
been shown to correlate well with functional decline and
mortality in a population of community-dwelling elderly
people.''* Thus the inflammation-related biomarkers are
powerful predictors of frailty and mortality''>!'¢ in the
elderly and this phenomenon is referred to as “inflamm-
aging.*"

In the steady state (i.e., in the absence of stress, trauma,
infection, or disease), IL-6 is tightly controlled and levels in
the serum are typically measured in the very low picogram
range. Among the regulators of IL-6 are sex steroids (estro-
gen and testosterone), and, at menopause, detectable IL-6
levels appear in the blood in apparently healthy individuals.
This inappropriate presence of a circulating proinflammatory
molecule has garnered great interest among biogerontolo-
gists because it provides a rational explanation for many of
the phenotypic features of frailty and levels associated with a
number of age-associated disorders, including atherosclerosis,
diabetes, Alzheimer's disease,''”:!'® and osteoporosis.'!?:120

CLINICAL CONSEQUENCES OF IMMUNE
SENESCENCE

Autoimmunity

Waldorf®! speculated that autoimmunity plays an important
role in the aging process. Cohen and others have alternatively
proposed that autoimmunity may play an important physi-
ologic role in the regenerative and reparative process that is
ongoing during aging.'?! Certain autoimmune diseases have
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Proinflammatory response:

Activates NK cells, macrophages, CD8+ T cells
Release of IF-y, TNF-o

IgG production

Anti-inflammatory response:
Activates mast cells, eosinophils
IL-4, IL-5, IL-10, IL-13

IgE production

IL-6
IL-17A
IL-17F

Figure 13-1. Differentiation of naive TH cell into effector T cells. The differentiation of naive T cells into various effector T-cell subsets occurs in response to
stimulation by distinct antigen-presenting cells and cytokine exposure. These functional subsets include TH1, TH2, TH17, and Treg cells. These subsets play distinct
roles in the genesis and control of cell-mediated immunity and inflammation. Traditionally, the TH1 responses have been implicated in many autoimmune and
inflammatory disease states and cytokines produced by these cells, primarily IL-2, [FN-y, and TNF-a induce both mononuclear and polymorphonuclear cell

infiltration and activation in the target tissues. In this fashion, deregulated expression of proinflammatory cytokines is thought to play a central role in the development
of autoimmune diseases and chronic inflammatory responses. In contrast, TH2 cells secrete IL-4 and IL-10 that promote humoral immunity and inhibit TH1 responses
and have been implicated in amelioration and remission of autoimmune and inflammatory diseases. A third TH subset, named TH17, has recently been described that
depends on IL-23 for survival and expansion, and has been identified as a major mediator of pathogenic inflammatory responses associated with autoimmunity, allergy,
organ transplantation, and tumor development. Over the last few years, regulatory T (Treg) cells of several types have been identified and shown to play an active

role to suppress autoreactive T cells; however, these cells are also capable of suppressing the host's ability to mount an optimal cell-mediated immune response to

antigens and tumor cells if their numbers and activity are not controlled.

their highest incidence in old age, such as pernicious anemia,
thyroiditis, bullous pemphigoid, rheumatoid arthritis, and
temporal arteritis, suggesting that the age-related increase in
autoantibodies may have clinical relevance,!?>-!?7 although
this latter point remains unproven.

Autoimmunity may also play a role in vascular disease in
old age.'?® Giant T-cell arteritis is a common disease in old
age'?%129 and is associated with degenerative vascular disease.
Indeed, immune mechanisms may result in atherosclerosis, a
final common pathway of pathology secondary to a variety
of vascular insults.’3® A number of antivascular antibodies
have been described in man'3'-134 that are associated with
diseases of the vasculature. Antiphospholipid antibodies are
associated with a variety of pathologic states of the vascu-
lature, including stroke and vascular dementia,'3%13¢ tem-
poral arteritis, and ischemic heart disease.'?”:!3® However,
the exact mechanism by which antiphospholipid antibod-
ies cause vascular injury remains unknown.'3° The increased
occurrence of antiphospholipid antibodies with age!40-142
and the association of these autoantibodies with vascular
disease may represent a predisposing immunologic factor
for immune-mediated vascular disease in elderly people.
Autoantibodies to vascular heparan sulfate proteoglycans
(vVHSPG) may also be important in vascular injury in old
age, "33 since vVHSPG plays an important role in normal anti-
coagulation and cholesterol metabolism.!43

Immune senescence and cancer

Age is the single greatest risk for cancer.'** It has long been
postulated that immune mechanisms play an important role
in recognizing and destroying tumor cells, and thus an age-
associated decline in immune function might be invoked to
explain the increased rate of cancer in old age. The prob-
lem with this hypothesis is that, as rational as it sounds,

it has been very difficult to prove (see later discussion).
Furthermore, there are other explanations for the observed
increased malignant disease in the elderly, not the least of
which is the estimated prolonged time (measured in decades
for many epithelial tumors) it takes to sustain the multiple
genetic and epigenetic events required for malignant trans-
formation and tumor growth to the point of clinical detec-
tion. An alternative explanation suggests that the host and
host factors change over time, favoring progression and
expression in later life. These two hypotheses to explain the
increase in late-life malignancy have aptly been described as
“seed vs. soil "143

From an immunologic and “soil” standpoint, there are
two principal observations that relate to malignancies and
age: (1) deregulation of proliferation of cells directly con-
trolled by the immune system and (2) evidence of increased
malignancies in late life that could be hypothetically
restrained by nonsenescent immunity. These will be dis-
cussed sequentially.

Proliferative disorders of the lymphocyte are common in
old age. Although bimodal in incidence, the peak in late-life
lymphoma includes a disproportionate incidence of nodular
B-cell types.'*® Both old humans and mice have commonly
exhibited a monoclonal gammopathy (paraprotein) in the
last quartile of the life span.#”~'5° Monoclonal gammopa-
thies increase with age and may occur in 79% of sera from
subjects over the age of 95 years.!”!'='33 Radl'*! has defined
four categories of age-associated monoclonal gammopathy:
(1) myeloma or related disorders; (2) benign B-cell neoplasia;
(3) immune deficiency, with T cell greater than B-cell loss;
and (4) chronic antigenic stimulation. He speculates that the
third category is by far the most common, and that this is
what occurs with immune senescence. It is possible that age-
associated immune dysfunction is initially associated with
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markers of aberrant immune regulation, such as increased
levels of paraproteinemia and/or autoantibody, which may
later contribute to the pathogenesis of lymphoma. Mono-
clonal gammopathies may cause morbidity, particularly renal
disease in the absence of overt multiple myeloma.!”* In a
minority of cases of monoclonal gammopathies, a malignant
evolution may occur.!’*-156 Multiple myeloma also dem-
onstrates an age-related increase in incidence.'®” Although
treatment is not generally indicated for monoclonal gam-
mopathies,>2 treatment of myeloma is often useful. Another
common malignant transformation of the lymphocyte in old
age is chronic lymphocytic leukemia.’®® Non-Hodgkin's
lymphoma also increases in incidence with age, whereas
Hodgkin's lymphoma has a bimodal distribution.'>°

Finally, a discussion of cancer development and aging
would not be complete without considering the impor-
tance of the decline in immunity and associated failure of
“immune surveillance."'®0-163 [t has long been proposed that
the decline in immune function contributes to the increased
incidence of malignancy. However, despite the appeal
of such a hypothesis, scientific support has been limited
and the topic remains controversial.'®* Proponents of an
immune explanation point to experiments in which outbred
strains of mice with heterogeneous immune functions were
followed for their life span.'3.196 Those that demonstrated
better functions early in life (as determined by a limited
panel of assays available at the time on a small sample of
blood) were found to have fewer spontaneous malignancies
and a longer life than those estimated to be less immuno-
logically competent. Furthermore, it is difficult to deny that
profoundly immunodeficient animals or humans are subject
to a more frequent occurrence of malignant disease. Thus
it would stand to reason that others with less severe immu-
nodeficiency would also be subject to malignancy, perhaps
less dramatically so. However, the malignancies associated
with profound immunodeficiency (e.g., with AIDS or after
organ transplantation) are usually lymphomas, Kaposi's sar-
coma, or leukemia and not the more common malignancies
of geriatric populations (lung, breast, colon, and prostate
cancers). Accordingly, it is fair to say that the question of
the influence of age-acquired immunodeficiency on the
incidence of cancer in elderly people is unresolved. There
is much greater consensus on the importance of immune
senescence in the clinical management of cancer, includ-
ing the problems associated with infection and disease
progression.

Immune senescence and infections in old age

An aging immune system is less capable of mounting an
effective immune response after infectious challenge and
thus infection in elderly people is associated with greater
morbidity and mortality.'®”.198 Most notable in this regard
are infections with influenza virus, pneumococcal pneumo-
nia, and various urinary tract pathogens. However, older
individuals are also more susceptible to skin infections, gas-
troenteritis (including Clostridium difficile), tuberculosis, and
herpes zoster (shingles). There is also an increase in hospital-
and nursing home-acquired infections in elderly people.
These susceptibilities to infection are due to both immune
senescence and other changes more common among older
individuals, such as a reduced ciliary escalator efficiency and
cough reflex predisposing to aspiration pneumonia; urinary

and fecal incontinence predisposing to urinary tract and
perineal skin infections; and immobility predisposing to
pressure sores and wound infections.

Infections in older people frequently present atypi-
cally.74144.169 Old individuals may not have typical “hard"
signs of infection, such as spiking fever, leukocytosis, promi-
nent inflammatory infiltrates on chest x-rays, or rebound
tenderness for those with an acute abdomen. Thus a change
in mental status or mild malaise might be the only clinical
indication of urinary tract infection or even pneumonia.
Lower baseline temperatures may require the need for moni-
toring the change in temperature, rather than the absolute
temperature. This is particularly true in the frail elderly, for
whom infections caused by unusual organisms, recurrent
infections with the same pathogen, or reactivation of quies-
cent diseases such as tuberculosis or herpes zoster virus can
be counted on to present atypically and also to be resistant
to standard therapy.

Influenza

Most of the significant morbidity and excess mortality dur-
ing influenza epidemics occurs in older adults.!”? Age itself,
in addition to and separate from the many comorbid con-
ditions of older people, is a significant risk factor for severe
complications of influenza.'”! It is widely held that much of
the increased susceptibility of elderly people to influenza and
its complications are attributable to immunologic factors,
including reduced antibody responsiveness and influenza-
specific cell-mediated immunity as discussed above. The role
of humoral immunity, especially in the form of neutralizing
antibodies, is perhaps most important for preventing and
limiting the initial infection!”? rather than promoting recov-
ery. T-cell-mediated responses appear to be more important
and primarily involved in postinfection viral clearance and
recovery; influenza-specific cytotoxic T lymphocyte (CTL)
activity correlates with rapid clearance of virus in infected
human volunteers, even in the absence of detectable serum
antibody.'”? This has been experimentally confirmed in sev-
eral studies through the adoptive transfer of influenza-specific
CTLs in mouse models.!”*!7> No doubt influenza-specific
antibody declines with age, whether because of natural infec-
tion or vaccination,'”~'78 and this presumably translates to
an increased risk of influenza infection. However, and per-
haps equally important, CTL,%%!7° human leukocyte antigen
(HLA) restriction by influenza-specific T-cell clones, and lym-
phocyte proliferative responses also decline with age. T cell-
mediated cytokine responses, most notably [L-2, also decrease
with age, although this has not been as clearly established for
healthy elderly people®' as it has been for frail elderly peo-
ple.®® Together these observations account for much of the
age-related increase in influenza susceptibility and morbidity.
Furthermore, although influenza in otherwise healthy unvac-
cinated elderly people leads to an illness that lasts nearly
twice as long as their younger counterparts, influenza illness
duration in those elderly people previously vaccinated (i.e.,
vaccine failures) is comparable to the illness duration in vac-
cinated healthy young adults. This observation remains true
when the vaccine-to-circulating strain match is poor, negat-
ing poor vaccine match as a reason not to vaccinate seniors
annually. In the long-term care setting, influenza vaccination
was found to be effective in reducing influenza-like illness
and preventing pneumonia, hospitalization, and deaths (both




88 Section| / Gerontology

infectious and “all cause” mortality). Among the elderly resid-
ing in the community setting, the benefits of annual vaccina-
tion have been demonstrably modest in some studies, '3 and
more effective in others.8!.'82 Among many efforts to increase
the immune response and hence protection from influenza
vaccination in the elderly, component hemagglutinin dose
within the vaccine and higher doses were found to be more
immunogenic.'3 It is important to note that, despite all of
the changes occurring with age and comorbid conditions of
age, influenza vaccine still is highly cost-effective in reducing
influenza-related infections and complications, especially in
the high-risk elderly population.!7!.182,184

Pneumococcal disease

Reduced immune competence, whether due to age, dis-
ease, or drug therapy, introduces risk for complications
from pneumococcal disease. For example, one study found
the incidence of pneumococcal disease to be 70 cases per
100,000 in individuals over the age of 70 compared with
5 cases per 100,000 in younger adults.'®> Streptococcus pneu-
moniae is a gram-positive lancet-shaped diplococcus that nor-
mally colonizes the nasopharynx and was present in up to
70% of individuals in the preantibiotic era. The pathogenic
form is encapsulated, and antigenic variants of the polysac-
charide capsule are sufficiently immunogenic to be useful as
vaccine targets. The rising prevalence of penicillin-resistant
Pueumococcus'8® renders infection treatment more difficult
and reinforces the need for prevention as a primary manage-
ment strategy for pneumococcal disease.

Pneumonia is the most prevalent expression of infec-
tion with S. pneumoniae but other sites of infection are also
clinically important. These include otitis media, sinusitis,
meningitis, septic arthritis, pericarditis, endocarditis, peri-
tonitis, cellulitis, glomerulonephritis, and sepsis (espe-
cially postsplenectomy). Chronic obstructive pulmonary
disease is an independent risk factor for occurrence of
and complications from pneumococcal infection, and this
might relate to the altered mechanics of clearing secretions
and altered immunity within the lung itself. Risk factors for
pneumococcal infections also include conditions that pre-
dispose an individual to aspiration of pneumococci, such
as swallowing disorders, a feature not uncommon in stroke
Survivors.

Prevention is the best form of defense, and the polysaccha-
ride antigens of the pneumococcal vaccine have been used to
generate T-cell independent responses, a theoretical advan-
tage for older adults because immune senescence is thought
to primarily perturb T-cell more so than B-cell responses (see
previous discussion). Yet, studies on pneumococcal vaccine
efficacy in disease prevention often have been disappointing
or inconclusive,!”8187 with more recent studies suggesting
efficacy and cost-effectiveness.'8-19! Consequently, under-
use of pneumococcal vaccine has been held accountable for
the development of outbreaks in nursing facilities in which
vaccination rates were low.!'92193 Currently, revaccination is
recommended for persons aged 65 and older if they received
vaccine 5 or more years prior and were less than 65 years
of age at the time of vaccination. Meanwhile, new vaccine
designs aim to better stimulate the immune response in
older adults by recruiting T-cell help through polysaccha-
ride conjugation with a peptide combined with cytokine!?*
or by using a peptide target.'”> Whether these approaches

are superior for an immune senescent patient remains to be

defined.

Varicella-zoster virus

Herpes zoster (shingles) is caused by varicella zoster virus
(VZV) and is increasingly prevalent with advancing age,
as are its severity and complications.!?92% The majority of
cases occur after the age of 60 years?°! and by 80 years, the
annual attack rate is 0.8%. Two major complications of herpes
zoster, postherpetic neuralgia and cranial nerve zoster (often
of the ophthalmic nerve, and not infrequently resulting in
lower motor neuron paresis), are the most disabling. Posther-
petic neuralgia occurs in more than 25% of patients 60 years
and older and is strongly associated with sleep disturbance
and depression.202-296 Bell's palsy??” and Méniere's2?® dis-
ease, both conditions associated with advanced age, have
also been linked to herpes zoster. VZV-specific cell-medi-
ated immunity correlates closely with susceptibility to
herpes zoster in large populations, such as patients with
lymphomas, bone marrow transplant recipients, and immu-
nocompetent elderly persons.209-21¢ Whereas a decline in
VZV-specific cell-mediated immunity is a major precipitant
for VZV reactivation,?'” demonstrable VZV immunity limits
the viral replication and spread.?!® In a randomized clinical
trial with a live attenuated VZV vaccine among adults aged
60 years and over, vaccination reduced the incidence of her-
pes zoster, and postherpetic neuralgia compared with those
who received a placebo.?'” The magnitude of benefit with
reduction in postherpetic neuralgia was more pronounced in
those aged 70 years or more. This study led to approval of
vaccine among the elderly greater than 60 years of age in the
United States, and also in Europe and Australia.

SECONDARY CAUSES OF ACQUIRED
IMMUNODEFICIENCY IN OLD AGE

In contrast to the normative changes that may result in a
mild idiopathic-acquired immunodeficiency with aging, a
variety of secondary causes of acquired immunodeficiency
occur in elderly people that may be severe, yet reversible.
The distinction between secondary causes of immune defi-
ciency from “normal” age-related changes is an important
clinical distinction. The clinician needs a high index of sus-
picion for acquired immunodeficiency in old age, since many
causes are reversible and can be the primary reason for infec-
tion risk, altered presentation of infection, or inadequate
response to usual therapy.

Malnutrition

The effects of malnutrition on the immune system may be
profound, and clearly increase the risk of infection in elderly
people.22022! [mmune deficits in undernourished ambula-
tory elderly people may be reversed by nutritional supple-
mentation. Malnutrition affects up to 50% of hospitalized
elderly people and is highly associated with poor acute care
outcomes, including death.?22-224 Severe protein, calorie,
vitamin, and micronutrient deficiencies may cause immune
impairment resulting in poor outcomes in response to
infection.??522¢ An absolute lymphocyte count below 1500
cells/mm?3 often indicates some degree of malnutrition, and
a count below 900 cells/mm?3 is a frequent correlate of both
severe malnutrition and immunodeficiency.
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Comorbidity

Chronic illnesses such as congestive heart failure?3® and
Alzheimer's disease may be associated with progressive
cachexia despite adequate food intake, and may be medi-
ated by tumor necrosis factor or other inflammatory media-
tors.?*102 In patients with dementia, despite adequate food
intake, malnutrition is common and is associated with a
fourfold increase in infection.'®2 Diabetes mellitus, common
in geriatric populations, is frequently associated with dimin-
ished immune function.

Polypharmacy

Since elderly people frequently consume a number of pre-
scription or over-the-counter medications, drug-induced
acquired immunodeficiency is probably far more common
than is generally appreciated. Numerous commonly pre-
scribed drugs cause neutropenia and lymphocytopenia.
Analgesics, nonsteroidal antiinflammatory agents, steroids,
antithyroids, antibiotics, antiarthritic drugs, antipsychotics,
antidepressants, hypnotics/sedatives, anticonvulsants, anti-
hypertensives, diuretics, histamine type-2 (H2) blockers,
and hypoglycemics are among a long list of commonly pre-
scribed medications that may suppress inflammatory and/or
immune responses.22’222 T lymphocytes also have calcium
channels along with cholinergic, histaminic, and adrenergic
receptors, and drugs that work on these targets may have
unappreciated effects on immune function.?3® Hypogamma-
globulinemia may also be induced by medications.?3' Recent
studies have also demonstrated that medications may also
be associated with an impaired or enhanced response to
vaccination,?32.233

HIV and other infections

HIV infection may be a cause of acquired immunodeficiency
in elderly people and should always be considered part of
the differential diagnosis of acquired immunodeficiency
in elderly patients with lymphopenia and appropriate risk
factors.234238 The most common source of AIDS in the
elderly was until recently transfusion, but now it is acquired
through sexual activity.?32*! Dementia is often a com-
mon presenting feature of AIDS,**2 and AIDS should be
considered part of the differential diagnosis of dementia in
aged patients with appropriate risk factors. The possibility
that many cases of AIDS will go undetected in the elderly
has considerable implications for geriatric-health care work-
ers. In the United States, approximately 11% of patients with
AIDS are over 50 years of age—a recognized health issue in
geriatric population—and age could be an independent risk
factor in rapid progression of the disease 240243

Stress

Psychosocial isolation, depression, and stress are probable
causes of immune dysfunction in old age.?**?#> There is an
increased incidence of cancer during periods of psycho-
social stress and depression related to bereavement.246.247
Social isolation and marital discord may impair immune
function.2*® Chronic stress in the form of care giving for a
demented spouse also reduces influenza vaccine response.?#°
Interventions to enhance social contact demonstrably
improve immune function as measured by a variety of lab-
oratory measures.2’? Immobility may also cause immune
dysfunction, and exercise may maintain function in old age

in both animals and humans.?’! These aspects of psycho-
neuroimmunology obviously have particular relevance in the
interdisciplinary practice of geriatrics, given the high preva-
lence of psychosocial problems in elderly people.

Immune function assessment

The tests necessary to perform an immunologic evaluation
to establish the diagnosis of acquired immunodeficiency in
old age are readily available to the clinician.?>> The humoral
immune system is readily tested by measuring total serum
protein and quantitative immunoglobulin (IgG, IgA, and
[gM) levels. Serum protein electrophoresis, and immuno-
electrophoresis are useful to rule out monoclonal gammopa-
thy, myeloma, and some forms of lymphoma, and may also
provide clues to chronic inflammatory disease (polyclonal
gammopathy, reduced albumin). Specific antibody titers
such as isoagglutinins also provide additional informa-
tion regarding B-cell function. The integrity of the cellular
immune system is tested by blood leukocyte counts (includ-
ing absolute lymphocyte counts), delayed skin test hyper-
sensitivity employing a panel of at least six antigens, and in
vitro testing such as measurements of lymphocyte subsets,
the proliferative capacity of lymphocytes in response to
mitogen or specific antigens, and cytokine production. The
latter tests are often performed in a standard clinical immu-
nology laboratory. Other more sophisticated immune tests
are also available from the clinical immunology consultant
and research laboratory.

Specific potentially reversible causes of acquired immuno-
deficiency, such as malnutrition or medications, should be
sought in aged patients with recurrent or unusual infections,
particularly those with lymphocytopenia and/or anergy. At
a minimum, a medication review and a nutritional assess-
ment should be performed, with monitoring of neutrophil
or lymphocyte counts during nutritional supplementation or
medication withdrawal. HIV infections should always be con-
sidered in high-risk patients, including the very old, particu-
larly because the risks for spread of HIV among health care
workers and family members caring for frail elderly persons.

Immune enhancement and other clinical
strategies

Numerous interventions have been employed in an attempt
to enhance immune function in old age. The use of thymic
and other hormones, mediations, and cytokines have been
proposed as immunoenhancing agents, but none of these has
gained clinical acceptance.?’3 In animals, calorie restriction
without undernutrition clearly prolongs life and is associated
with immune competence into late life; however, the ben-
efits of calorie restriction in man remain unknown.?’* Sup-
plemental zinc and other trace metals may also have benefit
in some older patients in restoring lymphocyte proliferation
in vitro, and in enhancing delayed-type skin hypersensi-
tivity reactions, but their effects in preventing or reducing
the morbidity of infections or other problems potentially
related to immunodeficiency in old age have not been dem-
onstrated.?>>2%8 Vitamin C and other antioxidants may also
have beneficial effects on immune function.?3?2¢0 Megadose
dietary supplementation does not significantly improve
immune function in the normal-aged animal.2¢!
Vaccinations are critically important in maintaining the
health of elderly people in the face of declining immunity
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and are effective in preventing pneumococcal pneumonia,
influenza, and tetanus and in reducing mortality from these
illnesses. 221262264 Although elderly people achieve lower
peak titers and more rapid declines of serum antibody levels,
the majority of healthy elderly people achieve titers that are
generally presumed protective.89.92.265266 However, chroni-
cally ill, frail elderly people, particularly institutionalized,
malnourished individuals, may not achieve adequate protec-
tive peak antibody titers against pneumococcal pneumonia
or influenza when immunized with a single dose of vac-
cine, and supplemental doses are recommended by some
experts.297269 Older persons may require revaccination with
tetanus toxoid more frequently than every 10 years (as cur-
rently recommended) to maintain protective levels of anti-
bodies in the serum.?8270 The use of new protein conjugate
and immunoconjugate vaccines may improve the response in
older people 271273

CONCLUSIONS

There are mild to moderate changes within the immune
system with normal aging, and these render an individual
susceptible to certain infections and may also affect clinical
presentation. A more profound deficit in immune function
is commonly observed in geriatric populations, but when

this occurs, the clinician should be highly suspicious that
secondary (i.e., causes other than just “aging”) are involved.
Reversible causes of acquired immunodeficiency in this age
group include comorbid diseases, malnutrition, medications,
stress, and possibly infections, including HIV. Newer thera-
peutic approaches may ultimately be useful in the treatment
of acquired immunodeficiency in elderly people, particularly
in high-risk individuals who are substantially impaired by
the effects of aging and diseases of old age on the immune
system.

