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Introduction

James W. Vaupel, Kenneth W. Wachter, and Maxine Weinstein

based sample surveys that combine demographic, social, and

behavioral data with biological indicators have arrived in town.
The subtitle of the precursor to this volume, Cells and Surveys, was the
question “Should biological measures be included in social science
research?” In practice, that question seems to be already answered: yes.
Social surveys that include the collection of biological data have prolifer-
ated since that volume’s publication in 2001. Are these new studies going
to be our friends?

Speculation gives way to assessment, as publications emerge from
the dozen or more large-scale social surveys that have moved into col-
lecting biological measurements and materials ranging from grip strength
to DNA. Unlike biomedical surveys and clinical studies, always rich in
biological indicators, these social surveys probe demographic character-
istics, economic and health-related behaviors, resources, constraints, and
life-course transitions in depth. Consequently, they hold out promise
for shining a spotlight on interactions between biological factors and
“environment” in its personalized complexity. They hold out promise for
distinguishing causal pathways that turn out only statistically significant
in experiments and trials from causal pathways that have real “oomph” in
the squishy, messy, diverse, adapting world of whole populations.

But along with a chorus of greeting are glances of doubt. These new
arrivals on the social science scene bring out feelings of caution among
many, especially around analysis of genetic indicators in the study of

New kids on the block! This volume spreads the word. Population-

Copyright © National Academy of Sciences. All rights reserved.
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complex social traits. As practical challenges to the inclusion of biologi-
cal indicators are mastered and as technology rushes ahead, questions of
meaning call for ongoing debate.

Like the earlier one, this volume was sponsored by the Behavioral
and Social Research Division of the National Institute on Aging and
put together under the auspices of the Committee on Population of the
National Research Council. Cells and Surveys was influential, but not
because the book caused social scientists to add biological measures to
their surveys. Doing that was an idea whose time had come. Rather, Cells
and Surveys was influential because it provided an authoritative overview
of the kinds of biological information that could be collected and how and
what the problems and pitfalls were.

In this volume the focus shifts to what has been and can be learned.
The authors of most of the chapters have firsthand experience with incor-
porating biomarkers into social science research and have followed the
rapid development of the endeavor. They have thought long and hard
about the critical issues. Although there are still many open questions,
the time seems ripe for taking stock, not for advocacy but for aspiration
to mature judiciousness and nuanced wisdom.

The book emerges from a series of discussions and interchanges that
started in 2005 and ended in mid-2007. A workshop, held in June 2006,
enabled many of the authors to exchange information and perspectives.
Participants in the workshop considered (and the contributions to the
book reflect) a few fundamental questions: What has been learned from
what has already been done? What is the place of genetic information in
social research? What new concepts and methods are being developed or
need to be developed?

Biodemography (National Research Council, 1997; Carey and Vaupel,
2005) and its related disciplines have expanded rapidly; one book cannot
begin to provide a comprehensive summary of its findings and chal-
lenges. We had to pick and choose. Our focus in this volume is on the
inclusion of biomarkers in social science surveys: what does (or should)
one include and how does (or can) one use the data. The volume grew as
we proceeded; in particular, we found ourselves asking more questions
about the collection and analysis of genetic information. We also made
a conscious choice not to solicit manuscripts on some subjects: notably
absent are chapters that specifically focus on ethics. This omission is not
because we felt the concerns were unimportant, but because the enormity
of the subject made it unfeasible to include. However, both explicitly and
implicitly, almost every chapter discusses concerns relating to privacy,
informed consent, and the appropriate treatment of study participants
and their information.

Hunting for genes that determine health or behavior is not the pre-

Copyright © National Academy of Sciences. All rights reserved.
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occupation of the authors of these chapters. This may surprise readers
who follow the news about science but who have not kept up with social
science research that includes biological indicators. Most of the research
being carried out in conjunction with such surveys does not even involve
DNA: the biological indicators pertain to grip strength, pulmonary func-
tioning, clinical measurements of various substances in blood, saliva, or
urine, blood pressure, heart rate variability, weight and height, perceived
age, and various other physiological and anthropometric measures of risk
factors, exposures, and health outcomes.

It is sometimes argued that scientists should wait for some more
advanced technology before trying to discover genes that influence some
trait. The darling of the moment is genome-wide association studies, an
approach that is powerful and rapidly becoming less expensive. This
argument, however, is largely irrelevant for social science research that
incorporates biological markers. Some social science surveys have col-
lected DNA, but the intent has not been to discover genes that determine
health or behavior. The genetic information that is collected generally
pertains to genes that have already been discovered to have (or report-
edly have) important effects. Social scientists can verify that the effect is
indeed important: this is what Harald Goring cogently argues is a more
appropriate task for social surveys than gene discovery (Chapter 11), and
this is what Kaare Christensen and colleagues report as one of the many
uses of data from surveys of elderly Danish twins, nonagenarians, and
centenarians (Chapter 1). Social scientists can also use the genetic infor-
mation to better estimate environmental and behavioral effects on health:
George Davey Smith and Shah Ebrahim describe an ingenious method to
exploit genetic variants to make causal inferences about environmental
variables (Chapter 16). Other chapters describe how knowledge about a
person’s genotype can be used to study how genes and nongenetic vari-
ables interact to produce behavioral and health outcomes. Accounting for
genetic variation among individuals permits more accurate estimation of
how environmental and behavioral factors influence health and longevity.
As summarized by David Abrams (quoted by Davey Smith and Ebrahim),
“The more we learn about genes, the more we see how important environ-
ment and lifestyle really are.” These critically important areas of research
should not be delayed because better methods of gene discovery are being
developed.

A recurring question throughout the volume pertains to the utility of
DNA markers for survey-based social and behavioral analysis. Skeptics
predominate over enthusiasts. It seems appropriate, however, to include
here one version of an enthusiast’s perspective. The key phrase in this
discussion is “complex traits.” Many contributors explain why it is a mis-
take to look for genes or for simple genetic determinants of complex traits.

Copyright © National Academy of Sciences. All rights reserved.
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Cautiously put—and most contributors put it cautiously—this argument
is a counterbalance to the extravagance of the press and of scientists seek-
ing celebrity billing. The gene for financial success, for tennis stardom,
for obesity, for inanity, or for extroversion is not a target for reputable
research. There is a continuing need for social science to test and bury
false claims. Vehemently put, however, this kind of argument about com-
plex traits can amount to a radical critique.

Suppose the decisions and outcomes now coming onto the explana-
tory horizon of social science are driven by large assemblages of interact-
ing factors, each with a hunk of its own variation. Then even the substan-
tial sample sizes of existing surveys will be too small to pin down the
proliferating combinations. Multiway tables with too many multiways
have too many cells to estimate. Nonlinear functional relationships with
too many arguments are not identifiable with modest batteries of ques-
tions. This argument sees the enterprise of survey research coming up
against its limits.

Two modes of complexity need to be kept quite separate. One is
complexity in the basic units that act as determinants. Single-nucleotide
polymorphisms or single genes or epistatic pairs or triples or regulators
or promoters may none of them be the right units to be studying. But
there may still be some sort of complex units, gene networks, regula-
tory feedback systems—something else, perhaps as yet undiscovered, for
which relevant causal variation can be specified by a modest number of
bits of information. Low-dimensional structure may be hiding in high-
dimensional systems. This kind of complexity makes the problems of
social scientists hard but soluble. Progress in genetics should translate
into progress in behavioral analysis.

The other mode of complexity is the one implicated in the radical
critique: many interlinked factors, each with variation of its own, each
only sometimes a rate-limiting factor, each only sometimes a catalyst or
inhibitor in feedback loops. This kind of complexity is akin to the com-
plexity of ordinary daily life. Relevant variation irreducibly requires large
numbers of bits of information to specify. If such complexity is the rule
in the behaviorally relevant structure of the genome, prospects for using
genetic indicators from social surveys would seem daunting.

There are, however, countervailing reasons for encouragement. A
complex structure with enough interacting but partly independently
varying elements can often be modeled by a random system. In such a
system, laws of large numbers often operate, and many detailed interac-
tions cancel out. Physicists successfully model complex particle systems
with random matrices whose spectra obey simple, discoverable laws.
Genetic influences that figure importantly in trends or in population dif-

Copyright © National Academy of Sciences. All rights reserved.
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ferentials may prove to be accessible to research, without the necessity of
fully untangling the underlying complex causal structure.

We go to the beach and ask, “Why does this wave surge up far
enough to wash away our sandcastle?” Hopeless. But we could ask, and
answer, the other question, “Why do waves surge up far enough to wash
away our sandcastle?” Pursuing knowledge of causal processes and path-
ways is important, but usable knowledge depends ultimately on finding
something simple in the picture. The goal is not a secular theology of
predestination. We are not aspiring to understand the full determinants
of complex traits or tell out the person-specific reasons for each person’s
path to troubled or successful aging. Survey research has to be a gamble
on simplicity, no less so as we start to try to take advantage of our first
samples of DNA.

The kind of complexity that might defeat social science research is
also a kind of complexity that might have defeated natural selection. The
genomic information that mattered for behavior and reproductive success
over evolutionary time should not have been so contingent that selective
pressure could not impinge on it. Environments matter, and it seems plau-
sible that some good part of existing functional genetic variation persists
because variation has been adaptive in variable environments. Despite
the complexity of complex traits, what natural selection manages to notice
might be out there for us to find. Why hesitate to look?

So it is that some social scientists hope that genes might be discovered
that influence behavior—and that they can play a role in their discovery.
Parts of Chapter 15 by Daniel Benjamin and colleagues point in this
direction, albeit with cautious recognition of problems and difficulties.
In particular, the authors hypothesize that genes with known effects on
neurotransmission pathways or on memory (and some other cognitive
functions and abilities) might influence labor force participation, wealth,
and other economic behaviors and outcomes. The four chapters in Part II
provide detailed explanations of how problematic and questionable such
a quest is. The reader can make a judgment about whether Benjamin et al.
are brave or reckless. The more general point is clear: most social science
research using biological information does not pertain to genes, and the
research that does include genes largely focuses on using this information
to better assess nongenetic influences.

WHAT HAVE WE LEARNED SO FAR?

Part I, roughly “What we have learned from what we have already
done,” includes chapters on six different research programs, a chapter
that reviews other relevant surveys with an emphasis on biological indi-
cators, and a chapter that more generally reviews the theory and practice
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of biomarkers in social science research on health and aging. The first
three chapters cover large, well-established studies of health and aging
that have long included biological information. Kaare Christensen and
colleagues describe the main research directions and findings of the Dan-
ish studies of elderly twins, nonagenarians, and centenarians. Michael
Marmot and Andrew Steptoe provide a review of two important Eng-
lish surveys, Whitehall II and ELSA (the English Longitudinal Study of
Ageing). Jack Chang and colleagues describe and discuss the Taiwan
biomarker project. These three chapters provide a wealth of details and
insights based on deep experience.

The directors of the Health and Retirement Study, one of the largest
and most widely used surveys of aging, were considering the addition of
biomarkers at the time of Cells and Surveys (Weinstein and Willis, 2001).
The study is cautiously adding the collection of a few markers. The rea-
sons for caution and lessons from recent experience are discussed by
David Weir.

Robert Wallace calls social scientists” attention to the Women’s Health
Initiative, a very large, intricate set of clinical trials. He describes the dif-
ficulties in managing such an endeavor: the complexity of the nested stud-
ies and the extent of the collaborative networks constitute a Petri dish for
nurturing administrative complications. Wallace emphasizes the poten-
tial value of the Women’s Health Initiative for social science research, a
potential that has not yet been realized. Duncan Thomas and Elizabeth
Frankenberg demonstrate that it is indeed possible for social scientists
to use clinical trials to learn about behaviors and social outcomes. The
experiment involved adults in Indonesia who were randomly assigned
to two groups, one receiving iron supplements and the other a placebo.
The health of those receiving the iron supplements improved. Thomas
and Frankenberg studied how this affected workers” productivity and
time allocations.

Not every significant study is or could be represented in this vol-
ume—a testament to how widespread the collection of biomarkers has
become. Among others, important studies that do not have their own
chapters include MIDUS (National Survey of Midlife Development in the
United States), the Women’s Health and Aging Study, SHARE (Study of
Health and Retirement in Europe), and SAHR (Stress, Aging, and Health
in Russia). The chapters by Jennifer Harris, Tara Gruenewald, and Teresa
Seeman and by Douglas Ewbank provide overviews of some of these
other studies and their connections with the studies covered in the earlier
chapters. Harris and colleagues critically review biomarker research from
community and population-based studies, with an emphasis on physi-
ological parameters and genes. Ewbank reviews theory and practice, with
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an emphasis on studies of social behaviors and environments. He concen-
trates on studies of the effects of chronic social and psychological stress.

Taken together, the eight chapters on what we have learned so far
include discussion of findings that have been made possible by the com-
bination of biological and social data. They also include candid commen-
taries on the logistical problems that the researchers encountered. These
hurdles include consent processes; challenges in the field; difficulties in
storing, archiving, and reusing specimens; and management of collabora-
tions across institutions. Ewbank reminds us that it is probably too early
to draw generalizations from the studies. A corollary to this caution is
that however great the temptation, it is also too early to restrict ourselves
to “cookie cutter” surveys that simply replicate the biomarker collections
of previous studies.

Still, the broad conclusion is clear: the studies to date provide new
ways of understanding the interactions and joint effects of behavior, the
social environment, and physiology on health. Of particular interest for
future understanding of these effects is the growing number of studies
that are being done outside the United States. For example, as noted by
Marmot and Steptoe, the collection of biological and social data in both
England and the United States has contributed to understanding of the
higher rates of morbidity in the United States. The chapters by Harris et
al. and Chang et al. note differences between results from the MacArthur
study in the United States and the Taiwan biomarker project; these varia-
tions have the potential to open a window onto macro-level influences
on the links between social experience and health. As additional studies
are added to the “arsenal”—nascent and ongoing studies, for example, in
Japan, Korea, mainland China, Mexico, and Russia—there will be oppor-
tunity to explore these factors.

WHAT ABOUT GENETICS IN SOCIAL SCIENCE RESEARCH?

Traditionally, social scientists have studied people’s behavioral,
psychological and demographic characteristics, how these characteris-
tics interact, and how they are affected by the social environment. More
recently, social scientists have begun to collect and analyze data on indi-
viduals” health and on physiological and morphological factors that affect
health. In the past few years, it has become possible not only to study
phenotypes—observable traits of individuals—but also to study geno-
types, the genetic makeup of individuals. This ability presents a new set
of scientific opportunities, practical difficulties, and ethical challenges.
Part II offers an introduction to these issues. We expect that this primer
will be of particular interest and value to social scientists.

The chapter by Mary Jane West-Eberhard provides a “reader’s guide
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for how to relate genes to phenotypic traits . . . to better interpret research
results and public discussions. . .” She explains why it is deeply mislead-
ing to claim that there is a gene for a complex trait, such as a gene for
obesity or laughter. She stresses the role of the environment in shaping
the action of genes and the enormous intricacy of the genetic architecture
of complex traits, such as longevity or intelligence.

George Vogler and Gerald McClearn provide a complementary per-
spective on the limited opportunities, subtle complexities, and numerous
pitfalls in analyzing genetic markers in social science research. They dis-
miss the outmoded nature versus nurture distinction and outline various
types of correlations and interactions among genetic and environmental
factors.

Harald Goring covers many of the same issues of polygenes and
complicated gene-environment interactions and correlations. He does
so, however, from a different perspective: he focuses on explaining why
large-scale social surveys are not well suited to the discovery of genes that
influence complex traits related to behavior or health. Social surveys can,
however, sometimes play an important role—not in gene discovery but in
the validation of purported discoveries. Many of the published discover-
ies are false positives. Many do not accurately estimate effect sizes. And
many are based on study of special populations that are not representa-
tive of the general population. Large social surveys can provide additional
information to address these deficiencies.

The fourth chapter on genetics in social science research, by Kenneth
Weiss, also emphasizes that many genes may influence a trait and
that those genes interact with each other and with the environment in
extremely complex ways. Furthermore, “genes typically harbor tens to
hundreds or more alleles,” genetic variants that differ from individual to
individual. Somatic mutations (that is, changes in genes over the course
of life) and “stochasticities of countless sorts” further complicate analysis.
Weiss also raises some uncomfortable and far-reaching ethical concerns.
His questions are particularly important for demography, economics, and
other domains of social science that have strong influences on policy for-
mulation. The hazards of entering into an arena with a history of political
and social abuse should not be ignored.

Understanding the profound complexities of analyzing genes in social
science research is enhanced by the complementary perspectives of the
four chapters in this section. The chapters are a tutorial for social scien-
tists, valuable for naive researchers intrigued by publicity about obesity
or longevity “genes,” and even more valuable for experienced social sci-
ence researchers who have recognized the usefulness of incorporating
(nongenetic) biological indicators in surveys and are now considering
studying genes.

Copyright © National Academy of Sciences. All rights reserved.



Biosocial Surveys
http://lwww.nap.edu/catalog/11939.html

JAMES W. VAUPEL, KENNETH W. WACHTER, and MAXINE WEINSTEIN 9

WHAT’S NEXT?

Part III explores concepts, methods, and modeling strategies that are
emerging as biomarkers are increasingly collected. Although incorpora-
tion of biological indicators in social surveys has burgeoned over the past
several years, the field is still young. New kinds of biomarkers and new
ways of thinking about rich combinations of social and biological data
are needed.

Stacy Tessler Lindau and Thomas McDade provide an overview of
minimally invasive and innovative methods for collecting biological infor-
mation in population-based research. Some of the strategies they discuss
are being implemented. For instance, information from MRIs is being col-
lected by a subproject headed by Richie Davidson as part of the MIDUS II
study led by Carol Ryff and Burt Singer. Extensive electrocardiogram data
from Holter monitoring of heart patterns over a 24-hour period are being
gathered from a sample of hundreds of older individuals in Moscow as
part of the study of Stress, Aging, and Health in Russia (SAHR) under the
direction of Maria Shkolnikova. The use of Holter monitoring represents
an innovative application of a well-established method to collect informa-
tion on the dynamics of physiological variation. Most of the biological
indicators used to date are based on a single measurement at a single time.
Multiple measurements two or more years apart are sometimes taken in
longitudinal surveys, and these data can be valuable in reducing measure-
ment error as well as in tracking trends. Temporal patterns of variation
over hours or days in an individual’s physiology are often much more
informative than point values. Holter monitoring and other methods for
continuously assessing a person’s biological activity and exposures to
environmental influences will undoubtedly become a major feature of
future social surveys, especially if comfortable, minimally invasive instru-
ments can be developed to gather such data.

The salience of nutrition and its relationships with social and eco-
nomic characteristics are increasingly being recognized by social scien-
tists; the research described by Thomas and Frankenberg (Chapter 7) is an
example. The potential importance of genetic influences on an individual’s
response to nutrition and biomarkers for nutritional intake are described
by John Milner and colleagues in their chapter on nutrigenomics. Given
the well-documented and extensive problems in collecting complete and
reliable data on diet (see, for example, comments in the chapter by Davey
Smith and Ebrahim), the development of sensitive and specific biomark-
ers of nutritional intake would be a major advance.

The chapter by Daniel Benjamin and colleagues describes the nascent
field of genoeconomics. The field includes three kinds of contributions.
“First, economics can contribute a theoretical and empirical framework
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for understanding how market forces and behavioral responses medi-
ate the influence of genetic factors. Second, incorporating genetics into
economic analysis can help economists identify and measure important
causal pathways (which may or may not be genetic). Finally, economics
can aid in analyzing the policy issues raised by genetic information.” As
an example, the authors present their ongoing work exploring candidate
genes that may influence decision making and their associations with
economic characteristics. As the authors acknowledge, it is a daunting
enterprise, one that underscores the relevance of the warnings, both sci-
entific and ethical, raised in Part II.

The social scientists whose work is reviewed in this volume are pri-
marily interested in biological indicators in order to better understand
how other kinds of factors—behavioral, social, environmental—affect
health and aging. Social scientists would like to understand causal rela-
tionships. It is, however, difficult to distinguish causation from correla-
tion, association, or reverse causation in social science research. This
difficulty is documented in the chapter by George Davey Smith and
Shah Ebrahim. One strategy for identifying causal links is to conduct
randomized, controlled experiments or clinical trials. Social scientists
have only occasionally been able to do so, but Thomas and Frankenberg
describe how a clinical trial with iron supplements could be used to
study how health influenced workers’ productivity and time allocations
in Indonesia. Davey Smith and Ebrahim describe an alternative strategy,
in which quasi-randomization is produced by use of instrumental vari-
ables related to individuals” genetic variants.

How can social scientists move beyond simplistic associations to more
sophisticated understanding of mechanisms and causal linkages? This
overarching question is also the topic of the final two papers of the volume.
John Cacioppo and colleagues consider the difficulties of interdisciplinary
research that crosses biological and social levels of organization. They dis-
cuss how a scholar “can productively think about concepts, hypotheses,
theories, theoretical conflicts, and theoretical tests” in multilevel investi-
gations. They describe concepts to aid thinking about the “mapping of
biological measures to social and behavioral constructs in surveys.” John
Hobcraft also considers general issues in the way one models and thinks
about research questions. Social science research is increasingly drawing
on multiple levels of biological, behavioral, social, and environmental
observation; disparate sources of data; and diverse perspectives and areas
of expertise. Hobcraft argues that “progress in understanding human
behavior (or health) requires an integrative approach.” He recommends
“greater attention to pathways within the individual and their interplays
with the processes and progresses whereby the individual interplays with
multiple contexts over the life course,” concluding that “a concentration
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on chains or sequences of events, greater awareness of contingent rela-
tionships . . . and elaboration of partial mid-level frameworks or mecha-
nisms” is required.

Such an approach is difficult, and most research studies will continue
to focus on fragments. Including biological indicators in social surveys
will, however, encourage broader integrative thinking and produce deeper
understanding of mechanisms and causal linkages. This volume docu-
ments how difficult and how promising the endeavor is—and provides
practical advice and wise insights. The report concludes with an appendix
that provides biographical sketches of contributors to this volume
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Biological Indicators and
Genetic Information in
Danish Twin and Oldest-Old Surveys

Kaare Christensen, Lise Bathum, and Lene Christiansen

have been added to ongoing nationwide longitudinal surveys

among twins and elderly people in Denmark. This chapter sum-
marizes experiences and some important results obtained by adding both
traditional and new biological indicators to these surveys in order to get
a better understanding of the predictors and determinants of healthy
aging.

The overall strategy on biological indicators in these Danish stud-
ies was designed to achieve two goals. First, we decided to collect a few
easily obtainable biological indicators from nearly all participants in the
surveys to be able to make valid and statistically powerful tests of new (or
old) findings from other studies—in particular, genetic association stud-
ies, which constitute a research field that suffers from many false positive
findings due to multiple testing in many small-scale studies. Second, we
decided to obtain more detailed biological indicators from individuals
who were identified through the survey as particularly informative for a
given research purpose, meaning that we used the survey as a screening
instrument for follow-up ancillary studies.

