

201342
File Attachment
Levy_cover.jpg





THE BIOSTATISTICS
OF AGING





THE BIOSTATISTICS
OF AGING

From Gompertzian Mortality to
an Index of Aging-Relatedness

GILBERTO LEVY
Rio de Janeiro, Brazil

BRUCE LEVIN
Department of Biostatistics
Columbia University
New York, NY



Copyright © 2014 by John Wiley & Sons, Inc. All rights reserved

Published by John Wiley & Sons, Inc., Hoboken, New Jersey
Published simultaneously in Canada

No part of this publication may be reproduced, stored in a retrieval system, or transmitted in any form
or by any means, electronic, mechanical, photocopying, recording, scanning, or otherwise, except as
permitted under Section 107 or 108 of the 1976 United States Copyright Act, without either the prior
written permission of the Publisher, or authorization through payment of the appropriate per-copy fee to
the Copyright Clearance Center, Inc., 222 Rosewood Drive, Danvers, MA 01923, (978) 750-8400, fax
(978) 750-4470, or on the web at www.copyright.com. Requests to the Publisher for permission should
be addressed to the Permissions Department, John Wiley & Sons, Inc., 111 River Street, Hoboken, NJ
07030, (201) 748-6011, fax (201) 748-6008, or online at http://www.wiley.com/go/permission.

Limit of Liability/Disclaimer of Warranty: While the publisher and author have used their best
efforts in preparing this book, they make no representations or warranties with respect to the accuracy
or completeness of the contents of this book and specifically disclaim any implied warranties of
merchantability or fitness for a particular purpose. No warranty may be created or extended by sales
representatives or written sales materials. The advice and strategies contained herein may not be suitable for
your situation. You should consult with a professional where appropriate. Neither the publisher nor author
shall be liable for any loss of profit or any other commercial damages, including but not limited to special,
incidental, consequential, or other damages.

For general information on our other products and services or for technical support, please contact our
Customer Care Department within the United States at (800) 762-2974, outside the United States at
(317) 572-3993 or fax (317) 572-4002.

Wiley also publishes its books in a variety of electronic formats. Some content that appears in print may
not be available in electronic formats. For more information about Wiley products, visit our web site at
www.wiley.com.

Library of Congress Cataloging-in-Publication Data:

Levy, Gilberto, author.

The biostatistics of aging : from Gompertzian mortality and to an index of aging-relatedness /

Gilberto Levy, Bruce Levin.

pages cm

Includes bibliographical references and index.

ISBN 978-1-118-64585-7 (cloth)

1. Aging–Statistical methods. 2. Mortality–Statistical methods. 3. Life spans (Biology)

I. Levin, Bruce (Bruce A.), 1948– author. II. Title.

QH529.L48 2013

571.8'78–dc23

2013034339

Printed in the United States of America

10 9 8 7 6 5 4 3 2 1



To my parents Menache and Norma Levy
G.L.

To my wife Betty
B.L



The decay of vitality with age is a biological fact most recognize in themselves
and none fail to recognize in others; but the biometry of the subject is a

difficult undertaking.
Greenwood, M. and Irwin, J. O. (1939). The biostatistics of senility.

Human Biology, 11, 1–23.
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PREFACE AND ACKNOWLEDGMENT

The purpose of this book is to describe a new quantitative method to examine the rel-
ative contributions of genetic factors and lifetime exposures to rates of mortality and
disease incidence in a population. The book is highly multidisciplinary. The theoret-
ical foundations of the work presented here involve the fields of statistics, evolution-
ary biology, demography, and epidemiology and should be of interest to those in these
fields. Moreover, in its applications the work is broadly relevant to medicine, aging,
and public health. Researchers and practitioners in these areas are also target audi-
ences. We expect readers to comprise a spectrum from the more mathematically
inclined to the more biologically inclined, though of course there will be readers
who have expertise in both domains. This made the choice of level of presentation
especially difficult. We chose to tilt the balance in favor of reaching a wide audience,
at the cost of possibly making some (though hopefully not all) of the material in a field
seem basic for an expert in that field. We also endeavored to make the book more
widely appealing by keeping the denser mathematical material in a separate section
in Chapter 2 and in a few appendices, and by providing summary pictures and state-
ments after a series of mathematical results and at the end of some elaborate argu-
ments. We bring the results and arguments from different areas of knowledge
together starting in Section 2.2.1, and we hope the reader’s forbearance will be
rewarded with some interesting synergies.