KEY POINTS

Clinical Immunology of Aging

® The immune system changes with age, primarily affecting T-cell
and B-cell functions

e Changes in the immune system are relevant to the changing
clinical presentation and expression of disease.

¢ Immune senescence affects vaccine effectiveness.

For a complete list of references, please visit online only at
www.expertconsult.com



CHAPTER 14

Effects of Aging on the
Cardiovascular System

Advanced age is a major risk factor for the development of
cardiovascular disease. Why age increases the risk of car-
diovascular disease is debatable. The increased risk might
arise simply because there is more time to be exposed to risk
factors such as hypertension, smoking, and dyslipidemia. In
other words, the aging process itself has little impact on the
cardiovascular system. However, an emerging view is that
the accumulation of cellular and subcellular deficits in the
aging heart and blood vessels renders the cardiovascular
system susceptible to the effects of cardiovascular diseases.
Although increased exposure to risk factors likely contrib-
utes to the development of cardiovascular disease in aging,
there is considerable evidence that the structure and func-
tion of the human heart and vasculature change importantly
as a function of the normal aging process. These changes
occur in the absence of risk factors other than age, and in
the absence of overt clinical signs of cardiovascular disease.

AGING-ASSOCIATED CHANGES
IN VASCULAR STRUCTURE

Studies in blood vessels from apparently healthy humans
have shown that the vasculature changes with age. The large
elastic arteries dilate, something that is evident to the naked
eye, and that is well seen in arterial radiographic studies.
These readily visible changes arise from microscopic
changes in the wall structure of the centrally located, large
elastic arteries.!? The arterial wall is composed of three dif-
ferent layers, which are known as tunics. The outermost
layer, or tunica adventitia, is composed of collagen fibers
and elastic tissue. The middle layer, known as the tunica
media, is a relatively thick layer composed of connective tis-
sue, smooth muscle cells, and elastic tissue. The contractile
properties of the arterial wall are determined primarily by
variations in the composition of the media. The innermost
layer of the arterial wall, or tunica intima, consists of a con-
nective tissue layer and an inner layer of endothelial cells.
Endothelial cells are squamous epithelial cells that play an
important role in regulation of normal vascular function,
and endothelial dysfunction contributes to vascular disease.?
Age-associated changes in these different layers have a pro-
found effect on the structure and function of the vasculature
in older adults.

The process by which the structure of the arterial wall
is modified by the aging process is known as remodeling.
Structural changes due to remodeling are apparent even in
early adulthood and increase with age.? Aging-related arte-
rial remodeling is thought to provide an ideal setting in
which vascular diseases can thrive. Indeed, structural changes
that occur in the arteries of normotensive aging humans are
observed in hypertensive patients at much younger ages.>

One of the most prominent age-related changes in the
structure of the vasculature in humans is dilation of large
elastic arteries, which leads to an increase in lumen size.* In
addition, the walls of large elastic arteries thicken with age.

Susan E. Howlett

Studies of carotid wall intima plus media (IM) thickness in
adult human arteries have shown that IM thickness increases
between twofold and threefold by 90 years of age.! Increased
IM thickness is an important risk factor for atherosclerosis
independent of age.? Thickening of the arterial wall in aging
is due mainly to an increase in the thickness of the intima.!
Whether thickening of the media occurs in aging is contro-
versial. However, studies have shown that the number of
vascular smooth muscle cells in the media declines with age,
while the remaining cells increase in size.” Whether these
hypertrophied smooth muscle cells are fully functional or
whether this is one way in which aging is deleterious to vas-
cular function is not yet clear. The major structural changes
in the vasculature with age are summarized in Figure 14-1.

Age-associated thickening of the intima is due, in part, to
changes in connective tissues in aging arteries. The collagen
content of the intima and collagen cross-linking increase
markedly with age in human arteries.!3° However, the
elastin content of the intima declines, and elastin fraying and
fragmentation have been reported.' It has been proposed
that repeated cycles of distention followed by elastic recoil
may promote the loss of elastin and the deposition of colla-
gen in aging arteries.! These changes in collagen and elastin
content are believed to have important effects on the dis-
tensibility or stiffness of aging arteries, as discussed in more
detail in the "Arterial Stiffness in Aging Arteries” section.

In addition to alterations in intimal connective tissues
in aging, studies in human arteries have shown that the
aging process modifies the structure of the endothelial cells
themselves. Endothelial cells increase in size with age or
hypertrophy. In addition, endothelial cell shape becomes
irregular.” The permeability of endothelial cells increases
with age and vascular smooth muscle cells may infiltrate the
subendothelial space in aging arteries.!” There also is con-
siderable evidence that many of the substances released by
the endothelium are altered in aging arteries.® The impact
of these changes on vascular function is discussed in more
detail in the next section.

ENDOTHELIAL FUNCTION IN AGING

Once regarded as an almost inert lining of the blood vessels,
the vascular endothelium is now recognized to be metaboli-
cally active tissue involved in the many changes needed to
maintain and regulate blood flow. The structure and function
of the endothelium changes notably with age.38° In younger
adults, the vascular endothelium synthesizes and releases a
variety of regulatory substances in response to both chemi-
cal and mechanical stimuli. For example, endothelial cells
release substances, such as nitric oxide, prostacyclin, endo-
thelins, interleukins, endothelial growth factors, adhesion
molecules, plasminogen inhibitors, and von Willebrand
factor.!® These substances are involved in the regulation
of vascular tone, angiogenesis, thrombosis, thrombolysis,
and many other functions. There is evidence that the aging

91
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Figure 14-1. Remodeling of the central elastic arteries with age. The layers of the arterial wall are labeled as indicated. There are marked changes in central

elastic arteries as a consequence of the aging process. The diameter of the lumen increases with age. Intima plus media (IM) thickness also increases, primarily as a
consequence of an increase in the thickness of the tunica intima. An increase in collagen deposition and a decrease in elastin are responsible for intimal remodeling in
aging arteries. The number of vascular smooth muscle cells in the tunica media decreases, whereas the remaining cells hypertrophy. Endothelial cell hypertrophy also

occurs in aging arteries.

process may disrupt many of these normal functions of the
vascular endothelium.

Endothelial dysfunction is most often measured as a dis-
ruption in endothelium-dependent relaxation. Endothelium-
dependent relaxation is mediated by nitric oxide, which is
released from the endothelium by mechanical stimuli, such as
increased blood flow (shear stress), and by chemical stimuli
(i.e., acetylcholine, serotonin, bradykinin, or thrombin).!°
When nitric oxide is released from the endothelium, it causes
vascular smooth muscle relaxation by increasing intracellular
levels of cGMP. The increased cGMP prevents the interac-
tion of the contractile filaments actin and myosin.!" Thus
blood vessel relaxation is impaired with age. The age-related
increase in vascular stiffness is, in part, related to the reduced
ability of the vascular endothelium to produce nitric oxide
as people age.'> The decrease in nitric oxide release with
age appears to be mediated by less effective acetylcholine
activity. '3

The mechanism by which nitric oxide activity is reduced
in aging remains controversial. Nitric oxide is synthesized
in endothelial cells by a constitutive enzyme called endo-
thelial nitric oxide synthase (eNOS or NOS III).'* There is
some evidence that the levels of eNOS are reduced in aging,
which could account for the decrease in nitric oxide activity
in aging vasculature.'> However, other studies suggest that
factors such as the production of oxygen free radicals in
aging endothelial cells may impair nitric oxide production
in aging.!3 Further studies will be needed to fully understand
the mechanism or mechanisms responsible for endothelial
dysfunction in aging vasculature.

There is good evidence that endothelial dysfunction is
an important cause of cardiovascular disease, independent
of age.389 Therefore age-related endothelial dysfunction is

likely to make a major contribution to the increased risk of
vascular disease in older adults.

ARTERIAL STIFFNESS IN AGING
ARTERIES

Aging-related remodeling of the large, central elastic arter-
ies has a major impact on the function of the cardiovascular
system. One of the best-characterized functional changes in
aging arteries is a decrease in the compliance or distensibility
of aging arteries.? This resistance of aging arteries to deflec-
tion by blood flow is known as an increase in arterial stiff-
ness.'® This increase in arterial stiffness impairs the ability
of the aorta, and its major branches, to expand and contract
with changes in blood pressure. This lack of deflection of the
blood flow increases the velocity at which the pulse wave
travels within large arteries in older adults.'® An increase in
pulse wave velocity is related to hypertension, but pulse wave
velocity can be measured separately from blood pressure. An
increase in pulse wave velocity in aging is an important risk
factor for future adverse cardiovascular events.!”

The structural changes in the arterial wall described above
are implicated in the increase in arterial stiffness observed in
central elastic arteries in the aging heart. The increased col-
lagen content and increased collagen cross-linking that occur
in aging arteries are believed to increase arterial stiffness in
aging.!3 Other factors such as reduced elastin content, elas-
tin fragmentation, and increased elastase activity also are
thought to increase stiffness in aging arteries.> Changes in
the endothelial regulation of vascular smooth muscle tone
and changes in other aspects of the arterial wall and vascular
function also may contribute to the age-associated increase
in arterial stiffness.!3
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Figure 14-2. The age-associated increase in central artery stiffness has important effects on peripheral pressure. A, In young adults, the elastic central arteries
expand with each cardiac contraction, so that a part of the stroke volume is transmitted peripherally in systole and the remainder is transmitted in diastole. B, In older
adults, stiff central arteries do not expand with each contraction, so stroke volume is transmitted in systole. This leads to an increase in systolic blood pressure and a
decrease in diastolic blood pressure in older adults. (Modified from lzzo JL Jr: Arterial stiffness and the systolic hypertension syndrome. Curr Opin Cardiol 2004:19:

341-352)

Arterial stiffness is thought to be responsible for some
of the changes in blood pressure that are reported in older
adults.'® In younger adults, recoil in the elastic central
arteries transmits a portion of each stroke volume in sys-
tole and a portion of each stroke volume in diastole, as
illustrated in Figure 14-2, A. However, in aging arteries,
the increase in stiffness of large arterial walls is thought
to contribute to the increased systolic arterial pressure
and the decreased diastolic pressure that are characteristi-
cally observed in aging.!® In this way, stiff central arteries
can lead to an increase in pulse pressure in aging.'® These
changes occur because increased stiffness abolishes elas-
tic recoil in central elastic arteries. This means that blood
flow is transmitted during systole, which leads to a high
systolic pressure.'8 As blood flow is transmitted in systole,
the elastic recoil does not dissipate in diastole and dia-
stolic pressure declines with age, as shown diagrammati-
cally in Figure 14-2, B. This increase in systolic pressure
with no change or a decrease in diastolic pressure leads
to isolated systolic hypertension, which is the most com-
mon form of hypertension in older adults.!® Studies have
shown that isolated systolic hypertension increases the
risk of cardiovascular disease.?® Therefore aging-related
changes in stiffness of large elastic arteries can explain
many of the changes in blood pressure observed in aging
and may contribute to the increased risk of cardiovascular
disease in older adults. In addition, this increase in central
artery stiffness is thought to play a role in some of the
age-associated changes in the heart, both by increasing
the work of the heart and decreasing coronary artery flow,
as discussed in the next section.

Age-related changes in blood vessels may vary between
different vascular beds. The structural changes that lead
to increased arterial stiffness are much more pronounced
in large, elastic arteries, such as the carotid artery, than
in smaller, muscular arteries such as the brachial artery.!#
However, there are age-related changes in vascular reac-
tivity in vessels other than the central elastic arteries. For

Table 14-1. Age-Related Changes in the Vasculature

Age-Associated Changes in

Vasculature Clinical Consequences

1 Intimal thickness

1 Collagen, reduced elastin, T
vascular stiffness

Endothelial cell dysfunction

Promotes atherosclerosis
Systolic hypertension

1 Risk of vascular disease

example, the responsiveness of arterioles to drugs that
stimulate o,-adrenergic receptors declines with aging.?!
Vascular responsiveness to either endothelin or angioten-
sin receptor agonists also may decline with age, although
this has not been extensively investigated and there is no
evidence for such changes in humans.2! Few studies have
investigated the impact of age on vascular responsiveness
in veins, but most studies report that age has little impact
on the responsiveness of veins to a variety of pharmaco-
logic agents.?! Investigation of age-dependent alterations
in vascular reactivity is an important area of inquiry; such
changes would affect the responsiveness of the aging vas-
culature to drugs that target blood vessels in humans. Table
14-1 summarizes the major age-associated changes in the
vasculature, along with the clinical consequences of these
alterations.

EFFECT OF THE AGING PROCESS ON THE
STRUCTURE OF THE HEART

The aging process has obvious effects on the structure of the
heart at both the macroscopic and microscopic levels. At the
macroscopic level, there is a noted increase in the deposition
of fat on the outer, epicardial surface of the aging heart.?2:23
Calcium deposition in specific regions of the heart, known
as calcification, is commonly observed in the aging heart.??
There also are changes in the gross morphologic structure
of individual heart chambers with age. There is an age-
associated increase in the size of the atria. Furthermore, the
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atria dilate and their volume increases with age.?* Although
some studies have reported that the mass of the left ventricle
increases with age, others have concluded that ventricular
mass does not increase with age if subjects with underly-
ing heart disease are excluded.?> However, there is general
agreement that left ventricular wall thickness increases pro-
gressively with age.”2*

Age-related changes in cardiac structure are apparent
not just macroscopically, but at the level of the individual
heart cell. Briefly, there are fewer more active heart cells and
more fibroblasts. Beginning at age 60, there is a noticeable
decline in the number of pacemaker cells in the sinoatrial
node, which is the normal pacemaker of the heart.?¢ The
total number of muscle cells in the heart, which are known
as cardiac myocytes, also declines with age and this decrease
is greater in males than in females.?? Indeed, the population
of cardiac myocytes in the heart declines by approximately
35% between the ages of 30 and 70 years old.?” This cell
loss is thought to occur through both apoptotic and necrotic
cell death.?8 The loss of cardiac myocytes in the aging heart
leads to an increase in size (hypertrophy) of the remaining
myocytes, something that is more pronounced in cells from
men than in cells from women.?? This cellular hypertrophy
may compensate, at least in part, for the loss of contractile
cells in the aging heart. However, unlike cellular cardiac
hypertrophy that occurs as a result of exercise, hypertrophy
of cells in the aging heart results from the age-related loss
of myocytes, which may increase the mechanical burden on
the remaining cells.?®

In addition to the cardiac myocytes, the heart contains
large numbers of fibroblasts, which are the cells that produce
connective tissues such as collagen and elastin. Collagen is a
fibrous protein that holds heart cells together, whereas elas-
tin is a connective tissue protein that is responsible for the
elasticity of body tissues. As the number of myocytes pro-
gressively declines with age, there is a relative increase in the
number of fibroblasts.2?> The amount of collagen increases
with age, and there is thought to be an increase in colla-
gen cross-linking between adjacent fibers with aging.”242°
Increased collagen in the aging heart leads to interstitial
fibrosis.3? There also are structural changes in elastin in the
aging heart and these changes may reduce elastic recoil in
the aging heart.?? Together with changes in the myocytes
with aging, these structural changes in connective tissues
increase myocardial stiffness, decrease ventricular compli-
ance, and thereby impair passive left ventricular filling.3°
The impact of these changes on myocardial function is con-
sidered in more detail next.

MYOCARDIAL FUNCTION IN THE AGING
HEART AT REST

There are significant age-associated abnormalities in car-
diac function in older adults, especially diastolic func-
tion and especially with exercise. These changes are most
apparent during exercise, although some changes are evi-
dent even at rest. When individuals are reclining at rest,
the heart rate is similar in younger and older subjects.
However, when older individuals move from the supine to
the seated position, the heart rate increases less in older
adults than in younger adults.?* This decreased ability to
augment heart rate in response to positional change may be

linked to the age-related impairment in responsiveness to
the sympathetic nervous system discussed in the “Response
of the Aging Heart to Exercise” section. In contrast, left
ventricular systolic function, which is a measure of the abil-
ity of the heart to contract, is well preserved at rest in older
adults.”242> Other measures of cardiac contractile function
at rest also are unchanged with age. The volume of blood
ejected from the ventricle per beat (stroke volume) is gen-
erally comparable or slightly elevated in older adults when
compared with their younger counterparts.”?* Similarly,
the left ventricular ejection fraction, which is the ratio of
the stroke volume to the volume of blood left in the ven-
tricle at the end of diastole, is unchanged in aging.”?* Thus
systolic function is relatively well preserved in healthy
older adults at rest.

Unlike systolic function, diastolic function is profoundly
altered in the hearts of older adults at rest. The rate of
left ventricular filling in early diastole has been shown to
decrease by up to 50% between 20 and 80 years of age.?*
Several mechanisms have been implicated in the reduc-
tion of left ventricular filling rate in the aging heart. It has
been proposed that age-associated structural changes in
the left ventricle impair early diastolic filling. The aging
heart is characterized by increased collagen deposition and
structural changes in elastin, both of which combine to
increase left ventricular stiffness in the aging heart.2? This
increased ventricular stiffness reduces the compliance of the
ventricle and impairs passive filling of the left ventricle.3°
An additional mechanism that has been implicated in the
decrease in ventricular filling rate in aging is changes at
the level of the cardiac myocytes. Uptake of intracellular
calcium into internal stores is disrupted in myocytes from
the aging heart.2*3% As a result, residual calcium from the
previous systole may cause persistent activation of contrac-
tile filaments and delay relaxation of cardiac myocytes in
the aging heart.3° It also has been suggested that diastolic
dysfunction reflects, at least in part, an adaptation to the
age-related changes in the vasculature. Increased vascular
stiffness leads to increased mechanical load and subsequent
prolongation of contraction time.?® The age-associated
increase in stiffness of the aorta increases the load the heart
must work against (afterload), which is thought to promote
the increase in left ventricular wall thickness observed in
the aging heart.2’ These adaptive changes may serve to pre-
serve systolic function at the expense of diastolic function
in the aging heart.

In the hearts of young adults, left ventricular filling occurs
early and very rapidly, due primarily to ventricular relax-
ation. Only a small amount of filling occurs as a result of
atrial contraction later in diastole in the young adult heart.2*
In contrast, early left ventricular filling is disrupted in the
aging heart. This increased diastolic filling pressure results in
left atrial dilation and atrial hypertrophy in the aging heart.?®
The more forceful atrial contraction observed in the aging
heart promotes late diastolic filling and compensates for the
reduced filling in early diastole.2* Because the atria make an
important contribution to ventricular filling in older adults,
loss of this atrial contraction due to conditions such as atrial
fibrillation can lead to a marked reduction in diastolic vol-
ume and can predispose the aging heart to diastolic heart
failure.3? Atrial dilatation also can promote the develop-
ment of atrial fibrillation and other arrhythmias in the aging
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heart.24 Despite this evidence for diastolic dysfunction in the
aging heart, left ventricular end diastolic pressure does not
decline with age in older healthy adults at rest. Indeed, aging
is actually associated with a small increase in left ventricular
end diastolic pressure, in particular in older males.?* Thus
although the filling pattern in diastole is altered in aging, this
does not lead to notable changes in end diastolic pressure in
older hearts at rest.

RESPONSE OF THE AGING HEART
TO EXERCISE

Although many aspects of cardiovascular performance are
well preserved at rest in older adults, aging has important
effects on cardiovascular performance during exercise. The
decline in aerobic capacity with age in individuals with no
evidence of cardiovascular disease is attributable in part to
peripheral factors, such as increased body fat, reduced muscle
mass, and a decline in O, extraction with age.??332 How-
ever, there is strong evidence that age-associated changes in
the cardiovascular system also contribute to the decrease in
exercise capacity in older individuals. Studies have shown
that the VO,,,,,, which is the maximum amount of oxygen
that a person can use during exercise, declines progres-
sively with age starting in early adulthood.3!3? Age-related
changes in maximum heart rate, cardiac output, and stroke
volume described below compromise delivery of blood to
the muscles during exercise and contribute to this decline in
VO, in aging.

The maximum heart rate attained during exercise
decreases gradually with age in humans, a fact well known
by widely distributed posters commonly seen in exercise
facilities.?3 Interestingly, this decrease is not affected by
physical conditioning because it is present in both seden-
tary and fit individuals.?®> Several mechanisms have been
implicated in the reduction in maximum heart rate during
exercise in aging. One mechanism involves a decrease in the
sensitivity of the aging myocardium to sympathetic stimu-
lation. Normally, the sympathetic nervous system becomes
activated during exercise, and releases catecholamines (nor-
adrenaline and adrenaline) to act on B-adrenergic recep-
tors in the heart. This f-adrenergic stimulation leads to an
increase in heart rate and augments the force of contraction
of the heart. However, it is well established that the respon-
siveness of the heart to B-adrenergic stimulation declines
with age.?* This is thought to be due to high circulating
levels of noradrenaline that are present in older adults.3*
These high levels of catecholamines in older adults arise
from a decrease in plasma clearance of noradrenaline and
an increase in the spillover of catecholamines from various
organ systems into the circulation in older adults.3* Chronic
exposure to high levels of catecholamines may desensitize
elements of the p-adrenergic receptor signaling cascade in
the aging heart and limit the rise in heart rate during exer-
cise.?* An additional mechanism that is thought to limit the
maximum heart rate in exercise is the decrease in the total
population of sinoatrial nodal pacemaker cells in the aging
heart.3' This decrease in the number of pacemaker cells may
impair the response of the heart to sympathetic stimulation
during exercise.

The decrease in maximal heart rate during exercise has a
major impact on the response of the aging cardiovascular

system to exercise. Both heart rate and stroke volume are
important determinants of cardiac output. Therefore a
decrease in maximum heart rate during exercise would be
expected to have an impact on cardiac output during exer-
cise in older adults. Although this has not been extensively
investigated, there is evidence that cardiac output during
exercise is lower in older adults compared with their younger
counterparts.”2> This decrease in cardiac output during
exercise is not attributable to age-associated alterations in
stroke volume.”?? However, the reduced responsiveness to
B-adrenergic receptor stimulation in the heart may limit the
increase in myocardial contractility in response to exercise
in older adults.”2°2? These changes in cardiovascular func-
tion in aging are thought to be mitigated by an increase in
left ventricular end-diastolic volume during exercise in older
adults.?3 This increases the amount of blood in the ventricle
at the end of diastole, and increases the stretch on the heart.
It is well established that an increase in the amount of blood
in the ventricle at the end of diastole results in an increase
in the strength of contraction of the heart, a property known
as the Frank Starling mechanism. Thus an increase in the reli-
ance on the Frank Starling mechanism may at least partially
compensate for the decrease in heart rate and contractility
during exercise in aging.”>%33

Although a decrease in cardiovascular performance and an
increased susceptibility to cardiovascular diseases are inevi-
table consequences of the aging process,3® there is evidence
that regular exercise has numerous beneficial effects on the
aging cardiovascular system. Endurance exercise blunts the
decline in VO,,,, that occurs as a consequence of the aging
process.3! Additionally, the age-associated decline in cardiac
output can be partially overcome by regular aerobic train-
ing.3! However, endurance training does not modify the
age-related decline in maximal heart rate during exercise.?’ 3!
This might occur because exercise increases the levels of
circulating catecholamines, which have been implicated in
the decline in maximal heart rate in older adults as discussed
earlier.3! Regular endurance exercise also attenuates the
increased arterial stiffness that is observed in central elastic
arteries from sedentary older adults.3¢ Finally, habitual aero-
bic exercise can protect the aging heart from detrimental

KEY POINTS

Effects of Aging on the Cardiovascular
System

® The structure and function of the human heart and vasculature
change as a function of the normal aging process.

e The age-associated increase in stiffness of central elastic arteries
promotes systolic hypertension in older adults.

Diastolic dysfunction in the aging heart arises from impaired left
ventricular filling, increased afterload, and prolonged availability
of intracellular calcium.

e Decreased responsiveness to -adrenergic receptor stimulation
limits the increase in heart rate and contractility in response to
exercise in older adults.

e Despite limits on the ability of the aging cardiovascular system to
respond to exercise, regular exercise attenuates the adverse effects
of aging on the heart and vasculature and protects against the
development of cardiovascular disease in older adults.
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Table 14-2. Age-Related Changes in the Heart

Age-Associated Changes in

the Heart Clinical Consequences

1 Collagen, changes in elastin, Impairs passive left ventricle
1 left ventricular wall thickness filling

Prolonged availability of intracel- Diastolic dysfunction
lular calcium

Left atrial hypertrophy?