The chapter starts with a short description of the challenges and biases
in the search for biological and nonbiological determinants of healthy
aging. An overview of the Danish surveys follows, with a focus on the
limited impact the inclusion of biological indicators in the surveys had on
response rates and the experience that the small amount of DNA obtained
by a finger prick or a cheek brush probably is enough for hundreds (if

Over the last 10 years, biological indicators and genetic information

15
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not thousands) of genotypes. Then examples of cross-sectional and lon-
gitudinal large-scale genetic association studies in the Danish cohort are
given, focusing on physical and cognitive functioning and survival. Stud-
ies using more detailed biological indicators for particularly interesting
subsets of the survey participants, such as twin pairs, will also be covered.
Finally, a new biological indicator, perceived age based on photographs,
is described and we show how this biological indicator—which is at the
other end of the biological spectrum from molecular indicators of aging—
correlates to environmental exposures and predicts survival.

CHALLENGES IN THE SEARCH FOR DETERMINANTS OF
HEALTHY AGING AND LONGEVITY

A large ongoing research effort is under way to identify the genetic,
environmental, and behavioral determinants of extreme survival (longev-
ity) by comparing exceptional survivors (often centenarians) with younger
cohorts—that is, case-control or association studies. A characteristic that
is more common in centenarians than in the younger control group is
interpreted as a determinant for exceptional longevity. A weakness of this
approach is that, for all unfixed characteristics, it cannot be distinguished
whether an observed characteristic among exceptional long-lived persons
is a cause or an adaptive change. Another reason for the limited success of
centenarian studies in identifying factors (even fixed characteristics such
as genotype) of importance for survival until extreme ages may also be
the lack of an appropriate control group, as cohort-specific characteristics
may confound the comparison between the centenarians and younger
cohorts.

The interference from an observation from such cross-sectional stud-
ies (e.g., that a fixed characteristic like a gene variant is decreasing in fre-
quency with age) is dependent on a stable population with little migration
into or out of it—that is, no population stratification (Lewis and Brunner,
2004). Remote islands or other isolated populations will therefore often
be very well suited for such cross-sectional age dependency studies (also
because of better preserved linkage disequilibrium between markers and
putative causal mutations). Immigrant countries like the United States
and Australia are less suited due to greater genetic and environmental
heterogeneity. The case-control studies may also suffer from publication
bias because many of the reported associations are often found in sub-
groups (defined by age or sex) and usually without an a priori hypothesis
of which polymorphism is the advantageous one. Consequently, most
associations fail to be replicated in independent studies (Ioannidis, 2003).
Large longitudinal studies in genetically rather homogeneous popula-
tions, such as that in Denmark, avoid many of these biases.

Copyright © National Academy of Sciences. All rights reserved.



Biosocial Surveys
http://lwww.nap.edu/catalog/11939.html

KAARE CHRISTENSEN, LISE BATHUM, and LENE CHRISTIANSEN 17

THE DANISH SURVEYS OF TWINS AND THE OLDEST-OLD

The Longitudinal Study of Aging Danish Twins (LSADT) and the
Danish 1905 Cohort Study are longitudinal surveys aimed at understand-
ing the determinants of healthy aging and exceptional survival. They
have been conducted in parallel and are both nationwide in scope and
population based.

Longitudinal Study of Aging Danish Twins

LSADT began in 1995 with the assessment of members of same-sex
twin pairs born in Denmark prior to 1920 (i.e., at least 75 years old at
the beginning of 1995). The surviving members of the initial cohort were
followed up every two years in 1997, 1999, 2001, 2003, and 2005. Addi-
tional cohorts were added to the 1997, 1999, and 2001 assessments and
subsequently followed at two-year intervals in 2003 and 2005. Twin pairs,
in which both were alive and born between 1920 and 1923 (i.e., at least
73 years old at the beginning of 1997), were added in 1997; twins born
between 1921 and 1928 (i.e., at least 70 years old at the beginning of 1999)
were added in 1999; and twins born between 1929 and 1930 (i.e., at least
70 years old at the beginning of 2001) were added in 2001. An overview of
the LSADT cohort-sequential design is given in Figure 1-1. These studies
comprised a home-based two-hour multidimensional interview focusing
on health issues, assessment of functional and cognitive abilities, and
DNA sampling.

Biological Indicators in LSADT

Full Blood Samples on Selected Individuals in 1997

Shortly after the interview in 1997, a trained phlebotomist collected
a blood sample from all same-sex twin pairs in which both members
were alive and willing to participate. In all a total of 689 subjects donated
a blood sample, including 290 same-sex twin pairs and 109 pairs from
whom we received blood from only one twin. The samples were sent by
ordinary mail from all over Denmark and each sample, within two days
of receipt, was separated into cells and plasma layers by centrifugation.

DNA Samples on All Nonproxy Participants from 1999

For the 1999 survey, all participants (except those who participated by
proxy—spouse, children, or caretaker) were asked to provide a DNA sam-
ple by means of a finger prick blood spot sample. The blood was stored
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FIGURE 1-1 Overview of the Longitudinal Study of Aging Danish Twins (LSADT).
Participation rates are given in percentage in the white boxes.

on filter paper, and the procedure is described in detail in Christensen
(2000, pp. 56-60). The blood spot card was the preferred DNA collection
method; however, the participants could provide biological material by
using cheek brushes if they disliked the idea of a finger prick. A total of
90 percent of the nonproxy participants provided a biological sample, of
which 91 percent were blood spots. The same procedure was repeated
in all subsequent waves (2001, 2003, and 2005) in order to study changes
over time and to obtain more DNA. As seen in Figure 1-1, the inclusion
of blood spots/cheek brushes did not affect the participation rates in a
negative way. Furthermore, more demanding measurements, such as grip
strength and pulmonary functioning, were also included for the first time
in 1999, still with no apparent influence on the participation rate.

Photographs of All Participants from 2001

When assessing health, physicians traditionally compare perceived
and chronological age. Among adults, “looking old for your age” is often
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interpreted as an indicator of poor health and is used in clinical prac-
tice as a biomarker of aging. The sparse data available on the relation-
ship between perceived age and survival indicate an inverse association
(Borkan, Bachman, and Norris, 1982). Starting with the 2001 LSADT sur-
vey (and continuing in 2003 and 2005), we obtained a digital photograph
of each subject in order to explore this association further.

The Danish 1905 Cohort Study

We surveyed the complete Danish 1905 cohort in 1998 when 3,600
individuals from this cohort were still alive and 2,262 participated in the
survey that included an interview, physical and cognitive tests, as well as
collection of biological material. Subsequently we made three in-person
follow-up studies of the participating survivors in 2001, 2003, and 2005
(Figure 1-2) establishing the first large-scale centenarian study in which
both environmental and genetic information is available from a noncen-

90
54 19 V'
* t t
1,338 314 127 58 256
dropouts dropouts dropouts dropouts (56%)
3.600 2,262 1,086 437 166
’ (63%) (78%) (77%) (74%)
862 522 213
1. August died died died
P 9998 1998 2000 2003 2005

FIGURE 1-2 Overview of the Danish 1905 Cohort Study. All nonproxy partici-
pants were eligible for blood spots/cheek brushes at all waves. Participation rates
are given in percentage in the white boxes.
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tenarian control group from the same birth cohort. The participants were
age 92-93 when they entered the study, which is only “halfway to becom-
ing a centenarian” in terms of selection: only about 1 in 20 of the 1905
cohort made it to age 92-93, and only about 1 in 20 of these survivors at
age 92-93 lived to celebrate their 100th birthday. Hence, the Danish 1905
cohort provides a powerful and unique opportunity for studying the
determinants of survival in the second leg of the long trip to becoming a
centenarian.

DNA Samples from All Participants in All Waves

All nonproxy participants, in all waves, were asked to provide blood
spots or cheek brushes, and approximately 90 percent of the nonproxy
respondents agreed. Of these, around 80 percent agreed to blood spots
and 20 percent to cheek brushes.

Full Blood Samples from All Participants in 2005

To obtain comparable data to a Danish centenarian study conducted
10 years earlier, that of the 1895-1896 cohort (Andersen-Ranberg, Schroll,
and Jeune, 2001), full blood samples were taken in 2005 (shortly after the
interview) from all participants who consented. Also to enhance com-
parability to the previous Danish study, we recontacted previous nonre-
sponders (a group comprised of both nonresponders and study dropouts)
and were able to add 90 additional subjects to our study (Figure 1-2). The
participation in 2005 of the former nonresponders in the 1905 cohort is
likely to be influenced by the common misconception among the elderly
(and their relatives) that, whereas studies of centenarians are interesting
and important for science, this is not the case for studies of 93-year-olds.

How Many Genotypes Can Be Obtained by
Blood Spots and Cheek Brushes?

Dried blood spot specimens are made by carefully placing a few
drops of blood, freshly drawn by finger prick with a lancet, onto specially
manufactured absorbent specimen collection (filter) paper. Cheek brushes
collect cells by gently rubbing the inside of the cheek (Christensen, 2000).
For both DNA sampling methods, the amount of collected cells and hence
the amount of isolated DNA are very variable, especially in the eld-
erly. Using ordinary methods based on polymerase chain reactions, we
have until now genotyped the entire 1905 cohort for 20 different single-
nucleotide polymorphisms (SNPs, microsatellites and smaller insertions/
deletions). We estimate that it is possible to genotype at least 2,000 SNPs
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from a fully filled blood spot card, whereas each cheek brush is estimated
to provide DNA for 200 genotypes if the analyses are carefully optimized
for the use of a low DNA content. However, the development of whole
genome amplification techniques may perhaps in the future make it fea-
sible to conduct large genetic epidemiological studies using small DNA
sources, such as blood spots and cheek brushes. Several reports have
shown that whole genome amplification methods are indeed applicable
for low DNA yield samples; however, a higher rate of genotyping errors
has been reported when using these low DNA yield samples, possibly due
to allele dropout. The use of these techniques requires increased atten-
tion to genotyping quality control and caution when interpreting results
(Silander et al., 2005).

IMPORTANT FINDINGS DUE TO INCLUSION OF
BIOLOGICAL INDICATORS IN THE DANISH SURVEYS

Studies of Candidate Genes for Healthy Aging Using the Full Surveys

A very large number of candidate genes have been investigated for
putative associations with human aging and longevity (Christensen,
Johnson, and Vaupel, 2006). Based on the promising results from animal
studies, genes from the insulin/IGF-1 pathway, stress response genes
(heat and oxidative stress), and genes influencing mitochondrial function-
ing have been obvious candidates. So have immune system-regulating
genes (e.g., interleukines), as it is a biological system with a sufficiently
broad spectrum of functions and hence likely to be associated with aging
and survival (Finch and Crimmins, 2004; Franceschi et al., 2000). Other
candidates have been selected based on known downstream functioning
and association with early or late-in-life pathology and diseases, such as
metabolic genes (e.g., lipoproteins), iron metabolism-regulating genes
(e.g., HFE), genes affecting the cardiovascular system (e.g., ACE), and
tumor suppressor genes called p53. A distinct group of candidates are
the genes for the premature aging syndromes, such as the DNA repair
helicase Werner syndrome (Yu et al., 1996) in which “leaky mutations”
are considered—that is, the syndrome-causing gene is investigated to
test if “milder” common mutations could be associated with aging and
survival generally.

One candidate gene, microsomal triglyceride transfer protein (MTP)
was identified after a genome-wide linkage scan in long-lived families
had provided evidence for a locus for longevity on chromosome 4 (Puca
et al., 2001; Geesaman et al., 2003). This finding received considerable
coverage in both the scientific and the lay communities as a promising
“longevity gene.” As illustrated by the examples below, one of the most
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important aspects of having biological material in surveys like the Danish
is that they can readily provide valid and powerful statistical tests of
such findings on putative determinants of healthy aging or exceptional
survival.

Microsomal Triglyceride Transfer Protein

A genome-wide linkage scan in long-lived families provided evidence
for a locus for longevity at chromosome 4 near microsatellite marker
D4S1564 (Puca et al., 2001; Reed, Dick, Uniacke, Foroud, and Nichols,
2004), although a follow-up study in a French population did not confirm
this observation (Geesaman et al., 2003). Fine mapping of the region iden-
tified MTP as the gene most probably responsible for the chromosome 4
linkage peak (Geesaman et al., 2003). The two SNPs found to account for
the majority of the variation at the locus are rs2866164—an SNP in com-
plete linkage disequilibrium with rs1800591 (-493G/T), an MTP promoter
mutation—and MTP Q/H—a semiconservative mutation in exon 3 of
MTP (glutamine to histidine at aminoacid 95) (Geesaman et al., 2003). The
rs2866164-G allele and the haplotype composed of rs2866164-G/MTP-Q9
had a significantly lower frequency in long-lived individuals compared
with a group of younger controls in the initial study.

MTP is necessary for the assembly of apolipoprotein B-containing
lipoproteins in the liver and small intestine (Swift et al., 2003) and lack
of the protein leads to abetalipoproteinemia, a rare genetic disorder that
is characterized by an inability to produce chylomicrons and very low-
density lipoproteins. MTP is a good candidate for a gene involved in
human longevity. Its functions and critical position in lipoprotein have
made it the basis for a new generation of lipid-lowering drugs that have
reached trials in animal models (Wierzbicki, 2003). However, we geno-
typed the 1,905 cohort, and even after seven years of follow-up with more
than 80 percent of the population deceased, we were not able to detect any
association between MTP and survival (Bathum et al., 2005) (Figure 1-3).
Furthermore, a large case-control study of German centenarians (Nebel
et al., 2005) and an association study in Dutch nonagenarians failed to
confirm any association of MTP variants with longevity. Finally, in 2006,
a meta-analysis of all published studies, analyzing data from 4,915 long-
lived cases older than 85 years and 3,002 younger controls, resulted in an
odds ratio of 0.93 (95% Cl, 0.77-1.14), thus confirming the lack of associa-
tion between MTP and longevity and illustrating the necessity of replica-
tion studies in identifying genes that affect human longevity (Beekman
et al., 2006).
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FIGURE 1-3 Kaplan-Meier survival estimates in the 1905 Cohort Study (N =
1,651) divided into the three haplotype groups for microsomal triglyceride trans-
fer protein (MTP). Haplotype 2 is the suggested risk haplotype composed of the
1rs2866164-G and Q95 allele and haplotype 1 is all other haplotypes. The analysis
unit of time is days. The difference is not significant (p = 0.32).

Apolipoprotein E

Apolipoprotein E plays an important role in lipoprotein metabolism,
and the protein is found in three common variants (ApoE-2, ApoE-3, and
ApoE-4) that were known at the protein level before the gene was cloned.
The ApoE-4 variant has been consistently associated with a moderately
increased risk of both cardiovascular diseases and Alzheimer disease,
while the ApoE-2 is protective (Corder et al., 1996; Panza et al., 2004;
Lewis and Brunner, 2004). Not only has ApoE-4 been shown to be a risk
factor for cardiovascular diseases and Alzheimer disease per se, but also
several studies have found that the ApoE-4 carrier is more susceptible
to some environmental exposures, making this an example of a gene-
environment interaction.

For example, an increased risk of chronic brain injury after head
trauma has been observed for individuals who carry the ApoE-4 gene
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variant, compared with non-ApoE-4 carriers (Jordan et al., 1997). ApoE-4
also seems to modulate the effect of other risk factors for cognitive decline.
Individuals with ApoE-4 in combination with atherosclerosis, peripheral
vascular disease, or diabetes mellitus have a substantially higher risk of
cognitive decline than those without ApoE-4 (Haan, Shemanski, Jagust,
Manolio, and Kuller, 1999).

Cross-sectional studies of allele frequency differences between age
groups for ApoE have been remarkably consistent from study to study, in
contrast to other candidate genes (Ewbank, 2004). The ApoE-4 frequency
varies considerably among populations of younger adults (about 25 per-
cent among Finns, 17-20 percent among Danes, and about 10 percent
among French, Italians, and Japanese), but in all these populations the
frequency among centenarians is about half the value of the younger
adults (Figure 1-4). Although these changes in ApoE allele frequency with
age are substantial, it is compatible with a scenario in which ApoE-2 car-
riers in adulthood who have an estimated average mortality risk that is
only 4-12 percent lower than in ApoE-3 and ApoE-4 carriers have a risk
that is only 10-14 percent higher throughout adulthood (Gerdes, Jeune,
Ranberg, Nybo, and Vaupel, 2000), making ApoE a “frailty gene” rather
than a “longevity gene.” The longitudinal Danish 1905 cohort showed
that the ApoE genotype has an association with cognitive functioning and
cognitive decline (Figure 1-5) in this age group, albeit of only borderline
significance. However, when defining a well-functioning group, that is,
those still alive, without interview by proxy or extreme decline in the Mini
Mental State Examination at follow-up, there was a significant decrease in
the frequency of ApoE-4 positive subjects from intake to first and second
follow-up. So ApoE genotypes have a statistically significant effect on the
probability of remaining a well-functioning nonagenarian (Bathum et al.,
2005). While the impact on survival is minor, the difference in survival
between ApoE-4 positive and negative subjects did become statistically
significant in January 2006 after more than seven years of follow-up and
more than 1,200 deaths in the cohort. Preliminary analyses suggest that,
at intake at age 92-93, the participants (both ApoE-4 positive and ApoE-4
negative) have mortality rates below the population average, confirming
that terminally ill individuals are overrepresented among the nonpartici-
pants and the proxy-responders. As follow-up time increases, the differ-
ence in survival becomes clear, showing that ApoE-4 positive individuals
have higher mortality rates than the overall population, whereas ApoE-4
negative individuals have lower mortality rates. This highlights the need
for careful analyses of the nonparticipants. In Denmark such analyses can
be carried out through linkage to national health registers.
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SOURCE: Reproduced from Gerdes et al. (2000).
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FIGURE 1-5 Decline in cognitive performance in 1,551 nonagenarians, - E-4 car-
riers compared to non-E-4 carriers. The genotype difference in rate of decline is
borderline significant, p = 0.07.

Angiotensin I-Converting Enzyme (ACE)

The insertion/deletion polymorphism in intron 16 in the gene coding
for angiotensin I-converting enzyme (ACE) is also a biologically plausible
candidate for successful aging and longevity. This is because the genotype
accounts for approximately half of the variance in the circulating ACE
level and from the II (homozygous insertion) to the DD (homozygous
deletion) genotype the presence of each D allele is associated with an
additive effect on ACE activity (50 percent higher in the DD compared
with the II genotype) (Rigat et al., 1990). The cleavage of angiotensin I by
ACE produces the octapeptide angiotensin II, which is a potent vasocon-
strictor. The association between ACE genotypes, in particular DD, and
the occurrence of cardiovascular and renal diseases has therefore been
thoroughly studied in the past decade. The results have been inconsistent,
and, for ischemic heart disease, publication bias has been shown to be a
likely explanation for the discrepancies (Keavney et al., 2000).
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In recent years the ACE gene polymorphism has also been associated
with the outcome of physical exercise, especially extreme endurance and
performance. Presence of the II genotype has been found to be associated
with improved performance (Montgomery et al., 1998; Williams et al.,
2000; Gayagay et al., 1998; Myerson et al., 1999). However, the study sub-
jects have mostly been from highly selected populations (e.g., elite athletes
and military recruits) and the samples were small. The associations could
not be confirmed in LSADT (Frederiksen et al., 2003), but a recent paper
suggests an interaction between ACE genotype and mobility limitations
among those age 70-79 who exercise (Kritchevsky et al., 2005). Again, no
a priori hypothesis about existence of the interaction was found.

ACE genotype has been hypothesized to be associated with longevity
since a German study found an increased frequency of the DD genotype
in octogenarians (Luft, 1999), which was to some degree supported in
LSADT data (Frederiksen et al., 2003). This finding could not, however,
be confirmed in two large studies of centenarians and younger controls
(Bladbjerg et al., 1999; Blanche, Cabanne, Sahbatou, and Thomas, 2001).
ACE genotyping is currently being performed in the 1905 cohort.

Interleukin 6

Chronic low-grade inflammatory activity has been suggested to play
a central role in aging processes, as it seems to be implicated in the pathol-
ogy of several age-related diseases, consequently leading to increased
mortality (Bruunsgaard, Pedersen, and Pedersen, 2001; Harris et al., 1999).
The multifunctional cytokine interleukin 6 (IL-6) is one of the inflamma-
tory markers central to low-grade inflammation. IL-6 is overexpressed in
many of the stress conditions that are characteristic features of the aging
process (Ershler and Keller, 2000; Bruunsgaard et al., 2001; Cohen, Pieper,
Harris, Rao, and Currie, 1997).

It has been proposed that an increase in IL-6 is a risk factor for the
development of age-related diseases, such as rheumatoid arthritis, osteo-
porosis, Alzheimer disease, cardiovascular disease, and type 2 diabetes
(Pradhan, Manson, Rifai, Buring, and Ridker, 2001; Ershler and Keller,
2000; Licastro et al., 2000; Bonaccorso et al., 1998; Robak, Gladalska,
Stepien, and Robak, 1998), as well as for functional decline (Barbieri et
al., 2003; Ferrucci et al., 1999; Cohen et al., 1997) and mortality (Harris et
al., 1999). However, Petersen and Pedersen (2005) suggest that IL-6 is a
marker of metabolic syndrome rather than a cause and that IL-6 is actu-
ally a “myokine” released by contracting skeletal muscle fibers and dis-
seminates the beneficial effects of exercise to other organs (Petersen and
Pedersen, 2005). Twin studies have shown that interindividual variations
in IL-6 expression have a substantial genetic component (de Maat et al.,
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2004; de Craen et al., 2005), and these differences may be a result of base
variations located in the promoter region of the IL-6 gene.

Three single-point polymorphisms (-597G/A, -572G/C, and -174G/
C) and an AT-stretch polymorphism (-373(A)n(T)m) have been identified
in the IL-6 promoter (Georges et al., 2001; Terry, Loukaci, and Green, 2000;
Fishman et al., 1998). The potential significance of the -174G/C polymor-
phism for both the IL-6 level and hence disease susceptibility and mor-
tality risk has been investigated in a large number of studies involving
a variety of diseases. The results have, however, been conflicting (Nauck
et al., 2002; Humphries, Luong, Ogg, Hawe, and Miller, 2001; Rauramaa
et al., 2000).

Recent independent findings of a modest, but significant, increase
in the frequency of interleukin 6 -174GG homozygotes both in Finland
(Hume, 2005) and in our Danish surveys (Christiansen, Bathum,
Andersen-Ranberg, Jeune, and Christensen, 2004) suggest that this geno-
type is advantageous for longevity. However, a very recent study in Italy
(Ravaglia et al., 2005) was unable to confirm this.

Paraoxonase 1

Stress-response genes, such as paraoxonase, mediate protection
against oxidative damage and are therefore excellent candidates for stud-
ies of successful aging and longevity. Paraoxonase 1 (PON1) is found
to be associated with high-density lipoproteins (HDLs) in plasma. One
physiological function of the enzyme appears to be the elimination of
toxic oxidized lipids in lipoproteins, whereby it confers protection against
atherosclerosis and coronary heart disease. Recent studies have demon-
strated a progressive decrease of PON1 activity with age, which may be
related to oxidative stress conditions developing with increased age. In
general, there is a 40-fold variation in PON1 activity among individuals,
which is partly explained by genetic variations in both the coding region
and the promoter of the gene, although environmental influences, for
example, tobacco smoking, also exert an effect (Costa, Vitalone, Cole, and
Furlong, 2005; Seres, Paragh, Deschene, Fulop, and Khalil, 2004).