On a personal note, we have enjoyed collaborating on this project immensely and
have learned agreat deal fromeachother. Fromoneperspective, the statisticalmodeling
required was of the most precious kind as it derived from careful evolutionary and
causal thinking, leading inexorably to consideration of one special model, rather than
a plethora of them. From another perspective, the evolutionary arguments benefited
from giving them a sound statistical underpinning and the clarity that mathematics
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can bring to an argument. In the interchange of ideas, we could hardly have had
more fun.

The book greatly benefited from an illustrative application of the proposed method
using data from the Israeli Ischemic Heart Disease (IIHD) study (Section 4.5). This
was possible thanks to a collaboration with Uri Goldbourt, Ph.D., of the Division
of Epidemiology and Preventive Medicine at the Sackler Faculty of Medicine of
Tel Aviv University. The IIHD study collected mortality information on more than
10,000 subjects over a 43-year follow-up period (1963–2006), and Dr. Goldbourt
has been involved with the study for nearly half a century. We deeply appreciate
his invaluable help and responsiveness and are grateful for his graciousness in allow-
ing us to report some of our analytic results from these data here.

GILBERTO LEVY

Rio de Janeiro

BRUCE LEVIN

New York
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1
INTRODUCTION

The so-called aging-related diseases currently constitute amajor public health concern,
and their importance only tends to increase with the increase in absolute and relative
numbers of older people in the population. The qualification “aging-related” is com-
monly used in the medical literature for diseases or disorders in a wide range of cate-
gories (e.g., neurodegeneration, cardiovascular, metabolic, neoplasia) and affecting
virtually every organ system. In addition to aging-related, other terms that are often
used with the same meaning are age-related, age-dependent, and age-associated.
Although usually no formal definition is given, these terms are generally employed
as referring to diseases whose age-specific point incidence rates (or, briefly,
“incidence”) increase with increasing age.

However, some authors have drawn a fundamental distinction among these terms.
While considerations about the relation between disease and aging go back a long way
(Blumenthal, 2003), perhaps one of the earliest discussions specifically pointing to
that terminological distinction is to be found in Kohn (1963), who noted, “it is useful
to make two categories of the bad things that happen to people with increasing age—
basic aging processes and age-related diseases, and to consider that the latter may be
conditioned by, or dependent on, the former.” He then distinguished between a cat-
egory of diseases that shows an increasing incidence with increasing age and a cate-
gory that shows “a less clear-cut, age-related increase in incidence.” Two decades
later, Kohn (1982) proposed that age-related diseases could be categorized in three
ways: diseases that are normal aging processes themselves, diseases in which the

The Biostatistics of Aging: From Gompertzian Mortality to an Index of Aging-Relatedness,
First Edition. Gilberto Levy and Bruce Levin.
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incidence increases with increasing age, and diseases that have more serious conse-
quences the older the affected persons. The more precise distinction that is most rel-
evant to this work was given by Brody and Schneider (1986), who described two
classes of “chronic diseases and disorders of old age” as follows: “Age-dependent dis-
eases and disorders are defined as those whose pathogenesis appears to involve the
normal aging of the host. Mortality and morbidity from age-dependent diseases
and disorders (e.g. coronary artery disease and Alzheimer’s disease) increase expo-
nentially. Age-related diseases and disorders, on the other hand, have a temporal rela-
tionship to the host but are not necessarily related to aging processes. They occur at a
specific age and then decline in frequency or continue at less than an exponential rate
of increase (e.g. multiple sclerosis and amyotrophic lateral sclerosis).”1

Particularly relevant to this work, Brody and Schneider (1986) suggested that the
group of diseases related to the aging process is characterized by an exponential
increase in age-specific incidence or mortality rates, as opposed to “less than an
exponential rate of increase.”However, they did not provide a basis rooted in biological
or statistical principles for that notion. Similarly, Kohn (1963) had considered,
without justification from first principles, that an exponential increase in cause
(disease)-specific (DS) mortality rates with age “is characteristic of deaths due to basic
age-related processes and suggests the extent to which a disease is related to such pro-
cesses.” Brody and Schneider (1986) illustrated such notion by plotting DS mortality
rates by age for cardiovascular disease and cancer, representing the groups with and
without exponential increase in age-specific rates, respectively (Fig. 1.1).