Susceptibility to atrial arrhythmias

1 Number of pacemaker cells in
sinoatrial node

1 Sensitivity to p-adrenergic
receptor stimulation

1 Ability to elevate heart rate
in response to exercise

Impaired ability to T heart rate
and contractility in exercise

effects of cardiovascular diseases such as myocardial isch-
emia.3” Therefore there is good evidence that exercise can
mitigate at least some of the detrimental effects of age on
the cardiovascular system. The major age-related changes in

the heart and the clinical consequences of these changes are
summarized in Table 14-2.

SUMMARY

There are prominent changes in the structure and function
of the vasculature and the myocardium in older adults when
compared to younger adults. These changes are apparent
even in the absence of risk factors other than age and in
the absence of overt cardiovascular disease. However, these
age-related alterations in the vasculature and the heart may
render the cardiovascular system more susceptible to the
detrimental effects of cardiovascular disease.

For a complete list of references, please visit online only at
www.expertconsult.com



CHAPTER 15

Age-Related Changes in the
Respiratory System

RESPIRATORY FUNCTION TESTS

The commonly used respiratory function tests are presented
in this chapter. In addition, patterns of lung function abnor-
mality seen in some of the common types of condition are
also presented.

The breathing parameters are:

e Forced expiratory volume in 1 second (liters): FEV,.
This is the volume of air expired during the first second
of a forced expiratory maneuver from vital capacity
(maximal inspiration). Measured by spirometry.

¢ Forced vital capacity (liters): FVC. This is the total
volume of air expired during forced expiration from
the end of maximum inspiration. A slow vital capacity
(SVCQ) is the volume of air expired, but this time
through an unforced maneuver. In the young these are
similar but in emphysema, where there is loss of elastic
recoil, FVC may fall disproportionately more than
SVC. These are also measured by spirometry.

e Peak expiratory flow rate (liters/minute): PEFR. This is
the maximal expiratory flow rate measured using a peak
flow meter, a more portable method; therefore serial
home measurements may be requested in patients.

The following measurements require more detailed lung
function testing:

¢ Total lung capacity (liters): TLC. The volume of
air contained in the lung at the end of maximal
inspiration. Measured by helium dilution or body
plethysmography together with the next two tests.

¢ Functional residual capacity (liters): FRC. This is the
amount of air left in the lungs after a tidal breath out
and indicates the amount of air that stays in the lungs
during normal breathing.

e Residual volume (liters): RV. The amount of air left in
the lungs after a maximal exhalation. Not all the air
within the lungs can ever be expired.

¢ Transfer factor (mmol/minute): TLcq. This is a measure
of the ability of the lung to oxygenate hemoglobin. It
is usually measured with a single breath hold technique
using low concentration carbon monoxide.

¢ Transfer coefficient (mmol/minute/k/Pa/Lytps): Kco.
This is the TLcq corrected for the lung volume.

In addition, blood gas measurements are often performed
to assess both acid-base balance and oxygenation. The most
important measures for respiratory disease are the partial
pressure of oxygen (Pa0,), partial pressure of carbon dioxide
(Paco,), and the pH. A low Pao, (hypoxemia) with a nor-
mal Paco, indicates type | respiratory failure. An increased
Paco, with hypoxemia indicates type Il respiratory failure. A
rapidly rising Paco, will result in a fall in the pH, for exam-
ple, seen in an acute exacerbation of chronic obstructive
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pulmonary disease (COPD). Renal compensation occurs in
response to chronically high Paco, with correction of the
pH to normal/near-normal levels; but this renal compensa-
tion takes several days to occur. Hyperventilation, associated
with excess expiration of CO,, as seen in anxiety attacks but
also in altered respiratory control such as Cheyne-Stokes
respiration, will result in an increase in pH as a result of a
drop in Paco,. Pure anxiety-related hyperventilation will not
cause hypoxemia but other causes for this altered respiratory
control may cause hypoxemia.

There are two main characteristic patterns of respira-
tory disease based on spirometric evaluation. These are the
obstructive and the restrictive patterns. The obstructive pat-
tern, as seen in patients with asthma and COPD, is charac-
terized by:

¢ Reduced FEV, and PEFR

e Normal or reduced FVC. (If FVC reduced, dispropor-
tionately less reduced than FEV)

e Reduced FEV,/FVC ratio to less than 0.7

The restrictive pattern is characterized by:

e Reduced FEV,
e Reduced FVC
e Normal or high FEV /FVC ratio

Conditions relating to both these spirometric patterns
with more detail on lung function patterns and utility of
other lung function parameters to characterize and diagnose
conditions will be discussed in further chapters.

AGE-RELATED CHANGES IN THE
RESPIRATORY SYSTEM

Lungs age over a lifetime but there is in addition an accu-
mulation of environmental insults that an individual has
been exposed to, given that the lungs have direct contact
with the atmosphere. The key exposure is smoking in the
form of direct smoke but also second-hand passive smoking,
the impact of which is being increasingly recognized.!? A
quantitative evaluation of a person’'s smoking habit is usually
classed as pack years (20 cigarettes a day (1 pack/day) for
10 years equates to 10 pack years).

Ocxidative stress is an important mechanism of lung func-
tion decline, oxidants stemming both from cigarette fumes
and from other causes of airway inflammation.3* Oxidants
and the subsequent release of reactive oxygen species (ROS)
lead to reduction and inactivation of proteinase inhibitors,
epithelial permeability, and enhanced nuclear factor kB (NF-
kB), which promotes cytokine production, and in a cyclical
fashion is capable of recruiting more neutrophils. There is
also plasma leakage, bronchoconstriction through elevated
isoprostanes, and increased mucus secretion. The lung has
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its own defense enzymatic antioxidants such as superoxide
dismutase (SOD), which degrades superoxide anion and cat-
alase, and glutathione (GSH), which inactivates hydrogen
peroxide and hydroperoxidases. Both are found intracellu-
larly and extracellularly. In addition there are nonenzymatic
factors that act as antioxidants, such as vitamin C and E,
[-carotene, uric acid, bilirubin, and flavonoids.?

Recently, there has been a renewed interest in the effect of
critical early life periods determining peak lung function and
the subsequent "knock-on" effect on lung function in later life
and the effect on the adult and the elderly lungs. If peak lung
function reserve is not attained, then the “natural” trajectory
of decline may lead to symptomatic lung impairment in mid
or later life. Such factors in early life would include premature
birth, asthma, environmental exposure, nutrition, and respira-
tory infection.®” In addition, the effect of environmental pol-
lution, nutrition, respiratory infections, and physical activity
on lung function decline are reported.®® The mechanisms
affecting respiratory function are likely to be multiple and
cumulative. Interestingly, in the Inuit community, where life-
style has gradually become more westernized—with a reduc-
tion in the fishing and hunting activities and the community
developing a more sedentary lifestyle—there has been accel-
eration in age-related lung function decline.!”

In the aging lung, there are structural and functional
changes within the respiratory system and, in addition,
immune mediated and extrapulmonary alterations. These are
discussed in detail in this chapter.

Structural changes

There are three main structural changes in the aging lung.
These include the (1) lung parenchyma and subsequent loss
of elastic recoil; (2) stiffening of the lung (i.e., reduced chest
wall compliance); and (3) the respiratory muscles.

The main change is the loss in the alveolar surface area
as alveoli and alveolar ducts enlarge. There is little altera-
tion to the bronchi. The small airways suffer qualitative
changes far more than quantitative changes in the support-
ing elastin and collagen, with disruption to fibers and loss
of elasticity leading to the subsequent dilatation of alveolar
ducts and airspaces known as “senile emphysema.” Alveolar
surface area may drop by as much as 20%. This leads to an
increased tendency for small airways to collapse during expi-
ration because of the loss of the surface tension forces.!! In
a healthy elderly individual, this is probably of little or no
significance but reduction in their reserve may unearth dif-
ficulties at the time of an infection or superadded respiratory
complication. Amyloid deposition in the lung vasculature
and alveolar septae occurs in the elderly, although its rel-
evance is unclear. Within the large airways, with aging, there
is a reduction in the number of glandular epithelial cells,
resulting in a reduced production of mucus and thus impair-
ing the respiratory defense against infection.

Chest wall compliance is decreased in the elderly. Con-
tributing to this increasing stiffness of the lungs are loss of
intervertebral disc space, ossification of the costal cartilages,
and calcification of the rib articulatory surfaces, which com-
bine with muscle changes to produce impaired mobility of
the thoracic cage. In addition to these, additional insults
from osteoporosis leading to vertebral collapse have been
shown to result in a 10% reduction in FVC,'? probably
through developing kyphosis and increased anterior-posterior

diameter—the barrel chest. Such vertebral collapse is fre-
quently found in the elderly, increasing with age, if sought
through appropriate imaging. These structural alterations
lead to suboptimal force mechanics of the diaphragm and
increasing chest wall stiffness. Rib fractures, again common
in the elderly, may further limit respiratory movements.

The predominant respiratory muscle is the diaphragm,
making up about 85% of respiratory muscle activity; with the
intercostals, the anterior abdominal muscles and the acces-
sory muscles also contributing. The accessory muscles are
used by splinting of the arms, a feature commonly associated
with the emphysematous COPD patient. Inspiration leading
to chest expansion is brought about by these muscles con-
tracting, whereas expiration is a passive phenomenon. The
accessory muscles are used where there is increased ventila-
tory demand, such as in the COPD patient. The respiratory
muscles are made up of type I (slow), type Ila (fast-fatigue
resistant), and type lIx (fast-fatigable) fibers. The difference
in the muscle fibers is based upon the aerobic capacity and
ATP activity of the myofibrils and confers differing physi-
ologic properties. The major age-related change in the respi-
ratory muscles is a reduction in the proportion of type Ila
fibers, which thus impairs both strength and endurance.'? An
increasing reliance on the diaphragm due to loss of intercos-
tal muscle strength and the less advantageous diaphragmatic
position to generate force add to breathlessness. Globally,
there is reduced muscle myosin production and this is likely
to confer disadvantage to the respiratory muscles also.
Comorbid conditions, such as COPD and congestive heart
failure, are associated with altered muscle structure and func-
tion as is poor nutrition.'4-'¢ Physical deconditioning and sar-
copenia, hormone imbalance, and vitamin D deficiency will
exacerbate the age-related lung structural changes—the body
becomes less adaptive to the respiratory limitations. Medi-
cations, especially oral corticosteroids, may cause problems
particularly with regard to respiratory and peripheral muscle
strength. Acute infection puts added demand on the respira-
tory system and may expose the limited respiratory reserve.

Age-related functional changes

FEV, and FVC fall with age. Flow within the airways also falls.
The ratio of FEV, to FVC falls by approximately 0.2% per year
as a result of a greater reduction in the FEV parameter relative
to FVC with time, with changes more rapid in women.!”

The total lung capacity (TLC) does not change signifi-
cantly with age as the loss of elastic recoil and increased
elastic load of the chest wall counteract. The RV and FRC
increase due to reduced elastic recoil, causing the premature
closure of the airways and stiffness of the chest wall. The
elderly person thus breathes at higher lung volumes, placing
additional burden on the respiratory muscles and has higher
energy expenditure of up to 120% that of a young adult. The
closing volume is the lung volume at which the dependent
airways begin to close during expiration. This is increased in
the elderly because of a lack of support and tethering of the
terminal airways by collagen and elastin, and may lead to clo-
sure during normal tidal breathing,!® leading to ventilation
perfusion (V/Q) mismatch that may be responsible for lower
resting arterial oxygen tensions.!” Although arterial oxygen
tensions tend to be lower in the elderly, unless there is coex-
istent respiratory disease, the Pao, is sufficient for adequate
hemoglobin saturation. There is reduced gas transfer (TLcg)
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because of the aforementioned structural changes and the
V/Q mismatch. There is, in addition, reduction in pulmonary
capillary blood volume and density of the capillaries.

The previously mentioned impaired respiratory muscle
strength and endurance may be of little or no functional
significance in the healthy elderly person, but may lead to
impaired reserve to combat respiratory challenges conse-
quent upon acute respiratory disease. Measures of respiratory
muscle strength, such as the maximal inspiratory pressure
(MIP), maximal expiratory pressure (MEP), and sniff nasal
inspiratory pressure (SNIP), fall with age.'*

In the elderly there are alterations in the regulation and con-
trol of breathing. The elderly breathe with similar minute ven-
tilation to younger subjects but at smaller tidal volumes and
a higher respiratory frequency. A blunted response to both
hypoxia and hypercapnia has been reported,'*2! with Poulin??
demonstrating impaired response to hypoxia during sustained
hypercapnia. Elderly people show an increased ventilatory
response to exercise,?? which may be more pronounced in
males.? Maximal oxygen uptake (VO,,,.,) declines with age
with a parallel decline in exercise capacity, having reached a
peak as a young adult. This is due to a combination of both
cardiovascular (such as reduced cardiac output) and respira-
tory causes, including ventilation perfusion mismatch. The
decline in maximal oxygen uptake with age can be attenuated
to some degree by maintaining regular exercise.22%

Elderly people are less able to objectively perceive acute
bronchoconstriction.262” Moreover, airway f,-adrenoceptor
responsiveness is reduced in old age, as evidenced by
impaired responses to [-agonists in healthy elderly sub-
jects.?® Altered chemoreceptor sensitivity to hypoxia,
reduced ability to perceive elastic loads on inspiration or
expiration, impaired perception of tactile sensation and joint
movement, or age-associated central processing abnormali-
ties may all be contributing factors.?3% Subsequently, this is
likely to mask deteriorating respiratory symptoms and may
delay presentation to health care services.

Sleep disordered breathing is more common in the
healthy elderly,3' yet older subjects appear less likely to seek
medical review or have the sleep disorder diagnosed due to
a high prevalence of tiredness, fatigue, and snoring in this
age group generally along with concurrent other medical
illness and sedating medication including benzodiazepines.
Cerebrovascular disease is associated with sleep disordered
breathing,3? and in fact obstructive sleep apnea in stroke
patients is a predictor of death.3? There is increased upper
airway resistance in the elderly with a reduced respira-
tory effort to try and overcome this obstruction. There is
a high prevalence of sleep disordered breathing in patients
with congestive heart failure,3* and it is said to be greater in
patients with Alzheimer disease,?’ both of which are increas-
ingly prevalent in the elderly. In addition and conversely,
sleep disordered breathing can contribute to both cardiovas-
cular disease and impaired cognitive function.3¢37

Effects of aging on pulmonary host defense
and immune response

The immune system is described as comprising two sepa-
rate but interacting components. Innate immunity is the
rapid, nonspecific system which functions as the first line
of defense against invading microorganisms. Adaptive (or
acquired) immunity, mediated by B and T lymphocytes, is

antigen-specific and involves the development of memory
cells allowing a future antigen-specific response. There is
impaired immune function in the elderly, both of the innate
and adaptive components.

Aging leads to breakdown of the mucosal barrier of the
lung and reduced mucociliary clearance enabling invasion by
pathogenic organisms. In the aged lung, the innate immune
system is increasingly challenged by greater contact with
pathogens and cumulative exposure to environmental insults
such as smoking. There is impaired chemotaxis and phago-
cytosis, reduced superoxide generation, and reduced bacteri-
cidal activity of neutrophils.3® Dendritic cells are less efficient
at antigen presentation. In addition, although the number of
natural killer (NK) cells increases with advanced age, there
is a reduction in NK cytotoxicity.3? In vitro evidence sug-
gests that macrophage function is impaired with age, with
a reduced capacity to generate reactive oxygen species and
proinflammatory cytokines, and reduced expression of certain
pattern-recognition receptors, such as Toll-like receptors. 404!

Healthy elderly subjects have been shown to demonstrate
a hyperinflammatory state, so-called “inflamm-aging."*?
This is associated with increased circulating proinflamma-
tory cytokines, such as IL-6, TNFE IL-1p, prostaglandin E,,
and antiinflammatory mediators, including soluble TNF
receptor, IL-1 receptor antagonist and acute phase proteins
(C-reactive protein, serum amyloid A). This background
proinflammatory state may contribute to a poorer outcome
when host defenses are challenged in the aged lung.

Alterations in cell-mediated adaptive immunity include
atrophy of the thymus together with aging within the T-cell
pool, including altered memory T-cell function and a shift
from a TH1 to TH2 profile.*! There is a reduction in naive
T-lymphocyte production and absolute numbers of CD3*,
CD4*, and CD8* T cells. Other changes include a smaller
T-cell receptor repertoire and reduced proliferative responses
to antigens. A decrease in B-cell numbers, impaired produc-
tion of memory B cells, and reduced antibody responses
affect humoral immunity in the elderly.

Immunosenescence explains a large part of the increased
susceptibility to lower respiratory tract infection in the elderly.

KEY POINTS

Age-Related Changes in the
Respiratory System

® There are both age-related changes and true aging changes in the
respiratory system.

® Most of the available information comes from cross-sectional
studies rather than longitudinal studies.

® There are structural and functional changes to the lung in the
elderly. In addition, there are alterations to respiratory control
and immunologic alterations that can all contribute to age-related
changes of the respiratory system. Such alterations may be
synergistic.

e Exercise exerts additional demands on the respiratory system
that may reveal respiratory limitation. In addition, although
alterations in the respiratory system may not be apparent in the
healthy elderly person, acute illness may unearth the diminished
respiratory reserve.

e Elderly people are less able to perceive bronchoconstriction and
other symptoms. In parallel, there is thus relative underreporting
of symptoms.




100 Section| / Gerontology

However, causes which contribute to pneumonia risk in this
population are multifactorial. Bacterial colonization of the
upper respiratory tract is not uncommon in the elderly.*? This
may be associated with colonization of the stomach, which
itself is commoner in old age and may be preceded by antac-
ids or H, blockers.#**> The elderly person with swallowing
difficulties, particularly in association with cerebrovascular
disease and other neurologic diseases where there is associ-
ated cognitive impairment, is more prone to aspiration. Simi-
larly, tracheal intubation or the presence of nasogastric tubes
increases aspiration risk. Malnutrition and the presence of
chronic disease such as diabetes or renal failure will also con-
tribute to pneumonia susceptibility. An age-related decline in

immune function leads to a reduced response to vaccination
including the influenza vaccination and increased susceptibil-
ity to respiratory infection and pneumonia.

In conclusion, there are both structural and functional
changes in the lungs together with alterations in the control
of breathing and more general immunologic alterations in
the elderly. The changes are not just a direct consequence
of age but are also affected by environmental exposure and
coexistent comorbidities.

For a complete list of references, please visit online only at
www.expertconsult.com



CHAPTER 16

Neurologic Signs in the Elderly

Neurologic disorders are a common cause of morbidity and
institutionalization in the elderly population.! Not only
does advancing age increase the frequency and severity of
neurologic disease, but it may also play an important role
in modifying disease presentation. The geriatric neurologic
examination can be challenging even for the experienced
physician. Normal aging may be associated with the loss
of normal neurologic signs or the exaggeration of others.
It may be associated with the appearance of findings con-
sidered abnormal in younger patients or the reappearance
of physical signs usually seen in infancy and early stages of
development.

The geriatric neurologic examination is also influenced by
involvement of other systems (e.g., rheumatologic disease),
the frequent cooccurrence of multiple conditions in a single
patient, and the presentation of nonneurologic disorders
(e.g., myocardial infarction, urinary tract infection, fecal
impaction) as neurologic signs (e.g., gait difficulty and con-
fusion). Therefore, it is important for physicians to appreci-
ate the multitude of age-related changes in both the central
and peripheral nervous system (Table 16-1).

MENTAL STATUS

Because the frequency of cognitive disorders increases dramat-
ically with advancing age, examination of mental status is one
of the most important components of the neurologic examina-
tion. Unfortunately, it is often also one of the most difficult
parts of the neurologic examination to interpret. In general,
fund of knowledge continues to expand throughout life and
learning ability does not appreciably decline with age. Cogni-
tive changes associated with normal aging include a decrease
in processing speed, cognitive flexibility, visuospatial percep-
tion (often in conjunction with decreased visual acuity), work-
ing memory, and sustained attention.? Other cognitive abilities
such as access to remotely learned information and retention
of new encoded information appear to be spared in aging, thus
allowing their use as sensitive indicators for disease processes.>
Crystallized intelligence characterized by practical prob-
lem solving, knowledge gained from experience, and vocab-
ulary* tends to be cumulative and does not generally decline
with aging.® On the other hand, fluid intelligence charac-
terized by the ability to acquire and use new information
as measured by solutions to abstract problems and speeded
performance (e.g., performance on the Raven's progressive
matrices and Wechsler Adult Intelligence Scale digit symbol
task) has been shown to decline gradually with aging.®
Longitudinal studies of memory and aging demonstrate
considerable variability among cognitive abilities between
different individuals (interindividual variability) and among
different cognitive domains within the same individual (intra-
individual variability).? At least part of this variability may
be attributed to different study designs; however, it is very
important to take the intraindividual and interindividual vari-
ability into consideration when defining neuropsychological
norms for the elderly.” Some authors have suggested that
age-weighted rather than age-corrected norms for cognition
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should be used,® whereas other investigators have stressed
the influence of other factors such as culture, experience,
educational background, and motor speed on cognitive per-
formance.” For example, although older adults generally per-
form less well on both the verbal and performance subtests of
the Wechsler Adult Intelligence Scale compared with young
adults, these differences are minimized when corrected for
motor slowing and educational level. Other situational fac-
tors that may affect individual performance on cognitive
tasks include fatigue, emotional status, medications, and
stress. Moreover, it may be very difficult to attribute impaired
cognition to aging in the presence of underlying conditions
such as depression, dementia, and delirium—all of which are
common, and often unrecognized, in the elderly population.

The elements of a comprehensive mental status examina-
tion include assessment of cognitive, functional, and behav-
ioral domains. The initial contact with the patient affords the
opportunity to assess whether a cognitive, attention, affec-
tive, or language disorder is present. If available, question-
ing of an informant may bring to light changes in cognition,
function, and behavior that the patient either is not aware
of or denies.

Screening for cognitive disorders in the older adult may
include both performance and informant measures. Exam-
ples of brief tests of mental status include the Mini Mental
State Exam,’ the Mini-Cog,'? and the Montreal Cognitive
Assessment.!! These tests compare decrements in cogni-
tive ability to published norms, often adjusted for age and
education. Decrements in cognitive ability are compared
with published norms, often adjusted for age and educa-
tion. Examples of other brief informant assessments include
the ADS,'? and the Informant Questionnaire on Cognitive
Decline in the Elderly.'® These scales detect intraindividual
decline by comparing current performance on cognitive and
functional tasks to prior levels of performance. Combining
performance and informant measures may increase the likeli-
hood of detecting cognitive disorders.!*

CRANIAL NERVE FUNCTION
Smell and taste

Normal aging is associated with decrements in olfaction at
both threshold and suprathreshold concentrations. Elderly
people also have reduced capacity to discriminate the
degree of differences between odors of different qualities
and have impaired performance on tasks that require odor
identification.'® Impaired olfaction with aging may be due
to structural and functional changes in the upper airway,
olfactory epithelium, olfactory bulb, or olfactory nerves.'®
[t is important to recognize that while impaired smell can be
associated with aging, it can also be the result of medications,
viral infections, and head trauma. Moreover, there appears to
be early involvement of olfactory pathways in neurodegener-
ative diseases such as Alzheimer disease (neurofibrillary tan-
gles)'® and Parkinson disease (Lewy bodies).'” Taste, which
in turn is greatly dependent on olfaction, also decreases with
advanced age, with a reduced sensitivity for a broad range of
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Table 16-1. Neurologic Changes Associated
With Normal Aging

Psychomotor slowing

Decreased visual acuity

Smaller pupil size

Decreased ability to look upward

Decreased auditory acuity, especially for spoken language
Decreased muscle bulk

Mild motor slowing

Decreased vibratory sensation

Mild swaying on Romberg test

Mild lordosis and restriction of movement in neck and back
Depression of Achilles tendon reflex

tastes compared to young adults.'8!? Although the number
of taste buds does not seem to be significantly decreased in
the elderly, some studies have suggested decreased responses
in electrophysiologic recordings from taste buds.2° Multiple
other factors such as medications, smoking, alcohol, and
dentures may contribute to decreased taste.
Vision
Age-related changes have been documented in visual acuity,
visual fields, depth perception, contrast sensitivity, motion
perception, and perception of self-motion in relation to exter-
nal space (optical flow).” Anatomic and physiologic studies
have demonstrated a gradual decline in photoreceptors after
the age of 20, resulting in decreased visual acuity in elderly.2!
This is especially apparent in conditions with low contrast
and luminance.?? There is also a decline in visual field sensi-
tivity with aging.?? The mechanisms responsible for this are
not well understood. There is also an age-related impairment
in accommodation that leads to farsightedness (presbyopia)
and a decrease in accommodation because of rigidity of the
lens.” Relaxation and accommodation times increase progres-
sively and peak around the age of 50. Therefore, many elderly
are forced to use glasses for reading. Moreover, ophthalmo-
logic conditions, such as cataracts, glaucoma, and macular
degeneration occur commonly with age and contribute sig-
nificantly to decreased visual acuity seen with aging.
Pupillary abnormalities have also been described with
normal aging. These include smaller pupils (senile miosis),
which may be due to decreased preganglionic sympathetic
tone,?* sluggish reaction to light, and decrease or even loss
of the near or "accommodation” response.?>2° Some authors
have reported loss of pupillary reaction in 5%—19% of nor-
mal elderly in the absence of neurologic disease.?”
Age-associated changes in extraocular motility include
decreased velocity of saccades, prolonged latency, decreased
accuracy, and prolonged duration and reaction time. There
is also an age-related limitation of upgaze,?® but not down-
gaze, slowing of smooth pursuits, and impaired visual
tracking.?”29-32 Vertical gaze changes begin in middle age
and decline in the upward plane from 40 degrees between
the ages of 5 and14 years, to 16 degrees between the ages
of 75 and 84.33:34 Vertical gaze palsy is an important consid-
eration in the evaluation of driving abilities in older adults
(street signs, traffic lights). Other changes of eye move-
ments with aging include loss of Bell's phenomenon (upward
and outward deviation of the eyes in response to attempted
forced closure of the eyelids).