Investigating the influence of the two coding sequence polymor-
phisms, L55M and Q192R, on the efficacy of protection of low-density
lipoproteins (LDL) lipid oxidation, Mackness et al. (1998) demonstrated
that individuals with the PON1 192QQ/55MM genotype were most effec-
tive in protecting LDL against lipid oxidation, whereas PON1 192RR/55LL
homozygotes were least effective. A meta-analysis of 43 studies involving
11,212 cases and 12,786 controls suggested a weak overall association
between 192Q/R and coronary heart disease.

We explored the association between the PON1 192Q/R polymor-
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FIGURE 1-6 Kaplan-Meier survival estimates in the combined group of partici-
pants from the 1905 cohort (N = 1,265) divided into the three genotype groups for
PONT1 192. The analysis time unit is days (p < 0.05).

phism both in LSADT and in the 1905 cohort. Using the longitudinal
study design, we first found that 192RR homozygotes had a significantly
poorer survival compared with QQ homozygotes in LSADT. We extended
this study by testing an independent sample of 541 individuals from the
1905 cohort and confirmed the initial findings. In both samples the effect
was most pronounced in women, suggesting that PON1 192RR homozy-
gosity is associated with increased mortality in women in the second half
of life (Christiansen et al., 2004). We just completed the PON1 genotyping
of the whole 1905 cohort, and the seven years of follow-up (Figure 1-6)
further corroborated the initial finding. One of the biggest challenges to
genetic association studies are false positive findings (Ioannidis, 2003) and
one of the major strengths of including biological material in both LSADT
and the Danish 1905 Cohort Study has been that independent replication
can be performed.
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STUDIES OF BIOLOGICAL INDICATORS FOR HEALTHY AGING
USING SELECTED SUBGROUPS IN THE SURVEYS

Biological indicators from elderly twin pairs provide a number of
unique research opportunities, and therefore we included a full blood
sample in the LSADT 1997 wave for the “intact twin pairs” in the survey.
Among the key uses of the samples were to investigate telomere length,
X inactivation, and gene expression.

Telomere Length

The consistent findings of a negative correlation between telomere
length and the replicative potential of cultured cells as well as a decreas-
ing telomere length in a number of different tissues in humans with age
(Cherif, Tarry, Ozanne, and Hales, 2003) have led to the suggestion that
telomeres play a role in cellular aging in vivo, and ultimately even in
organismal aging. A possible association between telomere length and
mortality late in life in humans was indicated by Cawthon, Smith, O’Brien,
Sivatchenko, and Kerber (2003), who measured telomere length on blood
samples drawn about 20 years ago from 147 healthy individuals (ages 60-
97). They found that, corrected for age, individuals with shorter telomeres
had a poorer survival than those with longer telomeres. However, a larger
independent study failed to confirm this finding and showed that tel-
omere measurements are fluctuating over time in blood cells (Martin-
Ruiz, Gussekloo, van Heemst, von Zglinicki, and Westendorp, 2005). We
analyzed the 1997 LSADT samples (Bischoff et al., 2006) and also found
that telomere length is not a predictor for remaining life span, once age
is controlled for. The sample provided a unique opportunity to do intra-
pair comparisons among twins, in which the effect of the genetic factor is
controlled for (100 percent for monozygotic and 50 percent for dizygotic
pairs). Also, this approach did not reveal evidence for an association
between telomere length and survival among the elderly. Currently we
are reexamining the blood samples using new and improved methods of
measurement of telomere length to test if the lack of association could be
due to methodological problems.

X Inactivation

Although females have two X chromosomes, only one of them is
active in each cell; the other is inactivated in early embryonic life and
stays so throughout life (a phenomenon called X inactivation). The ran-
dom X inactivation makes females mosaics for two cell populations, usu-
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ally with an approximate 1:1 distribution. Males have only one cell line
because they receive only one X chromosome (from their mother) and one
Y chromosome (from their father).

Cross-sectional studies have shown that, among younger females,
it is very rare to have a skewed distribution of X inactivation, while for
females over age 60, more than a third have a predominance of one of
the cell lines in their blood, and among centenarian females the major-
ity has a predominant cell line (Christensen et al., 2000). The skewing of
this distribution in peripheral blood could be due to either depletion of
hematopoietic stem cells followed by random differentiation or selection
processes based on X-linked genetic factors.

It has been difficult to make animal experiments or human observa-
tions that could critically test the random versus selection hypotheses.
The female twins who provided full blood in the LSADT survey, however,
provided an excellent opportunity. On one hand, if the often observed
predominance of one of the two cell lines in peripheral blood in elderly
females was determined by a stochastic process with no selection, then
one would expect little correlation in the X inactivation patterns between
two monozygotic co-twins. A selection process based on X-linked genetic
factors, on the other hand, would create a tendency for the same cell
line to become predominant in two monozygotic co-twins. Our stud-
ies indicate that the peripheral blood cells from LSADT monozygotic
female twins show a strong tendency for the same cell line to become
predominant in two co-twins, which suggests that X-linked genetic factors
influence human hematopoietic stem cell kinetics and potentially organ-
ismal survival. The fact that females have two cell lines with different
potentials could be one of the reasons why women live longer than men
(Christensen et al., 2000).

Gene Expression

Microarray analyses in animal and humans of gene expression and
changes with age are still few, but many believe that a better under-
standing of gene expression will lead to insight into the mechanisms of
aging. We used LSADT to identify three pairs of healthy 80+ year-old
female monozygotic and dizygotic twins (six pairs in total), and even in
this age group on this small sample we were able to detect a substantial
genetic component to the variation in gene expression (Tan, Kruse, and
Christensen, 2006).
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SURVEYS AS A SCREENING INSTRUMENT TO IDENTIFY
CASES FOR ANCILLARY STUDIES

The twin surveys have also been used as a screening instrument for
a variety of conditions involving a two-stage study design with initial
screening through the LSADT assessment and a follow-up assessment
by a specialist. This has been done for movement disorders, in which
the LSADT participants performed a so-called Archimedes spiral test—a
drawing test to disclose individuals with movement disorders, such as
essential tremor and Parkinson’s disease. Individuals whose spiral test
was positive were recontacted, and 119 twin pairs were interviewed and
examined by a movement disorder specialist. The study revealed a nearly
complete concordance for monozygotic twins for essential tremor and a
substantial lower concordance rate for dizygotic twins, indicating a high
heritability for essential tremor, and hence a good candidate for a pheno-
type to be used in linkage studies (Lorenz et al., 2004).

In Europe there is also an extensive collaboration between the major
twin registers (Skytthe et al., 2003), which together have information
on more than half a million twin pairs. A collaborative effort includ-
ing LSADT has been used to identify particularly informative pairs, for
example, dizygotic twin pairs extremely concordant or discordant for con-
tinuous traits that are especially powerful in genetic linkage studies (Risch
and Zhang, 1995). Currently studies of twin pairs extremely concordant
or discordant for body mass index are being conducted.

An outstanding example of the potentials of exceptional twin pairs is
the cloning of the genes for Van der Woude syndrome (a syndrome with
cleft lip and palate and lip pits). Family studies have for many years indi-
cated that this monogenic disease is caused by a gene on chromosome 1,
but despite large collaborative efforts, identification of the actual gene has
failed. The identification of one monozygotic twin pair discordant for the
disease led to the identification. The discordance could be due to either
reduced penetrance or alternatively a somatic mutation after a split of a
two-cell-stage zygote. A sequencing of the candidate region revealed one
genetic difference between the two monozygotic twins in the gene coding
for interferon-regulatory factor 6 (IRF-6). With this information in hand,
the previously identified families were reinvestigated. It became clear
that it was indeed mutations in this gene, IRF-6, that was causing Van der
Woude syndrome (Kondo et al., 2002).

A NEW BIOLOGICAL INDICATOR OF AGING: PERCEIVED AGE

Modern medicine includes an increasing number of physiological
parameters, biomarkers, and other “objective” measures through body
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fluids and increasingly sophisticated imaging tools. However, when
assessing health, physicians in many countries traditionally still com-
pare perceived and chronological age and record this in the patient’s
record. Among adults, “looking old for your age” is often interpreted as
an indicator of poor health. Hence in the clinic, perceived age is used as
a “biomarker of aging,” yet little validation of this biomarker has been
performed. The sparse data available on the relation between perceived
age and survival indicate an inverse association (Christensen et al., 2004).
It is not known whether looking old for your age is primarily a result of
lifestyle and other environmental factors or whether genetic factors play
an important role.

We used the 2001 LSADT survey to test this: 91 percent of cognitively
intact participants agreed to have their picture taken (digital camera, 0.6
meter distance, neutral background, if possible). For a total of 387 same-
sex twin pairs we obtained high-quality pictures of both twins (Figure
1-7). We engaged 20 female nurses (ages 25-46) to estimate the twins’
ages. The nurses were not informed beforehand about the age range of
the twin pairs, and they assessed, based on the digital pictures, the ages
of the first-born and the second-born twins on two different days. The
mean of the nurses’ age estimates for each twin was used as the twin’s
perceived age. The reliability of the mean age rating was estimated at .94
from a one-way analysis of variance. The correlation between real age
and perceived age was 0.4 (p < 0.001), and the nurses’ estimates regressed
towards a mean of 77 years.

The correlation between the nurses’ estimates for monozygotic twins
(r=0.6, p <0.01) is about twice the correlation for dizygotic twins (r = 0.3,
p < 0.01). This indicates an effect of additive genetic factors influenc-
ing perceived age. Biometrical models confirmed that the twin similar-
ity is best explained by a model including additive genetic factors and
nonfamily environment, and that the heritability (i.e., the proportion of
the variance explained by genetic factors) of perceived age is about 60
percent, with no sex or age differences.

By January 2003, nearly two years after having been photographed,
one of the pictured twins in 49 pairs had died. Among these 49 pairs, the
longer surviving twin was rated as looking younger on average than his
or her co-twin (mean of 1.15 years, SD = 3.63, t = 2.22 on 48 df, p < 0.02).
This significant difference, however, owed entirely to those twin pairs
who were perceived to be discrepant in age. Among the 26 pairs for which
perceived age differed by two or more years, the oldest looking twin died
first in 19 (73 percent) cases (p < 0.01), verifying that perceived age is asso-
ciated with mortality. We are currently making a follow-up study of five
years’ survival, and the preliminary analyses strongly support the initial
findings (also using raters of different age, gender, and education).
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FIGURE 1-7 Longitudinal studies have demonstrated that perceived age is a
predictor of survival among the elderly and that it is associated with a number of
environmental exposures.

We have furthermore studied the determinants of perceived age and
showed that when age and gender are controlled for factors like smok-
ing, socioeconomic status, body mass index, marital status, and depres-
sion symptomatology, all affect perceived age in the expected direction
(Rexbye et al., 2006). We did follow-up pictures in 2003 and 2005. We also
made high-quality pictures of 100 selected pairs, including facial imprint
of the facial structure, to shed light on which immediate and distant fac-
tors are the basis for perceived age and its association with health and
survival.
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OTHER BIOMARKERS

In the Danish surveys of twins and the oldest-old, we have used a
number of validated biomarkers, such as grip strength, spirometry, and
walk test, as well as molecular markers based on blood samples and
cheek swabs. Here we report on what we consider the key findings, but
the rapid development within the biomarker field is likely to provide new
(combinations of) biomarkers, in particular from the neuroendocrine and
the immune system (Goldman et al., 2006).

Finally, the ever-increasing possibilities in imaging and especially
neuroimaging could yield major breakthroughs in the biomarker research
in the coming years (Winterer et al., 2005), although neuroimaging is not
likely to be included in large field surveys with 100+ interviewers in any
foreseeable future.

Another promising research direction is the study of gene-environment
interaction in aging, and how environmental factors, including social
environment, can modify the gene effects and the biomarkers (Ryff and
Singer, 2005).

CONCLUSION

The inclusion of biological markers in the Danish surveys of twins
and the oldest-old has provided great leverage for these studies by mak-
ing them highly interdisciplinary in nature and very productive in terms
of results. Some 70 papers based on LSADT and the Danish 1905 Cohort
Study have been published in international peer-reviewed journals, and
half of the papers include biological indicators, even though their inclu-
sion was not started until some years after the study had been launched.
LSADT and the Danish 1905 Cohort Study aim at identifying the deter-
minants of healthy aging and longevity. Several studies—including the
traditional twin analyses in LSADT—have shown that there is indeed a
genetic influence on human lifespan, longevity, and cognitive and physi-
cal functioning among the oldest, providing support for the search for
candidate genes involved in aging (Hjelmborg et al., 2006; Frederiksen
and Christensen, 2003; McGue and Christensen, 2001, 2002; Herskind et
al., 1996; Hjelmborg et al., 2006).

We have so far examined several candidate genes for healthy aging
and longevity and corroborated some findings and refuted others in large-
scale studies with substantial power. In this area, our future studies will
continue to focus on promising candidate genes identified in other studies
or through biological insight. We intend to use haplotype-based analyses
to thoroughly investigate the relevance of each candidate gene, including
the regulatory areas surrounding it. Furthermore we intend to broaden
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our attention toward regulatory changes in the noncoding DNA, which
could be functionally important. Also, we will extend our testing of bio-
logically plausible gene-environment interaction (a research area in which
we expected major findings five years ago but which has yielded few up
to this point). Our studies so far have shown that small amounts of DNA
from population-based studies are sufficient to perform simple genotyp-
ings on a large scale: at least 2,000 genotypings can be performed on a
fully filled blood spot card. We expect that new techniques will evolve that
may enable us to further widen the use of the collected material. Using
the surveys as a screening instrument for ancillary studies has proved to
be particular fruitful, and we intend to further explore this option. We
feel that our most important research is a result of extending our surveys
beyond the traditional items, and hence we feel that supplementing our
epidemiological surveys with the collection of biological markers and
indicators has brought us new insight and has helped us to think outside
the box in our research field of healthy aging and longevity.
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explicit purpose of testing hypotheses as to the causes of the social

gradient in cardiovascular and other diseases (Marmot and Brunner,
2005; Marmot et al., 1991). The scientific questions arose from key findings
of the first Whitehall study: health followed a social gradient (Marmot,
Shipley, and Rose, 1984). That is to say, the lower the position in the social
hierarchy, the higher the mortality from cardiovascular disease and from
a range of other major causes of death. Although the social gradient was
defined in the Whitehall study by grade of employment, similar patterns
emerge with classification on the basis of income or education (Mensah,
Mokdad, Ford, Greenlund, and Croft, 2005). This gradient provided a par-
ticular challenge to explanation. One could not invoke the old notion of
“executive stress” because people with more responsibility at work were
at lower risk of disease. One could not look to poverty as an explanation
because people second from the top of the hierarchy had worse health
than those at the top—and so on all the way down the hierarchy—and it is
an untenable hypothesis that higher executive officers in the British Civil
Service, men (Whitehall II included women but the original Whitehall
study was a women-free zone) with stable white-collar jobs, are somehow
materially deprived.

Furthermore, the standard coronary risk factors—smoking, plasma
cholesterol level, blood pressure, blood sugar level, and height (included
as a marker of early life)—accounted for less than a third of the social gra-
dient in cardiovascular disease (Marmot, Bosma, Hemingway, Brunner,

The Whitehall II study of British civil servants was set up with the
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and Stansfeld, 1997). Something else had to be going on. We hypothesized
that the social gradient in disease occurrence could be attributed to psy-
chosocial factors. In order to test this hypothesis, we set up the Whitehall
IT study: a longitudinal study of 10,308 men and women working in the
British Civil Service ages 35-55 at baseline in 1985. Participants were
recruited from the entire range of occupational grades, from senior civil
servants responsible for large government programs to clerical workers,
porters, and messengers.

In the biomedical world, the idea of social causation sounds mystical.
How, a biomedical scientist wants to know, can someone’s socioeconomic
position get “under the skin” to cause disease (Adler and Ostrove, 1999)?
Or, as a senior medical colleague put it to us, you will never convince
medical scientists that people’s social circumstances, and particularly psy-
chosocial factors, influence health unless you have a biological pathway.
An important part of the research agenda for Whitehall II is therefore to
show how social and psychosocial factors influence biological pathways
to cause social inequalities in disease.

Epidemiological studies are one, but not the only, research strategy
to target this goal. Development and testing of hypotheses linking psy-
chosocial factors to biological pathways come also from psychobiological
studies (see below) in which smaller numbers of individuals are studied
intensively, either in the laboratory or under naturalistic conditions, to
link changes in emotion and behavior with changes in relevant biologi-
cal markers. This is closely integrated with our overall scientific aim
of understanding inequalities in health by studying civil servants from
different levels of the hierarchy. There is thereby a conceptual link from
Whitehall II to the psychobiology studies.

We also have a keen scientific interest in linking health, well-being,
social participation, and economic and social circumstances in older
people. To this end we set up ELSA, the English Longitudinal Study of
Ageing (British spelling), very much influenced by, and modeled on, the
Health and Retirement Study (HRS) in the United States (Marmot, Banks,
Blundell, Lessof, and Nazroo, 2003). The sampling frame for ELSA was
nationally representative surveys of the English population: the Health
Surveys for England 1998, 1999, and 2001. The sample in ELSA comprises
11,392 men and women ages 50-72, with an additional 636 partners under
50, and 72 new partners were interviewed, leading to a total sample size
of 12,100. The plan is to interview them at home every two years, and
every second interview (i.e., every four years) will include a nurse visit in
addition to the face-to-face interview. The nurse visit will allow physical
function to be measured by a trained observer and blood samples to be
drawn for biochemical analysis. One major difference from HRS is that
the Health Survey data set contains biomarkers relevant to monitoring
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cardiovascular disease. The drawing of blood samples every four years
means that these biomarkers can be assessed repeatedly and newer ones
measured according to the scientific questions being addressed.

This chapter details the scientific insights that can be gained from
measuring biological indicators in population studies and presents a
rationale for complementing the observational epidemiological approach
with more intensive psychobiological investigations.

BIOLOGICAL INDICATORS IN WHITEHALL II AND ELSA

The importance of biological markers can be illustrated by showing
how they shed light on two issues of causation. Working with economists,
we have found that the link between socioeconomic position and health
has two major explanations. Public health scientists tend to start from the
position that social circumstances associated with socioeconomic position
lead to ill health. Economists tend to start from the position that health,
or some resilience factor, leads to socioeconomic position. To sort between
these competing positions, it is helpful to have further specification of a
causal model. We, for example, posit that low social position is associated
with increased exposure to psychosocial factors, which in turn activate the
autonomic nervous system and the hypothalamic-pituitary-adrenal axis
to influence metabolism and disease risk.

We do not, in other words, view the body as a black box with social
conditions going in at one end and disease coming out the other or vice
versa. Rather, we seek to gain evidence to support or refute our causal
model. One major candidate to explain the social gradient in disease is the
group of factors characterizing the metabolic syndrome: low high-density
lipoprotein (HDL) cholesterol, high plasma triglyceride, high waist to hip
ratio, and disturbances of insulin and glucose metabolism. To look at this
in Whitehall I, we had to arrange for approximately 8,000 people to come
to a clinic in a fasting state, have blood drawn, drink a standard glucose
load, and have blood drawn again precisely two hours later—a mam-
moth undertaking. We performed this at the Phase 3 (5-year examination)
of the Whitehall II cohort, repeated it at Phase 5 (10-year examination),
and again at Phase 7 (15 years). We found that the metabolic syndrome
showed a clear social gradient in men and women—lower grade, higher
prevalence—making it a promising candidate to be a biological interme-
diary between social position and coronary heart disease (Brunner et al.,
1997).

A further step in the causal model was to conduct a nested case-
control study, the cases being people with the metabolic syndrome and
the controls a sample from the Whitehall II cohort without. People with
the metabolic syndrome had evidence of increased urinary output of
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metabolites of both cortisol and catecholamines, indicating more stress-
related neuroendocrine activity (Brunner et al., 2002). We also examined
heart rate variability to see if the metabolic syndrome was related to this
indicator of adverse autonomic (sympathetic-parasympathetic) balance.
We found that heart rate variability was less in cases of metabolic syn-
drome. Involvement of autonomic function was shown further by the
finding that low employment grade was associated with low heart rate
variability. The link to psychosocial factors was made explicit by the find-
ing that people with low control at work had lower heart rate variability
(high risk) than those with high control (Hemingway et al., 2005).

These findings shed light also on the question of confounding. When
we showed, in Whitehall II, that low job control appeared to be an impor-
tant link between low socioeconomic position and risk of coronary heart
disease, we had to confront the question of whether low job control was
confounded by some other causal exposure that was linked to socioeco-
nomic position (Marmot et al., 1997). We have now shown that chronic
work stress, measured as low control/high demands/low supports
(known as isostrain), is related to the metabolic syndrome (Chandola,
Brunner, and Marmot, 2006). This independent association completes an
important link in the causal chain from chronic work stress to congenital
heart disease and illustrates the strength of complementing observational
epidemiological studies of social factors with biomarker assessment.

We are only now beginning to make use of the biological markers in
ELSA. One example illustrates their usefulness. We performed a com-
parison of socioeconomic differences in morbidity in England (ELSA)
and the United States (HRS). We were struck by the finding of a higher
rate of morbidity in the United States, even among affluent groups in the
two countries. The possibility of higher levels of diagnosis and report-
ing in the United States had to be considered. Our economist colleagues
took the initiative to use the biological measures in ELSA and, for com-
parison as HRS has no biomarkers, took data from the National Health
and Nutrition Examination Survey. The U.S. samples had higher levels
of glycosylated hemoglobin, of plasma fibrinogen, of C-reactive protein,
and of blood pressure. These results suggest that there is genuinely more
illness in the United States. If we had an isolated finding of, say, higher
levels of glycosylated hemoglobin in the United States, this would have
raised the possibility of laboratory differences across countries. The facts
that each of our biomarkers were adverse in the United States compared
with England and each of the reported morbidity measures were higher
make it likely that the intercountry differences are valid (Banks, Marmot,
Oldfield, and Smith, 2006).

In our view these findings illustrate the value of working across disci-
plines and across “levels” of measurement, by which we mean economic,
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social, psychological, biological, and medical disease outcomes. Each dis-
cipline would have been impoverished without the input of the others in
decisions of what to measure, how to measure them, how to analyze data,
and interpretation.

A limitation of large-scale epidemiological studies that investigate
biological pathways is the difficulty of examining the dynamics of bio-
logical markers. For example, if the interesting information will come
from examining not the resting level of a biomarker but how it responds
to a stress in the system, we may miss some relationships by using one
measurement of a biomarker. It took a great deal of effort to measure how
glucose and insulin responded to a glucose load administered in the fast-
ing state. It would be difficult to repeat this by examining in 8,000 people
how other biomarkers responded to a psychological stressor. To conduct
this sort of investigation, smaller scale intensive studies are appropriate,
although they have the drawback that they do not have the statistical
power to examine disease end points.