In the context of a meta-analysis of dementia prevalence, Ritchie and Kildea (1995)
distinguished between an “ageing-related disorder” (“caused by the ageing process
itself”) and an “age-related disorder” (“occurring within a specific age range”). Thus,
they suggested that one category had a causal relation to the aging process and the
other did not (labeled “ageing-related” and “age-related,” respectively), as Brody
and Schneider (1986) had done before but instead labeling the first category “age-
dependent.” As an example that this distinction continues to provoke and underlie
the debate about the relation between diseases and aging in the twenty-first century,
even if the causality notion is not always explicitly conveyed, Blumenthal (2003)
offered the following “note on terminology” in his article titled “The aging-disease
dichotomy: true or false?”: “In this essay I have used the term aging-associated disease
rather than age-related disease. This choice is to emphasize that the primary focus here
has been on diseases with age at onset in the senescent period of the life span, the
oldest old, rather than through progressive periods of the total life span.”2

Yet, in a sense, the relation between diseases and aging has eluded medical think-
ing. While employing separate terms or categories for qualitatively different relations
between diseases and aging seems warranted, it may not be clear under which

1Reproduced from Journal of Chronic Diseases, 39, Brody, J. A. and Schneider, E. L., Diseases and
disorders of aging: An hypothesis, pages 871–876, Copyright 1986, with permission from Elsevier.
2 Reproduced from The Journals of Gerontology Series A: Biological Sciences and Medical Sciences, 58,
Blumenthal, H. T., The aging–disease dichotomy: True or false? pages M138–M145, Copyright 2003, with
permission from Oxford University Press.
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category a disease falls given how its incidence increases with age. On the other hand,
diseases considered to be in the same category may show different rates of increase in
incidence rates with age. This may be seen as reflecting the fact that the aforemen-
tioned distinction arises from an underlying relation on a continuous scale, which
therefore might better be considered using a quantitative approach. Although the
authors quoted in the preceding text have attempted to clarify the meaning of
aging-relatedness, the quantification of aging-relatedness has not been addressed at
all in the medical, biostatistical, epidemiological, or demographic literature. Hence,
we aimed to develop an index of aging-relatedness, as a means of quantifying and
elucidating the underlying meaning of aging-relatedness.

Since the increase of mortality rates with age is an expression of aging at the pop-
ulation level, the notion of aging-relatedness applies as well, and perhaps even more
naturally, to mortality. Medawar (1955) distinguished between a personal measure of
aging, which “purports to measure a process that takes place in the life history of an
individual animal,” and a statistical or actuarial measure of aging, “which is founded
upon the mortality of a population of individuals and which bears only indirectly upon
the changes that occur within the lifetime of anyone.” The assumed relevance of the
mortality experience of a population to the physiological process of aging of its mem-
bers is reflected in other authors’ definitions of aging or senescence. For instance,
Maynard Smith (1962) stated, “Ageing processes may be defined as those which
render individuals more susceptible as they grow older to the various factors, intrinsic
or extrinsic, which may cause death.” Similarly, Comfort (1979, p. 21) stated, “Senes-
cence shows itself as an increasing probability of death with increasing chronological
age: the study of senescence is the study of the group of processes, different in dif-
ferent organisms, which lead to this increase in vulnerability.”More recent statements
include Kirkwood’s (1985): “The pattern of mortality experienced by human popula-
tions serves to illustrate what is most commonly understood by the term aging.
Following the attainment of sexual maturity and a peak of vitality which occurs early
in adulthood, a long period of progressive deterioration takes place during which
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FIGURE 1.1 Cause (disease)-specific mortality rates by age for cardiovascular disease (left)
and all cancers (right), data from the United States, 1978 (reproduced from Journal of Chronic
Diseases, 39, Brody, J. A. and Schneider, E. L., Diseases and disorders of aging: An hypothesis,
pages 871–876, Copyright 1986, with permission from Elsevier).
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