Hearing and vestibular function

Gradual loss of cochlear hair cells, atrophy of the stria vascu-
laris, and thickening of the basement membrane may account
for the impaired hearing that is commonly seen with aging.
This is often referred to as “presbycusis” and predominantly
affects higher frequencies.? Other changes include impaired
speech discrimination, increase in pure tone threshold aver-
ages (approximately 2 dB/yr), and decreased discrimination
scores.?’

Vestibular function may also be affected with aging. There
is a decrease in vestibulospinal reflexes, and in the ability
to detect head position and motion in space. These may be
secondary to loss of hair cells and nerve fibers along with
neuronal loss in the medial, lateral, and inferior vestibular
nucleus in the brainstem.”

MOTOR SIGNS

There is a progressive decline in muscle bulk associated with
aging, sometimes referred to as sarcopenia. This is most obvi-
ous in the intrinsic muscles in the hands and feet, particularly
the dorsal interossei and thenar muscles as well as around
the shoulder cap (deltoid and rotator cuff muscles). Atrophy
of the thenar muscles, without weakness or fasciculations,
may be present in more than 50% of elderly patients.3¢
Results of different longitudinal studies have been inconsis-
tent regarding the predominant fiber type affected by aging,
with reports of loss of type IIb fibers or “fast twitch” fibers37),
reduction in the percentage of type 1 fibers with no change
in type | or Il mean fiber area, a decrease in the capillary
to fiber ratio,® and an increase in the percentage of type |
fibers.3° The decrease in muscle mass is associated with elec-
trophysiologic evidence of denervation and muscle fiber
atrophy.*® However, fasciculations are not a normal sign of
aging, and if present, should warrant search for pathologic
causes (e.g., motor neuron disease, compressive cervical
myelopathy, multifocal motor neuropathy).”

Decrease in muscle strength often accompanies the
decrease in muscle bulk.#! One study reported up to 50%
decrease in maximum voluntary contraction force and twitch
tension in the quadriceps in elderly patients compared with
younger ones.*2 Hand grip strength decreases significantly
after the age of 50, but strength in the arms and shoulders
does not change until after the age of 60. Weakening of
abdominal muscles may accentuate lumbar lordosis and con-
tribute to low back pain. Other studies have suggested that
changes in muscle strength are not frequent?® or significant
in the absence of underlying disease states.?” Differences in
the results of these studies can be attributed to different eval-
uation techniques and the examination of different muscle
groups.

In addition to motor bulk and strength, there also appears
to be loss of speed and coordination of movement with aging.
Speed of hand and foot tapping was found to be reduced by
20% to 23% in one study.*' A mild terminal tremor and hesita-
tion in finger nose testing,?’ mild bradykinesia,*3 rigidity, and
mild dysmetria on finger-nose and heel-shin testing have also
been described in isolation in 1.8% to 44% of elderly.227.2°
In one study of 467 patients, the prevalence of parkinso-
nian signs defined as the presence of signs of two or more
categories (ridigity, bradykinesia, tremor, gait disturbance)
increased gradually from 14.9% for people aged 65 to 74 to



52.4% for those 85 and older.#?* These may interfere with
activities of daily living, such as dressing, eating, and getting
out of a chair and may be an important source of disability.
Another finding of that study was that the presence of par-
kinsonism was associated with a twofold increase in mortal-
ity mostly as a result of gait instability.

Paratonia

Paratonia (Gegenhalten) represents increased motor tone
with rapid passive movements of the limbs (i.e., flexion and
extension), often suggestive of deliberate resistance. Unlike
the rigidity of Parkinson, it is not constant and tends to dis-
appear with slow movements of the limbs. Paratonia can be
detected when the patient’s arms, suspended 15 cm above
the lap, remain elevated after being released despite instruc-
tions to the patient to relax.?

The prevalence of paratonia increases with advancing
age with a prevalence 4% to 21%.3! It is considered by
some to be a postural reflex or a cortical release sign. Simi-
lar to other primitive release signs, its prevalence is higher
in patients with advanced Alzheimer's and correlates with
the severity of cognitive impairment. Other investigators
consider paratonia as a sign of age-related changes in the
basal ganglia.3?

Tremor and other abnormal movements

Physiologic tremor may occur at any age. There are different
types of physiologic tremor: rest tremor with a frequency of
8 to 12 Hz, postural tremor when the patient holds out the
arms during isometric contractions of the muscles against
gravity (with a frequency of 8 to 12 Hz), and action or voli-
tional tremor during isotonic contraction (with a frequency
of 7 to 12 Hz).#*

The prevalence of physiologic tremor in healthy elderly
is controversial.#* Postural tremor is more likely second-
ary to other causes, such as medications, alcohol, disease
states such as hyperthyroidism, hyperadrenergic states, or
dystonia. When no obvious secondary factors are evident,
essential tremor should be considered in the diagnosis. Its
prevalence has been reported to range from 1.7% to 23% of
healthy elderly aged 65 years or older in different studies.*’
In the absence of secondary causes for tremor, and when the
tremor does not fit the criteria for essential tremor, it is often
referred to as senile tremor. Senile tremor is very common,
affecting 98% of elderly patients in one community-based
case control study. It is often a mild asymptomatic tremor
and frequently does not require treatment. It is unclear if it
represents an exaggerated physiologic tremor or a mild form
of essential tremor.? A rhythmic, usually asymmetric rest
tremor is often indicative of Parkinson disease.’

Senile chorea is a rare condition with late onset of gen-
eralized chorea in the absence of dementia and absence of
a family history of a similar condition. It is probably bet-
ter considered a prodromal syndrome rather than a sepa-
rate disease entity as many patients diagnosed with senile
chorea later develop other neurologic disorders such as
Huntington's disease. Some pathologic reports have dem-
onstrated its association with abnormalities in the putamen,
globus pallidum, and cerebellar nuclei.?

The frequency of idiopathic lingual-facial-buccal dyskine-
sia is elevated in patients over the age of 60 with a preva-
lence of 1.5% and can be as high as 38% in hospital-based
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populations. Tardive dyskinesia associated with neuroleptic

medications should be considered in the differential diag-
e 2

nosis.

CHANGES IN GAIT AND STATION

There is a tendency to develop flexed posture with advanced
age. This may be due to decreased neuromuscular power,
increased tone (paratonia), and degenerative joint disease.
Increased postural sway is a normal phenomenon in the
elderly and is seen in two different frequencies. Fast oscilla-
tions are dependent on proprioceptive input from the lower
extremities and slow oscillations are dependent, at least par-
tially, on vestibular input. Looking at the feet exaggerates
this normal sway by interfering with visual compensation.
Postural righting reflexes may be slowed and with reduced
amplitude in the elderly. Control of stance, as judged by the
amplitude of sway, is poor in childhood, peaks in adulthood,
and decreases with age. In one study, almost one third of
patients above the age of 60 were unable to minimize their
sway with visual endeavors and therefore had a significant
risk for falls. 44

Examination of gait in the elderly is an essential part of
the neurologic examination, given the high risk of falls in the
population. Gait is composed of equilibrium (maintaining an
upright posture) and locomotion (gait ignition and steppage);
both of which appear to be decreased in aging.” Healthy
elderly people have difficulty maintaining balance on one
foot with eyes closed. Quantitative studies have also shown
that older people have greater body sway*® and exhibit signif-
icant reduction in the velocity of gait and length of stride.*”
Therefore, the elderly may have difficulty with tandem gait
or heel to toe walking for extended periods of time.

The term idiopathic senile gait*® is sometimes used to
describe the clinical picture of stooped posture, posteriorly
rotated immobile pelvis, excessive flexion at the hips and
knees, a reduced toe-floor clearance, a slightly broad base,
and reduced arm swing.* However, this term remains poorly
defined and does not include all forms of gait disorders that
can be seen with aging. There is also substantial overlap with
the gait associated with many pathologic conditions, such as
normal pressure hydrocephalus, parkinsonism, and lacunar
state.””

Other factors that contribute to impaired gait in the
elderly include decreased muscle strength, weakening of
abdominal muscles, arthritis and degenerative joint disease,
diminished vibration and position sense, impaired visual and
vestibular systems, and impaired motor speed and coordina-
tion. Despite these multiple factors, some authors suggest
that age alone does not generally affect postural righting
reflexes or cause recurrent falls. If present, these should be
investigated to rule out underlying disorders such as Parkin-
son's disease.

DEEP TENDON REFLEXES

The ability to detect reflexes can be limited by conditions
such as apprehension or joint disease in the elderly. Hypo-
reflexia or areflexia of the ankle jerks has been reported in
elderly people.’! Asymmetry of reflexes was reported in 3%
of the elderly in one study. Electrophysiologic studies report
both afferent and efferent limbs of the reflex to be decreased
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with age.” The ankle jerk is usually the first reflex to decrease
or disappear with aging although, there have been reports of
loss of patella tendon reflexes as well 44

Superficial reflexes (abdominal, cremasteric, and plantar
response) may become sluggish or disappear with advanced
age. Corticospinal lesions above T6 may lead to loss of
all superficial abdominal reflexes, whereas all are spared in
lesions below T12. Lesions between T10 and T12 may lead
to selective loss of the lower reflexes only with a positive
Beevor's sign (upward movement of the umbilicus in a supine
patient attempting to flex the head).”

Extension or dorsiflexion of the big toe with fanning of
the toes induced by stroking the lateral aspect of the sole
is called the Babinski sign. It is considered to be a primitive
reflex that, when present beyond the first 2 years of life, is
a reliable sign of upper motor neuron pathology. No con-
sistent changes have been documented with normal aging,
and there is often some degree of interobserver variability in
eliciting this reflex.”

SENSORY SIGNS

The most common and evident abnormality in sensory
examination associated with aging is decreased vibration
and to a lesser extent proprioception. Both of these sensory
modalities are carried by the dorsal column; their impair-
ment with age may be due to proliferation of connective tis-
sue, arteriosclerotic changes in the arterioles, degeneration
in the nerve fibers,>? or loss of axons in the dorsal column.?3

Vibration sense is impaired in 12% to 68% of elderly
between the ages of 65 to 85 years old and becomes more
impaired with advanced age.?” The loss of vibration affects
both upper and lower extremities and often begins distally.?
This can be demonstrated with a 128 tuning fork at the meta-
tarsals or medial malleolus of the ankle. One study reported
that vibration sense might be absent in the soft tissues of the
abdomen, thighs, and legs and the plantar surfaces of the toes
even when it is present over bony prominences.** Using quan-
titative measurements, it has been shown that the sensitivity
of vibration decreases with age in the high frequency range
but does not change in the low frequency range (25 to 40 Hz).

Proprioception is also affected to a lesser extent with a
prevalence ranging from 2% to 44% in different studies.?”:3!
This often manifests as a mild sway on the Romberg test.
There is paucity of data regarding the involvement of tac-
tile sensation in the elderly. Some reports suggest that age is
associated with increased thresholds for light touch.>®> How-
ever, these changes are often not significant enough to be
detected clinically. Other studies found no change in quan-
titative measures of touch or two-point discrimination.*!
The results of different studies regarding changes in thermal
sensitivity have been conflicting.?

Despite an increased pain threshold in the elderly, sub-
jective sensory symptoms such as paresthesias, formications,
postherpetic neuralgia, and tic douloureux are commonly
encountered in the elderly population.**

PRIMITIVE REFLEXES

Primitive reflexes, or so called “archaic” or developmental
reflexes represent loss of cortical inhibition on reflex asso-
ciations present at early stages of development and later

suppressed with brain maturation. Their reappearance in
adult life has been associated with atrophic changes pre-
dominantly involving the frontal lobes (e.g., dementia syn-
dromes, demyelinating disease, or cerebrovascular disease)
and are sometimes referred to as “cortical release signs.”
However, these reflexes are sometimes seen in otherwise
healthy elderly and some (such as the palmomental reflex)
can be elicited at all ages. The exact pathophysiologic mech-
anisms underlying these reflexes are not completely under-
stood. In isolation, they are neither sensitive nor specific
for any neurologic disease. Although some can be seen in
normal aging, their occurrence in combination should neces-
sitate investigation for underlying disease (neurodegenera-
tive disease and dementia) and should not be attributed to
normal aging alone.?

Palmomental reflex

Contraction of the mentalis muscle in the lower jaw is
elicited by stroking the ipsilateral thenar eminence. It is a
polysynaptic and nociceptive reflex with the afferent arm
traveling through the median and ulnar nerves and the effer-
ent arm in the facial nerve. The threshold for eliciting the
palmomental reflex varies greatly between individuals.”® The
palmomental reflex is seen in up to 27% of individuals before
age 50 and in more than 35% of individuals over age 85.3!
The appearance of the palmomental reflex may reflect fron-
tal lobe dysfunction.?

Snout or pout reflex

This is elicited by pressing or gently tapping over the phil-
trum of the upper lip in the midline, which results in pouting
or pursing of the lips. It is a nociceptive reflex of the perioral
muscles carried by the trigeminal and facial nerves for the
afferent and efferent limbs. Unlike the palmomental reflex,
it is generally not seen before the age of 40 to 50 according
to different reports.’” However, the incidence increases with
age, with a prevalence of 73% by age 85.27 The occurrence
of this reflex correlates well with impaired performance on
psychometric testing®® and corresponds to loss of large pyra-
midal neurons in the anterior cingulate gyrus.?

Suck reflex

This is elicited by stroking the lips with the index finger
or a reflex hammer. The response could be incomplete
with the lips closing around the finger or object, or could
be complete— resulting in sucking movements in the lips,
tongue, and jaw.** If the stimulus is applied to the lateral
margins of the lips, the head turns towards the side of the
stimulus. Although it can be seen in 6% of normal elderly,>®
it is more common in the presence of dementia®® and corre-
lates with the severity of cognitive impairment.®® The snout
and suck reflex appear to be more common with prolonged
use of phenothiazines.**

Grasp reflex

There are three different types of grasp reflex that reflect
three different levels of severity of cortical disinhibition.?
The first called tactile grasp is elicited by applying firm pres-
sure across the palm from the ulnar to the radial side while
distracting the patient (e.g., asking the patient to count back-
wards from 20). It is considered positive if the patient grasps
the examiner’s fingers or flexes the fingers with adduction of



the thumb in response to stroking the palm. Traction grasp is
described as the patient counter pulling when the examiner
attempts to pull away from the patient’s grip. Magnetic grasp
is when the patient follows or reaches for the examiner's
hand to grasp it. It is generally considered a pathologic sign,
and often occurs as a result of contralateral or bilateral dam-
age to medial frontal or basal ganglia structures. However,
some have reported its presence in 3% to 67% of normal
elderly?”3!" and generally increases with advanced age. It is
also more frequent in Alzheimer's disease®' and correlates
with the degree of cognitive impairment.®® Analogous to
the grasp reflex in the hand is flexion and adduction of the
toes with inversion and incurving of the foot in response to
tactile stimulation or pressure on the sole. This reflex is seen
invariably in neonates and may reappear in the elderly and
contribute to gait difficulty.

Glabellar tap reflex

Other names for this reflex include glabella tap sign, orbicu-
laris oculi sign, blinking reflex, and Myerson's sign. It is elic-
ited by tapping between the eyebrows with the finger, at a
rate of 2 per second and avoiding a visual threat response. A
normal response consists of blinking in response to the first
3 to 9 taps, followed by cessation of the response with fur-
ther tapping. It is considered positive or abnormal if blinking
continues with further tapping. An abnormal glabellar tap
was first described in Parkinson's disease patients and was
considered to be diagnostic for that disease. However, it can
occur with normal aging and other neurodegenerative dis-
orders. It is found in more than 50% of normal older adults
and it is debatable whether it becomes more prevalent with
older age.3!3? It is different from the other primitive reflexes
in that it mainly results from lesions of basal ganglia, rather
than cortical disinhibition.?

CONCLUDING COMMENTS

A variety of neurologic disorders (e.g., stroke, Parkinson's
disease, Alzheimer's disease) preferentially affect older
adults. To document normal findings and detect abnormal
signs, a comprehensive mental status and neurologic exami-
nation should be performed in every older adult.

Altered cognitive function in the setting of a clear sen-
sorium is consistent with dementia secondary to a neu-
rodegenerative process (Alzheimers disease, Parkinson's
disease, Pick's disease) or medical illness (cerebrovascular
disease, vitamin B, deficiency, hypothyroidism). Delirium
on the other hand causes alteration in sensorium and level
of consciousness and may be due to medications, infection,
head injury, or metabolic derangements. Associated features
include disruption of sleep-wake cycle, intermittent drowsi-
ness and agitation, restlessness, emotional lability, and frank
psychosis (hallucination, illusions, delusions). Predisposing
factors include advanced age, dementia, impaired physical or
mental health, sensory deprivation (poor vision or hearing),
and placement in intensive care units.

A functional decline in some aspects of cranial nerve
function (e.g., vision, hearing, vestibular function, taste,
and smell) can be readily detected on examination. In the

Chapter 16 / Neurologic Signs in the Elderly 105

absence of other findings, this may be considered part of the
normal aging process. However, a constellation of abnor-
malities usually represent a pathologic condition afflicting
the nervous system. Similarly, older individuals experience
decreased mobility, coordination, sensation, and strength
as they age. However, more profound changes that signifi-
cantly alter mobility or present as focal neurologic signs
should alert the clinician to a neuropathologic disorder and
warrants diagnostic testing.

In conclusion, neurologic findings of normal aging include
subtle declines in cognitive function, mildly impaired motor
function, and altered sensory perceptions. However, exag-
gerated impairments in cognitive, behavioral, motor, and
sensory function suggest the onset of neurologic diseases
that commonly afflict the older adult. A comprehensive
mental status and neurologic examination in addition to a
detailed general physical examination is the foundation for
identifying neuropathologic conditions that necessitate fur-
ther investigation.
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KEY POINTS
Neurologic Signs in the Elderly

e Neurologic disorders are a common cause of morbidity,
mortality, and institutionalization in elderly populations, not only
increasing in severity of neurologic disease but modifying disease
presentation.

Because the frequency of cognitive disorders increases
dramatically with advancing age, examination of mental status
is one of the most important components of the neurologic
examination. The elements of a comprehensive mental status
examination include assessment of cognitive, functional, and
behavioral domains.

Neurologic findings of normal aging include subtle declines in
cognitive function, mildly impaired motor function, and altered
sensory perceptions. However, exaggerated impairments in
cognitive, behavioral, motor, and sensory function suggest the
onset of neurologic disease.

o A functional decline in sensory cranial nerve function (e.g., vision,
hearing, vestibular function, taste, and smell), in the absence
of other findings, may be considered part of the normal aging
process.

e Primitive or “pathologic” reflexes (glabellar, grasp, snout,
palmomental) occurring in isolation may be seen in normal aging.
However, their occurrence in combination or with other neuro-
logic signs may represent processes affecting frontal lobe function
(e.g., dementia syndromes, demyelinating disease, or stroke).

For a complete list of references, please visit online only at
www.expertconsult.com




CHAPTER 17

Geriatric Gastroenterology:
Overview

More than 20% of our population is expected to exceed
65 years of age by 2030,' with the most rapidly growing
segment over 85 years of age.? Of necessity, gastroenterolo-
gists will be increasingly confronted with digestive diseases
in elderly patients. Gastrointestinal disease is the second
most common indication for hospital admission of elderly
patients,?> who account for four times as many hospitaliza-
tions as do younger patients.! In the outpatient setting,
patients 75 and older visit internists six times more frequently
than do younger adults.3

NORMAL PHYSIOLOGY OF AGING

With a few notable exceptions, the digestive system main-
tains normal functioning in elderly people. To distinguish
between the expected age-related alterations of the gut and
symptoms attributable to pathologic conditions, the clini-
cian must have an understanding of the normal physiology
of aging. One must also appreciate the interactions between
the gastrointestinal (GI) tract and longstanding exposures
to environmental agents (e.g., medications, tobacco, and
alcohol) and chronic non-GlI disease states (e.g., congestive
heart failure, diabetes mellitus, chronic obstructive pulmo-
nary disease, dementia, depression).* With this knowledge,
it will become apparent that most new Gl complaints in oth-
erwise healthy older people are due to disease rather than
to aging alone and therefore merit appropriate investigation
and treatment.

Aging is not associated with a difference in either the
desire to eat or the hunger response before meal intake, but
postprandial hunger and the desire to eat are reduced.’®
One explanation may be that fasting and intraduodenal
lipid-stimulated plasma concentrations of cholecystokinin
(CCK), a physiologic satiety factor, and leptin, a hormone
that functions mainly as a signal of adiposity eliciting
long-term satiety, have been found to be higher in older
than in younger men.”~'% However, anorexia in older indi-
viduals should not be attributed to advanced age alone.
This symptom warrants evaluation to exclude a medical
or psychological cause or a medication-induced adverse
effect.”

Up to 40% of healthy elderly people subjectively com-
plain of dry mouth. Although baseline salivary flow probably
decreases with aging, stimulated salivation is unchanged in
both healthy and edentulous geriatric patients.!'~!> Chewing
power is diminished, probably because of the decreased bulk
of the muscles of mastication,'®!” although perhaps attrib-
utable in part to preclinical manifestations of neurologic
disease rather than to the normal aging process.!> Although
many older patients are edentulous to some degree, better
dental care has enabled more of them to have intact teeth
now than in the past.”18.19

Gustatory and olfactory sensation tend to decrease with
aging.'%?° The ability to detect and discriminate between
sweet, sour, salty, and bitter tastes deteriorates as one gets
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older.>'921.20 Thresholds for salt and bitter taste show age-
related elevations, whereas that for sweet taste appears stable.>22
By the ninth decade, the olfactory threshold increases by about
50%, contributing to poor smell recognition.”'0.23

Despite early data to the contrary, the physiologic func-
tion of the esophagus in otherwise healthy individuals is well
preserved with increasing age, with the exception of very
old patients.?#?% Studies from the early 1960s introduced the
concept of the "presbyesophagus” based on cineradiographic
and manometric data,2%2” but the term has been abandoned.?8
A more recent study that excluded patients with diabetes or
neuropathy found no increase in dysmotility in elderly men.?®
Investigators have also found that minor alterations may
occur in some octogenarians, including decreased pressure
and delayed relaxation of the upper esophageal sphincter and
reduction in the amplitude of esophageal contraction.30:3!
Furthermore, a recent study has shown age-related changes
of increased stiffness and reduced primary and secondary
peristalsis in the human esophagus that is associated with
a deterioration of esophageal function beginning after the
age of 40.2” In addition, in a study comparing esophageal
manometry and scintigraphic examinations of gastroesopha-
geal reflux in groups of healthy volunteers ranging from 20
to 80 years of age, it was determined that while the number
of reflux episodes per volunteer was similar in the various age
groups, the duration of reflux episodes was longer in older
volunteers. The older participants had impaired clearance of
refluxed materials due to a high incidence of defective esoph-
ageal peristalsis.?3 Similarly, in another study, age was shown
to correlate inversely with LES pressure and length, UES pres-
sure and length, and peristaltic wave amplitude and velocity
suggesting that normal esophageal motility deteriorates with
advancing age.3* Together, the above findings may help
explain the high prevalence of reflux symptoms in the elderly.