WHITEHALL PSYCHOBIOLOGY STUDY

Psychobiological studies give us the opportunity to understand the
connections between psychosocial factors and health-related biological
responses in more detail than is possible in large-scale epidemiological
research. There are two basic strategies used in psychobiological research.
The first is psychophysiological or mental stress testing, in which bio-
logical responses are measured in response to standardized psychologi-
cal or social stimuli (Steptoe, 2005). A wide range of challenging stimuli
is employed, including cognitive and problem-solving tasks, simulated
public speaking, and interpersonal conflict. These tests are usually carried
out individually in the laboratory or clinic, with continuous monitoring
of cardiovascular activity, sampling of saliva for the measurement of
stress hormones like cortisol, and periodic blood sampling. The value of
this experimental approach is that biological responses to psychosocial
stimuli can be evaluated under environmentally controlled conditions,
reducing many of the sources of confounding that might otherwise be
present. Sophisticated measures can be employed that are difficult to
assess in large-scale studies; for example, we have found that psycho-
logical stress stimulates transient disturbances of vascular endothelial
function (thought to be important in the development of coronary athero-
sclerosis), up-regulation of the genes controlling release of inflammatory
cytokines, and activation of blood platelets (Brydon et al., 2005; Ghiadoni
et al., 2000; Steptoe et al., 2003c). The design of these studies does not
assume that responses to these tasks are important per se, but rather that
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they represent the way in which people respond biologically to everyday
challenges.

A more direct way of assessing responses in everyday life is to use a
second strategy, namely ambulatory or naturalistic monitoring. The pur-
pose of these methods is to investigate biological function in real life at
work, at home, and in other situations, rather than when people are tested
in the screening clinic or laboratory. We can also study the covariation
between biology, activities, emotions, and behavior. The design depends
on the availability of unobtrusive measures of biological activity in every-
day life, with techniques depending on the health problem under investi-
gation. Research into cardiovascular diseases primarily uses ambulatory
monitoring devices for the measurement of blood pressure, heart rate, and
heart rate variability. Research on stress often involves saliva sampling for
the assessment of cortisol, while studies of musculoskeletal problems and
pain utilize lightweight monitors of electromyographic activity (muscle
tension).

The Whitehall psychobiology study used both mental stress testing
and naturalistic monitoring to explore the dynamic relationships between
the social gradient, psychosocial stress factors, and biological responses
relevant to coronary heart disease. We focused on the hypothesis devel-
oped in the full Whitehall II study that biological stress responsivity is
greater in lower than higher socioeconomic status groups and partly
mediates differences in disease risk (Steptoe and Marmot, 2002). We
recruited 129 middle-aged men and 109 women from the Whitehall II
cohort to take part in this study. They were sampled from higher (n =
90), intermediate (n = 81), and lower (n = 67) grades of employment so
that we could compare responses across the social gradient, and all the
participants were in full-time paid employment. We excluded individuals
with known coronary disease or diabetes, a task that was made simple
by the detailed data collected from each person for more than a decade
as part of the main Whitehall II study. The response rate was 55 percent.
Participants attended a psychophysiological stress testing session and
carried out ambulatory monitoring of blood pressure, heart rate, and
salivary cortisol over a normal working day. Recruitment of the sample
was relatively easy because participants were familiar with the Whitehall
study setup. However, some of the people we asked did not take part
since they thought it would be difficult to commit the time to this more
intensive investigation.

The psychobiology study has generated interesting results relating
psychosocial factors such as work stress, depression, and loneliness with
biological function, but the main emphasis has been on socioeconomic
position. Box 2-1 summarizes findings from the laboratory psychophysi-
ological stress testing concerning socioeconomic position (Steptoe and
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BOX 2-1
Psychophysiological Stress Testing and Socioeconomic
Position: Summary of Findings from the Whitehall
Psychobiology Study

Dynamic Effects
Prolonged activation or impaired poststress recovery in lower socioeconomic
status participants

Systolic and diastolic blood pressure
Heart rate

Heart rate variability

Factor VIII

Plasma viscosity

Blood viscosity

Larger stress reactions in lower socioeconomic status participants

o Interleukin-6
e Systolic and diastolic blood pressure (women only)

Static Effects
Higher stress levels in lower socioeconomic status participants, but no difference
in reactivity or recovery

Plasma fibrinogen

Von Willebrand factor

Platelet activation

Tumor necrosis factor o
Interleukin-1 receptor antagonist
Natural killer cell counts

Marmot, 2005). An intriguing result was that, by and large, the social gra-
dient was not strongly related to the magnitude of biological responses to
standardized tasks. However, lower socioeconomic status was character-
ized by delayed recovery or prolonged stress activation, so that biological
responses remained elevated after tasks had been completed, rather than
returning back to baseline levels promptly. For example, in comparison

with high-status individuals, we calculated that the odds of impaired
poststress recovery in the lower status group were 3.85 (95% CI, 1.48-10.0)
for diastolic blood pressure, and 5.91 (CI, 1.88-18.6) for heart rate variabil-
ity (Steptoe et al., 2002). As noted in Box 2-1, other biological measures did
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not show differential reactivity or recovery, but rather elevated levels in
lower socioeconomic status participants throughout the protocol.

These findings have led us to think again about the role that bio-
logical stress responses might play in mediating social gradients in car-
diovascular disease risk. Two simple models come to mind. The first is
that there are differences in the magnitude and duration of biological
responses between social groups that have developed through a lifetime
of differential psychosocial challenge. The chronic allostatic load model
formulated by McEwen (1998) suggests that the wear and tear imposed on
biological regulatory systems as they are forced to respond repeatedly to
life’s demands ultimately provokes reduced adaptability and the failure
of systems to operate within optimal ranges. The association between
lower socioeconomic position and prolonged activation after tasks have
ended is a manifestation of this pattern. The second possibility is that
adverse health effects arise out of differential exposure to adversity. The
biological systems of lower status groups receive more “hits” on a daily
basis because of greater exposure to chronic stressors, failures of coping,
or reduced psychosocial and material resources. The higher levels of
activation both during stress and at rest observed in several biological
parameters listed in Box 2-1 will contribute to increased disease risk.

Naturalistic monitoring studies complement the psychophysiological
stress testing results while demonstrating how these processes play out in
everyday life. We have found that ambulatory blood pressure was greater
in the lower than higher occupational grade groups in the mornings of
working days, even after controlling for physical activity levels, body
weight, smoking, and other factors (Steptoe et al., 2003b). Early morning
blood pressure levels have special significance for cardiovascular disease
since there is a blood pressure surge soon after waking, which coincides
with an increased incidence of cardiac events (Giles, 2006). We also found
that the cortisol awakening response, the rise in cortisol over the first 20-
40 minutes after waking in the morning, is greater in lower status groups
(Kunz-Ebrecht, Kirschbaum, Marmot, and Steptoe, 2004). A heightened
cortisol awakening response is also found in people experiencing work
stress, financial strain, and depressive symptoms, and it appears to be an
indicator of stress-related hypothalamic-pituitary-adrenocortical dysfunc-
tion (Steptoe, 2007).

There are two important limitations to the psychobiological studies
that we have carried out so far. The first is that, although the study was
quite large from the perspective of laboratory science, the sample size
was still limited for addressing socioeconomic issues. Some of the find-
ings summarized in Box 2-1 were graded across the three occupational
status groups, while for others it was necessary to combine higher and
intermediate groups and compare them with the lower occupational sta-
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tus group. Second, we have not shown associations with cardiovascular
disease outcomes. Much larger samples need to be tracked over many
years to document a relationship between disturbed stress responsivity
and coronary heart disease end points, such as myocardial infarction or
cardiac death. However, newer methods of imaging the coronary arter-
ies have given us the opportunity to study the progression of subclinical
coronary disease. A fresh study with a larger sample that began in 2006
is measuring psychobiological responses along with coronary artery cal-
cification quantified using nuclear imaging. We will repeat this imaging
of the coronary arteries after three years to provide direct evidence of the
clinical significance of these processes.

INTERCHANGE BETWEEN EPIDEMIOLOGICAL AND
PSYCHOBIOLOGICAL STUDIES

The nesting of psychobiological studies within the broader framework
of the Whitehall II study has provided fertile ground for the exchange of
methods and measures. Although the Whitehall II study is rooted in obser-
vational, population-based epidemiology and the psychobiology study
has its origins in laboratory psychophysiology, each has gained from the
association. For example, laboratory psychophysiological research has
generally paid rather little attention to the sampling framework. Much
work in this tradition continues to be carried out with select samples
(notably college students), assuming that findings in such unique groups
can be generalized to the rest of the population. The sampling framework
provided by the Whitehall I cohort has allowed us to recruit participants
into psychobiological testing who are much more representative of dif-
ferent social groups.

Findings from the Whitehall II study also give pointers to biological
markers that we think would be interesting to study in more detail in
laboratory work. For example, an association between elevated plasma
fibrinogen and lower social class was identified in a pilot for the Whitehall
IT study, and this was subsequently confirmed in Whitehall II and other
cohorts in the United States and Europe (Brunner et al., 1996; Markowe
et al., 1985). Fibrinogen is involved both in thrombogenesis and in the
stimulation of atherogenic cell proliferation, and elevated levels predict
the development of coronary heart disease. We therefore assessed fibrino-
gen responses to acute stress in the psychobiology study and found that it
increases acutely in response to stress, with higher levels in people from
lower grades of employment (Steptoe et al., 2003a). In addition, we have
seen that men who experience low levels of control at work show height-
ened fibrinogen stress reactivity, suggesting that it may be particularly
relevant to the processes through which chronic work stress increases
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cardiovascular disease risk. We have also found that heightened fibrino-
gen stress reactivity predicts increases in ambulatory blood pressure over
a three-year period (Brydon and Steptoe, 2005), a result that is consistent
with emerging evidence for the role of inflammation in the development
of hypertension.

Experience in the psychobiology study has also informed the measures
in the Whitehall II and ELSA studies. An instance is cortisol assessment.
Cortisol has long been recognized as an important stress hormone, but it
has been difficult to measure in large-scale studies because of its marked
diurnal variation. This means that it cannot be adequately assessed in
single blood samples, and collecting urine samples over the night or day
is practically inconvenient and potentially aversive. Sampling of saliva
has revolutionized cortisol assessment, since repeated samples can be
collected over the day, stored in domestic refrigerators, and returned to
the investigators by post. We included saliva sampling over a working
and weekend day in the psychobiology study, and it proved acceptable to
participants as well as scientifically valuable (Kunz-Ebrecht, Kirschbaum,
and Steptoe, 2004; Steptoe et al., 2003b). This experience has encouraged
us to include salivary cortisol assessment in a recent phase of the White-
hall IT study and in the ELSA cohort. We have successfully obtained saliva
samples over the day from more than 5,000 participants in ELSA, with a
response rate of 89 percent. In Whitehall II, we have data from about 4,600
people, representing 90 percent of those eligible for cortisol assessment.
Each person was asked to collect six samples over the day, and 99.45 per-
cent of these were collected. These response rates are very encouraging,
given that participants had to take measures in their own time at home
and at work. This indicates that even measurement of biological variables
that require some effort from study participants may be feasible on a large
scale with appropriate management of data collection.

The continuing interchange between epidemiology and psychobiol-
ogy has also led us to analyze data in relation to emerging issues that
were not near the top of the agenda when the studies were designed. A
good example is the work we have been carrying out on the biological
correlates of positive well-being. The notion that affective well-being or
happiness has beneficial health effects over and above the mere absence
of depression and distress has evolved over recent years with the devel-
opment of the field of positive psychology (Pressman and Cohen, 2005).
We realized that arguments concerning the role of positive states in health
would be greatly strengthened by an understanding of the underlying
biology. We utilized the data from the naturalistic monitoring phase of
the psychobiology study to address this issue. As part of that study, we
obtained ratings of happiness every 20 minutes over the working day, at
the same time that blood pressure readings were taken by the automated
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monitor. We aggregated these over the working day, then tested associa-
tions with biological measures relevant to health.

We found that happiness was negatively associated with cortisol sam-
pled over the day (Steptoe, Wardle, and Marmot, 2005). This relationship
was independent of other factors known to influence cortisol, such as age,
gender, smoking, body mass index, and grade of employment. It was also
apparent on a weekend as well as a working day, and it was replicated in
the same individuals three years later, suggesting a stable pattern (Steptoe
and Wardle, 2005). Another interesting observation is that stress-induced
fibrinogen responses were smaller among happier individuals. Effects all
remained statistically significant when psychological distress (measured
with the General Health Questionnaire) was included in the analysis. The
results therefore suggest that affective well-being has favorable effects on
biological responses relevant to health independently of the influence of
negative psychological states.

LIMITATIONS TO THE USE OF BIOLOGICAL INDICATORS

The measurement of biomarkers is expensive, and collection of the
data can be time-consuming and demanding both for the investigators
and participants. The fact that a particular measure has been shown in
animal research to relate to disease development, or that it predicts an
outcome in clinical samples, is not a sufficient reason to embark on its
assessment in a population cohort. Some biomarkers may be particularly
significant at a specific point in the course of disease, while not being rel-
evant at other stages. Other measures may be attractive from the scientific
perspective but difficult to collect in practice. For example, there are cur-
rently no simple direct measures of sympathetic nervous system activity
that are suitable for large-scale population studies. Measures such as heart
rate or heart rate variability are stimulated by the sympathetic nervous
system, but they are also influenced by other factors, while sweat gland
activity indexes responses only in the cholinergic sudomotor component
of the sympathetic nervous system. Urinary measures of catecholamine
metabolites are possible, but these require 24-hour collections, as we have
done in a subset of the Whitehall II cohort (Brunner et al., 2002). Such
techniques are difficult to use on a large scale. The inclusion of biological
indicators in a population study therefore requires thorough consider-
ation of the literature to determine the relevance and potential value of
the marker, consideration of the practicality of measurement, and careful
thought about confounders.

Another fundamental issue concerns the dynamics of biological mea-
sures. Some indicators, such as heart rate, blood pressure, and cortisol,
change rapidly over minutes or even seconds, while others, like C-reactive
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protein, are much more stable. This presents problems for both popula-
tion and laboratory studies. In population studies, a very labile measure
is difficult to capture with one or two assessments, as we have pointed
out in the last section in relation to cortisol. Disappointing results have
sometimes emerged from studies of psychosocial factors that have used
one or two values to assess the biological marker. A good example comes
from research on job stress, in which a relationship between job strain
(high demands, low-control work) and blood pressure has emerged much
more consistently from studies involving repeated measures over the day
than from investigations that have used conventional clinical measures of
blood pressure (Steenland et al., 2000).

From the perspective of psychobiological studies, important relation-
ships between psychosocial experiences and biology may be missed if
measures are taken at the wrong time. For instance, the cytokine inter-
leukin 6 (IL-6) takes one to two hours to respond to psychological stress
(Steptoe, Willemsen, Owen, Flower, and Mohamed-Ali, 2001). If blood
samples are drawn before and immediately after a series of challenging
stimuli lasting 15-20 minutes, then no IL-6 response will be observed. It
is also becoming clear that stimuli of different intensities may be needed
to elicit responses in different variables. An analysis of the experimental
literature on cortisol responses to distress has shown that increases are
much greater when social-evaluative tasks are used: situations like simu-
lated public speaking or carrying out mental arithmetic in front of an
audience (Dickerson and Kemeny, 2004). We have typically used much
less challenging stimuli in our studies, since we have been interested in
conditions that more closely reflect everyday life, and under these circum-
stances cortisol responses are very modest.

Another issue to be borne in mind is that the levels of biological mark-
ers are determined by multiple factors, of which current psychosocial
experiences are only one set. Genetic factors, health status, demographic
factors such as gender, age, and ethnicity, health behaviors, and clinical
risk factor profiles may all be relevant. Even in the psychosocial domain,
early life experience may exert an influence independently of current
circumstances. For example, an analysis of the Dunedin birth cohort has
recently shown that maltreatment in childhood is a predictor of adult
inflammatory responses (including C-reactive protein and fibrinogen),
independently of other early life risk factors, health behaviors like smok-
ing, and adult stress and socioeconomic position (Danese, Pariante, Caspi,
Taylor, and Poulton, 2007). In the light of these diverse influences, it is
wise to expect that associations between biological markers and current
social and economic experience will be moderate rather than strong.
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PRACTICAL AND ETHICAL ISSUES

Data Collection and Participant Burden

Our main motive for carrying out both the Whitehall II and ELSA
studies is to understand the role that social factors play in the develop-
ment of disease. Data collection therefore involves face-to-face contact
with participants and the assessment of physical measures, including
blood sampling. There is danger that if these test sessions are too long or
occur too frequently; participants and their employers may be discour-
aged from remaining in the studies. Data collection in the Whitehall II
study involves assessment at a research clinic every five years, inter-
spersed with postal questionnaire data collection approximately halfway
through each quinquennium. The clinical assessment takes about half a
day and involves each person moving through several research stations
for the measurement of physical characteristics, blood pressure, lung
function, cognitive ability, blood sampling, heart rate variability, and
so on. The organization of these clinics is complicated, and the work is
labor intensive, with different research assistants, technicians, and nurses
involved in different tests. As the cohort ages, some participants find it
difficult to travel to the research clinic, so home visits are carried out.
The fieldwork for the ELSA study is conducted entirely through home
visits, since many of the cohort are quite infirm, whereas the psychobiol-
ogy study has involved for the participants half a day in the laboratory
together with measurements in everyday life.

On one hand, the burden on participants is therefore rather greater
than in demographic studies that do not involve biological sampling. On
the other hand, participants benefit from these medical screening sessions,
since health problems may be identified that would otherwise not be
detected. Indeed, one of the major motives that volunteers have for con-
tinuing to take part is that they have a free health check every few years.
In common with many cohort studies, there was a marked loss of about
16 percent of participants between the baseline of the Whitehall II study
in 1985-1988 and the first clinical follow-up. Subsequently, attrition has
been minimized by maintaining good relationships with the study cohort
and keeping in contact between screening phases (Marmot and Brunner,
2005). All participants receive individual feedback on cardiovascular risk
factors and other measures, and in addition we produce booklets con-
taining results and research findings that are distributed to participants.
Parenthetically, it should be noted that while the British National Health
Service provides health care that is free at the point of access, routine
health checks are not carried out, so the information we provide is useful
to participants. Interestingly, we have discovered that involving cohort
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members in more intensive investigations does not put them off the whole
enterprise or lead to sample attrition. Our analysis of the subgroup of
Whitehall II participants who were involved in the psychobiology study
suggests that, if anything, they were more rather than less likely to remain
in the main study. This is partly because many people find these more
intensive studies intrinsically interesting, and partly because they provide
study members with even more detailed clinical information that helps
them monitor their health status.

Ethical Issues

In Britain, there is a rather large anomaly in the issue of ethical
approval for research. Although a social science survey does not need eth-
ical approval, a health survey does—even if the health survey is limited to
questionnaire data. One clear way to identify a social science survey as a
health survey is to add biomarkers. It then needs ethical approval.

In general we have had little difficulty gaining approval for including
biomarkers in population research. However, three general difficulties
are worth highlighting. First, the entire process of ethical approval for
research has become far more cumbersome and bureaucratic than in the
past. We know of no researcher who fails to recognize the importance
of independent ethical approval of research. Equally, we know of no
researcher who thinks other than that the present system has become
so tortuous that it is in danger of damaging the public good by making
it needlessly difficult to gain ethical approval. It can never be ethical to
engage the public in research if the science is of poor quality. But in our
experience, panels are often composed of nonscientists or nonspecialists
whose good intentions are not accompanied by the technical knowledge
or relevant experience in the field necessary to make informed judgments.
In such situations, approval of research is unnecessarily delayed.

Second, we have pursued the common practice of storing biological
specimens. This means that when biological researchers develop a new
hypothesis, it can be tested with stored specimens. It is, however, common
practice for ethics committees to require that, as part of informed con-
sent, participants be informed of all biomarkers that we plan to measure.
This implies that if we decide that we could access stored data to test the
hypothesis that, say, antibodies to the micro-organism H. pylori are associ-
ated with heart disease, we must go back to participants and ask permis-
sion for that specific test. It is a logistic nightmare with implications for
participant cooperation.

Third is the specific and sensitive issue of genetic material. It is now
common practice for this to be covered by a separate consent. There are
unresolved issues that are still being debated as to how handle the shar-
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ing of genetic material within what is allowed by participants” informed
consent.

Another ethical issue that arises with increasing frequency as the
populations we study get older is that new information emerges about
the health risks of individual participants. For example, during the course
of clinical assessments, we have found that some people have high lipid
levels of which they were not aware, or perhaps show disorders of glu-
cose metabolism that indicate investigations for diabetes are warranted.
In our new psychobiological study, we have identified some people with
high levels of coronary calcification that suggest they are at particularly
high risk for having a myocardial infarction. Even though our studies are
observational and do not have an intervention component, it is clearly
essential that we provide participants with risk data, so that they can
decide in consultation with their general practitioners what steps should
be taken. Such “interventions” pose knotty problems when it comes to
statistical analysis of risk factors in relation to disease outcomes, but they
cannot be avoided in clinically responsible research.

CONCLUSIONS: HARD AND SOFT DATA

There is a widespread belief that questionnaire data are “soft” and
laboratory data and biomarkers are “hard.” This is simplistic. First, they
are neither hard nor soft but convey different information. Second, ques-
tionnaire data and biomarker data each have their own requirements
for quality control. In the case of biomarkers, these requirements range
from the circumstances under which the specimens are collected, to their
mode of collection, to their handling, to the important issue of labora-
tory standardization. For all types of data, there are issues of reliability
and validity, since all measurements have potential for error, bias, and
contamination. In many ways, social scientists are more sensitive to these
issues than some laboratory scientists, who appear to believe that the
numbers produced by their instruments reflect the absolute truth. Social
determinants of health are indeed hard to grasp, and there are many pit-
falls in measurement and interpretation. But the integrated use of social
epidemiological measures, biomarkers, and psychobiological approaches
provides a means of triangulation on major problems of health and dis-
ease risk in an aging population.
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The Taiwan Biomarker Project

Ming-Cheng Chang, Dana A. Glei,
Noreen Goldman, and Maxine Weinstein

field a study that engages colleagues from opposite ends of the earth.

The Taiwan biomarker project—SEBAS (Social Environment and Bio-
markers of Aging Study) for short—owes its success to dedicated teams
in both Taiwan and the United States.

Our discussion in this chapter begins with an overview of the Taiwan
biomarker project. We then review project logistics, summarize our sub-
stantive findings to date (and comment on the work we see in the near
term), and offer some thoughts about how our experience might inform
future research. Along the way, we engage in a candid discussion of the
problems we have encountered.

It takes courage, optimism, and a remarkable degree of cooperation to

OVERVIEW OF THE PROJECT

SEBAS builds on a longitudinal study of the elderly and near-elderly
population of Taiwan. The Study of Health and Living Status of the
Elderly in Taiwan was initiated by the Taiwan Provincial Institute of
Family Planning (now the Bureau of Health Promotion, Department of
Health) as a collaborative effort with Albert Hermalin at the University
of Michigan. The first survey was conducted in 1989; 4,049 persons age 60
and older were interviewed (a response rate of about 92 percent) (Chang
and Hermalin, 1989). The survey included eight modules on (1) marital
history and other demographic characteristics; (2) household roster, social
and economic networks, and exchanges; (3) health, health care utilization,

60
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and health-related behaviors; (4) occupational and employment histories;
(5) activities and attitudes; (6) residential history; (7) economic and finan-
cial well-being; and (8) emotional and instrumental support (Weinstein
and Willis, 2001). Since 1989, follow-up interviews have been conducted
in 1993, 1996, 1999, and 2003. In both 1996 and 2003, the study drew a
refresher sample to provide a sample of persons age 50 and older.