Most studies on gastric histology have found evidence of
an increased prevalence of atrophic gastritis in people over
60.3536 Consequently, it has been suggested that aging results
in an overall decline in gastric acid output.2*37:38 However,
more recent data have demonstrated that gastric atrophy and
hypochlorhydria are not normal processes of aging. Rather,
Helicobacter pylori infestation, which is common in the elderly,
not advancing age itself, appears to be the more likely cause
of these histologic and acid secretory changes.3>3%-43 The
literature remains conflicted over the issue of whether aging
alone, rather than factors such as increased H. pylori infesta-
tion and decreased smoking leads to altered pepsin secre-
tion.%4144-45 [ntrinsic factor secretion is usually maintained
into advanced age and is retained longer in the setting of
gastric atrophy than is acid or pepsin secretion.*04” Gastric
prostaglandin synthesis, bicarbonate, and nonparietal fluid
secretion may diminish, making the elderly more prone
to nonsteroidal anti-inflammatory drug (NSAID)-induced
mucosal damage.> %10 Finally, most (but not all) studies have
shown that gastric emptying of solids remains intact in the
elderly, although liquid emptying is prolonged.*8-3



Small bowel histology®#% and transit time!%257-39 do
not appear to change with age in humans, although increased
epithelial proliferation in response to cellular injury has been
found in a rodent model.°° Splanchnic blood flow is reduced
in the elderly population.® Small bowel absorptive capac-
ity for most nutrients remains intact, but there are some
exceptions especially those due to effects of disease (e.g.,
chronic gastritis and bacterial overgrowth) and medications
on micronutrient absorption.'® No change with aging was
found in duodenal brush border membrane enzyme activity
of glucose transport.®! D-xylose absorption testing remains
normal after correction for renal impairment, except per-
haps in octogenarians.®293 Jejunal lactase activity decreases
with age, whereas that of other disaccharides remains rela-
tively stable, declining only during the seventh decade.®*
Protein digestion and assimilation,?*%> and fat absorption
remain normal with aging, although the latter has a more
limited adaptive reserve capacity.®”7° Absorption of fat-
soluble vitamin A isincreased in the elderly population, 046,71
while vitamin D absorption may be impaired*®607273 and a
reduction in vitamin D receptor concentration and respon-
siveness occurs.’ '8¢ Absorption of the water-soluble vita-
mins B, (thiamine),”* B, (cyanocobalamin),®7%%75 and
C (ascorbic acid) remains normal, whereas disparate data
exist on folate absorption with aging.”””8 Iron absorption is
maintained in the healthy elderly who are not hypochlor-
hydric,”?89 but absorption of zinc*¢8! and calcium*6.82-84
declines with age.

Several histologic changes have been demonstrated in the
colon, including increased collagen deposition,® atrophy
of the muscularis propria with an increase in the amount of
fibrosis and elastin,2*8° and an increase in proliferating cells
especially at the superficial portions of the crypts.®%8¢ Some
studies have found that colonic transit time increases with
aging to varying degrees,”?878% perhaps due to the increase
with age in the number of abnormally appearing myenteric
ganglia in the human colon.8® Other studies have not shown
any change.?%?' Current thinking holds that colonic motil-
ity and the colon'’s response to feeding are largely unaffected
by healthy aging. Prolonged transit time in older people
with constipation is due to factors associated with aging
(e.g., comorbidity, immobilization, drugs) rather than aging
per se.”?

Anorectal physiologic changes have been well-docu-
mented. Aging is associated with decreased resting anal
sphincter pressure in both sexes and decreased maximal
sphincter pressure in women.?39495 This may be due in part
to age-related changes in muscle mass and contractility and
in part to pudendal nerve damage associated with perineal
descent in elderly women.?>9¢ The closing pressure (i.e., the
difference between the maximum resting anal pressure and
the rectal pressure) also falls in elderly women.®” Maximum
squeeze pressure declines with age, particularly in post-
menopausal women,® as does rectal wall elasticity.”8%° An
age-dependant increase in rectal pressure threshold produc-
ing an initial sensation of rectal filling has also been demon-
strated.'% Defecation dynamic studies in older women show
a significant failure of rectal evacuation because of insuffi-
cient opening of the rectoanal angle and an increased degree
of perineal descent compared with younger women. 92101
Histologic'?? and endosonographic'®? studies on anorectal
structure revealed that the internal anal sphincter develops
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fibro-fatty degeneration and increased thickness, respec-
tively, with aging.

The pancreas undergoes minor histologic changes with
aging. 24104105 There also appears to be a steady increase in
the caliber of the main pancreatic duct, with other branches
showing areas of focal dilatation or stenosis without any
apparent disease or functional age-related changes.!%419¢ [n
fact, 69% of patients older than 70 years of age without
pancreatic pathology have a "dilated” duct when criteria
developed for younger patients are applied.'”” High
echogenicity of the pancreas is a normal finding on ultra-
sonography.'% Aging reduces exocrine pancreatic flow rate
and secretion of bicarbonate and enzymes, and the rate falls
significantly with repeated stimulation.8104,105,109,110 Hay.
ever, other studies have shown a lack of reduced pancreatic
secretions with age, independent of disease and the effect
of drugs.!0

Anatomical studies on the liver reveal an age-related
decrease in weight, both absolute and relative to body
weight, and in the number and size of hepatocytes.!!'-112
Pseudocapillarization of the hepatic sinusoid (morpho-
logic changes such as defenestration and thickening of the
liver sinusoidal endothelial cell, increased numbers of fat
engorged nonactivated stellate cells), lipofuscin accumula-
tion, bile duct proliferation, fibrosis, and nonspecific reactive
hepatitis are histologic changes more common in the elderly
population.!''2!13.114 The major functional changes in older
patients are reduction in hepatic blood flow,!'%!"* altered
clearance of certain drugs, and delayed hepatic regenera-
tion after injury.!'3-'7 The altered drug clearance is due
to age-related reductions in phase [ reactions (e.g., oxida-
tion, hydrolysis, reduction), first pass hepatic metabolism,
and serum albumin binding capacity. Phase Il reactions (e.g.,
glucuronidation, sulfation), however, remain unaffected by
aging.!!1112,115,116 There are no age-specific alterations in
conventional liver blood tests.!!”

Although an early cholecystographic study found that
gallbladder emptying remained stable with increasing
age, 8119 more recent data showed that gallbladder con-
traction in the elderly person may be less responsive to
CCK. 119120 [ncreases in the proportions of the phospholipid
and cholesterol components of bile raise the lithogenicity
index,'21.122 leading to increased occurrence of gallstones
in the aged.?* Choledocholithiasis is particularly common
in elderly patients who have undergone an emergency cho-
lecystectomy, the incidence of bile duct stones approached
50%.'23 Even in the absence of bile duct stones or other
pathology, older patients generally have larger common bile
duct diameters than do younger patients.!2*

ALTERED MANIFESTATION OF ADULT
GASTROINTESTINAL DISEASES

Although there are certain disorders that occur almost exclu-
sively in the elderly population, the majority of diseases
afflicting older people are those that affect younger adults
as well. However, these illnesses may have atypical features
that must be recognized by clinicians and represent a formi-
dable challenge. In elderly people with an “acute abdomen,”
the initial diagnostic impression has been found to be incor-
rect in up to two thirds of patients,'?> and the mortality in
octogenarians is 70 times that in young adults.!2¢
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Acute abdominal pain appears to mute with age.*”'27

Theories explaining this phenomenon include increased
endogenous opiate secretion, a decline in nerve conduction,
and mental depression.!?® Pain localization is often atypical
in elderly patients. For example, in a study on acute appen-
dicitis, 21% of patients over 60 years of age have atypical
pain distribution, while this occurred in only 3% of patients
under 50 years of age.'??

The causes of acute abdominal pain differ as well. Acute
cholecystitis, rather than nonspecific abdominal pain or
acute appendicitis, was found to be the most common cause
in one large survey.'?¢!27 In this series, 10% of patients
over 70 years of age were found to have a vascular cause for
their pain, such as mesenteric ischemia, embolus, or infarc-
tion. Furthermore, retrospective studies have shown that in
elderly patients with acute cholecystitis, more than 60% of
elderly patients did not have the typical back or flank pain
and 5% had no pain at all. In addition, 40% denied nausea,
more than 50% were afebrile, and 41% had a normal white
count. Overall, 13% of elderly patients had no fever, leu-
kocytosis, or abnormal liver function tests.'?” A multicenter
review found that 25% of emergency patients over the age
of 70 had cancer (usually colorectal in Europe and North
America, and hepatocellular in tropical regions)!'?¢ as the
cause of pain, whereas patients below age 50 had malignancy
as the explanation in fewer than 1% of cases.'3°

Acute appendicitis may have few overt abdominal
signs!27.131.129 and may therefore progress more frequently to
gangrene and perforation.'3? Other intraabdominal inflam-
matory conditions, such as diverticulitis, may have rather
nonspecific symptoms including anorexia, altered mental
status, low-grade or absence of fever, relatively little tender-
ness, and late-stage complications (e.g., hepatic abscess).
Even perforation of a viscus may lack the typical dramatic
manifestations. 28136 Possible explanations for the paucity of
tenderness in some cases include altered sensory perception,
use of psychotropic drugs, and absence of chemical peritoni-
tis if the patient is hypochlorhydric.*” The site of perforation
also differs with age. Colonic perforation is more common
than perforated peptic ulcer disease or appendicitis, the two
most common causes for generalized peritonitis in younger
patients.'2¢

Studies vary regarding whether or not there is a higher
prevalence of gastroesophageal reflux disease (GERD) in
the elderly population,!34137.139.140 byt several studies sug-
gest that the frequency of GERD complications is signifi-
cantly higher in older people.'3*137.138 Severe esophagitis
is much more common in patients beyond the age of 65
than in young people.'38.142 Esophageal sensitivity seems
to decrease with age,'*! so very severe esophagitis may
be associated with a relative paucity of symptoms. In fact
one study showed that greater than 75% do not experi-
ence acid regurgitation as an initial symptom.'3* Therefore
manifestations of GERD are more likely to be late-stage
complications, such as bleeding from hemorrhagic esopha-
gitis,'*? dysphagia from a peptic stricture, or adenocarci-
noma in the setting of Barrett's esophagus. GERD-induced
chest pain may mimic or occur concomitantly with car-
diac disease; thus reflux must be excluded in any elderly
patient with all but very typical angina.?> Aspiration from
occult GERD should be considered in elderly patients
with recurrent pneumonia or exacerbations of underlying

chronic obstructive pulmonary disease.?’ Early endoscopy
is indicated in all elderly patients with GERD, regardless
of symptom severity.'34137 The medical and surgical treat-
ment of GERD in the elderly follows the same principles
as for young patients.'3” Proton pump inhibitors as a class
are considered first-line treatment for GERD and erosive
esophagitis in the elderly,!3443 although the elderly may
require a greater degree of acid suppression than young
patients to heal their esophagitis.!*® And with the advent
of newer proton pump inhibitors, studies have shown good
tolerability even for long-term therapy due to minimal
interactions with other drugs because of a lower affinity for
cytochrome P450.133

Gastroduodenal ulcer disease has a several-fold greater
incidence, hospitalization rate, and mortality in the
elderly. #4146 Up to 90% of ulcer-related mortality in the
United States occurs in patients over 65.'%¢ This is due to an
increase in injurious agents (e.g., H. pylori and nonsteroidal
antiinflammatory drugs [NSAIDs], two factors which do not
seem to act synergistically)!'*”.'%3 and to impaired defense
mechanisms (e.g., lower levels of mucosal prostaglan-
dins).'% 148 There may be a paucity or distortion of classic
burning epigastric pain, temporal features related to food
intake, and typical patterns of radiation.#” Pain was absent
in one third of elderly hospitalized patients with peptic
ulcer disease.'*” As a result, elderly patients more frequently
develop complications such as bleeding or perforation.
Giant benign ulcers of the elderly can mimic malignancy
by presenting with weight loss, anorexia, hypoalbuminemia,
and anemia. Despite the increased morbidity and mortality
of upper Gl bleeding in the elderly, endoscopic and clinical
criteria have been reported that would allow for successful
outpatient management.!20-153

The manifestations of celiac sprue differ considerably in
the elderly since features are generally more subtle than in
young patients.*”!>” Only one quarter of newly diagnosed
elderly patients with celiac disease have primarily diarrhea
and weight loss.'”* Vague symptoms, including dyspepsia or
an isolated folate or iron deficiency, may be the patient's sole
manifestation.'?”.138 In one study, the mean delay to diag-
nosis in the elderly aged 65 years and older was 17 years.!>®
Severe osteopenia and osteomalacia'®” and a bleeding
diathesis due to hypoprothrombinemia are more common
in the elderly than in the young.*” Small bowel lymphoma
may be particularly common when celiac disease occurs in
the elderly person.!3:15 Therefore elderly patients with
persistent symptoms including weight loss, pain, and bleed-
ing—despite strict adherence to a gluten-free diet—require
careful evaluation to exclude Gl malignancy. !¢

Constipation is perceived by elderly patients to be
straining during defecation rather than decreased bowel
frequency,'°-192 and it may be manifested in unusual ways.
Excessive defecatory straining in patients with underlying
cerebrovascular disease or impaired baroreceptor reflexes
can present as syncope or a transient ischemic attack. When
unrelieved constipation progresses to fecal impaction, an
overflow “paradoxical” diarrhea may occur, even in patients
with relatively normal anal sphincter pressure. If the clini-
cian does not recognize this and prescribes the standard
antidiarrheal therapy, the underlying impaction will only
worsen and potentially lead to other serious complications,
such as stercoral ulcers and bleeding.!0!.162



Crohn's disease of new onset in elderly people has been
commonly reported to be limited to the colon more often than
it is in young patients.!®* The colitis is more often left-sided
in the elderly, whereas proximal colonic involvement is more
common in the young.'%:'%¢ Older patients are less likely to
have close relatives affected by Crohn's disease and to have
abdominal pain as a presenting symptom.'¢” Crohn's disease
in the elderly group develops more rapidly and is character-
ized by a shorter time interval between onset of symptoms
and first resection.'®” Elderly patients with Crohn's disease
may suffer fewer relapses,*” and their postoperative recur-
rence rate is lower than, or equal to, that of young people.!%*
However, in older patients who do have postoperative recur-
rence, it occurs more rapidly than in younger patients.!¢”
Whereas those few young Crohn's disease patients who die
do so of their disease, death in older patients is usually due to
unrelated causes.'°* Older patients are more prone to steroid-
induced osteoporosis;!*® bisphosphonates prevent and effec-
tively treat bone loss in these patients!®® and their use must
be strongly considered in this setting.

The manifestations of ulcerative colitis are generally the
same in the young and the old, including extraintestinal
manifestations.'%¢ In the elderly person, proctosigmoiditis is
more common, whereas pancolitis and the need for surgery
are less common.

Therapy for inflammatory bowel disease in the elderly can
follow the same stepwise regimen as in the younger popu-
lation. However, a clear distinction must be made between
the “fit" elderly and the “frail” elderly. Studies have shown
that the “fit" elderly can tolerate therapeutics similar to the
younger generation, taking into account the natural decline
in age-related drug metabolism with minimal additional risk
or morbidity.2%4

The most common manifestations of gallstone disease
in the elderly population are acute cholecystitis and chol-
angitis.*” In fact, biliary tract disease is the most common
indication for surgical intervention in patients having acute
abdominal pain over the age of 55 years.'?” Cholecystitis in
the elderly person may have nonspecific symptoms, includ-
ing vague mental and physical disability.'?7:19%.170 Pain may
be muted'?” or absent even in the presence of gallbladder
empyema, leading to a delay in hospitalization.!”! Typical
features of cholangitis may be absent. Therefore blood cul-
tures are critical to exclude bacteremia as the sole evidence of
an infected biliary tract, which can result in greater mortality
in the elderly.'”2'73 Elderly patients who require emergency
cholecystectomy have a higher mortality rate than younger
patients, but can do well with elective operations aside from
longer operative times and postoperative hospital stays.'”*
Thus surgery should not be denied to the healthy elderly
patient with recurrent biliary colic based on age alone.!23.175
Minimally invasive procedures such as endoscopic retro-
grade cholangiopancreatography and laparoscopic chole-
cystectomy should be used whenever possible.!?3

The clinical course of liver disease in the elderly is usually
similar to that in the young, although complications are
tolerated less well.#”:'7¢ Chronic hepatitis C, along with
alcoholic liver disease, is emerging as the most common
cause of chronic parenchymal liver disease in the elderly
population.''”!78 Viral hepatitis more commonly has a
prolonged and cholestatic picture in the elderly, although
data are equivocal on whether older people are more or less
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likely to suffer severe or fulminant hepatitis.!'? Although the
risk of death from fulminant liver failure from acute hepatitis
A infection appears to increase with age,'”® acute hepatitis
B in elderly patients is usually a mild, subclinical disease
and the risk of fulminant disease is not increased.'”” How-
ever, a higher risk for progressing to chronic infection exists
for those who acquire the disease after 65 years of age.'”®
Advanced age at the onset of infection with hepatitis C is
associated with an increased mortality rate.'”” This is related
to a more rapid rate of fibrosis, the cause of which is unknown
but presumed to be related to the decline in immune func-
tion with age.'”® When fulminant hepatic failure develops
from any cause, advanced age is an adverse prognostic vari-
able.!"” Certain conditions, including alcoholic liver disease,
hemochromatosis, primary biliary cirrhosis, and hepato-
cellular carcinoma, are often seen in more advanced stages
when they first present in older patients.!!?

Nonalcoholic fatty liver (NAFLD) is the most common
liver disorder in the United States and worldwide?%* and is
seen with increasing prevalence in the elderly.2%> However,
recent studies have shown a lack of association with the
metabolic syndrome, a clear distinction from the disease in
adulthood.?® In addition, the natural progression of NAFLD
with associated liver complications is typically noted
between the sixth and eighth decades of life.2°¢ Therefore
the diagnosis of cryptogenic cirrhosis in the elderly may be
directly related to the ever rising epidemic of fatty liver in

adulthood.

GASTROINTESTINAL PROBLEMS UNIQUE
TO THE ELDERLY POPULATION

Certain gastrointestinal symptoms and diseases occur pri-
marily, or even exclusively, in the elderly population. In the
esophagus, a posterior hypopharyngeal (Zenker's) diverticu-
lum may form as a result of reduced muscle compliance of
the upper esophageal sphincter.!”?!89 The most common
presentation is dysphagia; however, serious complications
include aspiration and malnutrition. Neurologic disorders,
particularly cerebrovascular insult (e.g., small basal ganglia
infarcts)'? and Parkinson's disease, account for 80% of cases
of oropharyngeal dysphagia in elderly people.'8! Dysphagia
aortica is a syndrome in which symptoms are caused by
extrinsic compression of the esophagus by a large thoracic
aneurysm or a rigid atherosclerotic aorta.3! Although cervi-
cal osteophytes are common in the elderly population, they
are thought to be a very rare cause of dysphagia.?!

Stomach disorders generally confined to elderly people
include atrophic gastritis, with or without pernicious ane-
mia. As mentioned previously, prolonged H. pylori infection
rather than aging alone may be responsible for this condi-
tion. A Dieulafoy’s lesion, resulting from a nontapering
ectatic submucosal artery, may be an obscure cause of upper
Gl bleeding in patients of all ages but is particularly frequent
in the elderly population.!82.183

The prevalence of small bowel diverticulosis increases
greatly in older people.'8% The condition may be limited to a
single large duodenal diverticulum or may be characterized
by numerous diverticula throughout the jejunum. Although
most cases are completely asymptomatic, some lead to per-
foration, hemorrhage, or bacterial overgrowth-induced
malabsorption. 7185186
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Chronic mesenteric ischemia, manifested by intestinal
angina, is a very rare form of mesenteric vascular disease seen
in elderly patients with atherosclerosis.'87:188 |n fact, mesen-
teric artery stenosis is found in 17.5% of elderly patients aged
greater than 70 years.'8” Aortoenteric fistula, an uncommon
cause of life-threatening Gl hemorrhage, occurs in elderly
patients with prior graft placement for an abdominal aortic
aneurysm (AAA) or, rarely, with an untreated AAA. It can
also occur in patients who have undergone aortoiliac bypass
surgery (0.5%) and in patients with native anatomy and after
enteral stent placement. '8

NSAID-induced enteropathy, characterized by ulceration,
leading to acute or occult bleeding, ileal stenosis, stric-
tures, protein loss, or iron deficiency, has been increasingly
recognized.'%¢

Age is a strong risk factor for colon polyps and cancer.
Guidelines that advise colorectal screening examinations
beginning at age 50 in average-risk patients and at age 40
for certain high-risk patients do not provide upper age
constraints for colorectal screening. Some experts have
suggested an age cutoff at 80 years for screening!'®® and
85 years for surveillance for patients who have had only
small tubular adenomas.'® Since these ages are somewhat
arbitrary, colorectal screening and surveillance in the elderly
group must be individualized based on comorbidity and life
expectancy.'?!192 Colonoscopic polypectomy, rather than
surgery, has been advocated for the treatment of large polyps
in healthy elderly patients up to 90 years old in whom life
expectancy is at least 5 years.!8?

Several other colonic disorders are seen far more com-
monly in older patients than in younger patients. These
include colonic diverticulosis, a condition found on post-
mortem examination in more than 50% of people over
the age of 70.'%* In fact, a recent study has estimated its
prevalence to be 65% in elderly patients greater than
65 years of age.'3 Also common is segmental colitis asso-
ciated with sigmoid diverticulosis;'??1°¢ sigmoid volvulus;
vascular ectasia in the cecum;'?” stercoral ulcer in the set-
ting of fecal impaction; fecal incontinence,!00.163,198,200
the second leading cause of institutionalization among
the elderly;%02%0 and Clostridium difficile infection, a frequent
cause of diarrhea in older people,'%19? and the most com-
mon cause of nosocomial infectious diarrhea in the nursing
home setting.20!

The majority of elderly patients with jaundice have biliary
tract obstruction as the cause, rather than hepatocellular dis-
ease. Malignancy is more common than choledocholithia-
sis as a cause of obstruction. Since an elderly person with
malignant obstructive jaundice rarely survives more than
4 months, endoscopic rather than surgical biliary decom-
pression is appropriate.'?? In this setting, endoscopic biliary
stenting for palliation has been advocated to restore a sense
of well-being, to avoid early liver failure and encephalopa-
thy, and to improve the patient's nutritional and immuno-
logic status.!23292 However, with the advent of improved
surgical techniques and postoperative mortality, surgery
has expanded to a greater number of patients during the
past decade and has found increased use in patients over 70
years old.2°2 When acute hepatitis occurs, one third of cases

are commonly!”® drug induced and not viral as in young
people.''2 Pyogenic liver abscesses primarily affect elderly
patients, and should be considered in the differential diag-
nosis of fever or bacteremia of unclear cause.'””

SUMMARY

The gastrointestinal tract generally maintains normal physi-
ologic functioning in the elderly population. Most new Gl
symptoms in otherwise healthy older patients are due to
pathology rather than to the aging process alone. These
patients merit attentive and expeditious evaluation and man-
agement since their ability to tolerate illness is lower than
that of younger patients.

KEY POINTS

Evaluation and Treatment of
Gl Disorders

¢ Normal physiologic changes in the aged gastrointestinal tract are
few, so clinicians must seek out and actively treat Gl disorders
(e.g., oropharyngeal dysphagia, malabsorption, abnormal liver
enzymes) and not ascribe these signs and symptoms to the aging
process.

Elderly patients have diminished reserve capacity to accommo-
date illness and should be thoughtfully evaluated and treated early
in the course of disease to prevent irreversible deterioration.

Goals of treatment must be realistic and individualized, with an
emphasis on returning the patient to a functional lifestyle.

e Comorbid conditions and concomitant medications have a
dramatic effect on the presentation and prognosis of GI disease in
elderly people.

¢ To improve compliance, clinicians must avoid prescribing medica-
tions that are expensive and/or are taken frequently throughout
the day if alternatives are available because elderly patients may
be on a fixed income, subject to “polypharmacy,” or have memory
impairment.

Clinicians should avoid prescribing drugs more likely to cause
adverse effects (e.g., isoniazid, corticosteroids, opiates, mineral
oil, NSAIDs, anticholinergics) if reasonable alternatives are avail-
able, and avoid overprescribing tranquilizers and antidepressants
for symptoms thought to be due to somatization.

Although irritable bowel syndrome of new onset may occur in the
elderly, 90% of cases first appear before the age of 50. Therefore
this diagnosis should be rendered only after thorough evaluation
to exclude other diseases, including malignancies or ischemia.

Endoscopy and abdominal surgery can be performed safely in
the elderly. Morbidity and mortality are related to the degree of
concomitant disease and the emergent or elective nature of the
procedure. An unnecessary delay in surgery is often lethal.

Chronologic age need not be an absolute contraindication to
aggressive therapeutic measures, such as chemotherapy or organ
transplantation, as the tolerance of these interventions correlates
more with the overall physiologic condition.

For a complete list of references, please visit online only at
www.expertconsult.com



CHAPTER 18

Aging of the Urinary Tract

INTRODUCTION

Although traditional classification considers the upper and
lower urinary tracts as part of one system, each serves a dis-
tinct function. We are greatly indebted to Drs. Jassal and
Oreopoulos, authors of this chapter (Aging of the Urinary
Tract) in the previous edition, for their detailed discus-
sion of renal aging. In this edition, both upper and lower
urinary tract components will be considered, emphasizing
the known effects of aging on each system. Nevertheless, a
number of potentially pertinent topics will not be discussed
in this chapter. For example, age-related changes in renal
handling of water and electrolytes are addressed in Chapter
85, whereas diseases which commonly affect the aged kid-
ney, prostate, and gynecologic structures are discussed in
Chapters 84, 86, and 87, respectively. Of course, given the
multifactorial systemic complexity inherent to aging and to
common geriatric syndromes (Chapter 10),' the discussion
will need to cross traditional organ-based boundaries. There-
fore we will also discuss the ability of age-related declines in
renal function to influence key geriatric measures, such as
cognitive function and mobility performance. Conversely,
given growing evidence that oxidative stress, inflamma-
tion, and nutrition can influence aging- and disease-related
processes across many different tissues, the ability of these
systemic factors to modify urinary tract aging will also be
considered. Finally, the contribution of lower and upper uri-
nary tract dysfunction to urinary incontinence, a major geri-
atric syndrome, is discussed in Chapter 109.

UPPER URINARY TRACT: KIDNEYS AND
URETERS

Overview

Declines in renal function represent one of the best docu-
mented and most dramatic physiologic alterations in human
aging. In spite of great progress, important issues remain. For
example, it has been difficult to explain why renal aging can
be so variable between seemingly “normal” individuals and to
establish which of these changes may potentially be revers-
ible. Nevertheless, recent developments and continuing
research in this area offer unique opportunities for improv-
ing the lives of older adults.?~

Glomerular filtration rate

Age-related declines in glomerular filtration rate (GFR) are
well established; yet contrary to general belief, GFR does not
inevitably decrease with age. Among Baltimore Longitudinal
Study of Aging participants, mean GFR declined approxi-
mately 8.0 mL/min per 1.73 m%*/decade from the middle of
the fourth decade of life.® However, these decrements were
not universal, with approximately one third of these subjects
showing no significant decrease in GFR over time.¢ This high
degree of interindividual variability among relatively healthy
older adults has raised the hope that age-related declines in
GFR may not be inevitable and could ultimately be prevent-
able even in the absence of an overt disease process. At the
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same time, clinicians wishing to prescribe renally excreted
medications to healthy older adults clearly require reliable
tools to accurately estimate GFR.

The decrease in GFR with age is generally not accom-
panied by elevations in serum creatinine® since age-related
declines in muscle mass tend to parallel those observed for
GFR, causing overall creatinine production to also fall with
age. Thus serum creatinine levels generally overestimate GFR
with age, and in women and underweight individuals serum
creatinine is most insensitive to impaired kidney function.”
Although many formulas have been devised for estimating
creatinine clearance based on normative data,?° their reli-
ability in predicting individual renal function is poor.'%!! [n
the frail and severely ill patients on multiple medications—
where the need for accurate estimation is greatest—the
reliability of such estimates may be the most questionable.
In consequence, timed short duration urine collections for
creatinine clearance measurement are generally recom-
mended.!%'2 In contrast to the poor predictive ability of low
creatinine, elevations in serum creatinine above 132 mmol/L
(1.5 mg/dL) reflect declines in GFR greater than what would
be typically expected with normal aging, indicating the
presence of likely underlying pathology. Ultimately, even
creatinine clearance has limitations and may underestimate
GFR.13 Cystatin C, a measure of kidney function that is inde-
pendent of muscle mass, has been advocated as an improved
marker of reduced GFR in the elderly with creatinine levels
within the normal range.'* Although FDA-approved kits for
its measurement have been available since 2001 and in spite
of its potential attraction in the management of frail older
adults, the precise role of cystatin C measurements in clinical
decision-making remains to be defined.

Renal blood flow

On average, aging is associated with a progressive decrease
in renal plasma flow.!>1¢ Losses of 10% per decade have been
described, with typical values declining from 600 mL/min
in a young adult to 300 mL/min at 80 years of age.'>'° Perfu-
sion of the renal medulla is maintained in the face of lower
blood flow to the cortex, which can be observed as patchy
cortical defects on renal scans obtained in healthy older
adults. Regional renal flow and GFR are determined by a bal-
ance between the vascular tone involving afferent and effer-
ent renal blood supply. Generally, renal vasoconstriction
increases in old age, whereas the capacity of the vascular bed
to dilate is decreased. Responsiveness to vasodilators (e.g.,
nitric oxide, prostacyclin) appears to be attenuated, whereas
responsiveness to vasoconstrictors (e.g., angiotensin II) is
enhanced.” Basal renin and angiotensin Il are significantly
lower in older adults, whereas the ability of various different
stimuli to activate the renin-angiotensin system is blunted.

Tubular function

The ability of the tubules to excrete and reabsorb specific
solutes plays a crucial role in maintaining normal fluid and
electrolyte balance. The impact of aging and specific disease

m
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processes on the ability of tubules to handle specific solutes
is discussed in another chapter (Chapter 85). Nevertheless,
some overarching principles are worthy of note. First, overall
tubular function appears to decline with aging. Second, the
ability to handle water, sodium, potassium, and other elec-
trolytes is generally impaired with aging. Third, such physi-
ologic declines do not generally affect the ability of older
adults to maintain normal fluid and electrolyte balance under
basal conditions. Fourth, older adults are less able to main-
tain normal homeostasis when exposed to specific fluid and
electrolyte challenges.?>!7

For example, ability to both conserve and excrete sodium
is impaired, with reduced salt resorption in the ascending
loop of Henle, reduced serum aldosterone secretion, and a
relative resistance to both aldosterone and angiotensin I11.2°
As a result, older adults take longer to reduce their sodium
excretion in response to a salt-restricted diet.2> Conversely,
older adults take longer to excrete a sodium load.?> Qualita-
tively similar changes have been described as regards tubular
capacity to adjust to changes in water.

Structural changes

As with other organs, there are both differences between
individuals—some have more evident aging changes than
others—and within individual kidneys (i.e., different parts of
the kidney are affected differently by aging). In general, the
aged kidney is granular in appearance, with modest declines
in parenchymal mass.2® The most impressive changes
involve a reduction in both the number and size of nephrons
in the renal cortex, with a relative sparing of the medullary
regions.>” Loss of parenchymal mass leads to a widening
of interstitial spaces between the tubules and an increase in
interstitial connective tissue. Numbers of visible glomeruli in
aged kidneys decline in parallel with change in weight, with
the percentage of glomeruli that are sclerotic increasing.?”
Sclerosis is associated with lost lobulation of the glomerular
tuft, increased mesangial cells, and decreased epithelial cells,
resulting in a smaller effective filtering surface. In response,
remaining nonsclerotic glomeruli compensate by enlarging
and hyperfiltering.

Even in the absence of hypertension and other relevant
diseases, important changes of the intrarenal vasculature
can be observed in old age.?® Larger renal vessels may show
sclerotic changes, whereas smaller vessels generally are
spared. Nevertheless, arteriolar-glomerular units demon-
strate distinctive changes in old age.??'® Cortical changes
are more profound, with hyalinization and collapse of glo-
merular tufts, luminal obliteration within preglomerular arte-
rioles and decreased blood flow. Structural changes within
the medulla are less pronounced, whereas juxtamedullary
regions demonstrate evidence of anatomic continuity and
functional shunting between afferent and efferent arterioles.

Mechanistic considerations

The hyperfiltration theory suggests that a loss of glom-
eruli results in increased capillary blood flow through the
remaining glomeruli and a correspondingly high intracapil-
lary pressure.?® Such age-related increases in intracapillary
pressure (or shear stress) can also result in local endothelial
cell damage and resultant glomerular injury, contributing to
a progressive glomerulosclerosis.?>!? Cytokines and other
vasoactive humoral factors have been implicated in this type

of pressure-mediated renal damage.?>2° Also in support of
the hyperfiltration theory, both restricted protein intake?!
and those antihypertensives that reduce single nephron GFR
(e.g., ACE inhibitors and angiotensin Il blockers)?' reduce
glomerular capillary pressure, attenuate glomerular injury,
and prevent measurable declines in renal function.

Other factors and mechanisms contribute to age-related
declines in renal function. For example, individuals born
with a reduced nephron mass could be more vulnerable to
all categories of renal injury, including that associated with
aging. In fact, a growing body of research has linked renal
aging to the damaging effects of normal metabolism through
the accumulation of toxins, such as reactive oxygen species
(ROS), advanced glycosylation end products (AGE), and
advanced lipoxidation end products (ALE).2352223 This
"toxin-mediated” theory has many attractions. First, these
toxins accumulate with aging and can induce structural and
functional changes. Second, they provide vital linkages
between efforts to understand aging at the level of a single
organ to traditional gerontologic research into longevity
(Chapter 4). Third, nutritional and eventual pharmacologic
interventions may allow individuals to decrease exposure to
such toxins and to ultimately prevent or delay renal aging.
Fourth, such research has permitted the development of a
pathophysiologic framework within which multiple differ-
ent risk factors including underlying genetic predisposition,
renal progenitor cell behavior,2* gonadal hormone levels,?®
diet,?? smoking,® and multiple subclinical processes can all
influence how renal aging manifests in individuals.?>23

A system-based perspective

Renal aging cannot be viewed in isolation from aging at the
systemic level. Not only are most individuals with chronic
kidney disease (CKD) elderly, but these patients are frail and
at high risk of being disabled.* Individuals with advanced
CKD have an especially high risk of developing cardiovas-
cular disease,?” cognitive declines,?”-3° sarcopenia,?'-33 and
poor physical performance.?” 34 [t remains to be seen to what
extent milder declines in renal function, more consistent
with normal aging, may contribute to altered body composi-
tion and physiologic performance seen in generally healthy
older adults. As discussed, creatinine-based estimates of GFR
depend on skeletal muscle mass and tend to overestimate
GFR in older adults. Thus it is interesting that even mild
declines in GFR as measured using cystatin C were associ-
ated with poorer physical function, whereas creatinine-
based GFR estimates demonstrated a relationship only when
less than 60 mL/min/1.73 m2.3> Ultimately the development
of an approach that places renal aging in a systems-based
context where key functional issues are also considered may
offer some of the most exciting opportunities for developing
interventions that will help maintain function and indepen-
dence in late life.

LOWER URINARY TRACT: BLADDER

AND OUTLET

Overview

The function of the lower urinary tract (LUT) is to isolate the
kidneys from the exterior environment, thus allowing urine
storage and periodic evacuation. The anatomic arrangement
of the non-refluxing ureterovesical junction, the fluid-tight



urethral sphincteric mechanism, and the interposed cham-
ber (the bladder) create an effective barrier to the retrograde
passage of infectious agents into the kidneys and thence
into the bloodstream. Presumably, as the result of evolution-
ary pressures, the bladder and its outlet normally function
as a urine storage structure sufficiently capacious to accept
several hours' volume of renal output, whereas an efficient
evacuation mechanism under voluntary permissive control
can be quickly and voluntarily activated and then returned
to storage status.

The requirements for proper function of this system
include normal sensory transduction of normal physio-
logic bladder filling; central transmission and subconscious
processing; appropriate conscious recognition and proc-
essing; coordination of sphincteric relaxation and bladder
pressurization via detrusor contraction; normal biome-
chanical function of the bladder and its outflow, and intact
urethral/bladder guarding and voiding reflexes. In addition
to the multiplicity of potential age-associated pathologies,
which may disturb this complex process, biomechanical
and functional changes as a result of the aging process per
se also alter the storage and evacuation function of the LUT
(Table 18-1). This section will discuss common LUT symp-
toms and how these may relate to changes due to "normal”
aging versus pathologic aging.

Lower urinary tract symptoms are broadly categorized
into irritability (overactive bladder; frequency/urgency/
nocturia), obstructive/retentive (hesitancy, abnormal stream,
incomplete emptying), and incontinence. The prevalence
of all such symptoms increases with age and is population-
dependent. The NOBLE study reported data on 5204 ran-
domly selected participants. Overactive bladder symptoms
were experienced by 5% to 10% of people under age 35,
increasing to 30% to 35% over age 75, with no gender dif-
ferences.3¢ Overactive bladder symptoms including incon-
tinence were experienced more commonly and earlier in

Table 18-1. Potential and Common Influences on LUT
Function in the Elderly

“Normal” Aging

o Afferent/thresholding changes

¢ Diminished neuromuscular detrusor function

e Altered outflow tract characteristics

® Increased nocturnal urine production

Pathologic Internal Dysfunctions

o Afferent dysfunction: neural tissue damage (i.e., childbearing,
biomechanical changes [injury, disease], surgery, chronic
obstruction, diabetes)

o Efferent dysfunction: chronic obstruction, tissue damage
(neurologic, myopathy), etc.

e Control/reflex dysfunction: disc or cord disease, CNS disease

e Defects of volition due to dementia, CVA, etc.

External Factors

e Fecal impaction and sensorimotor reflex suppression secondary to
colorectal distention

¢ Medications: decreased urethral resistance (a-blockers, neurolep-
tics, benzodiazepines), increased bladder pressure (bethanechol,
cisapride), increased urine production (diuretics), efferent/motor
impairment (anticholinergics, antiparkinsonism agents, f-blockers,
disopyramide); indirect effects (cough—ACE inhibitors, mental
status changes—psychotropics).

¢ Environmental inadequacies
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life in women than in men, with 19% of women and 8%
to 10% of men over age 65 reporting some degree of uri-
nary incontinence. Similarly, in 550 symptomatic patients,
lower urinary tract symptoms increased with age in both
women and men.3” The prevalence of moderate to severe
symptoms roughly doubled between age 40 and 49 and over
80.37 A urodynamic study of continent elderly people found
that 63% were symptom-free, 52% were both symptom-
free and free of any potential confounding disease or drug,
and 18% were also free of any urodynamic abnormality.38
Detrusor overactivity unrelated to identifiable disease was
observed in 53%, with no correlation with either gender or
age.?8 Bladder contractility decreased with age, as defined by
postvoid residual volume after a strain-free void.3® Finally,
a urodynamic study of incontinent institutionalized elderly
patients reported a prevalence of detrusor overactivity of
61%,%° with a similar proportion (59%) showing detrusor
underactivity.? In the same study, 92% of the nondemented
individuals, but only 65% of the demented subjects, reported
warning sensations.3?

Physiologic assessment

Impaired detrusor and sphincteric function are common in
old age, consistent with lower urinary tract symptoms being
more common in older adults. However, the relative con-
tributions of aging have yet to be disentangled from those
of the menopause, pelvic organ prolapse, bladder outlet
obstruction, and comorbidities (obesity, cardiovascular
insufficiency, dementia, diabetic and other neuropathies).

The impact of prostatic hypertrophy (BPH) inmen onlower
urinary tract function is discussed elsewhere (Chapter 86).
In women, pelvic organ prolapse may bear both direct and
indirect relationships to lower urinary tract dysfunction.*?
About 40% of women with LUT symptoms have vaginal
prolapse, and vice versa. Lower urinary tract symptoms cor-
relate moderately well with the severity of vaginal prolapse.*!
Anterior and posterior vaginal prolapse to levels above the
introitus may be associated with irritative and incontinence
symptoms, and anterior and apical vaginal prolapse beyond
the introitus may produce bladder outlet obstruction. Signif-
icantly, sphincteric incompetence may be masked by signifi-
cant anterior prolapse; we await reliable methods to assess
sphincteric competence in such patients.

The impact of estrogen loss with menopause and aging
on lower urinary tract function is not well characterized.
In mature rodents, oophorectomy results in decreases in
detrusor smooth muscle, axonal degeneration, and EM find-
ings of sarcolemmal dense band patterns with diminished
caveolar numbers, suggesting impaired contractile prop-
erties as a result of de-estrogenization.*2#3 In a study of
symptomatic premenopausal and postmenopausal women,
a lower mean maximum detrusor pressure was observed
during voiding in postmenopausal women, suggesting that
menopause may influence LUT function either by impaired
detrusor function or reduced outlet resistance.** The clini-
cal impact of estrogen replacement on symptoms of blad-
der overactivity and incontinence are contradictory and
incomplete.

Recent physiologic studies have associated aging with an
increased volume at first desire to void, diminished capacity,
decreased voiding volumes and flow rates, impaired detrusor
contractility, increasing prevalence of detrusor overactivity,




114 Section| / Gerontology

and impaired sphincteric function.3®4-59 Even so, method-
ological problems prevent firm conclusions. Studies typically
use selected populations, most are studies of symptomatic
patients and such important physiologic factors as estro-
genization status and pelvic floor support and function sta-
tus, and bladder outlet patency assessments are not reported.
Furthermore, cystometric interdependencies are inconsis-
tently considered; for example, flow rates are dependent
upon voided volumes. If voided volumes are diminished,
flow rates can be expected to be lower. In the absence of
bladder outlet obstruction, volume-corrected flow rates do
not deteriorate with age.’%->2

Bladder function and structure

Distinct morphologic changes of the detrusor relating to
aging have been described. A decrease in detrusor mus-
cle to collagen ratio®3 and nerve density in the detrusor’*
accompanies aging, although quantitative assessment in a
rat model demonstrated no diminution in nerve density at
the bladder neck in aged versus mature rats.”> Classic asso-
ciations of electron microscopy with urodynamic findings
in an aged population were reported by Elbadawi et al.56-5?
Aging with normal urodynamic performance is associated
with the so-called “dense band” pattern, in which the sarco-
lemma is dominated by dense bands with depleted caveo-
lae and slight widening between muscle cells.’” Impaired
detrusor contractility is associated with widespread
degeneration of muscle cells and axons, with sarcoplasmic
vacuolation, sequestration/blebbing, cell shriveling and
fragmentation, and presence of cellular debris in the inter-
cellular spaces.7:60.61

Specific changes in the neuropharmacology of detrusor
function have also been attributed to aging. The detrusor
normally contracts in response to M3 muscarinic receptor
activation via pelvic nerve efferent release of acetylcholine
(M2 receptors are also present, but their precise role is not
known).®" M3 receptor numbers decrease with age®® and
M3-stimulated activity is diminished, although the clinical
importance of decreased contractile sensitivity is unclear.3
Against the decline in M3 responsiveness, other factors
appear to become more important, including purinergic
transmission,®*90.57 nonneuronal urothelial acetylcholine
release® and an increased contractile response to norepi-
nephrine.®® These findings suggest that receptor-mediated
sensory and motor responses in addition to inherent muscular
changes are important in the alterations of detrusor function
with aging 6469

Demonstrable detrusor motor dysfunction is associated
with aging. The bladder may not contract well enough to
ensure adequate emptying, or it may contract inappropri-
ately. In both cases, irritative and obstructive symptoms can
result, with varying degrees of urinary incontinence. Detru-
sor underactivity and overactivity can coexist; patients with
both problems tend to be older than those with only detru-
sor overactivity or impaired contractility, suggesting these
may reflect distinct, but related processes.

The ability of the bladder to create expulsive pressure
against a relaxed outlet over a time sufficient to empty the
bladder requires normal detrusor muscular function, con-
ceptualized as detrusor contractility. Detrusor underactivity
(i.e., the inability to generate sufficient bladder pressure over
time to ensure normal emptying) is a common problem in

elderly patients with LUTS such as urinary retention, poor
urinary stream, and/or incontinence.3?' Neither detrusor
contractility nor detrusor underactivity has an accepted
cystometric definition; detrusor underactivity probably
represents the clinical result of the physiologic entity of
impaired detrusor muscle contractility. Although several
studies have concluded detrusor contractility diminishes
with age, their assessment of “contractility” is confounded
by lack of pressure/flow assessment and population selec-
tion.*>79 Furthermore, the use of “stop-test” to assess iso-
volumetric detrusor contractility has been inconclusive, ’'>2
possibly due to the variable effects of methodologic per-
turbations of bladder outlet function. Total detrusor effort
does not change with age; however, aging is associated
with failure of contraction initiation and slowed contraction
velocities.”! Maximum detrusor pressure and detrusor pres-
sure at maximum flow are not a function of age in symptom-
atic unobstructed, unoperated men and women over age 40,
although unadjusted flow rates decrease and PVR volumes
increase with age.*” Maximum detrusor pressures associated
with detrusor overactivity decrease with age,’2 suggesting
larger absolute but decreased functional bladder capacity and
diminished voiding efficiency. Maximal detrusor pressure
responses occur at greater bladder volumes in aged animals
than in mature animals.”® The finding of greater contractility
(by stop-test) in aged patients with detrusor overactivity at
lower bladder volumes as compared with patients without
detrusor overactivity®® suggests that maximal contractil-
ity is preserved, and that functional deficits (evidenced as
detrusor underactivity) are due to an inability to maintain a
contractile state.

Animal studies provide evidence that age-related decre-
ments in voiding efficiency are not a result of maximal pres-
sure generating capabilities but rather the ability to maintain
adequate pressurization. The maximal contractile response
to acetylcholine increases with age in ex vivo rat bladder
studies.”* In a cystometric study of young, adult, and aged
female rats, bladder compliance decreased with age, and
the threshold bladder pressure for voiding contractions
increased, suggesting altered afferent function affecting the
micturition reflex. However, maximal voiding bladder pres-
sures, bladder capacity, and voiding efficiency did not differ
among groups. This study also reported more nonvoiding
contractions, impaired compliance, increased bladder capac-
ity, and diminished voiding efficiency in obstructed animals
relative to their unobstructed counterparts. Of interest is
that only the young animals were able to compensate for
outlet obstruction with an increased voiding bladder pres-
sure.”” Similarly, other animal models have demonstrated
an impaired ability of the aged detrusor to accommo-
date obstructive, ischemic, and fatigue stresses.”®78 Thus,
contractile deficiencies in the aged may include failure to
accommodate altered bladder outlet, vascular, and sensory
changes associated with aging, rather than only an inherent
contractile failure of the muscle.

No changes in flow rates were observed over 27 months
in asymptomatic postmenopausal women in a longitudinal
study.’® If impaired contractility is associated with aging, it
develops over a relatively long period. Of interest is that in
this same study, postmenopausal women with detrusor over-
activity had impaired voiding function, which deteriorated
over the same time period, suggesting that LUT dysfunction



associated with aging is multidimensional and more rapidly
progressive once initiated. This may be interpreted as age-
related deterioration of multiple overlapping functions, with
an eventual systemic decompensation at some threshold
level.

Overactive bladder (irritative) symptoms such as urinary
frequency, nocturia, urgency, and urge incontinence are
more prevalent with age, and may be the result of abnormal
sensory and/or motor activity. Detrusor overactivity (DO)
is the undesired contraction of the detrusor, with or with-
out urine loss. As a description of a urodynamic finding, the
term replaces older and less accurate terms such as detrusor
hyperreflexia and detrusor instability.”® At very low levels
it may be asymptomatic; no urodynamic standard for clini-
cal significance exists, and studies reporting the incidence
of DO have used differing urodynamic definitions. Detru-
sor overactivity is found in about one-half of elderly patients
with irritative symptoms.8? Most, if not all, elderly patients
with urge incontinence have detectable detrusor overactiv-
ity.>280 A particularly vexing problem is the combination
of DO with impaired contractility, historically referred to
as DHIC (detrusor hyperreflexia with impaired contractil-
ity). Although the concept of an inefficient detrusor coupled
with motor overactivity analogous to a fibrillatory heart is
not difficult, the problems of defining DO and impaired
contractility complicate a precise physiologic definition of
DHIC. It is associated with more complex symptomatology,
and is estimated to be the underlying problem in one third
of incontinent institutionalized elderly.*> In community-
dwelling symptomatic elderly patients using conservative
urodynamic definitions, detrusor underactivity was found in
48% of men and 12% of women. Among people with detru-
sor underactivity, two thirds of men and one half of women
also had detrusor overactivity.?! Coexisting neurologic dis-
ease is common in DHIC patients; 28% were found to have
ALS, parkinsonian syndrome in 18%, MSA in 18%, and
Alzheimer dementia in 13%.5?