The initial impetus for the biomarker arm of the Taiwan study of
the elderly grew out of a seminar on the cumulative effects of stress on
health that was presented by Burton Singer at the Office of Population
Research at Princeton University in 1995. The focus of his presentation
was the MacArthur Study of Successful Aging—a study of predominantly
high-functioning individuals drawn from community-based cohorts that
were part of the Established Populations for Epidemiological Studies of
the Elderly. The longitudinal study of the elderly in Taiwan seemed to
offer an opportunity to do a population-representative study—albeit of
persons middle-aged and older—that incorporated biomarkers. The study
had been going on for some years, there was a strong base of sociodemo-
graphic data, the institute in Taiwan had a competent staff and substantial
experience fielding surveys, we had a long and productive history of
cooperative work with each other, and we knew that the study sample
was cooperative and responsive.

We have already presented a (simplified) diagram of our basic theo-
retical model in the predecessor to this volume, Cells and Surveys: Should
Biological Measures Be Included in Social Science Research? (Weinstein and
Willis, 2001, p. 259). Underlying the study was our interest in exploring
the (often) reciprocal relationships linking the social environment with
stressful experience and with health outcomes, and in elaborating the
physiological responses that lie between those links and between stressful
experience and health outcomes. There are huge—and growing—litera-
tures linking the social environment with exposure to challenge, linking
the social environment with health outcomes, and some linking exposure
to challenge with health outcomes. What we hoped to add to the discus-
sion (primarily) were better data on the physiological pathways that lie
between the environment and health outcomes and the physiological
effects of exposure to challenge. Our original approach to incorporating
physiological dysregulation was based on the concept of allostatic load.
The idea behind allostatic load is that stressful experience causes a chain
of physiological changes that interrupt normal processes; repeated or pro-
longed exposure to such stressors can result in physiological dysregulation
(McEwen, 2002; McEwen and Stellar, 1993). Proponents of the framework
would argue that allostatic load can be viewed as an index of the relative
degree of failure at a physiological level—a marker of the cumulative
physiological costs of efforts to cope with life’s challenges.

Copyright © National Academy of Sciences. All rights reserved.



Biosocial Surveys
http://lwww.nap.edu/catalog/11939.html

62 BIOSOCIAL SURVEYS

The realization of allostatic load used in the few studies that had
already been done by the time of the first biomarker collection in Taiwan
was a simple index of 10 parameters (and our choice of biomarkers was
driven by them) based on data from various domains of physiological
regulation. Early in the MacArthur studies (and in some of our work that
compares the Taiwan data with the MacArthur results), allostatic load was
measured by summing the number of parameters for which individuals fell
into the highest risk quartile over each of the components. In recognition
of its limitations (e.g., equal weight given to each parameter, the definition
of high risk as only a single tail of a given distribution, exclusion of param-
eters pertaining to immune function and, more generally, the limited num-
ber of markers), this formulation is evolving (Seplaki, 2004, 2005, 2006a)
and undoubtedly will continue to evolve, as our understanding of physi-
ological pathways increases. We have found, for example, that the simple
score can be improved by incorporating additional biomarkers and allow-
ing for two tails of risk (when relevant). At the same time, a simple index
has the potential to mask important information disclosed by analysis of
individual biomarkers. As discussed by Wachter (2001, p. 335), the measure
is an example of “dimensionality reduction” that could be accomplished in
a number of ways. Findings to date suggest that indicators over multiple
systems provide greater power than single markers in understanding the
costs and consequences of stressful experience (Cohen, 2000; Karlamangla,
Singer, McEwen, Rowe, and Seeman, 2002; Seeman, McEwen, Rowe, and
Singer, 2001). Still, the pre-2000 surveys provided data that allowed us
to take a longitudinal look at the effects of the social environment on the
physiological markers and the effects of the social environment on health.
Our findings are discussed following a description of the project logistics.

PROJECT LOGISTICS

We did a pilot test of the biomarker collection in December 1997-
January 1998. The idea was to assess feasibility: we obtained information
regarding the logistics of collecting specimens and transporting them
to the lab, training interviewers and staff, pretesting the instruments,
and assessing participation rates (see Weinstein, Goldman, Hedley, Lin,
and Seeman, 2003). SEBAS I—the first biomarker collection—was fielded
between July and December 2000. We drew a random subsample of 1,713
persons ages 54 and older from those interviewed in 1999. Older per-
sons (those age 71 and older in 2000) and persons in urban areas were
over-sampled (for details see Goldman, Lin, Weinstein, and Lin, 2003 or
Goldman, Glei, Turra, Glei, Lin, and Weinstein, 2006a). The study con-
sisted of two parts: a face-to-face interview and a hospital-based exami-
nation. Our goal was to complete hospital examinations for 1,000 partici-
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pants. The choice of a hospital setting for the tests was driven in large part
by three factors. The first was the requirement in Taiwan that phlebotomy
be performed by (or under the close supervision of) a physician. Second,
we wished to provide some incentives for participation. The hospital set-
ting allowed us to offer an abdominal ultrasound and provided the set-
ting in which a physician could perform an examination similar to what
the respondents would have received under National Health Insurance
coverage. Third, our concern for the safety of the participants was the
paramount consideration. We wanted to ensure that any problems could
be addressed swiftly and effectively.

The face-to-face interviews were conducted by a local public health
nurse who was well known and highly respected in the local area. A
total of 1,497 persons responded to the home interview (93 percent of
the elderly survivors and 91 percent of the near-elderly survivors). The
in-home interview updated information on each respondent’s living situ-
ation, employment, and marital status. It included questions on health
(e.g., measures of depressive symptoms, cognitive function, activities of
daily living, and instrumental activities of daily living), use of health care
services, participation in social activities, stressful experiences and assess-
ment of sources of stress and anxiety, and how respondents were affected
by the 1999 earthquake (7.3 on the Richter scale and centered in Chi-Chi).
The respondents also provided a subjective assessment of their position
on a “social hierarchy ladder” separately for Taiwan as a whole and for
their community. At the end of the interview, the interviewer evaluated
whether the respondent’s health would allow participation in the hospital
protocol. Exclusion criteria included living in an institution, being seri-
ously ill, needing a catheter or diaper, being on kidney dialysis, or having
another health condition that would preclude blood drawing. About 7
percent of the respondents were ineligible for the examination. Eligible
respondents were asked to participate in a health examination at a nearby
hospital. The interviewer explained the protocol, scheduled the examina-
tion (for several weeks later), and arranged transportation if needed.

Hospitals were chosen by the Bureau of Health Promotion (BHP)
based on reputation, accessibility, whether they had the interest—and
capacity—to participate in the study, and whether they were within or
close to a selected primary sampling unit (PSU). In the end, 24 hospitals
were recruited; a few served more than one PSU. The night before the
hospital appointment, a BHP staff member together with a public health
nurse delivered a urine collection container (for an overnight 12-hour
urine specimen) to the respondent’s home, explained the proper proce-
dures, provided written instructions for urine collection, and answered
questions. They obtained informed consent for the health examination
and reminded the participants not to eat anything from midnight until
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after the examination was completed. The next morning—the morning
of the hospital examination—a member of the BHP met the participant
at home, picked up the 12-hour urine specimen, and accompanied the
participant to the hospital.!

During the hospital visit, a team of seven staff members coordinated
the respondent’s visit, processed the blood (collected at the hospital) and
urine specimens, and processed the forms. Participants were asked about
their health history, family disease history, health-related behaviors, and
current long-term medications. A member of the team also confirmed that
the participant had followed the urine collection procedure, had fasted
since midnight, and did not have any contraindications to a blood draw.
In addition, the team member reinterviewed the participant in order to
obtain responses to questions that remained incomplete from the initial
home interview and to resolve any inconsistencies in the home interview
that were found when the staff reviewed and edited the questionnaire the
previous evening.

At the hospital, the participant provided a spot urine specimen, a
phlebotomist drew a blood specimen, and a nurse measured the partici-
pant’s height, weight, waist and hip circumference, and blood pressure.
Two blood pressure readings (about one minute apart with the respon-
dent in a seated position) using a mercury sphygmomanometer on the
right arm were taken at least 20 minutes after the participant arrived at
the hospital. A physician performed a medical examination that included
a third blood pressure reading, an abdominal ultrasound, and health
counseling. Among participants in the medical exam, compliance with
the clinical protocol was high: all but 10 individuals collected the 12-hour
urine sample, provided a sufficient volume of blood for analysis, and
completed the medical exam.

After the examination, participants were provided with breakfast,
were given a small gift of nutritional supplements, and were accompanied
back to their home. By noon on each day of the hospital visit, a staff mem-
ber of Union Clinical Laboratories (UCL) based in Taipei collected the
blood and urine specimens from the hospitals. UCL was responsible for
transporting the specimens to Taipei. They followed standard lab proce-
dures for the assays (details regarding the assays are provided in Seeman
et al., 2004, and Goldman, Glei, Seplaki, Liu, and Weinstein, 2005) and
returned the results to the BHP within two weeks.? Several weeks after the

1Some respondents chose to come to the hospital on their own or by taxi. In these cases,
the respondents brought the urine collection container with them.

2Tn addition to the routine standardization and calibration tests performed by UCL, nine
individuals (outside the target sample) contributed triplicate sets of specimens during the
early stages of the fieldwork. In each case, two sets were submitted to UCL and a third was
sent to Quest Diagnostics in the United States.
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fieldwork, participants were sent the results of the standard tests based
on the blood and spot urine specimens and the findings from the physical
examination. Participants whose results were outside normal ranges were
encouraged to see a physician for further examination and were informed
about health counseling services available at the hospital.

Of the 1,497 respondents to the in-home interview, 1,023 participated
in the hospital protocol (75 percent of the near-elderly and 61 percent of
the elderly). Among the approximately 24 percent who declined to par-
ticipate (as noted above, 7 percent were ineligible), the primary reasons
were that the respondent felt that she or he was healthy and did not need
an exam, that the exam was too much trouble, that she or he had just had
a health exam, and that the respondent had no free time or was out of
town during the several-day period that the exams were offered. Dispro-
portionately high nonparticipation rates were found among the healthi-
est respondents and the least healthy. Overall, persons who received the
medical exam reported the same average health status (on a five-point
scale) as those who did not. Although respondents over age 70 were less
likely than younger persons to participate, sex and measures of socioeco-
nomic status were not significantly related to participation (Goldman et
al., 2003).

A full list of the biomarkers and clinical measures that we obtained is
presented in Box 3-1. Briefly, in addition to a hematology panel routinely
collected as part of a health examination, we tested for total and high-
density lipoprotein (HDL) cholesterol, glycosylated hemoglobin, dehy-
droepiandrosterone sulfate (DHEAS), IGF-1, and IL-6 from the blood
specimens. We used the 12-hour urine specimens for assays of cortisol,
epinephrine, norepinephrine, dopamine, and creatinine. At the suggestion
of the study section that initially reviewed the proposal, we also added
determination of apolipoprotein E (ApoE) genotype.

We stored three sets of aliquots of the specimens: one set at the BHP,
one at UCL, and one at Georgetown University. Our experience with ship-
ment to the United States was scary: one set of the reliability /validation
specimens—fortunately not specimens from our sample—was held up in
customs on the West Coast. This happened despite the fact that we had
obtained all the necessary clearances. We also found that we had to ship
the (sample) specimens from Taiwan to the United States in two separate
shipments; evidently the amount of dry ice required for a single shipment
exceeded the post-9/11 guidelines. The storage freezers are kept at —80
degrees C. All the storage facilities have emergency CO, back-up systems;
the Georgetown specimens are housed at the Medical Center in a building
that also has an emergency electrical generator. We have not yet received
any requests for the use of the stored specimens (other than our own plans
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BOX 3-1
Biomarkers and Clinical Measures Collected
During the SEBAS 2000

Measure

Physical Examination

Anthropometry: height, weight, waist and hip circumference

Systolic and diastolic blood pressure (3 readings)

Examination of chest, heart rate, breathing, breasts, abdomen, arms, legs,
lymph and thyroid glands for abnormalities (similar to National Health
Insurance Exam)

Abdominal ultrasound (liver, pancreas, gallbladder, kidneys)

Fasting Blood Sample

Total and HDL cholesterol

Glycosylated hemoglobin

DHEA-S

ApoE genotype

Immune function and growth factor: IL-6, IGF-1,

Other routine blood tests (e.g., blood cell counts, hemoglobin, glucose,
triglycerides)

12-hour Urine Sample

Cortisol

Norepinephrine

Epinephrine

Dopamine

Creatinine

SOURCE: Glei et al. (2006).

for additional assays); however, for the second round, we have made a
provision for an advisory board to review such requests.

Moving forward to the second round of biomarker collection we have
realized that one issue that we did not anticipate adequately is change in
assay techniques. We recently discovered that standards for some assays
have changed since 2000; indeed, they have changed to the extent that the
reagents we used in 2000 are no longer available. UCL will be perform-
ing duplicate assays on the stored pilot study specimens with the new
assays to see how well the results replicate the previous assays; however,
at least for the assays that require fresh specimens, we will not be able
to distinguish between the effects of sample deterioration and change in
assay method.

An important question in adding biomarkers to general surveys
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relates to whether the additional burden imposed by the biomarker collec-
tion compromises participation in the parent study. We have no evidence
that this has happened in Taiwan. The most recent round of household
interviews, carried out by BHP as part of the Study of Health and Living
Status, was done in 2003, based on a questionnaire similar to those in
earlier waves of the survey. The response rate of 92 percent is consistent
with rates from previous waves of the survey, suggesting that previous
participation in the biomarker study did not affect participation rates in
the main longitudinal study.® Our pretest for the second round of bio-
marker collection was conducted in September-October 2005. Of the 66
pretest participants in the household survey who were eligible for the
hospital protocol, three reported that they were either tired of participat-
ing in the study as a whole or had a bad experience with the earlier (2000)
biomarker study. It remains to be seen what will happen as we go into the
field with the second round of the biomarker work.

Issues relating to human subjects and the process of informed consent
are ongoing concerns for us. In particular, we are working with an elderly
population, many of whom—particularly women—cannot read (31 per-
cent overall, 50 percent among women). For the second round, we have
consent procedures for respondents who are able to provide consent for
themselves and separate procedures for those who require the assistance
of a proxy. The low literacy rates affect what we can include in the pro-
tocol as well. A complex protocol, with regard to the urine collection for
example, is difficult and time-consuming to explain. In the second round,
we had hoped to collect three saliva specimens (at bedtime, next morning
before getting out of bed, and 30 minutes after waking up), but our pretest
suggested that participants, particularly illiterate ones, simply could not
handle both sets of instructions (for urine and saliva).

The data from SEBAS I have been released through the Inter-university
Consortium for Political and Social Research. The files include almost all
the information that was collected at the time of the National Institutes of
Health—funded 2000 study, along with some basic demographic data that
were collected during the previous waves of the study (funded by the Tai-
wanese government). In order to protect the identity of the participants,
some data were not included in the public release; we replaced identifiers
for respondent, town of residence, PSU, hospital, examining physician,
and town where respondent was during the earthquake with randomly
generated identifiers, and we excluded other identifiers (i.e., for inter-
viewer, type of organization in which the respondent works) and all of the

3Among the SEBAS participants, the response rate in 2003 was 97 percent. This very high
response rate may be attributable, however, to the fact that it is based only on those who did
not refuse the examination in 2000 and who were not lost to follow-up by 2000.
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information regarding the arrangements for the hospital visit and reasons
for nonparticipation. We did not anticipate the complex issues involved
in responding to requests for cross-walks between the biomarker data
and previous waves of the study. Apart from the 2000 wave of the study,
which has been made publicly available as described above, the longitu-
dinal data are the intellectual property of the BHP. Researchers who want
to use the data can apply to the BHP for their use; upon approval, such
researchers have been provided copies of (some) data.

The problem arises because the biomarker study does not have any
contractual arrangements with these researchers regarding release or dis-
semination of the longitudinal data. If those data have already been shared
with other researchers, and if we were to provide a cross-walk with the
biomarker data, the possibility of deductive identification of the partici-
pants becomes very real indeed. A second problem—and we are working
on this issue now—concerns the release of a second round of data. Again,
the greatest concern is the need to protect our participants from deductive
identification. We are working with Jim McNally, director of the National
Archive of Computerized Data on Aging, and his staff in preparation for
this release. There is also the need for ongoing support and funding by the
research group—support that may not be available after the completion
of the grants that fund the Taiwan project. This funding concern is also
relevant to the storage and review of the use of the biological specimens.
We have not yet identified a solution; however, the Behavioral and Social
Research Branch of the National Institute on Aging is currently investigat-
ing these issues; we hope for some guidelines—and some support—as we
go forward. The need for a curator (for the archived specimens and for the
data) to ensure that these resources continue beyond the life of the grant
(or the original researchers, for that matter) is very real indeed. Such an
effort cannot be sustained indefinitely out of pocket of the research grant
or the investigators.

This section on logistics would not be complete without acknowl-
edging the work of our colleagues in Taiwan. We cannot overstate the
contributions of the dedicated staff at the BHP. The three team lead-
ers—Yu-Hsuan Lin, Shu-Hui Lin, and I-Wen Liu—and their supervisor,
Yi-Li Chuang (now director of the Population and Health Research Center
of the BHP) were remarkable. The interviewers, field workers, drivers,
supervisors—absolutely everyone—pitched in to ensure the success of
the project.

SUBSTANTIVE FINDINGS AND NONFINDINGS

Our study design integrated both biological and survey data from a
population-representative sample; here we focus on results based on both
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sources, although our discussion includes findings from all aspects of the
design. In Taiwan—as elsewhere—the social environment matters for an
individual’s health, but, unlike some previous work, we found that not all
aspects of social ties or social support seem to matter. Specifically, contact
with friends and participation in social or religious activities are associated
with lower rates of functional disability, better survival, better self-rated
health, fewer depressive symptoms, better cognitive function, and lower
levels of allostatic load (Beckett, Goldman, Weinstein, Lin, and Chuang,
2002; Cornman, Goldman, Weinstein, and Chang, 2003; Glei et al., 2005;
Goldman, Glei, and Chang, 2004a; Seeman et al., 2004; Yeager et al., 2006).
Contrary to expectation—especially in light of the traditional importance
of the extended family system and filial piety in Taiwan—coresidence
patterns, the number of children, and contact with these children reveal
little, if any, association with these health outcomes. In addition to high-
lighting the importance of measuring different components of the social
environment, the results of these studies demonstrate the need to include
a broad range of health outcomes. For example, whereas perceptions about
social support matter little for measures of physical well-being in this
population, these perceptions appear to be protective against depressive
symptoms (Cornman et al., 2003). Not only are adverse aspects of the
social environment associated with health decline and mortality, but also
a socially rich environment is significantly related to maintaining health
(Beckett et al., 2002).

Our research has also demonstrated that standard socioeconomic
measures, most notably education and income, are related to health. A
recent analysis, however, shows that the biomarkers measured in SEBAS
do not account for the relationship between socioeconomic status (SES)
and the two health outcomes considered—overall self-rated health and
mobility difficulties (Dowd and Goldman, 2006). In particular, there is no
evidence that sustained activation of neuroendocrine markers, including
cortisol, is an important mediator in the relationship between SES and
health. These results place an increased burden of proof on researchers
who argue that psychosocial stress is an important link in the pathway
linking low SES to poor health.

In an effort to gain new insights into social disparities in health, the
Taiwan survey incorporated a recently developed instrument of subjec-
tive social position. This measure asks respondents to use the visual aid
of a ladder to position themselves relative to other people in their com-
munity and society. An evaluation of this instrument reveals that the
ladder captures diverse aspects of respondents’ lives that extend beyond
the conventional indicators of education, occupation, income, and wealth
(Goldman, Cornman, and Chang, 2006). Cross-sectional analyses of the
social determinants of health suggest that the ladder has a stronger asso-
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ciation with health outcomes than the conventional measures of SES,
but we await confirmation of these findings from longitudinal data (Hu,
Adler, Goldman, Weinstein, and Seeman, 2005).

A question of interest—particularly to those of us doing comparative
work—is whether biological profiles are relatively constant across broad
populations or whether they reveal large variations, potentially attribut-
able to environmental factors. A detailed comparison among SEBAS, the
MacArthur study, and the Wisconsin Longitudinal Survey shows that
with regard to risk factors for cardiovascular disease, men are at a clear
disadvantage vis-a-vis women in the United States but not in Taiwan. The
disparate findings for these two populations lead us to speculate that envi-
ronmental factors, such as cultural practices or social roles (e.g., higher
levels of stratification by sex in Taiwanese society), as well as inherent sex
differences, affect these biomarkers (Goldman et al., 2004). In contrast, our
analysis of the ApoE gene demonstrates that not all intercountry varia-
tion can be attributed to social factors. SEBAS provides the first estimates
of the frequency of ApoE alleles for a national sample of the Taiwanese
population. The results support earlier evidence based on select samples
(Gerdes, Klausen, Sihm, and Foergeman, 1992) that Chinese populations
have substantially lower frequencies of the ApoE-4 allele of this gene (a
risk factor for Alzheimer disease and ischemic heart disease) than most
other national and ethnic groups and underscore the need to obtain better
information on the prevalence of dementia in Chinese populations.

When we look at the links between the social environment and physi-
ology and between challenge and physiology, we find generally smaller
effects than those found in the MacArthur study. Seeman et al. (2004), for
example, used the longitudinal data in SEBAS on levels of social integra-
tion and extent of social support to predict allostatic load in 2000. Only a
small set of significant links emerged from this analysis. The analysis by
Goldman et al. (2005) of perceived stress and its relation to physiological
dysregulation identified several biomarkers for which high or low values
were significantly associated with perceptions of stress. At the same time,
however, they found that, in general, the associations between indexes of
perceived stress (at baseline and at earlier waves) and physiological dys-
regulation were small. We are still struggling with a generally unwieldy
set of analyses exploring associations between stressful experiences (such
as the death of family members, relocation, and financial difficulties) and
physiological dysregulation, as well as the potential moderating role of
“vulnerability,” defined in terms of social position, social networks, and
coping mechanisms. Still, our analyses identified the potential impor-
tance of traumatic experiences among the older population: questions
that assess losses and reports of distress resulting from the 1999 earth-
quake show that damage to the home is significantly associated with
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an increase in depressive symptoms, most notably among middle-aged
women (Seplaki, Goldman, and Weinstein, 2006b).

The generally weak findings regarding links between the biomark-
ers and the social environment (including environmental stressors) con-
vinced us of the need to include a broader set of questions related to
stressful experiences and perceptions of stress in the second round of
the biomarker collection. We have added questions related to traumatic
experience, perceptions of stress, caregiving, major life events, and daily
hassles. Certainly, in terms of evaluating the framework of allostatic load,
these are critical pieces. Our feeling is that much of the earlier work dis-
cussing allostatic load—which found associations between SES and allo-
static load—assumed that lower SES was associated with greater exposure
to challenge (or possibly that lower SES was associated with a poorer
response to challenge).

It seems like a reasonable assumption, but it remains one that needs
to be tested. The data in SEBAS II, along with the work of the National
Survey of Midlife Development in the United States (MIDUS) II study,
which includes a broad range of psychosocial measures along with similar
biomarkers, may provide some insights into these questions. Of course,
deficient measures of stressful experience may not be the only reason we
are not finding strong associations. It may be that they simply aren’t there,
or—as we discuss below—we are not collecting the “right” biomarkers. It
may also be unreasonable to expect to find the same relationships across
societies. Taiwan, for example, may be a more socially integrated and less
stratified society than the United States.

Finally, as noted above, we have recently been able to explore links
between our measures of physiological dysregulation and downstream
health outcomes. Based on mortality data for SEBAS I respondents
between 2000 and 2003, Turra et al. (2005) demonstrated that biomarkers
are predictive of survival even in the presence of extensive controls for
sociodemographic factors and self-reported measures of physical and
mental health. These biomarkers include both clinical markers—the car-
diovascular and metabolic system measures customarily collected during
physical examinations, which have well-defined clinical thresholds for
normal function—and nonclinical markers—measures of neuroendocrine
and immune dysfunction.

The findings of this and an earlier analysis suggest that individu-
als may underestimate their probability of dying because they have no
information about risk factors that act silently on the body and are not
detected by clinical exams (Goldman, Glei, and Chang, 2004a). Additional
results demonstrate that the nonclinical markers appear to be better pre-
dictors of mortality than the clinical markers (although the small number
of deaths in the three-year period makes us somewhat wary of pressing

Copyright © National Academy of Sciences. All rights reserved.



Biosocial Surveys
http://lwww.nap.edu/catalog/11939.html

72 BIOSOCIAL SURVEYS

this claim), while the clinical markers generally have stronger relation-
ships with (nonfatal) health outcomes. The findings also suggest that the
physiological effects of the nonclinical measures, considered as primary
mediators hypothesized to affect cardiovascular and metabolic outcomes
in the allostatic load framework, are broader than those captured by the
clinical markers in this analysis (Goldman et al., 2006a, 2006b).

The recent availability of longitudinal information on health out-
comes (from the 2003 survey and from registered deaths between 2000
and 2003) has enabled us to compare some of our findings based on analy-
ses of the 2000 data with similar analyses that use health outcome data
assessed three years after the collection of the biomarkers and include
health controls at baseline. We find some potentially important discrepan-
cies between cross-sectional and longitudinal results. Whereas analyses
by Seplaki et al. (2004) based on the 2000 data indicate that the neuroen-
docrine and immune measures have significant associations with physical
and mental function, the more recent analysis using reports of health in
2003 does not find these effects (Goldman et al., 2006a); one caveat is that
the two studies used different types of dysregulation scores to capture
extreme values of these nonclinical markers (grade-of-membership analy-
sis versus more conventional cumulative dysregulation scores).

In a separate set of analyses relating values of DHEAS to a range of
health outcomes, estimates from statistical models based on 2000 data
suggest stronger associations between high values of DHEAS and better
health for women than for men (Glei et al., 2004). In contrast, statistical
models that include measures of DHEAS and baseline health in 2000 to
predict health outcomes in 2003 generally show that these associations
exist for men, but not women. These two sets of comparisons underscore
the limitations of cross-sectional analyses—in particular, the potential to
overestimate associations between biomarkers and health because of pos-
sible reverse effects of poor health status on the biomarkers. The DHEAS
results also raise intriguing questions as to why these types of biases may
differ by sex.

LIMITATIONS

Of course, like all studies, our study has limitations. In terms of look-
ing at the effects of stress on health, one might wonder whether an older
population is the right target sample. Work by Crimmins and her col-
leagues on the data from the National Health and Nutrition Examination
Survey (Crimmins, Johnston, Hayward, and Seeman, 2003) suggests that
allostatic load flattens with age; more generally, some research suggests
that SES gradients in health diminish with age (House et al., 1990, 1994).
By using a sample age of 54 and older, have we missed the ages at which
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stressful experience and other social factors may have the greatest effect?
We have some reassurance on this score: the probability of survival from
ages 20 to 50 in 1970 was 0.90 for men and 0.94 for women (http://www.
moi.gov.tw /stat/english/elife/1970.htm). Thus, while it seems reason-
able to suppose that the effects of selective mortality are small, we cannot
rule it out.

What about the biomarkers themselves? Did we collect the right
biomarkers? Did we collect enough biomarkers? Are the generally small
effects of our measures of stress on the biomarkers a result of having
chosen markers that are relatively insensitive? Some biomarkers, cortisol
for example, have substantial diurnal variation; our use of the overnight
urine for this measure was intended to capture basal levels of production,
but perhaps we are missing important information about more transient
levels of response or recovery time.

At the outset of any project, it is difficult—perhaps impossible—to
anticipate all the future uses of the data. Like all research, we began with
a set of questions in mind and then discovered that we had additional
questions. Even when we started, we knew that—ideally at least—some
additional biomarkers would be desirable. The amount of blood we could
collect was limited and assays are expensive; collection of cerebral spinal
fluid is out of the question for a population-based study. Is there a better
way of collecting a broad spectrum of markers? Dried blood spots are
now being used successfully in a number of studies; it is a technique that
allows collection in the home, and while we would have been unable to
perform all the assays we wanted, our understanding is that additional
assays based on blood spots are being developed. We are currently explor-
ing the possibility of using tandem mass spectrometry on our stored
serum specimens to identify peptides associated with the stress response;
plasma would be an alternative compartment. Other approaches sug-
gested by Singer and his colleagues (Singer, Ryff, and Seeman, 2004)
include identifying time-related metabolic changes from, for example,
urine specimens.

Clearly, a major limitation affecting our existing analyses is that we
have measured the biomarkers only once; the second round in 2006 will
be of great importance, although we suspect that it will raise many new
questions and concerns. An important improvement in our second round
is that we will also be measuring some markers in the home (blood pres-
sure, lung function, grip strength, timed walks, and chair stands). These
additional measurements should help us assess more accurately the mag-
nitude of nonresponse bias affecting estimates derived from the hospital-
based biomarker collection in the first round of the survey. In the case of
blood pressure, the use of home assessments along with measurements in
the hospital is likely to provide us with information about the degree of
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white coat hypertension (involving people’s response to medical profes-
sionals), which we believe affected estimates in the first round.

We know, too, that many of our biomarkers are affected by medica-
tion use; we have some of the relevant information that would allow us
to disentangle these effects, but it is a complicated undertaking, made
more complex by the difficulties in obtaining complete lists of medica-
tions, documenting the extensive array of traditional Chinese medicines,
and identifying the effects of both traditional and Western medicines on
the biomarkers.

We remain concerned about the best way to measure physiological
dysregulation; current scores—our own and those of other researchers—
continue to have problems in terms of choice of cut points in the absence
of clinical information, as well as potential biological interactions among
these biomarkers. The problems with interactions among the biomarkers
are exacerbated by limitations of conventional statistical models: they are
not well designed to incorporate large amounts of information over suc-
cessive waves, and we may not have the statistical power to get at some
of the processes that interest us.

SUMMARY

Have we contributed to demographic knowledge? We would say yes.
First, our analysis of SEBAS confirms earlier findings that the inclusion
of biomarkers in household interview surveys improves the accuracy
of the resulting health information (Goldman et al., 2003). Second, we
demonstrate that the incorporation of biomarkers into statistical models
of mortality substantially enhances the accuracy of the predictions, even
in the presence of extensive control variables for self-reports of physical,
mental, and cognitive health and sociodemographic information. Third,
our exploratory analyses show that biological information can be used
to identify biomarkers (and physiological systems) that do and do not
account for demographic differentials in health and mortality (e.g., by
sex), but that this may raise as many questions as it answers. Fourth, it is
too early for us to answer the really big question: Does the inclusion of
biomarkers in household surveys help us to understand SES differences
in health, particularly with regard to the role of stressful experience? As
described above, our research to date indicates that, at least among the
older population in Taiwan, reports of stressful experience or percep-
tions of stress are only modestly correlated with the biological measures
included in SEBAS and that these measures account for little of the asso-
ciation between SES and health outcomes.

Overall we think that, despite the limitations and occasional mistakes,
and despite the logistical and financial constraints, the Taiwan study has
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been remarkably successful in achieving many of its objectives. Would
we argue that all social surveys should collect biomarkers? Certainly not.
Our experience has shown us that it is a complex task, not to be under-
taken by the faint of heart. Because no single study can be all things to all
people, we would suggest that considerable care be given to the choice of
biomarkers and especially to archiving specimens for future use when the
inevitable new questions arise and better technologies become available
for the analysis of those specimens.
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Elastic Powers:
The Integration of Biomarkers into the
Health and Retirement Study

David Weir

of Cells and Surveys: Should Biological Measures Be Included in Social

Science Research?, the influential 2001 volume from the Committee
on Population (National Research Council, 2001). In his closing reflections
on the biosocial opportunities for surveys, Kenneth Wachter quoted from
a Matthew Arnold poem that described the aging process as exhaustion
from the cumulation of shocks and change—a literary anticipation of the
concept of allostatic load that Wachter in turn stretched from a model of
individual physiology in a social context into a model of paradigm shifts
in the history of science (Wachter, 2001). He warned of the challenges to
established modes of thinking that the integration of biology and social
surveys would pose, calling for a renewal of what Arnold had termed
“the elastic powers.”

Beginning the story of the integration of biomarkers into the Health
and Retirement Study (HRS) with the closing words of Cells and Surveys
is more than mere symbolism. Several contributors to that volume went
on to be contributors to the HRS effort: Robert Wallace and Robert Willis
as investigators, Eileen Crimmins and Douglas Ewbank as members of
advisory groups, Teresa Seeman as an adviser to the study’s sponsor,
the National Institute on Aging (NIA), and Jeffrey Halter as a consultant.
Richard Suzman’s considerable role in organizing the first volume was
acknowledged by Jane Menken in her preface, and his leadership on the
NIA side of the HRS cooperative agreement is unrelenting. Together, their
own elastic powers in picking up where Cells and Surveys left off have

The title of this chapter, “Elastic Powers,” appeared as the last words
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been considerable, and through their influence the elasticity of the entire
field of population research has been renewed.

The scientific rationale for including biomarkers in HRS is not fun-
damentally different from the rationale for including them in any popu-
lation survey concerned with health. They validate and add nuance to
self-reports of health, they allow richer modeling of pathways of influ-
ence between the socioeconomic and the physical, and they may capture
aspects of health unknown to survey participants. This chapter gives
examples of how each of these are realized in the HRS. The development
of biomarker data in other studies of older populations in the United
States, such as the National Survey of Midlife Development in the United
States (MIDUS) and the National Social Life, Health, and Aging Project
(NSHAP), and outside the United States in the English Longitudinal Study
of Ageing (ELSA) and the Mexican Health and Aging Study (MHAS), has
both provided models of what can be done and created great potential for
comparative work with the addition of such data to the HRS.

Because of the unique place of the HRS in population surveys of
aging, however, the decision to add biology to the HRS involved a num-
ber of other considerations, several of which were clearly anticipated by
Weinstein and Willis in their chapter of Cells and Surveys (Weinstein and
Willis, 2001). The HRS is a large longitudinal study that serves a large
constituency of researchers from many different disciplines. At last count,
there were over 6,000 registered users of the data, and over 1,000 unique
authors of written research using the data. Putting its traditional aims at
risk through attrition of respondents or elimination of critical established
content would have been unacceptable. Similarly, the confidentiality of
respondents had to be protected, as well as the integrity of a longitudinal
observation study not be transformed into an intervention study:.

The ethical issues were considered carefully by the HRS investigators
as well as the institutional review board (IRB) governing the study. Noti-
fying respondents of the results of well-established and commonly avail-
able diagnostic tests was deemed an ethical responsibility that overrides
any concern that the information might alter future behavior. Because the
tests contemplated by HRS assess familiar risk factors and do not identify,
for example, life-threatening cancers, the ethical conflict is not particularly
difficult at this time. Biological material stored in repository for future use
is governed by a separate IRB review. Respondents were asked to consent
to having this material stored anonymously for future research. Ethical
issues arising from any particular future test will need to be addressed at
that time. For example, it is conceivable that some test of scientific value
might not be permitted if it carried with it the ethical obligation to notify
children or other nonparticipants of the possibility of an inherited disease,
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and if that notification were considered detrimental to the confidentiality
of respondents.

Through the use of supplemental studies, some funded through peer
review as competing supplements to the HRS, most of the elements of the
HRS biomarker expansion were piloted on subsamples well before their
introduction to the main survey. Those pilot efforts from 2001 through
2004 are thus a crucial part of the story.

Adding biomarkers without subtracting other things from an ongoing
panel study leads to the question of cost. After the baseline interviews,
the primary mode of interview in the HRS has been telephone. Although
some biological material can be collected by mail, and the HRS had some
success with this in a study of diabetes described at some length below,
it was clear that, for a thorough integration of biology, some form of per-
sonal contact would be needed: clinic visits, nurse visits to the home, or
in-person interviewing. Because of the high cost of clinics or nurses, and
because of technical innovations that have expanded what can be done
by interviewers in the home, the HRS has designed its biomarker effort
around conventional in-person interviewing.

First described in its 2005 renewal proposal and now fully imple-
mented in the ongoing 2006 data collection, the HRS has developed an
integrated package of new content for a new model of in-home inter-
view we describe as “enhanced” face-to-face. It includes anthropometrics,
physical measures, blood spots, salivary DNA, and a self-administered
psychosocial questionnaire. Most of the elements of this dramatically new
development for the HRS were piloted in one way or another in smaller
supplemental studies.

AGING, DEMOGRAPHICS, AND MEMORY STUDY

The first effort at collecting biological specimens from HRS respon-
dents came in a supplemental study of dementia, known as the Aging,
Demographics, and Memory Study (ADAMS). The primary aim of the
ADAMS study was to establish the prevalence of dementia in the popula-
tion over 70 years of age from a nationally representative sample (Langa
et al., 2005). Because dementia is not a common condition even at that
age, a simple random sample of the population would need to be fairly
large to derive reliable estimates. The great virtue of using the HRS as a
sampling frame for the ADAMS was the ability to sample at higher rates
from persons with higher likelihoods of dementia based on the cognitive
assessments conducted by the HRS.

The stratification of sample selection for ADAMS was based on five
cognitive categories from the HRS interview. These had to be established
separately for persons who did their own cognitive assessments and
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respondents for whom interviews were taken by proxy. In the case of
proxies, the proxy reporter provides to the HRS interviewer an assess-
ment of the cognitive function of the proxied respondent from the Jorm
Informant Questionnaire on Cognitive Decline in the Elderly (IQCODE).
The cognitively normal group was further stratified by age (ages 70-79
versus 80 or older) and sex in order to ensure adequate numbers in each of
these subgroups. Finally, because of the long anticipated field period for
the in-home ADAMS assessments, the recruitment was split between the
2000 wave of HRS and the 2002 wave, with some geographic areas drawn
in one and some in the other, on a randomly sampled basis.

Because the rigorous in-home dementia assessments were conducted
by collaborators at Duke University Medical School, the consent process
for ADAMS was in two parts. First, an interviewer from the Institute for
Social Research (ISR) at the University of Michigan contacted the respon-
dent and an informed caregiver to obtain consent for Duke to contact
them about the study. Duke then established contact and obtained consent
for the home visit. This two-stage process worked against response rates
in two ways. It extended the time interval between the HRS interview and
the ADAMS visit, which resulted in loss due to mortality, and it provided
respondents two opportunities to say no.

Overall, the response rate among survivors was 56 percent, yielding
a final sample size of 856. Mortality rates (14 percent overall) were higher
among the more cognitively impaired, but response rates conditional on
survival were slightly higher for those groups. There were few significant
predictors of nonresponse to the ADAMS study. Racial minorities partici-
pated at slightly higher rates than whites.

There are no established blood tests for dementia or cognitive impair-
ment. Consequently, the ADAMS protocol relied primarily on extensive
neuropsychological testing and did not include any blood sampling.
There is one well-established genetic risk factor for dementia, and that is
the E-4 allele of the ApoE gene. The ADAMS protocol did include collect-
ing a cheek swab. Nearly everyone who participated in ADAMS agreed to
provide this sample; only 11 of the 856 refused (1.3 percent). The samples
were sent to the pathology lab of the University of Michigan for extracting
and typing of ApoE. Only three of the samples could not be genotyped.

The (weighted) distribution of genotypes found in the ADAMS
respondents replicates fairly closely the expected population distribu-
tions (Table 4-1). As has been found elsewhere, the presence of any ApoE-
4 allele is a risk factor for dementia, but not a particularly powerful one
(Hyman et al., 1996). Preliminary analyses show that presence of the
ApoE-4 allele (either homozygous 4/4 or heterozygous 3/4) was associ-
ated with approximately twice the odds of dementia compared with those
with the 3/3 genotype, which is in the range of previously reported values
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TABLE 4-1 Distribution of ApoE Genotypes in ADAMS and Other

Studies
ADAMS? IOWA 65+ Framingham

Genotype % Population® Population’
ApoE e2/2 1 1 1

ApoE e2/3 12 15 12

ApoE e2/4 2 2 2

ApoE e3/3 60 58 63

ApoE e3/4 22 22 19

ApoE e4/4 2 2 3

"ADAMS percentages are weighted.
Data from Hyman et al. (1996).

(Breitner, Jarvik, Plassman, Saunders, and Welsh, 1998; Skoog et al., 1998).
In the ADAMS data, the odds ratio for dementia associated with residing
in a rural area compared with urban or suburban areas is nearly as high.

The ADAMS study demonstrated that HRS respondents would be
willing to provide samples of DNA for research purposes. In the group
of respondents willing to participate in a three-hour home interview to
assess dementia, cooperation with the DNA request was nearly universal.
Combined with the 56 percent response rate to the ADAMS study overall,
however, only 55 percent of the HRS respondents approached for ADAMS
ultimately provided a DNA sample.

DIABETES STUDY

In contrast to the ADAMS study, for which biomarker collection was
a relatively small part of the overall assessment, the diabetes study was
motivated in large part by the idea of collecting a clinically meaningful
biomarker of the disease. Diabetes can result from a variety of underly-
ing conditions (pancreatic failure to produce insulin, cellular resistance
to absorbing insulin), but it is always characterized by excessive levels of
glucose in the blood. High levels of blood glucose cause damage to both
large and small blood vessels and to nerves, potentially leading to many
severe consequences (including cardiovascular disease). Among persons
with diagnosed diabetes, the management of the disease targets the main-
tenance of lowered glucose levels (and, increasingly, the management of
other cardiovascular disease risk factors, especially hypertension). Thus,
while there is considerable interest in understanding how people manage
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and cope with the disease, further study without a clinical marker for
glucose levels seemed of relatively low priority.

A study on the scale of ADAMS, with an in-home assessment and
blood draw, would have been quite expensive. Much of the nonbiological
information about diabetes could easily be collected by a self-administered
mail survey, which is far less expensive than even telephone interviews.
The innovative aspect of the diabetes study was the attempt to gather
dried blood spots (DBS) through the mail for the analysis of glycoslylated
hemoglobin (HbAlc). Alc is an ideal measure for this study, as it is for
the medical management of diabetes, because it summarizes the average
levels of blood glucose over a two- or three-month period. It also does not
require fasting and can be done from blood collected at any time of the
day. Glucose levels vary widely over the course of a day and in response
to the intake of food, making standard point-in-time readings very dif-
ficult to interpret in isolation.

Because of the reliance on Alc measures in the medical management
of diabetes, commercial laboratories have developed assays for Alc that
can be done in DBS. This allows patients to take their own samples and
mail them to a lab from which the results can be reported to their doctors,
saving time and money. DBS assays for Alc require special proprietary
pretreatment of filter paper and utilize proprietary laboratory methods
for analysis. Working with a commercial partner that has developed a
DBS assay is therefore essential. Flexsite Diagnostics was the laboratory
that did the HRS diabetes study, and their support and cooperation were
outstanding. They designed a specimen collection card specifically for the
study. This allowed the respondents to mail their specimens directly to the
lab with only an arbitrary numeric identifier, so that the laboratory would
not know the name or address of the respondent. Results were reported
to HRS by numeric identifiers and then merged with the questionnaire
data and the usual HRS identifications.

The diabetes sample was selected from respondents to the 2002 wave
of HRS. Only persons reporting a doctor diagnosis of diabetes were eli-
gible. About 20 percent of the eligible sample was excluded because of
their participation in another HRS mail survey (the Consumption and
Activities Mail Survey). The eligible sample numbered 2,518. Of that
group, 133 (5.3 percent) died prior to the beginning of the diabetes study
in late 2003.

The diabetes study proceeded in two stages. First, respondents were
sent a self-administered questionnaire, along with a check for $40 and an
explanation that they would be receiving a second request to send a blood
sample later (the usual HRS incentive for a mail survey is $20). Blood test
kits were sent out to respondents when questionnaires were returned.
A standard protocol of reminders was followed. After about six weeks,
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duplicate questionnaires and blood kits were mailed to persons who had
not responded. After about eight weeks, follow-up telephone calls were
placed to some respondents.

Questionnaires were returned by 1,897 sample members (79.7 per-
cent). In contrast to both the core HRS interviews and the ADAMS study,
but quite consistent with other HRS mail surveys, there were substantial
racial and ethnic differences in participation. Blacks and Hispanics had
response rates about 10 percent lower than those of whites. Blood kits
were returned by 1,233 respondents, which is 65 percent of those who
returned the questionnaire. There was not much difference between His-
panic and other respondents on the blood test response rate conditional
on participation in the questionnaire, but there was again a lower response
rate among blacks. Combined with the questionnaire response rate, the
net biomarker rate was 52 percent of the eligible surviving sample.

The quality of the Alc data collected seems to be quite satisfactory.
Figure 4-1 shows the level of Alc according to the type of treatment
regime: 7.9 for those on insulin, 7.2 for those taking oral medication only,
and 6.5 for those not taking medication (F-statistic = 53.8, p < .0001). The
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FIGURE 4-1 Mean HbAlc score by type of medication regime.
SOURCE: HRS Diabetes Study.
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FIGURE 4-2 Mean HbAlc score by race and ethnicity.
SOURCE: HRS Diabetes Study.

corresponding numbers for the population ages 50 and older from the
National Health and Nutrition Examination Survey (NHANES) study
for 2003-2004 are 7.8, 7.0, and 6.2. Figure 4-2 shows the differentials by
race and ethnicity: 7.1 for white non-Hispanics, 7.7 for blacks, and 7.8 for
Hispanics (F-statistic = 35.1, p < .0001). That again differs only slightly
from the comparable NHANES figures of 7.1, 7.9, and 7.8. Finally, Figure
4-3 shows that Alc also varies according to the respondent’s self-assessed
performance at managing the disease. Respondents giving themselves an
“A” had Alc scores of 7.0, compared with 7.3 for “B” grades, and 7.8 for
“C” or lower (F-statistic = 15.1, p < .0001).

Thus, in comparison with ADAMS, the diabetes study had a much
higher overall participation rate but a fairly comparable net completion
rate on the biomarker. Taken together, these two experiments suggested
several important guidelines for future work on biomarkers in the HRS.
First, multistage requests, in which the biomarker request is conditional
on agreeing to one or more prior request, are bad for response rates. Sec-
ond, self-administration and mailback of blood spots, while inexpensive,
is unlikely to yield high response rates and seems particularly ill-suited
to maintaining high response rates of minorities. In-home requests, with
a trained person present to take the sample, seemed to provide the best
basis for administering biomarkers.
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FIGURE 4-3 Mean HbAlc score by self-rated assessment (letter grade) of self-
management of diabetes.
SOURCE: HRS Diabetes Study.