Several lines of research have suggested age-related
changes in the afferent limb of the micturition reflex play
important roles in the clinical changes observed with aging
LUT function. Aged animals void less often, but with higher
volumes, and demonstrate a greater pressure threshold for
voiding, but no difference in maximal pressure,®3 suggesting
a primary impact of aging on LUT sensory activity. Ani-
mal and human studies suggest that the decreased afferent
signal results in larger bladder volumes. These diminished
sensations can result in delayed sensations of bladder filling,
diminished “warning time" between the first urge to urinate
and urgency with leakage,  and impaired bladder empty-
ing. The resultant decreased functional capacity may then
aggravate symptoms of urinary frequency/urgency/urge
incontinence by perpetuation of bladder volumes in the
narrow functional zone between first urge to urinary and
leakage.

Outlet function and structure

The urinary sphincter is under semivoluntary control. The
concept of an internal and external sphincter is not ana-
tomically precise. Rather, the sphincteric mechanism is
more accurately divided into factors intrinsic and extrin-
sic to the urethra itself.8> Intrinsic factors result in resting
closure of the lumen, and include mucosal adherence and
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biomechanical properties relating to flow of fluid through a
compliant tube. In addition to the inherent physical prop-
erties of urethral dimensions and connective tissue perfor-
mance, urethral dynamics are actively modified by urethral
smooth muscle, under autonomic influence. The extrinsic
mechanisms are primarily responsible for the ability to vol-
untarily and/or reflexively increase urethral resistance to
flow in response to sudden increases in bladder pressure,
generated by coughing, laughing, etc. (so-called stress
incontinence) or detrusor contraction as a result of detru-
sor contraction or overfilling. The extrinsic mechanisms
are composed of the paraurethral connective tissues and
their direct and indirect connections via striated muscle to
the bony pelvis.

Age-related sarcopenia and changes in connective tis-
sue composition result directly in changes in sphincteric
efficiency and probably impact urine storage and voiding
efficiency. Smooth and striated muscle thickness and fiber
density in the bladder neck and urethra have been found to
be diminished in older women relative to young women.86-88
Striated muscle changes are circumferentially uniform,
although the decrease in smooth muscle is most pro-
nounced on the dorsal/vaginal aspect of the urethra.®® These
changes presumably result in alterations of urethra sphinc-
ter function, as suggested by the finding of lower detru-
sor pressures at the opening and closing of the urethra in
older women.?>:8 Although the validity of urethral closure
pressure (LICP) as a measure of sphincteric competency is
debatable, it negatively correlates with age.”? Although a
decrease in urethral resistance may impair sphincteric effi-
ciency, it may ameliorate potential obstructive/retentive
problems resulting from impaired contractility; ex vivo
animal studies have demonstrated that aged bladders are
unable to maintain effective detrusor contractions against
an increased outlet resistance.””

KEY POINTS
Aging of the Urinary Tract

e Average declines in renal function hide considerable variability,
including an impressive proportion of people in whom age
appears to have only a small influence on renal function.

Although elderly people with chronic kidney disease are more
likely to be frail, whether frailty itself is specifically associated
with incident renal impairment is not clear. Aspects of the frailty
state (e.g., sarcopenia) are associated with aspects of age-related
urinary tract dysfunction (e.g., detrusor hypoactivity).

¢ In the upper urinary tract, several changes are seen with age that
reduce glomerular filtration; serum creatinine is a poor estimate of
actual GFR with age and with frailty.

¢ In the lower urinary tract, symptoms alone are generally inad-
equate to establish a diagnosis. Bladder irritative symptoms (fre-
quency, nocturia, urgency) can result from detrusor overactivity
(inappropriate contraction), underactivity (poor emptying per-
formance), or sensory dysfunction. Incontinence and obstructive
symptoms may result from detrusor and/or outlet dysfunctions.

A challenge for rational therapy is that both detrusor
underactivity and overactivity can exist in the same patient.

¢ In general, changes in bladder sensorimotor capabilities result
in altered storage and voiding functions. Bladder volumes may
increase in combination with less efficient sensation, resulting in
less warning before an overwhelming urge to void.
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As explained earlier, diminished urethral afferent activity
related to aging may have a role in impaired voiding func-
tion. Conversely, urethral afferent activity may also impair
successful urine storage and thus be an important contributor
to age-related overactive bladder symptoms, including frank
detrusor overactivity and urge incontinence. Urethral closure
pressures negatively correlate with age, and are positively
associated with detrusor overactivity in humans,”? suggest-
ing a role for inappropriate activation of prevoiding urethral-
detrusor reflexes because of impaired sphincteric function in
the age-related prevalence of detrusor overactivity.

A system-based perspective

Aging is associated with an increased prevalence of both-
ersome lower urinary tract symptoms and demonstrable
alterations of function. Changes in tissue properties and

sensorimotor function demonstrate complex interactions,
producing functional changes which do not correlate well
with symptoms. These alterations are complicated by other
age-related physiologic changes and comorbidities. The
determinants of urine storage and voiding functions include
renal output, lower urinary tract biomechanical and senso-
rimotor function, central processing abilities, and mobility.
Degradation of the ability to normally store and appro-
priately evacuate urine thus has many contributors, both
external and inherent to the lower urinary tract.

For a complete list of references, please visit online only at
www.expertconsult.com



CHAPTER 19

Bone and Joint Aging

The musculoskeletal system serves three primary functions:
(1) it enables an efficient means of limb movement; (2) it acts
as an endoskeleton, providing overall mechanical support
and protection to soft tissues; and (3) it serves as a reservoir
of mineral for calcium homeostasis. In the elderly popula-
tion, the first two of these functions frequently become
compromised; musculoskeletal problems are the major cause
of pain and physical disability in people over the age of 65
years' and fracture incidence rises steeply with age? (Fig.
19-1). Several factors contribute to the age-related decline
in musculoskeletal function:

1. Aging effects on components of the musculoskeletal
system (i.e., articular cartilage, the skeleton, and soft
tissues), contribute toward the increasing incidence of
osteoporosis and osteoarthritis (OA), the reduced range
of joint movement, and the stiffness and difficulty in
initiating movement.

2. There is the age-related rise in the prevalence of common
musculoskeletal disorders that begin in young adulthood
or in middle age, and cause increasing pain and disability
without shortening life span (e.g., seronegative spondy-
larthritides, musculoskeletal trauma).

3. There is a high incidence of certain musculoskeletal
disorders in the elderly, such as polymyalgia rheumat-
ica, Paget's disease of bone and crystal-related
arthropathies.

A number of interrelated hypotheses have been advanced
to explain the high prevalence of bone, muscle, and joint-
problems in older humans3-¢:

1. The long life span results in increasing accumulation
of mechanical damage to the musculoskeletal system.

2. There is a lack of genetic investment in the repair of
age-related tissue damage that develops in the post-
reproductive phase of life.

3. The musculoskeletal system in humans has not
adapted fully to the upright posture and prehensile
grip because of lack of evolutionary pressure to do
so, with the result that many of our bones and joints
are inappropriately shaped and "underdesigned” to be
able to cope with the stresses applied.

4. By virtue of their sedentary lifestyle, modern humans
tend to be exposed to less mechanical stress than
their ancestors. Because musculoskeletal strength is
governed by the mechanical inputs to which that
individual is exposed, this may result in a weaker
musculoskeletal system, which is not well adapted for
episodes of sudden major stress.

Several different mechanisms are involved in musculoskel-
etal tissue aging,” including:

e Reduced synthetic capacity of differentiated cells such
as osteoblasts and chondrocytes, with a consequent
loss of ability to maintain matrix integrity

Celia L. Gregson

e A decline in the mesenchymal stem cell populations

e Posttranslational modification of structural proteins,
such as collagen and elastin

¢ The accumulation of degraded molecules, such as
proteoglycan fragments, in musculoskeletal tissue
matrices

e Decreased circulating and local levels of trophic hor-
mones, growth factors, and cytokines, such as insulin-
like growth factor-1 (IGF-1), involved in maintaining
tissue integrity; or an altered ability of the cells to
respond to them

¢ A decreased capacity for wound healing and tissue
repair, which may be the result of some or all of the
mechanisms described above

e Alterations in the loading patterns of tissue, or the tis-
sue's response to loading

The major tissues that have received the most attention
and which are pivotal to the integrity of the system are
articular cartilage, the skeleton, and soft tissues. Age-related
changes in these structures are now described in more detail.

ARTICULAR CARTILAGE

The structure of a mammalian synovial joint is summarized in
Figure 19-2. Much of its function derives from the properties
of articular cartilage, which cushions the subchondral bone
and provides a low-friction surface necessary for free move-
ment. Articular cartilage contains very few cells, is aneural
and avascular, and yet its integrity is maintained throughout
a lifetime of biomechanical stress. With increasing age, the
cartilage surface often starts to break down, leading to OA.
This is associated with changes in other tissues of the joint
(Fig. 19-3). However, OA is not an inevitable consequence
of aging; instead, aging adds to the risk of OA. With age,
articular cartilage thins and changes color from a glistening
white to a dull yellow. In addition, the mechanical features
of the tissue change. There is a decrease in tensile stiffness,
fatigue resistance, and strength, but no significant change in
the compressive properties. These changes are partly caused
by the decrease in water content that accompanies aging.
The morphology and function of the cells (chondrocytes)
and nature of the two main matrix components, aggre-
can (aggregating proteoglycans) and type Il collagen, also
change with age. The density of cells in the tissue changes
little, but their morphology alters with an increase in intra-
cytoplasmic filaments and they change their secretion of
matrix components, producing more variable proteoglycans.
Aging is also associated with alterations in the response
by chondrocytes to anabolic and catabolic stimuli, such as
IGF-1 and interleukin-1. For example, immature cartilage
degrades more readily when stimulated with interleukin-1.
Generally with age, repeated cell divisions lead to progres-
sive telomere shortening and replicative senescence. How-
ever, connective tissue cells and their stem cells may be less
susceptible given their relatively slow turnover rates.? Stress-
induced premature senescence (SIPS) has been proposed as
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Figure 19-1. Age-specific incidence rates for hip, vertebral, and distal forearm (Colles’) fracture in Rochester, Minn., men and women. (Adapted from Cooper C,

Melton LJ. Epidemiology of osteoporosis. Trends Endocrinol Metab 1992,3:224-9).
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Figure 19-2. The synovial joint. The histologic appearances of the main tissues
are highlighted. (Courtesy Drs J. H. Klippel and P. A. Dieppe.)

an alternative explanation to replicative senescence; insults
such as mechanical loading, interleukin-1, and caveolin-1
lead to increasing expression of senescence biomarkers.?:10
Depletion of cartilage proteoglycan is one of the earliest
signs of articular cartilage loss in OA. Proteoglycans consist
of a protein core and two major glycosaminoglycan (GAG)
side chains: chondroitin sulfate (CS) and keratan sulfate
(KS). The CS is the predominant GAG chain in human
articular cartilage. It is made up of oligosaccharide (sugar)
chains containing a basic disaccharide repeat of two sugar

molecules (N-acetylgalactosamine and glucuronic acid).
These sugar molecules carry a sulfate group on either the
sixth (C6) or fourth (C4) carbon atom of the sugar ring.
Such sulfation patterns are often called C6 and C4 sulfation
and show marked changes with aging and in OA.""'2 More
than 90% of the CS in adult human articular cartilage is
Cé6, which is thought to interact with collagen and other
extracellular matrix macromolecules and help maintain the
integrity of the cartilage.!' C4 accounts for less than 10%
of the adult cartilage and is thought to be a characteristic
of immature cartilage. In OA cartilage, there is an increase
in C4 and decrease in C6. Changes in the C6:C4 ratio of
the articular cartilage with aging and in OA may make the
cartilage more susceptible to cytokine-mediated damage.'?

The main proteoglycan, aggrecan, binds with hyaluro-
nan to form massive, hydrophilic aggregates that expand
the collagen framework of the tissue to provide it with its
compressive and tensile strength. With age there is reduced
proteoglycan aggregation, with smaller proteoglycans being
synthesized with an increase in KS and reduced CS content,
and increased aggrecanase production leading to aggrecan
degradation. Synthesis of KS requires less oxygen than CS,
thus the KS-CS balance has recently prompted research
interest into changing oxygen tension patterns within con-
nective tissues as a result of ischemia.!3'4

Collagen also changes, with some increase in fiber diam-
eter and an increase in cross-linking. This fiber cross-linking
may be enzymic or nonenzymic, involving lysyl hydroxylase
or not, respectively. In young growing skeletons, collagen
turnover is high and enzymic divalent and trivalent cross-
links stabilize the collagen fibers, with almost complete
hydroxylation of telopeptide lysines. With age lysyl hydrox-
ylase activity wanes, causing incomplete hydroxylation of
telopeptide lysines, that is, until maturation is complete, after
which enzymatic cross-linking remains constant. However,
collagen fiber cross-linking does increase with age because of
nonenzymatic reactions between glucose and lysine, form-
ing glucosyl lysine and related molecules. Subsequent oxida-
tive and nonoxidative reactions produce stable end products
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Figure 19-3. Normal versus osteoarthritic synovial joint. (Courtesy Drs J. H. Klippel and P. A. Dieppe.)

known as advanced glycation end products (AGEs), some of
which can act as collagen cross-links producing fibers too
stiff for optimal function.'®>!® Hyperglycemia and oxida-
tive stress increase AGE production and dietary AGE intake
may also be important.'” '8 Elastin, which conveys extensi-
bility and elastic recoil in some ligaments, is also stabilized
by cross-linking, and AGE production can also prompt age-
related stiffening.'®

Changes in calcified cartilage, the layer separating articu-
lar cartilage from subchondral bone, are felt to be impor-
tant in the pathogenesis of OA; however, the underlying
mechanisms remain unclear.2 Estrogen receptors have been
identified in articular chondrocytes with estrogens influenc-
ing cellular homeostasis.2! The chondroprotective proper-
ties of estrogen are lost following menopause. A history
of hormone replacement therapy has been associated with
a reduced prevalence of OA.?? In men, testosterone levels
have been positively associated with cartilage volume.?3

Cell death in cartilage

There has been much research interest into apoptosis, a nor-
mal physiologic process involved in the removal of potential
carcinogenic and damaged cells. The process is also involved
in development; for example, during endochondral ossifica-
tion of the hyaline cartilage, cells (chondrocytes) die by
apoptosis.>* An age-related decrease in articular cartilage cel-
lularity has been associated with cartilage fibrillation, thin-
ning, and anincreased prevalence of OAin elderly people.2°.26
Now chondrocyte apoptosis appears to be a crucial event
in cartilage aging and the pathogenesis of OA. Cartilage
matrix degradation by apoptotic bodies, abnormal loading,
changes in nitric oxide synthesis, altered cytokine regula-
tion, impaired mitochondrial functioning, and downregula-
tion of the Bcl-2 gene have all been implicated in the control
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Figure 19-4. The macroscopic organization of bone. (Courtesy Drs J. H. Klippel
and P. A. Dieppe.)

of chondrocyte apoptosis in animals.2” How these all relate
to human aging remains an area of interest.

THE SKELETON

Weight-bearing bones consist of an outer shell of cortical
bone; an arrangement designed for maximum strength. In
addition, certain sites, such as vertebrae and metaphyses,
contain an inner meshwork of trabecular bone to act as an
internal scaffold (Figure 19-4). Microscopically, the skele-
ton is made up of interconnecting fibrils of type I collagen,
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which provide tensile strength. Hydroxyapatite crystals,
which are made up of calcium and phosphate, are deposited
in holes within the collagen fibrils, giving bone its rigidity.
Adult bone continuously undergoes self-renewal. This proc-
ess, known as bone remodeling, occurs at discrete sites
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- Mineralized
bone
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Figure 19-5. The bone remodeling sequence. This commences with
osteoclastic bone resorption, following which a cement line is laid down
(reversal phase). Osteoblasts then fill up the resorption cavity with osteoid,
which subsequently mineralizes—the bone surface finally being covered by
lining cells and a thin layer of osteoid.

throughout the skeleton called bone remodeling units. Bone
remodeling involves the coordinated activity of those cells
responsible for bone formation and resorption (i.e., osteo-
blasts and osteoclasts, respectively) in a continuous cycle
aimed at replacing microdamage and at adapting bone den-
sity and shape to the patterns of forces it endures (Figure
19-5). Osteoclasts differentiate from hematopoietic precur-
sors shared with macrophages, whereas osteoblasts, which
produce osteoid and promote mineralization, arise from mes-
enchymal precursors that also give rise to fibroblasts, stro-
mal cells, and adipocytes. Osteoblasts produce macrophage
colony stimulating factor (M-CSF) and membrane-bound
receptor activator of nuclear factor-kappa B ligand (RANKL),
factors crucial for osteoclastogenesis.?® RANKL, by binding
to the osteoclast's RANK receptor, stimulates osteoclast dif-
ferentiation, averting cell death. This process is regulated
by osteoblasts that produce osteoprotegerin, a decoy recep-
tor.2? Multiple factors influence the RANK-RANKL interac-
tion; PTH, vitamin D, cytokines, interleukins, prostaglandins
estrogen, mechanical forces, transforming growth factor
and thiazolidinedione PPARg ligands commonly used in the
treatment of type 2 diabetes mellitus, to name but a few, and
work is underway to better understand these processes.

Structural changes in the skeleton

Once middle age is reached, the total amount of calcium
in the skeleton (i.e., bone mass) starts to decline—a pro-
cess that is accelerated during the first few years following
menopause in women.3? This is associated with changes in
skeletal structure by which the skeleton becomes weaker and
more prone to sustaining fractures. Where these alterations
affect trabecular bone, individual trabeculae undergo thin-
ning followed by perforation and ultimately removal, lead-
ing to disruption of the trabecular network (Fig. 19-6). The
bony cortex also becomes considerably weaker during aging,
through a combination of thinning as a result of expansion of
the inner medullary cavity and an increase in size, number,
and clustering of Haversian canals. Along with deteriora-
tion in skeletal architecture, the material strength of bone
may also decline significantly with age; microfractures are
thought to accumulate within bone tissue with increasing

Figure 19-6. Changes in trabecular structure associated with osteoporosis. Scanning electron micrographs of lumbar vertebrae (magnification x 20) obtained from: (A) a

31-year-old male; (B) an 89-year-old female. Note the loss of bone tissue associated with thinning and removal of trabecular plates. (Kindly supplied by Professor A. Boyde,
Department of Anatomy and Developmental Biology, University College, London.)



age, representing the accumulation of fatigue damage.3' In
addition, adverse biochemical changes may occur, such as
a decline in cross-linking efficiency, required for stabilizing
collagen fibrils.3?

Changes in skeletal metabolism

Bone loss in the elderly population is largely a result of
excess osteoclast activity,33 which causes both an expansion
in the total number of remodeling sites and an increase in
the amount of bone resorbed per individual site, resulting in
a bone remodeling imbalance. The rise in osteoclast activity
in older women partly reflects the decline in ovarian hor-
mone production following menopause because estrogens
exert an important restraining influence on bone resorption
by limiting RANKL production and promoting osteoclast
apoptosis while also exerting antiapoptotic effects on osteo-
blasts.3* The age-related decline in bone density had been
felt to be due to falling estrogen levels in women and tes-
tosterone levels in men. However, more recently estrogens
have emerged as the dominant sex steroid, regulating male
bone loss later in life, and, in combination with testosterone,
acquisition of peak bone mass early in life.3> Strong positive
correlations between serum estradiol, particularly bioavail-
able estradiol, levels and bone mineral density (BMD) have
been observed, whereas correlations between testosterone
and BMD have been weak or lacking.30:37

In addition, osteoclast activity may be elevated in the
elderly population as a consequence of vitamin D deficiency,
which is widespread among elderly people.3® Dietary vitamin
D insufficiency combined with reduced sunlight exposure and
areduced capacity to synthesize vitamin D in aging skin, lead
to mild secondary hyperparathyroidism.3?-*! These effects of
vitamin D insufficiency on bone metabolism are aggravated
by an age-related decline in efficiency of gastrointestinal
calcium absorption and an age-related decline in efficiency
of renal 1a hydroxylation of vitamin D. Low vitamin D lev-
els influence mesenchymal stem cell differentiation toward
greater adipogenesis at the expense of osteoblastogenesis.*?
Despite subclinical evidence of osteomalacia, many of these
patients present in the same way as osteoporosis, for example,
with fractures of the femoral neck. Furthermore, an increased
tendency toward bone marrow adipogenesis, to the detri-
ment of osteoblast production, with consequent accumula-
tion of bone marrow fat rather than trabecular bone, has been
observed independent of estrogens.*>*3 Furthermore the
peroxisome proliferator-activated receptor (PPAR) induced
in humans treated for diabetes mellitus with thiazolidines,
has through its effects on adipogenesis been implicated in
the development of osteoporosis.** PPAR, together with the
Wt signaling pathway, are currently of interest as potential
therapeutic targets for osteoporosis.

An age-related reduction in the bioavailability of other
important regulatory factors such as IGF-1 have also been
described. Aging leads to a gradual decline in circulating
growth hormone (GH) and IGF-1, with consequent declines
in bone density, lean body mass, and skin thickness; the so-
called “"somatopause.”*® Reductions in these trophic factors
encourage local expression of molecules (e.g.,, TNF-a and
interleukins), which increase osteoclast and decrease osteo-
blast activity and downgrade the differentiation potential
of bone marrow stem cells.2® Therapeutic GH has been
shown to increase bone mineral density in GH-deficient
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osteoporotic patients.*¢ Immobilization is recognized to

cause bone loss whereas physical activity can help attenuate
rates of age-related bone loss. Reductions in physical activ-
ity often accompany aging, thereby reducing the quality
and quantity of mechanical inputs to the skeleton, which are
important in maintaining osteoblast activity. Use of whole-
body vibration exercise has been shown to increase femoral
neck BMD and balance.*” Cellular sensing of normal and
abnormal mechanical loads and the consequent alterations
in cell biology is known as mechanotransduction, a mecha-
nism designed to maintain normal tissue homeostasis*® and
poorly understood in elderly human tissue.

SOFT TISSUES

Age-related changes occur in other bone- and joint-related
tissues, largely as a result of reduced synthesis and posttrans-
lational modification of collagen, which leads to reduced
ligament elasticity. For example, the tensile strength of ten-
dons and ligament-bone complexes declines with age and
integrity of joint capsules may be lost. This may result in dis-
orders such as dysfunction of the rotator cuff of the shoulder,
which may be associated with communications between the
shoulder joint and subacromial bursa. In addition, there is a
gradual loss of connective tissue resistance to calcium crystal
formation in the elderly population, leading to an increase
in the incidence of crystal-related arthropathies. Functional
impairment in soft tissues may also adversely affect biome-
chanics of the joint, which may be an important initiating
factor in the development of OA. For example, age-related
changes have been described in the metabolism and com-
position of the extracellular matrix in the meniscus,*® which
may contribute to the development of knee OA.

Back and neck pain and stiffness are common complaints
in the elderly population, which are likely to reflect age-
related changes in intervertebral discs. The latter consist of
an outer fibrous ring called annlus fibrosus and an internal
gelatinous (semifluid) structure called nucleus pulposus. As
people get older, the diameter of the nucleus pulposus and
the hydrostatic pressure within this region decreases, result-
ing in increased compressive stress within the annlus.>® Thus
with age the intervertebral disc becomes more compressed,
causing a decrease in the intervertebral space and therefore
an overall decrease in height of the individual. The extra-
cellular matrix of the disc contains a network of collagen
fibers (both type | and type II) that are responsible for the
tensile strength, and aggregating proteoglycans that help
the disc to resist compressive forces. Age-related changes in
the distribution and concentrations of these macromolecules
can also significantly alter the mechanical properties of the
disc. In many ways, extracellular matrix metabolism is rather
similar to articular cartilage; for example, with age there is
increased degradation and reduced synthesis of type Il col-
lagen, and the glycosaminoglycan and collagen contents are
decreased.”!

Sarcopenia is the slow and progressive age-related loss
of skeletal muscle, resulting in reduced muscle power and
function. The consequences of increased falls and hence
increased fracture risk with associated loss of independence
can be devastating. Sarcopenia is predominantly due to a
decline in muscle fiber number, although atrophy of fibers,
especially type Il fibers, also occurs. Sarcopenia has been
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associated with declining levels of anabolic factors: estrogen
and vitamin D levels in women, testosterone and physical
performance in men, in addition to waning GH and IGF-1
levels. Furthermore, increased levels of catabolic cytokines
have also been implicated—interleukin-6, particularly in
older women, and TNF-q, particularly affecting muscle mass
in men.>2~* Denervation resulting in motor unit reduction
may also be important.