FACE-TO-FACE INTERVIEWS

In 2004, the HRS was given additional funding from the Social Secu-
rity Administration to use in-person interviewing to improve consent
rates for linkage to Social Security records for two groups: all of the origi-
nal 1992 HRS cohort (born 1931-1941, plus spouses) and members of the
1998 war baby cohort (born 1942-1947, plus younger spouses) who had
not yet given consent. This effort was successful. Seizing the opportunity
created by in-person interviewing to pilot some other measures, the HRS
obtained administrative supplements from NIA to conduct in-person
interviews with samples of the other cohorts to create a representative
sample of the whole. From the combined set of in-person interviews,
samples of about 100 persons from each single year of birth were assigned
to do physical performance measures, with a subset getting height and
weight measures.

Although the 2004 interviews did not include any blood or DNA
work or blood pressure testing, they were an important step in develop-
ing the 2006 strategy for biomarkers. We observed that there was a fairly
high loss of sample due to respondents declining the in-person interview
in favor of telephone—about 10 percent of those assigned. Thus, address-
ing “mode switches” is important for the HRS, given its history as a

Copyright © National Academy of Sciences. All rights reserved.



Biosocial Surveys
http://lwww.nap.edu/catalog/11939.html

DAVID WEIR 87

telephone survey. We also observed that failure to complete the physical
performance measures (timed walk, puff test, grip strength) was related
to self-reported physical limitations. Having good self-report indicators
of those abilities would aid in understanding that censoring.

2006 Enhanced Face-to-Face Interview

All the work of the various supplemental studies and pilot projects
were brought together in the design of the enhanced face-to-face inter-
view for 2006. The key elements of the 2006 HRS enhanced face-to-face
interview are

measured height and weight and waist circumference,

blood pressure,

timed walk, grip strength, puff test, balance test,

dried blood spots for HbAlc, total cholesterol, high-density lipo-
protein cholesterol, C-reactive protein and repository,

salivary DNA for repository, and

e self-administered mailback psychosocial questionnaire.

Selection of Measures

As a multidisciplinary population survey serving a wide community
of researchers, the decision process in HRS about any survey content,
including biomarkers, must consider a wide range of potential uses and
not focus narrowly on specific hypotheses or interests. Input was sought
from a large number of experts. The choice of measures attempted to bal-
ance scientific value against cost and respondent and interviewer burden.
There are two primary foci of the measures: the first is obesity and meta-
bolic syndrome, for which the main goal is obtaining assessments now to
model risks of future events, and the second is frailty, for which the main
goal is improving our characterization of the dynamics of disability and
care needs of the elderly.

As an example of this selection process, the Quetelet body mass
index (BMI) is obviously a critical measure for understanding obesity, and
direct measures of height and weight should help to resolve any doubts
about the accuracy of self-reports. But BMI is far from a perfect measure
because of variability in muscle mass and other nonfat components of
body weight. Waist circumference adds valuable complementary informa-
tion about fatness and in particular about central adiposity. Waist-hip ratio
was considered to add relatively little to waist alone, and hip measure-
ment is more intrusive for respondents and difficult for interviewers. Grip
strength is a somewhat expensive measure because of the high price of the
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dynamometer devices, but when this is factored over an average of 50-60
enhanced face-to-face (EFTF) interviews per interviewer in this wave, and
the potential for reuse in other waves, its value in assessing loss of muscle
strength clearly outweighs its cost. A more difficult set of choices had to be
made regarding the physical performance measures. There are a number
of well-known assessments of lower body mobility, such as chair stands
and “get-up-and-go.” We determined in 2004 that timed walk was the
best single measure for our needs. For 2006, after consultation with other
experts, we decided that what was needed to complement timed walk
was not another measure focused on lower body strength, but rather mea-
sures that directly assessed balance, because that can also be useful not
only for modeling falls, but also in understanding cognition. We therefore
added a 10-second semitandem stand, followed by a side-by-side stand,
or a full tandem stand, depending on performance.

The most significant restriction imposed by cost constraints was on
blood testing. Drawing of whole blood in the home or in a clinic would
be extremely expensive in a dispersed national sample like the HRS. At
the same time, the laboratory technologies for using dried blood spots are
advancing rapidly, making the scientific potential of this relatively inex-
pensive field collection protocol extremely attractive. At present, the HRS
blood spots will be used to assay for HbAlc, total cholesterol, HDL choles-
terol, and C-reactive protein. All these measures are of course important
in metabolic syndrome and cardiovascular risk. Having established the
protocol for DBS collection, other assays can be added as the technology
improves and as scientific interest and funding develop.

Despite the restrictions imposed by both cost concerns and scientific
focus, the new measures added to HRS cover a lot of ground. In their
paper in Cells and Surveys, Eileen Crimmins and Teresa Seeman outlined a
table of 17 measures on 8 different physiological systems that were related
to social and behavioral influences and health outcomes (Crimmins and
Seeman, 2001, p. 20). Of these, the HRS covers eight measures in four of
the systems. The two most significant systems not covered are the sympa-
thetic nervous system and the hypothalamic pituitary adrenal axis. Good
measures of functioning in these systems require either whole blood,
urine, or multiple measures during the course of a day or over several
days (e.g., cortisol). The HRS will continue to follow research using these
measures and technologies for assessing them.

Sample Design

The 2005 renewal proposal called for spreading the EFTF interviews
over the next three waves of the HRS—randomly assigning one-third of
the sample to each. Following the successful review of the proposal, NIA
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recommended that this be accelerated to assign one-half of the sample
in 2006 and the other half in 2008, creating the possibility of a four-year
interval between biomarker collections rather than six. That recommenda-
tion was adopted. The assignments were made randomly at the house-
hold level. That means that both persons in a two-person household
will get the biomarker interview in the same year. It also means that all
sample clusters will get a mix of conventional telephone follow-ups and
enhanced face-to-face interviews, and therefore that all interviewers must
be trained for both types of interviews. While this increases training costs
slightly, it allows for operational efficiencies when interviewers can mix
the two types of activities, and it allows for complete geographical repre-
sentation in each wave.

Interviewer Training

The HRS was fortunate to follow, with about a year’s lag, the devel-
opment of in-home biomarker interviews in the National Social Life,
Health, and Aging Project at the National Opinion Research Center and
the University of Chicago. Their success set a high standard. Critical to
that success is the successful training of interviewers in both persuading
respondents to participate and in conducting the various measures suc-
cessfully. The HRS had already developed protocols for height and weight
measurement and physical performance measures. The ADAMS study
had used cheek swabs to collect DNA. The switch to mouthwash samples
offered both better quantities of genetic material and an easier mode of
administration. The two main areas for which new training materials had
to be developed were blood pressure and blood spots. For the latter we
were advised by Professor Thomas McDade of Northwestern University,
as well as the commercial laboratory conducting the assays. For both we
had input from Robert Wallace and Kenneth Langa, the two medical doc-
tors on the HRS investigative team.

The HRS survey operations group developed a DVD that demon-
strated the protocols for all aspects of the new content. This video was
sent in advance to prospective interviewers interested in working on HRS
(most of whom had worked for the study in previous years). It helped to
screen out interviewers who were too uncomfortable with the methods
to do the work. It also served as a training vehicle and continues to serve
as a refresher for interviewers in the field.

Consent and Reporting

The HRS developed a booklet for the administration of physical mea-
sures and biomarkers. Respondents of course consent to participate in the
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HRS itself before interviewing begins. The biomarker assessments occur
around the middle of the interview. For each of three sections—physical
measures, blood spots, and DNA sample—the respondents are shown a
printed information form and asked to read it and sign a consent before
proceeding. In addition, respondents are asked after signing the consent
whether they feel it is safe for them to perform each measure immedi-
ately before doing it. Blood pressure results can be reported during the
interview, and any respondent exceeding a specified threshold is given
a card recommending that they see a doctor about their blood pressure.
Respondents are also told that their blood test results for HbAlc and
cholesterol will be reported to them by mail. Both the blood test and the
DNA consents permit future analysis to be done for HRS-related research
purposes without reporting back to the respondent.

Early Results

At this writing, the HRS is about 10 weeks from the end of its 2006
field period, and about 90 percent of the expected interviews are com-
pleted. Early indications are that cooperation with the new EFTF inter-
view is going well. Relatively few respondents have refused the face-to-
face mode. Of those who have been interviewed, consent rates are over 94
percent for the physical measures, 82 percent for the DNA sample, and 81
percent for the blood spots. At present, older respondents are somewhat
more likely to give DNA and less likely to give blood spots than younger
respondents.

In the 2004 pilot work with physical performance measures, we noted
a significant correlation between noncompletion of the measures and self-
reported physical limitations. The distribution of measured scores thus
does not represent the true population distribution of abilities. In the case
of timed walk, we have several good self-reports of lower body function
that allow one to assess the function level of persons who decline to do
the task and potentially to impute a physical performance score. For the
other measures, we do not. In 2006 we therefore added self-rating ques-
tions on hand strength and on lung function to aid in understanding the
functional abilities of those who do not do the measures.

Table 4-2 shows that self-rated hand strength correlates very strongly
with measured grip strength, and that persons reporting weakness in
the hand had substantially lower completion rates on the grip strength
test. For lung function, shown in Table 4-3, the question on frequency of
breathlessness is not quite as good at predicting response rates to the puff
test. This may be due to the fact that (unwarranted) fear of infection from
the device leads some well-functioning respondents to decline this test.
Self-rating does correlate well with performance on the test.
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TABLE 4-2 Self-Rated Grip Strength, Response Rate to Grip Test,
and Measured Grip Strength

Self-Rated Hand Measured Grip Response

Strength Strength Rate (%) N Measured
Very strong 36.7 86.5 1,440
Somewhat strong 31.9 88.1 4,149
Somewhat weak 24.7 78.8 1,213

Very weak 20.6 48.9 174
F-statistic 351.7 151.3

p-value <.0001 <.0001

SOURCE: Preliminary HRS 2006 production data, unweighted.

TABLE 4-3 Self-Rated Shortness of Breath, Response Rate to Lung
Test, and Measured Lung Function

Self-Rated Expiratory Response

Shortness of Breath Force Rate (%) N Measured
Often 272.2 72.3 391
Sometimes 313.2 85.3 1,221

Rarely 367.2 87.7 2,134

Never 378.0 87.6 3,411
F-statistic 135.6 33.7

p-value < .0001 < .0001

SOURCE: Preliminary HRS 2006 production data, unweighted.

There is some controversy about the quality of self-reports of height
and weight, although the general finding seems to be that there is a gen-
eral tendency to overstate height among the elderly (Ezzati et al., 2006;
Gunnell et al., 2000). The most plausible explanation for this is that older
people report their maximum adult height, not their current height after
shrinkage due to age-related compression. Weight tends to be underre-
ported by the overweight, and overreported by the underweight, leaving
a relatively small bias on average. In preliminary results from 2006, as
well as in a very small sample from 2004, the HRS tends also to find rather
small errors in reported weight, and systematic overreporting of height.
The self-reports of height and weight are obtained before respondents are
told that they will be measured.

Figure 4-4 shows the pattern of heights found in 2006, graphing the
mean measured height and mean self-reported height against the self-
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FIGURE 4-4 Measured versus self-reported height.
SOURCE: Preliminary HRS 2006 production data.

reported height. If self-reports were unbiased (equal to measured) on
average, the graph should show a perfect 45-degree line. Instead, mea-
sured heights are lower than self-reports at every level of self-report, and
more so at taller self-reported heights. The average differential is just
under one inch. Measured heights are recorded to the nearest quarter-
inch, and self-reports are in round inches. In addition to the bias, there is
some random error, as shown by the correlation coefficient of .89 between
measured and self-reported height.

Figure 4-5 shows a similar graph for weights, grouping self-reports in
10-pound ranges on the horizontal axis and graphing on the vertical axis
the mean of measured and self-reported weight for each of those groups.
The average error is about three pounds (self-reports below measured
weight). The correlation is also impressively high at .97.

To put this in perspective, the average HRS respondent has a BMI
of 29.1 using the measured data. Using instead the self-reported height
lowers this to 28.2, while using instead the self-reported weight lowers it
much less, to 28.6. Both together lower it to 27.8. Based on this evidence,

Copyright © National Academy of Sciences. All rights reserved.
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FIGURE 4-5 Measured versus self-reported weight.
SOURCE: Preliminary HRS 2006 production data.

the real scientific value from measuring weight in an older population,
as opposed to relying on self-report, does not appear to be as great as the
gain from measuring height. Height measurements are also less costly and
less burdensome than using scales to measure weight.

Blood pressure data appear to be of good quality. The HRS protocol
calls for three repeated measures, using an upper arm cuff with an auto-
matic inflation device. These three measures are correlated at about .95,

TABLE 4-4 Biomarkers and Self-Reports: Measured Blood Pressure
by Self-Reported High Blood Pressure Diagnosis and Control (mean
of 3 measurements)

Systolic Diastolic
No high blood pressure 126.4 78.1
Under control no meds 137.4 84.5
Under control using meds 134.2 79.9
Not under control 148.4 87.6
F-statistic 138.7 71.2
p-value <.0001 <.0001

SOURCE: Preliminary HRS 2006 production data, unweighted.
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indicating good reliability. Table 4-4 shows that the mean of the three
measures is reasonably well correlated with self-reported status. Interest-
ingly, the mean blood pressure of persons who report a diagnosis and say
it is under control is not much higher than those who say they do not have
hypertension. Those who report their blood pressure is not under control
do indeed have substantially higher measured levels.

CONCLUSION

The integration of biomarkers into the HRS is very much a work in
progress. The first big steps have been taken to transform a primarily
telephone study into one using in-person interviewing to obtain direct
physical measurements and collect biological samples in the home, chal-
lenging the “elastic powers” of the survey’s designers and its funders.
HRS respondents have shown themselves willing to participate in this
new survey experience, and the data they have provided appears to be
of high quality. The HRS investigators hope to continue to expand and
innovate in the inclusion of biomarkers as appropriate to the overall aims
of the HRS. While this provides valuable new content to the HRS and new
points of contact with clinical and lab-based studies, a large population
survey like HRS cannot replace the vastly greater biological detail attain-
able in small clinical studies.

Soon the challenge to the elastic powers will shift from the design
and implementation of the measures to their integration into longitudinal
analyses using the data. It is this crucial intellectual transformation of how
researchers conceive of problems that Wachter saw as the real challenge.
The effort to collect such measures in population surveys will be war-
ranted only by the new research insights they support. To support that
challenge, we will need to seek ways to encourage researchers to develop
models to make use of them. And that in turn will stimulate new ideas
and new measures for future waves of data collection.
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An Overview of Biomarker Research
from Community and Population-Based
Studies on Aging

Jennifer R. Harris, Tara L. Gruenewald, and Teresa Seeman

community-based studies that have profitably incorporated bio-

markers along with more traditional interview data to address
important questions regarding factors that affect health risks at older
ages. The focus on older age stems from a series of activities (National
Research Council, 1997, 2001a) funded by the National Institute on Aging
that promoted a new era of population aging research predicated on the
importance of integrating biomarkers into survey research.

Prior efforts to include biomarkers in community and population
studies have yielded a wealth of knowledge regarding the role of biologi-
cal systems and processes in cognitive and physical functioning, mental
and physical disease development, and mortality outcomes. The bio-
marker initiative under the National Institute on Aging was particularly
concerned with identifying biomarkers of physiological age (Butler et
al., 2004). In contrast, biomarker research in the social and behavioral
sciences has emphasized elucidating the interplay of biological systems
with sociodemographic, behavioral, psychosocial, pharmacological, and
genetic factors in health outcomes (Institute of Medicine, 2006; National
Research Council, 2001b).

This chapter highlights research contributions from a selected group
of community and population studies that include various biomarker
measurements in study assessments. It is not intended to review com-
pletely, catalogue, or present in-depth results, but rather to provide an
overview of the range of biomarker research conducted in these studies

The goal of this chapter is to provide an overview of findings from

96
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and highlight some key findings and research directions stemming from
this integrative research.

For the purposes of this review, we have limited our consideration of
biomarkers mainly to DNA and physiological biomarkers collected from
blood (e.g., glycosylated hemoglobin, cholesterol), saliva (cortisol) or urine
(cortisol and catecholamines); not included are more functional parameters
that are also considered to be biomarkers, such as hand grip strength, mea-
sures of vision or hearing, and assessments of cognitive or physical func-
tioning. This chapter highlights the types of questions that can be addressed
when social and behavioral studies are supplemented with biomarker data,
and therefore we also exclude descriptions of biomarker research derived
from postmortem studies of brain tissue. It is important to note, however,
the value of postmortem biomarkers for elucidating biological pathways
and mechanisms, including those linking social and behavioral measures
with disease outcomes. This is illustrated by research from, for example,
the Nun’'s Study (Snowdon, Kemper, Mortimer, Wekstein, and Markesbery,
1996), the Religious Order Study (Wilson, Bienias, and Evans, 2004), and the
Memory and Aging Project (Bennett et al., 2005).

Our decision to focus on physiological parameters and genes was
driven in large part by a central goal of the current volume, namely, to
help inform social scientists about the potential value of incorporating
biomarkers into their projects through exposition of prior research in
which analyses of such biomarkers or candidate genes have provided
insights into processes and mechanisms affecting healthy aging. In that
context, the focus taken herein seems warranted, as such biomarkers have
generally not been included in social surveys (whereas assessments of
functioning have), so that evidence based on physiological biomarkers is
much less well known to the social science community.

Much of the information presented in this chapter derives from the
studies summarized in Table 5-1. These were selected to represent a sam-
pling of ongoing community or population-based studies on aging that
have collected DNA or other biological or physiological biomarkers and
that are not reviewed elsewhere in this volume. We have organized the
wide range of findings generated from the studies reviewed according to
a number of critical thematic areas that emerged during our review. These
include biomarkers and aging, genetic and environmental influences on
risk factors for cardiovascular disease (CVD), social and psychological
factors, behavior genetics, biomarkers of cognitive aging, biomarkers of
physical function and aging, indices of cumulative biological risk, and the
relationship between biomarkers and genetic pleiotropy.

Copyright © National Academy of Sciences. All rights reserved.
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BIOMARKERS IN COMMUNITY- OR
POPULATION-BASED STUDIES

Scientists have long been interested in obtaining measures of biomark-
ers to understand the role of biological systems in functioning and disease
processes. Much of this work has been conducted via well-controlled
experiments in the laboratory with nonhuman animals or in small-scale
human studies focused on specific physiological processes in the lab (e.g.,
physiological responses to a specific challenge or interaction of specific
physiological systems). More recently, the value of collecting biomarker
measurements in large-scale community and population studies has been
recognized (National Research Council, 2001a) and greater emphasis is
being placed, by researchers and by funding agencies, on banking bio-
logical samples.

The impetus for the collection of biomarkers is to gain a better under-
standing of the role of specific biological systems in health conditions,
including an understanding of the role of biological systems in associa-
tion with other sociodemographic, behavioral, pharmacological, psycho-
social, and genetic contributions to health outcomes. There is a growing
literature in the behavioral sciences literature linking social and behav-
ioral factors (ranging from sociocultural and neighborhood influences to
interpersonal relations) to biomarkers and health (Berkman and Kawachi,
2000; Cacioppo, Hughes, Waite, Hawkley, and Thisted, 2006; Hawkley,
Masi, Berry, and Cacioppo, 2006; House, Landis, and Umberson, 1988;
Kiecolt-Glaser et al., 2005; Ryff and Singer, 2001; Uchino, Cacioppo, and
Kiecolt-Glaser, 1996; Wen, Hawkley, and Cacioppo, 2006). These findings,
in conjunction with methodological advances, are fostering integrative
lines of research to study health and pathways to disease. For example,
the recent Institute of Medicine report Genes, Behavior, and the Social Envi-
ronment (2006) focuses on social environments in the study of gene by
environment interactions and health.

A wide variety of biomarkers have been assessed in community- or
population-based studies. Biomarkers of cardiovascular, metabolic, endo-
crine, and immune systems or processes are most commonly assessed.
However, other types of biomarker measurements have also been obtained,
including exposure indices (e.g., bone and blood lead levels or pesticide
blood levels to assess environmental exposure), measurements of vitamin
or antioxidant levels, anthropometric measures (e.g., bone length, height,
weight), bone density scans, measurements of brain activity (e.g., func-
tional magnetic resonance imaging, fMRI, or electroencephalogram, EEG),
as well as markers of the functional status of a bodily system (e.g., forced
expiratory volume to assess lung function).

Biomarker values are typically assessed for biological systems at a
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resting state (e.g., resting blood pressure, blood levels of glucose), but
values are also sometimes assessed under conditions of challenge to a
system (e.g., blood pressure levels after standing, levels of glucose after
a glucose challenge test). Blood, urine, and saliva samples are typical
sources for biomarker assessments, although for some of the biomarkers
described above, mechanical or electrical devices (e.g., MRI machine) are
also used to obtain measurements. The measurement of biomarkers in
community- or population-based studies presents a methodological chal-
lenge for researchers, as they must determine how and where to obtain
biomarker measurements on a large number of people. Most studies have
used home-based or clinic-based protocols for the collection of biological
specimens, with some investigations utilizing both approaches.

The primary advantage of clinic-based specimen collection is the
ability to implement protocols requiring greater temperature control (e.g.,
samples must be kept cold or iced) as well as meeting more restricted
processing requirements (e.g., within minutes or several hours at most).
However, sample representativeness can sometimes suffer as certain sub-
groups are less able or willing to come to a clinic for reasons related to
health, transportation, or unfamiliarity with the location. Examples of
studies that have used clinic-based protocols successfully include the
Women’s Health and Aging Studies I and II, the Cardiovascular Health
Study, and the Health, Aging and Body Composition Study. Studies using
home-based protocols include the MacArthur Study of Successful Aging
(Berkman et al., 1993), the Later Life Resilience Study (Ryff, Singer, and
Dienberg Love, 2004), and the Swedish Twin Studies (Lichtenstein et al.,
2002).

BIOMARKERS AND AGING

Most established biomarkers indices reflect age norms in disease-
free samples from which individuals with known risks and diseases are
excluded from study. This poses a challenge for aging studies because these
criteria make it difficult to define “normal” values among groups of elderly
individuals for whom morbidity is common. Furthermore, this approach
could mask age changes in many biomarkers and values of routine bio-
chemical blood tests. A study of clinical biochemical values in a popula-
tion-based sample of twins ages 82 and older from the Swedish study of
Origins of Variance in the Oldest-Old: Octogenarian Twins (OCTO-Twin)
found few participants without clinical diagnoses; therefore, subsequent
survival for six years was used as a marker of overall health in late life.
Results revealed an association between mortality and higher serum levels
of urea, urate, gamma-glutamyltransferase (gamma-GT), free thyroxin, and
plasma homocysteine. In women, increased mortality was associated with
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low serum values for albumin and total cholesterol. The authors propose
that these results could provide guidelines for clinical practice and general
health examinations (Nilsson et al., 2003a, 2003b).