CONSEQUENCES OF BONE AND JOINT
AGING

Musculoskeletal problems cause a huge burden of pain and
physical disability in older people. The most important
functional impairments include the marked loss of muscle
strength, reduced range of movements of the spine and
peripheral joints, and loss of joint proprioception contribut-
ing to problems of balance. In addition, spinal osteoporo-
sis causes progressive kyphotic deformity and height loss,
which in some individuals may be relatively asymptomatic.
The key symptoms include pain and stiffness. Although pain
thresholds may increase, there is also a very high prevalence
of musculoskeletal pain. For example, some 25% of those
individuals over the age of 55 years complain of current
knee pain. Stiffness and difficulty in initiating movement are
almost universal in those over the age of 70 years.

Changes in the bone and soft tissues make the whole sys-
tem more susceptible to trauma. Periarticular pain syndromes
and spinal disorders related to minor trauma are common, but
by far the most important consequence is the high incidence
of fractures. These partly reflect the age-related increase in
skeletal fragility that characterizes osteoporosis, and partly
the age-related increase in falls, which is multifactorial (see
Chapter ***). Osteoporosis predisposes to an increased risk
of fracture at all skeletal sites other than flat bones such as
the skull, although fractures of the vertebrae, distal radius,
and hip are by far the most common (see Fig. 19-1). The
relative increase in hip fractures in the very elderly may also
be related to changes in the pattern of falling since older
subjects, with slower motor function, may be less likely to
fall onto an outstretched arm.

The extent of the disability related to musculoskeletal
changes is well described in community-based epidemio-
logic studies. Problems with reaching and with locomotion

are particularly frequent, the latter contributing extensively
to the isolation of elderly people. In addition, it is well rec-
ognized that in those who sustain a hip fracture the majority
fail to regain their previous level of functioning, and there
is also an appreciable excess mortality; 10% dying in hospi-
tal within the first month, with overall around a third dying
within a year.?®

THE FUTURE

An aging population, with a rising age-specific incidence
of fracture, has serious implications for our projected frac-
ture rates. Fragility fractures are expensive, both in terms of
direct medical costs, but also through the costs of their social
sequelae. Furthermore, globally the prevalence of obesity is
rising at an alarming rate. The cumulative physical conse-
quences of a life of repetitive excessive skeletal loading is
likely to manifest in substantially greater morbidity in the
elderly in the years to come. Although present treatments for
osteoporosis mostly focus on suppressing bone resorption,
future treatments are likely to be anabolic, following on from
the identification and understanding of the genes and the
gene products responsible for the regulation of bone mass.

KEY POINTS
Bone and Joint Aging

® Musculoskeletal problems cause a huge burden in elderly people
through a combination of pain and functional impairment.

These problems result partly from the increased incidence of
common musculoskeletal disorders in the elderly, such as rheuma-
toid arthritis and polymyalgia rheumatica.

The high burden of musculoskeletal disease in elderly people also
reflects the impact of the aging process on tissues which make up
the musculoskeletal system, such as articular cartilage and bone.

® There have been considerable advances in recent years in the
understanding of the cellular and molecular mechanisms that
underlie these age-related changes.

For a complete list of references, please visit online only at
www.expertconsult.com



CHAPTER 20

Aging and the Endocrine
System

INTRODUCTION

As individuals age, complex endocrine changes occur, result-
ing in a decline of endocrine function involving the respon-
siveness of tissues and reduced hormone secretion from
peripheral glands. This is associated with modifications in the
central mechanisms controlling the temporal organization of
hormonal release with a dampening of circadian hormonal
and nonhormonal rhythms. The effects of aging can occur
in any endocrine gland and many endocrine functions are so
intertwined that reductions in function can adversely affect
other glands. Changes in many endocrine systems occur with
healthy aging, including the growth hormone/insulin-like
growth factor-1 axis (somatopause), estrogen (menopause),
testosterone (andropause), dehydroepiandrosterone and its
sulfate (adrenopause), the hypothalamic-pituitary-cortisol
axis and the hypothalamic-pituitary-thyroid axis. This chap-
ter will delineate some aspects of the interplay between
the aging process and endocrine function regulation and
explores the age-related changes in hormone metabolism
and production, with their associated clinical consequences.
However, in evaluating the changes that occur in endocrine
glands it is important to distinguish between the real aging
effects on endocrine mechanisms from any confounding fac-
tors due to the higher prevalence of age-related illness.

Growth hormone/insulin-like
growth factor-1 axis

Growth hormone (GH) has both an anabolic and lipolytic
effect and its action on peripheral tissues is partly mediated
by circulating (hepatic generated) or paracrine insulin-like
growth factor-1 (IGF-1).! Throughout life the secretion of
GH undergoes marked changes. Before puberty, GH secre-
tion is relatively low; but during sexual maturation and
adolescence, GH output increases, resulting in accelerated
somatic growth.? However, with aging there is reduced GH
secretion with a decline in both serum GH and IGF-1 levels.!
There is a greater than 50% reduction in healthy older adults'
GH production and IGF-1 concentrations? and this progres-
sive decline has been termed somatopause. This decrease in
GH secretion is known to cause a reduction of protein syn-
thesis, a decrease in lean body mass and bone mass, and a
decline of immune function.!

The exact neuroendocrine mechanism of somatopause
remains unclear. Early studies suggested the occurrence of
senescent changes in the pituitary,*® but this has not been
supported by several observations showing that there is
no decrease in pituitary somatotroph cell numbers® or that
neither exogenous growth hormone-releasing hormone
(GHRH)”# nor GH-releasing peptide analogues® can reju-
venate GH output and plasma IGF-1 levels in older subjects.
Consequently, research has focused on the hypothalamic regu-
lation of GH secretion whereby an age-dependent decrease in
hypothalamic GHRH output contributes to the GH decline
with aging.!® Low physical fitness and higher adiposity seen
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in older individuals also contribute to decreased GH secre-
tion,!! although the underlying mechanism is uncertain.
The low IGF-1 levels seen with aging are not due to hepatic
responsiveness to the hormone because serum IGF-1 levels
increase in both young and old men after exogenous admin-
istration of either GH or GHRH.!

The suggestion that older individuals have genuine GH
deficiency that would benefit from GH treatment has arisen
from the observation that nonelderly GH-deficient adults
have changes in body composition similar to the aging
phenotype, which are improved by long-term recombi-
nant human GH therapy.'> There is much uncertainty
regarding the overall balance of benefits versus risks of GH
replacement in older individuals.'? In 1990, a study showed
6 months of treatment with recombinant GH in 12 healthy 61-
to 81-year-old men with serum IGF-1 concentrations below
those of healthy younger men resulted in a 9% increase in
lean body mass and a 15% decrease in adipose tissue mass.'*
However, the weekly dose of GH was approximately twice as
high as the dose used in nonelderly GH-deficient adults, the
study was not double-blinded, and no assessment was made
regarding muscle strength, exercise endurance, or quality of
life.> A double-blind placebo-controlled study in healthy
women (n = 57) and men (n = 74) aged 65 to 88 years found
that GH with or without sex steroids increased lean body
mass and decreased fat mass.'® However, no change in mus-
cle strength or maximal oxygen uptake during exercise was
observed. These findings mirrored a previous randomized,
controlled, double-blind trial in 1998 in which 6 months of
physiologic GH doses administered to 52 healthy men aged
older than 69 years with low baseline IGF-1 levels resulted
in body composition improvement, but no functional abil-
ity change.'” A further study was performed on 18 healthy
men aged 65 to 82 years who initially underwent progressive
weight training for 14 weeks to invoke a trained state and
then were randomized to receive GH or placebo while con-
tinuing a further 10 weeks of strength training.'® This study
suggested that in older men GH supplementation does not
augment the response to strength training.

The age-related testosterone decline in men may also
contribute to the observed reduction in GH secretion.
Nonpharmacologic doses of combined GH and testoster-
one in older men result in improvement in selected aspects
of physical performance and increased muscle IGF-1 gene
expression without measurably changing body composition
or muscle strength.!® In two more recent studies, coadmin-
istration of low dose GH with testosterone resulted in ben-
eficial changes in midthigh muscle, aerobic capacity,?? and
whole-body protein turnover and synthesis.?!

The original enthusiasm for the use of GH replacement in
aging individuals has been severely dampened by the known
adverse side effects, including arthralgia, carpal tunnel syn-
drome, edema, and hyperglycemia. There is also concern
regarding the association of cancer and the GH-IGF-1 axis
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in the normal population.”'® GH replacement studies in
aging individuals have been for a maximum of 12 months,
so long-term safety data have not been published. In a recent
systematic review of the GH trials, it was concluded that
the increased rates of side effects of GH replacement out-
weighed the small beneficial effects on body composition in
healthy older individuals.??> Long-term studies are needed to
determine the efficacy and safety of GH treatment in older
adults who are not GH deficient. The beneficial effects of
GH secretagogues in the elderly also need to be investigated.

Menopause

From the age of 40 ovulation frequency decreases and in
most women reproductive ovarian function ceases within
the next 15 years, resulting in menopause.?? Ovarian follicles
function less well during this period, with serum estradiol
concentrations being lower and follicle-stimulating hor-
mone (FSH) concentrations higher than in younger women,
whereas luteinizing hormone (LH) is unchanged.?* Follicular
activity eventually ceases, estrogen concentrations fall to
postmenopausal values, and both FSH and LH levels rise
above premenopausal concentrations.?3 The changes in the
hypothalamic-pituitary-gonadal axis result in an increased
risk of cardiovascular events, rapid loss of skeletal mass,
vasomotor instability, psychological symptoms, and atrophy
of estrogen responsive tissue.

During the postmenopausal period, serum concentrations
of atherogenic lipids deteriorate, with an increase in low-
density lipoprotein and total cholesterol and a reduction in
high-density lipoprotein, leading to a greater risk of cardio-
vascular disease.?’> These biochemical markers are favorably
altered by hormone replacement therapy, but there is no
improvement in cardiovascular disease outcome.262”

There is rapid bone loss at the time of menopause as a
result of estrogen withdrawal, which takes place on the back-
ground of age-related bone loss that begins from the fourth
decade of life. A modest rise in serum ionized calcium occurs
without any change in parathyroid hormone (PTH) levels,
suggesting a possible change in the PTH set-point. There
is also a decline in the estrogen-dependent components of
intestinal calcium absorption and renal tubular calcium reab-
sorption. The associated high bone resorption with normal
PTH also suggests an increased sensitivity of bone to PTH.
There is no change in serum 1,25-vitamin D.?® Estrogen
replacement maintains bone mass and reduces fracture risk
during the immediate menopausal period, when the rate of
bone loss is greatest.2? In postmenopausal women bone mass
has also been maintained with bisphosphonates, which act
by inhibiting bone resorption more than formation,3? and
raloxifene treatment, which is a selective estrogen receptor
modulator acting selectively on bone and lipid profiles.3!

Vasomotor symptoms originate in the hypothalamus
with a resetting of the thermoregulatory system?3 and the
hot flush is preceded by an LH surge.?’ Decreased estrogen
levels reduce serotonin levels, resulting in hypothalamic
5-HT2A receptor upregulation, which leads to a change in
the set-point temperature resulting in hot flushes.3?> How-
ever, the full mechanism is incompletely understood. These
episodes are reduced with hormone replacement, but not
entirely eliminated.?3 Cognitive disturbances are reported
during menopause, which appear to be related to changes
in estrogen levels; however, studies have shown inconsistent

results regarding the effect of estrogen replacement on cog-
nitive function in postmenopausal women.3* The decline in
estrogen levels in postmenopausal women results in vaginal
mucosa atrophy, dysuria, urinary frequency, and inconti-
nence. Local or systemic estrogen replacement therapy may
improve these symptoms.3® Loss of libido in postmenopausal
women occurs partly due to a decline in both estrogen and
testosterone levels because ovarian function ceases.3°

The Women's Health Initiative (WHI) study has caused
considerable debate regarding the risk benefit of hormone
replacement therapy. The combined estrogen and proges-
tin arm of the study was terminated early because women
on combined hormonal therapy had an excess risk of breast
cancer.2® At the time the trial was stopped, the estrogen plus
progestin group had significantly increased risks of coronary
heart disease, stroke, and pulmonary embolism, whereas the
risks of colorectal cancer and hip fracture were decreased
and mortality risk was not significantly different.3” In the
postintervention follow-up period of 2.4 years, the increased
risk of cardiovascular events and decreased fracture risk both
disappeared. The group of patients that were initially ran-
domized to combined hormonal therapy were more likely to
develop breast cancer, and had a significantly greater risk of
all malignancies.

The unopposed estrogen arm of the WHI study showed
similar results to the combined treatment arm with regards
to heart disease, stroke, and thromboembolic events. There
was a trend toward a decrease in breast cancer incidence.?®
Further analysis from WHI showed that estrogen therapy
alone or in combination with progestin treatment, increased
the risk of both mild cognitive impairment and dementia.3?
Another trial of estrogen plus progestin in postmenopausal
women with established coronary disease did not demon-
strate beneficial effects of hormone replacement therapy for
the secondary prevention of heart disease.?” Careful expla-
nation is needed for patients to understand that hormone
replacement therapy may carry a modestly increased risk of
ischemic stroke, coronary events, venous thrombosis, and
possibly breast cancer. In order to minimize these hazards,
hormone replacement therapy should be considered only for
severe menopausal symptoms and for the shortest possible
time in women who are fully informed of these risks.° For a
more comprehensive review regarding the management and
treatment of menopause, the reader is directed to a recent
review article by Nelson.*!

Andropause

For many years there was much debate regarding whether
serum total testosterone levels were truly lower in healthy
older men, or whether this decline was a result of con-
founding effects from chronic illness and medications.
However, cross-sectional and longitudinal studies have
shown a gradual, but progressive age-dependent decline in
testosterone levels in healthy men, which has been termed
andropause.*>*3 This is more noted for free testosterone than
for total testosterone because there is an age-associated
increase of sex hormone binding globulin levels.#* Unlike
the sharp decline in estrogen production at menopause, the
age-related decline in testosterone level is more variable,
with unclear clinical consequences.*’

In elderly men the reduction in serum testosterone levels
is mainly due to decreased production rates,*® which occur



at all levels of the hypothalamic-pituitary-testicular axis.*”

Both serum LH and FSH levels show an age-related increase
in longitudinal studies, but the age-related decline in testos-
terone levels is not often reciprocated with changes in serum
LH concentrations.*® This is most likely due to the age-
related impairment of gonadotrophin-releasing hormone
secretion and alterations in gonadal steroid feedback mecha-
nisms.*? Aging decreases the testosterone response to LH
and human chorionic gonadotrophin,”® and the circadian
rhythm of plasma testosterone secretion—with higher levels
in the morning than in the evening—is generally blunted in
older men.’!

The typical phenotype associated with declining testos-
terone levels in aging men includes increased fat mass, loss
of muscle and bone mass, fatigue, depression, anemia, poor
libido, erectile deficiency,*? insulin resistance,’? and higher
cardiovascular risk.’> These clinical features are similar to
changes associated with testosterone deficiency in young
men, so the syndrome of androgen deficiency of the aging
male (ADAM) has been described. However, this pheno-
type may also occur in older men with normal androgen
levels and so the ADAM syndrome has not been universally
accepted.’*

Several clinical studies have been performed to deter-
mine whether testosterone supplementation may benefit
aging individuals. Despite several trials examining various
parameters, including body composition, muscle strength,
bone density, metabolism, and lipid profile, there is still no
consensus as to whether androgen treatment may be benefi-
cial in older men.?> Data from large clinical trials in elderly
males is lacking and the short-term and long-term benefits
of testosterone replacement therapy need to be critically
evaluated.’®

Dehydroepiandrosterone

Even though dehydroepiandrosterone (DHEA) and its sul-
fate-bound form (DHEAS) are the most abundant steroid
hormones, their full physiologic functions are still unknown.
DHEA(S) is an abundant circulating adrenal androgen, but
may have cardioprotective, antidiabetic, antiobesity, and
immunoenhancing properties.”” Much debate has focused
on the antiaging effects of DHEA and its potential use as the
"hormone of youth.’®" The major age-related change in the
human adrenal cortex is a striking decrease in the biosyn-
thesis of DHEA(S).2%-¢! Serum DHEA levels decline rapidly
and markedly after the age of 25,50 with 80-year-old patients
having DHEA levels 10% to 20% of those of younger coun-
terparts.>2 However, the physiologic consequence of this
decline is incompletely understood. Many speculate that
administration of DHEA may reverse the aging effects, and
there is widespread commercial availability of DHEA out-
side the regular pharmaceutical networks, without adequate
scientific evidence.®®> Cross-sectional studies describe an
association between the decline in DHEAS levels and car-
diovascular disease, breast cancer, low bone mineral density,
depressed mood, type 2 diabetes, and Alzheimer's disease,
but this may be due to the actual aging process rather than
being causally related.®*

There is a noted sexual dimorphism in adrenal hormone
regulation with healthy aging. In older women lower
DHEA(S) and higher cortisol levels are seen compared with
older men. This is in contrast to cortisol levels in men and
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women, which show a progressive, parallel increase with
aging. The consequence of sexual dimorphism in adrenal hor-
mones may have implications for age-related changes in car-
diovascular disease, brain function, and bone metabolism.%

The largest study to date assessing the effect of oral DHEA
in otherwise healthy older individuals was a double-blind
randomized parallel study of 140 men and 140 women aged
60 to 79 years, who were given daily 50 mg doses of DHEA
or a placebo.®® No improvement in well-being or cognition
was found. Other trials have failed to demonstrate any bene-
fit of DHEA on well-being, mood, cognition, or activities of
daily living 679 suggesting that the decline in serum DHEA
levels with aging does not have deleterious effects on well-
being, cognition, and sexuality.¢3

In summary, there is no clear clinical consequence of the
age-related decrease in serum concentration of DHEA and

there are no clear benefits of DHEA replacement in older
individuals.®37°

Hypothalmo-pituitary-adrenal axis

The hypothalamo-pituitary-adrenal (HPA) axis has an
important role in the life-sustaining homeostatic and allo-
static adjustments to internal and external stressors. This
stress adaptive axis is a dynamic feedback network with cir-
cadian rhythmicity and pulsatile neurohormone secretion.”!
However, how this axis changes with aging is incompletely
understood. There are variable age-related changes in the
effects of ACTH on cortisol secretion or cortisol on ACTH
secretion,”? with no deficiency of adrenal production of cor-
ticosteroids.”? Healthy aging disrupts the neuroendocrine
mechanisms coordinating within axis pulsatility and 24-hour
rhythmic cortisol release and alters the interaxis mechanisms
that link LH and cortisol release. Serum cortisol secretion
may vary more within a 24-hour period in older subjects, as
compared with younger subjects.”! There is a 20% to 50%
increase in 24-hour mean cortisol levels between 20 and
80 years of age,®® the evening nadir in serum cortisol con-
centrations may be higher and earlier in older subjects 74
and there is no age-related change in corticosteroid binding
globulin levels.®> The inhibition of ACTH and cortisol secre-
tion with dexamethasone is similar to that seen in younger
individuals,”? but may be slower in onset.”® In older women,
serum cortisol concentrations increase more with exogenous
ACTH.”? Older men have similar rises in serum concentra-
tions as younger men and the cortisol response to stress is
prolonged in older individuals.”! There are gender-specific,
age-related alterations of the HPA axis. With healthy aging
there is an increase in the cortisol response to CRH chal-
lenge and diminished hypothalamic-pituitary sensitivity to
glucocorticoid feedback inhibition, which is more profound
in older women than older men.®

These age-related changes of the HPA axis could be of
physiologic importance with chronic cortisol excess being
implicated in hippocampal atrophy and cognitive impair-
ments during aging. Cortisol circadian amplitude and phase
changes may be relevant in the cause of sleep disorders in
the elderly.”® Additionally in older females, increasing levels
of HPA-axis activity, as measured by urinary free cortisol
excretion, are associated with declines in memory perfor-
mance.”® In healthy older men, cortisol levels are inversely
related to both bone mineral density and the rate of bone
loss, suggesting that bone density and the rate of involutional
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bone loss in healthy individuals might also be regulated by
the HPA axis.”” Furthermore in both men and women, cor-
tisol levels are strongly associated with the risk of clinical
fractures.”® Lastly there is an association between 24-hour
cortisol production rate and increased body fat in older men.
Thus the increase in HPA-axis activity may play a role in the
alterations in body composition and central fat distribution
that are seen in aging.”®

Hypothalamo-pituitary-thyroid axis

With aging there are a significant number of complex physi-
ologic alterations. However, it is important to note that
these direct age-related changes need to be distinguished
from indirect alterations caused by simultaneous thyroidal
or nonthyroidal illness, or other physiologic or pathophysi-
ologic states whose incidence increases with age. Thyroid
function tests in the elderly are difficult to interpret because
several changes formerly believed to be a direct result of the
aging process have subsequently been shown to be due to
the increased prevalence of subclinical thyroid disease and/
or the result of nonthyroidal illness.?? With age, thyroid
hormone clearance decreases, but there is also a decline in
thyroid hormone secretion, resulting in unchanged total
and free serum thyroxine (T,) concentrations.®! In con-
trast serum total and free triiodothyronine (T;) concentra-
tions are decreased with aging, most likely due to reduced
peripheral conversion of T, to T as a direct effect either of
nonthyroidal illness or of aging itself.8°

Apparently older euthyroid patients may have reduced
serum thyroid-stimulating hormone (TSH) concentra-
tions, 8283 but this is usually a pathologic finding indicat-
ing either exogenous or endogenous thyrotoxicosis.?*
However, in elderly patients without clinical or subclini-
cal hyperthyroidism, slightly decreased serum TSH may
be seen.?385 An age-dependent reduction of daily TSH
secretion rate has been reported,?® the cause of which is
unknown. It may be due to supersensitivity of thyrotrophs
to the negative feedback from T,, but other theories such
as reduced hypothalamic thyroid-releasing hormone
secretion have not been excluded.® The amplitude of
the nocturnal pulses of TSH secretion, which results in
the majority of 24-hour TSH secretion, is lower in older
subjects,?” leading to decreased T, secretion in response to
the decrease in T, clearance.?!

Thyroidal disease prevalence increases with age, with all
types of thyroid disease being found, but the clinical mani-
festations are different from those in younger patients. In
older individuals there is a higher prevalence of autoimmune
hypothyroidism. Hyperthyroidism is mainly characterized by
cardiovascular symptoms and is frequently due to toxic nodular
goiters; differentiated thyroid carcinoma is more aggressive.8®

Aging is also associated with the appearance of thyroid auto-
antibodies, but the biologic and clinical significance of this
finding is unknown. Thyroid autoantibodies are rare in healthy
centenarians and in other highly selected aged populations,
although they are observed in unselected or hospitalized elderly
patients, suggesting that the appearance of these autoantibod-
ies is due to age-associated disease rather than a consequence
of the aging process itself.8? However, even though physio-
logic changes are seen in the hypothalamo-pituitary-thyroid
axis, their contribution to the pathogenesis of age-associated
diseases, such as atherosclerosis, coronary heart disease, and
neurologic disorders, still needs to be determined.8°

CONCLUSION

Each endocrine system undergoes complex changes with
aging, many of which occur independently from con-
founding factors because of the higher prevalence of age-
related illnesses. These changes ultimately cause a decline
in the peripheral levels of estrogen and testosterone, with
an increase in luteinizing hormone, follicle-stimulating hor-
mone, and sex hormone binding globulin. There is addition-
ally a decline in serum concentrations of growth hormone,
insulin-like growth factor-1, and dehydroepiandrosterone
and its sulfate-bound form. The endocrine functions that
are essential to life, such as adrenal and thyroid functions,
show an overall minimal change in basal levels with aging
even though there are complex changes that do occur within
the hypothalamo-pituitary-adrenal/thyroid axis. The clini-
cal significance of these deficiencies is variable and is still
being evaluated. Menopause causes a series of changes in
bone metabolism, lipid metabolism, vasomotor symptoms,
and possibly cognition. Similarly, gonadal function decline
in men is associated with loss of muscle and bone mass,
increased fat mass, insulin resistance, higher cardiovascu-
lar disease risk, poor libido, erectile dysfunction, fatigue,
depression, and anemia. Declines in the GH-IGF-1 axis
result in reduced protein synthesis, decreased lean body and
bone mass, and a decline of immune functions. The clinical
significance of adrenal hormone changes is variable.

There have been many studies trying to reverse the endo-
crine effects seen in aging by restoring the serum hormonal
levels of older individuals back into younger ranges. How-
ever, whether these therapies have true clinical benefit is still
unclear. The “magic pill” to reverse the process of aging has
still not been 