Further study of the association of biochemical values with morbidity,
drug therapy, and anthropometry was examined. In addition to expected
findings showing that biochemical values deviate under disease states
common among the elderly, a number of biological risk factors exhibit
patterns of increasing risk with age, including blood pressure, glucose,
and markers of inflammation and homocysteine, each of which is associ-
ated with risks for one or more common diseases of aging, such as car-
diovascular disease, osteoporosis, hip fracture, depression, and dementia
(Nilsson et al., 2003a, 2003b). These findings indicate that morbidity and
health-related factors common in aging populations substantially influ-
ence routine biochemical values.

Analyses of community-based studies, such as the MacArthur Study
of Successful Aging, also point to potentially important age-related reduc-
tions in risks associated with some biological factors (e.g., a reduction in the
apparent risks associated with elevated total cholesterol—Karlamang]la,
Singer, Reuben, and Seeman, 2004), although other major risk factors
continue to exhibit strong effects with respect to risks for major outcomes,
such as physical function (Reuben et al., 2002), cognitive function (Weaver
et al., 2002), and longevity (Hu et al., 2005). Analyses of biomarker data
from the Cardiovascular Health Study (CHS) have confirmed that lipid
profiles (specifically total and low-density lipoprotein [LDL], cholesterol)
are not significant predictors of myocardial infarction (MI), stroke, or
mortality among older adults (Psaty et al., 2004).

CHS data also point to the continued importance of such biomark-
ers as high blood pressure, fasted glucose, low albumin, elevated creati-
nine, and low forced vital capacity as significant, independent risk fac-
tors for mortality, along with additional measures of subclinical disease,
including aortic stenosis, abnormal left ventricular ejection fraction, major
electrocardiographic abnormalities, and stenosis of the internal carotid
artery (Fried et al., 1998) and markers of inflammation (Jenny et al., 2006).
Analyses from the Health, Aging and Body Composition Study (Health
ABC) (another cohort study of adults ages 70 and older) suggest that
the presence of metabolic syndrome (based on a complex of risk factors,
including cholesterol, blood pressure, and glucose) in older adults does
continue to predict subsequent coronary events, heart failure, myocardial
infarctions, and cardiovascular-related mortality (Butler et al., 2006). Like
the MacArthur and other studies of aging, Health ABC data indicate that
inflammatory markers such as interleukin-6 (IL-6) and tumor necrosis
factor (TNF)-o are associated cross-sectionally with the presence of sub-
clinical or clinical cardiovascular disease (Cesari et al., 2003a), and the
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presence of peripheral artery disease (McDermott et al., 2005) and that
high levels of IL-6, TNF-0, and C-reactive protein (CRP) also prospec-
tively predict incident coronary events, including coronary heart disease,
stroke, and congestive heart failure (Cesari et al., 2003b).

A recent analysis of time trends in biological markers of health risks
in participants ages 65 and older from the National Health and Nutrition
Examination Surveys (NHANES) III (1988-1994) and NHANES IV (1999-
2000) found significant reductions in the levels of high-risk indices of
total cholesterol and homocysteine. These findings are consistent with the
hypothesis that lipid-lowering medications and folate supplementation,
respectively, have been effective in reducing the prevalence of “high-risk”
values for these biological parameters. However, other changes indicate
an increased burden associated with obesity-related measures and high-
risk levels of CRP (Crimmins et al., 2005).

Analyses based on available biomarker data in the Women’s Health
and Aging Studies (WHAS I and II) have yielded insights into relation-
ships of novel and potentially modifiable biomarkers, such as serum sele-
nium and carotenoids and mortality—low levels in each case predicting
higher mortality risk (Ray et al., 2006). Analyses also confirmed mortality
risks associated with gradations of diabetic hyperglycemia (Blaum et al.,
2005a).

Another example of age effects is illustrated by studies of mortality
and the apolipoprotein E (ApoE) genotype. The ApoE gene is a choles-
terol transporter involved in brain repair mechanism and is among the
most widely studied genes in aging research. It has three common alleles,
ApoE-2, ApoE-3, and ApoE-4, with ApoE-4 conferring a higher risk for
developing Alzheimer disease (AD). Demographic models investigating
the association between ApoE genotype and mortality rates using data
from several countries revealed diminishing risks with age and that the
ApoE genotypes are associated with little variation in mortality among
centenarians (Ewbank, 2002).

GENETIC AND ENVIRONMENTAL INFLUENCES ON
RISK FACTORS FOR CARDIOVASCULAR DISEASE

In certain respects, the strategy behind biomarker research reflects an
endophenotype (intermediary phenotype) approach, described in psy-
chiatric genetics (Gottesman and Gould, 2003). In polygenic systems, in
which environmental influences also figure prominently, biomarkers often
represent “downstream” traits in the pathways between genes and a mea-
sured behavior or outcome. Endophenotype-based strategies are becom-
ing more common in gene detection studies, and it is critically important
to recognize that many biomarkers are themselves complexly determined.
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As illustrated by studies of CVD risk factors, genetic and environmental
analyses of biomarkers can provide insights regarding biomarker effects
in complex causal pathways.

CVD risk factors are among the most studied biomarkers. They are
well known, easy to measure, and routinely assayed in clinical practice.
Heritable and environmental factors have long been known to play an
important role in cardiovascular disease, although quantification of these
risks in the population at large is not straightforward. Twin and family
studies provide ample evidence that biological risk factors (biomarkers)
for cardiovascular disease, such as serum lipids and apolipoproteins, are
also influenced by multiple genetic and environmental factors. Develop-
mental trends in lipid and apolioproteins have been described (e.g., early
life, adolescence, menopause in women, and older age) and age-sex dif-
ferences emerge in lipid profiles.

A key question is how variation in these age and sex patterns is
differentially influenced by genes and environment. Research on CVD
risk factors from the Swedish Adoption Twin Study of Aging (SATSA)
have helped to elucidate this. Genetic differences account for more than
half the variation in plasma factor VII levels (Hong, Pedersen, Egberg,
and deFaire, 1999). Analyses of total cholesterol, high-density lipoprotein
(HDL), apolipoproteins A-I and B, and triglycerides revealed substantial
heritabilities for these measures ranging from 0.63 to 0.78 in the younger
group (ages 52-65) and from 0.28 to 0.55 in the older group (ages 66-86)
for these measures. Heritabilities were consistently lower in the older
age groups and significantly lower for apolipoprotein B and triglyceride
levels (Heller, de Faire, Pedersen, Dahlen, and McClearn, 1993).

Furthermore, the unique design involving twins reared apart and
reared together revealed that shared rearing environmental effects contrib-
uted to variation in total cholesterol levels. Most of the nongenetic varia-
tion for the other biomarkers was explained by unique environmental
factors. This research was expanded on in a further twin study using aug-
mented data that included SATSA, the Screening Across the Lifespan Twin
(SALT) pilot study, and the Men and Women’s Aging (GENDER) study.
Sex and age differences in lipid and apolipoprotein levels were investi-
gated in three age groups (17-49, 50-69, and 70-85). Heritabilities ranged
from 35 to 74 percent and were consistently greater in women across all
age groups. This age effect is almost entirely explained by greater vari-
ance associated with environmental factors (Iliadou, Lichtenstein, deFaire,
and Pedersen, 2001). Age dependency in genetic effects for plasma lipids
was also investigated in Dutch data, which showed some evidence for
partially different sets of genes to influence lipid levels at different ages
(Sneider, Van Doornen, and Boomsma, 1997).

Numerous other studies have confirmed the importance of genetic
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and environmental factors on cardiovascular risk factors in different coun-
tries (see Iliadou and Sneider, 2004, for a review), illustrating that genetic
influences differentially affect various risk factors. For example, heritabili-
ties for lipoprotein a Lp(a) levels are exceptionally high (.90) but may be
affected by the use of sex hormones among women (Hong et al., 1995).
Future research that incorporates measured environments into these mod-
els will help identify the nature of nonshared influences that impinge on
CVD risk factors and become more important with age and, potentially,
impact CVD outcomes.

SOCIAL AND PSYCHOLOGICAL FACTORS

Alarge and rapidly growing literature documents links among social,
behavioral, and psychosocial measures with physiological, biological, and
genetic factors (Harris, 2007; Ryff and Singer, 2005). A key goal of many
of the studies reviewed here is to understand the nature of some of these
links and to elucidate the interplay between these factors and their rela-
tionships to biology as these latter relationships affect healthy aging. This
research has investigated an array of factors spanning different spheres
of influence, including socioeconomic status, social engagement or social
relationships, and various psychological factors.

Socioeconomic Status

Although previous research has suggested that socioeconomic status
(SES) is less strongly related to health outcomes at older ages (House et
al., 1994), data from multiple population-based studies point to the con-
tinued impact of lower SES on health risks in later life, including links
to greater biological dysregulation in various major regulatory systems.
Multiple studies based on data from the Health ABC Study have docu-
mented relationships between indicators of SES and biomarkers and also
provide evidence that lower SES confers a greater risk for poorer cogni-
tive and physical functioning outcomes. Lower SES (assessed by levels of
education, income, and assets) was associated with higher levels of CRP,
TNF-0, and IL-6 (Koster et al., 2006). Behavioral factors, such as smoking,
alcohol consumption, and obesity accounted for a greater proportion of
these associations than prevalent disease (e.g., heart disease, diabetes).

Lower SES participants were also at greater hazard of developing
mobility disability (Koster et al., 2005a). Body mass index and an index
of the number of inflammatory biomarkers (CRP, IL-6, TNF-a) for which
participants’ values were in the highest tertile were significant covariates
in analyses, suggesting that these biomarkers may be important media-
tors of relationships between SES and mobility disability.
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Lower SES has also been shown to predict the likelihood of cogni-
tive decline in Health ABC participants (Koster et al., 2005b). Although
a number of biomarkers were associated with both SES and cognitive
decline in this investigation, biomarkers explained only a small portion
of the relationship between SES and cognitive decline.

Data from the MacArthur Study of Successful Aging document
similar SES gradients in major biomarkers (lower SES being associated
with increased prevalence of higher risk levels), with a significant, nega-
tive gradient seen for a summary index of allostatic load (Seeman et al.,
2004a). Analyses also indicate that these SES differences in allostatic load
mediate 35 percent of the SES gradient in mortality (Seeman et al., 2004a).
Parallel evidence for such SES gradients in cumulative biological risk has
been reported from the Wisconsin Longitudinal Study (Singer and Ryff,
1999). And low levels of educational attainment were also shown to be
associated with higher levels of allostatic load in the Normative Aging
Study (NAS), with much of the association apparently mediated by higher
levels of hostility (Kubzansky, Kawachi, and Sparrow, 1999). Recent anal-
yses of NHANES III data also show consistent SES gradients in levels
of biological risks with respect to blood pressure, cholesterol, metabolic
profiles, and levels of inflammation (Seeman, Merkin, Crimmins, Koretz,
and Karlamangla, no date).

Social Engagement and Social Relationships

A consistent body of evidence links greater social integration to bet-
ter health and longevity (Seeman, 1996). A growing literature further
indicates that health effects of social relationships persist importantly into
older age, with evidence linking greater social integration or engagement
to lower risks for cognitive decline (Bassuk, Glass, and Berkman, 1999;
Seeman, Lusignolo, Albert, and Berkman, 2001a) and dementia (Frati-
glioni, Wang, Ericsson, Maytan, and Winblad, 2000), as well as lower risks
for physical disability (Seeman, Bruce, and McAvay, 1996) and greater
longevity (Seeman, Kaplan, Knudsen, Cohen, and Guralnik, 1987; Seeman
et al., 1993).

More recently, attention has shifted to the identification of potential
biological pathways through which social relationships affect health and
aging. Greater social integration and higher levels of reported emotional
support have been linked to lower levels of major stress hormones (e.g.,
cortisol, norepinephrine, epinephrine) among older men, with weaker
and nonsignificant trends among women (Seeman, Berkman, Blazer, and
Rowe, 1994), and similar findings have been reported more recently for
patterns of association with IL-6 (Loucks, Berkman, Gruenewald, and
Seeman, 2006). Examination of more cumulative measures of biological
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risk has yielded evidence of an inverse relationship between levels of
positive social engagement and cumulative risk for both men and women
(Seeman, Singer, Ryff, and Levy-Storms, 2002). Importantly, data on levels
of social conflict point to the increased health risks associated with greater
exposure to such interactions (see Burg and Seeman, 1994, for a review).

Paralleling these earlier data, more recent data provide a growing
body of evidence indicating that such negative social interactions are
associated with heightened physiological activity and reactivity, resulting
in significantly increased levels of biological risk (Seeman and McEwen,
1996; Taylor, Repetti, and Seeman, 1997; Seeman et al., 2002). These find-
ings are consistent with the fact that man has evolved as a social animal.
As such, it is not surprising that qualitative aspects of our social inter-
actions should be associated with underlying and parallel patterns of
physiological activation reflecting reduced versus heightened biological
risk profiles.

Psychological Factors

The Later Life Resilience Study is another investigation that has
focused on links between biomarkers and a number of social and psy-
chological factors. Using a sample of women drawn from a larger study
of the process of relocating to “senior housing,” Ryff and colleagues (2006)
examined biomarker correlates of positive and negative well-being in
study participants to address the question of whether positive and nega-
tive well-being are opposite sides of a single mental health continuum or
whether these forms of well-being are separate and independent dimen-
sions. They hypothesized that if positive and negative well-being are
unique constructs, they should have distinct biomarker correlates, and
this premise was largely supported by study findings.

For example, salivary cortisol, norepinephrine, waist-hip ratio, HDL
cholesterol, and total/HDL cholesterol showed significant associations
with some measures of well-being (e.g., purpose in life, personal growth,
perceived autonomy, positive affect, positive relations) but not with mea-
sures of ill-being, while dehydroepiandrosterone sulfate (DHEAS) and
systolic blood pressure showed significant associations with negative
well-being (e.g., depressive symptoms, negative affect, trait anxiety, trait
anger) but not positive well-being. Only two biomarkers, weight and
glycosylated hemoglobin, showed significant associations with indicators
of both positive and negative well-being.

Other analyses have examined links between biomarkers and two
dominant forms of positive well-being, eudaimonic (e.g., self-actualization,
purpose in life) and hedonic (e.g., happiness, pleasure, satisfaction) well-
being. A number of biomarkers, including salivary cortisol, urinary nor-
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epinephrine, the soluble receptor for IL-6, weight, waist-hip ratio, HDL
cholesterol, total/HDL cholesterol, glycosylated hemoglobin, and indica-
tors of better sleep quality were found to relate to scores on measures of
eudaimonic well-being, while only HDL cholesterol was associated with
hedonic well-being (Ryff et al., 2004).

Women with more positive social relations have also been found to
have lower levels of IL-6 and better sleep efficiency (Friedman et al., 2005).
Interestingly, social relations and sleep quality showed an interaction in
their association with IL-6, such that those with both poor social relations
and sleep efficiency had the highest levels of IL-6, while those women
with poor scores on only one measure showed more moderate levels. This
finding suggests that social relationships and sleep may act to buffer one
another for deficits in one domain in terms of potential impacts on inflam-
matory activity. Evidence that poor sleep may be related to CVD risk,
particularly in older people under chronic stress, has also been reported.
Poor sleep, as measured using polysomnography, was associated with
higher plasma IL-6 and procoagulant marker fibrin D-dimer in a study of
older community-dwelling caregiver and noncaregiver adults, and these
effects were more pronounced in caregivers of patients with Alzheimer
disease (von Kanel et al., 2006).

Data from the Normative Aging Study also point to the potential
importance of hostility as a factor affecting patterns of biological risk
as well as major health outcomes. For example, high hostility has been
linked to high levels of insulin and triglycerides and low HDL levels, with
much of these associations mediated by links between higher hostility and
higher body mass index and waist-hip ratio (Niaura et al., 2000). As indi-
cated earlier, high levels of hostility have also been found to be associated
with high scores on an allostatic load index, which represented a sum-
mary score of high-risk values on a range of cardiovascular, endocrine,
and metabolic biomarkers (Kubzansky, Kawachi, and Sparrow, 1999).
Investigations of NAS participants have also examined the interaction
of both biological and psychosocial risk factors in the development of
disease. For example, one investigation found that high levels of hostility
and the presence of metabolic syndrome (high-risk scores on measures of
triglycerides, glucose, HDL cholesterol, blood pressure, and body mass
index [BMI]) independently predicted the likelihood of myocardial infarc-
tion over a 14-year follow-up period, but the concomitant presence of both
high hostility and metabolic syndrome was associated with the greatest
risk for subsequent myocardial infarction (Todaro et al., 2005).

Chronic stress has also been linked to a myriad of effects, includ-
ing poor health, reduced immune function, premature aging, less robust
responses to treatment, and earlier age of disease onset. Epel and col-
leagues (2004) analyzed peripheral blood mononuclear cells in pre-
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menopausal women to investigate the relationship between life stressors
(chronic caretaking of an ill child) and cellular aging. Although there was
no relationship between caregiver status and the indices of cellular aging,
results revealed that perceived stress and duration of stress were associ-
ated with higher oxidative stress, lower telomerase activity, and shorter
telomere length (TL), even after controlling for age. This research provides
insight into potential mechanisms that link psychological stress to biologi-
cal aging and suggests that perceived or chronic stress may play a role
in premature senescence. Longitudinal research that tracks changes in
telomere length in association with other psychosocial and health indices
is needed to provide further insights into the factors affecting telomere
shortening across the lifespan. Although this research is not based upon
a community sample, measures of telomere length and telomerase activ-
ity are becoming more common biomarkers in larger cohort studies. For
example, in the MacArthur Study of Successful Aging, stored DNA has
been used to assess telomere length, and analyses now under way are
examining both relationships to subsequent health risks and predictors
of TL.

BEHAVIOR GENETICS

Following the human genome project there has been a tremendous
shift in the focus of behavioral genetic research that has moved this field
more squarely into the realm of biomarker research. A large body of
research unequivocally documents the importance of anonymous genetic
influences for an array of behaviors that affect healthy aging, including
symptoms of depression, physical functioning, personality, health-related
behaviors, and cognition (see special issue of Behavior Genetics on Aging,
33(2), March 2003).

Candidate genes, and their protein products, represent biomarkers
that are becoming more routinely catalogued and studied. For example,
based on information regarding relevant biological pathways, projects
from the Swedish twins (SATSA, OCTO-Twin, GENDER, HARMONY,
and SALT) have identified a variety of candidate genes and gene markers
to study in association with aging-related behaviors and health outcomes.
An example finding from this approach and combining data from several
studies (SATSA, OCTO-Twin, and GENDER) is the reported association
between depressed mood in the elderly and the AA gene variant in the
serotonin receptor gene (5-HTR2A) among men but not among women
(Jansson et al., 2003). These results raise the question whether different
genes or genetic mechanisms contribute to the development of depressed
mood in the elderly.

Methodological advancements have added a new focus to behavior
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genetic research, and an increasing number of studies are interested in
the localization and identification of functional genetic variants influenc-
ing individual differences in human behavior. For example, loneliness is
common among the elderly and is central to a cluster of socioemotional
states and affects behavior, psychological health (Cacioppo et al., 2006),
and physical health (Tomaka, Thompson, and Palacios, 2006). Social iso-
lation and loneliness are implicated in the pathogenesis of multiple dis-
eases, responses to therapy, and mortality (Hawkley and Cacioppo, 2003).
Putative disease pathways through which loneliness exerts an influence
include health behaviors, excessive stress reactivity, and deficiencies in
physiological repair and maintenance. Research indicates that genetic
differences among people explain about half of the variation in loneli-
ness among children (McGuire and Clifford, 2000) and adults (Boomsma,
Willemsen, Dolan, Hawkley, and Cacioppo, 2005).

Data from the Netherlands Twin Registry (Boomsma et al., 2002) were
analyzed to investigate the molecular-genetic basis for these findings.
Genotypic marker (400 microsatellite markers) data were collected in 682
sibling pairs and their parents. Linkage and association analyses were
conducted to elucidate candidate regions that may contain genes that
influence variation in loneliness. Results pointed to a region on chromo-
some 12q23-24, and follow-up association tests showed significant asso-
ciation to two neighboring markers, D12579 and D125395. Linkage results
in this region have been reported previously for a number of psychiatric
disorders and neuroticism. Although the collective linkage results are not
definitive or consistent, they provide enough evidence for the authors to
postulate that this region on chromosome 12 may contain genes involved
in affective and social regulation and dysregulation (Boomsma, Cacioppo,
Slagbom, and Posthuma, 2006).

Although linkage studies per se do not constitute strict biomarker
research, the effort to identify biomarkers of complex behaviors is becom-
ing more and more common, as illustrated by a recent special issue of
Behavior Genetics, 36(1), January 2006, dedicated to genetic linkage studies
for behavioral traits, including emotionality, depression, loneliness, cog-
nition, addictive behaviors, health behaviors, and their endophenotypes.
Such an approach may potentially generate numerous useful biomarkers
that may become standard covariates in large cohort studies. Aided by
publicly available databases, the value of these data for exploring com-
plexly determined phenotypes could be greatly enhanced through cross-
study comparisons and data pooling possibilities.

Recently, attention has focused on the importance of studying gene-
environment interactions, including how behaviors may modify gene
expression (Harris,2007; Rutter, Moffit, and Caspi, 2006). One of the most
extensively studied common genetic variants in human studies of social
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behavior is the 5’-promoter polymorphism of the serotonin transporter
gene (5HTT). A wave of studies has explored interactions between func-
tional polymorphisms of this gene with stressful life events and depres-
sion. Evidence supporting such an interaction effect is reported by some
(Caspi et al., 2003; Eley et al., 2004; Grabe et al., 2005; Kaufman et al., 2004;
Kendler, Kuhn, Vittum, Prescott, and Riley, 2005) but not confirmed by
all (Gillespie, Whitfield, Williams, Heath, and Martin, 2005; Surtees et al.,
2006) studies. Although these findings do not derive from aging studies
per se, they generate important aging-related questions regarding the role
of functional polymorphisms in the serotonin transporter gene and late
life depression.

New findings from the Swedish SATSA study report evidence for
genotype by environment interactions affecting change in a semantic
memory task. This work investigated the role of several candidate genes
including those coding for ApoE and estrogen receptor alpha (ESR1) and
serotonin candidates (HTR2A and 5HTT). Further investigation aimed
at identifying the nature of the environmental influences involved in
this interaction examined social and stress factors, including social sup-
port, life events, and depressive symptoms. Results suggested that influ-
ences associated with depressive symptoms may moderate the gene-
environment interaction observed for ESR1 and ApoE and longitudinal
semantic memory change. The authors explain that noncarriers of puta-
tive risk alleles may be relatively more sensitive to depression-evoking
environmental contexts than carriers of the risk allele. This suggests that
the contexts that facilitate or reduce depressive symptoms could affect
resiliency in semantic memory dependent on genotype (Reynolds, Gatz,
Berg, and Pedersen, 2007).

BIOMARKERS OF COGNITIVE AGING

Cognition represents one of the two major domains of functioning,
the other being physical functioning (see below). Among the biomarkers
known to affect risks for cognitive decline, the ApoE genotype, more spe-
cifically the ApoE-4 allele, has received by far the most attention to date.
After the initial discovery of the role of ApoE-4 for dementia, numerous
works have examined the role of ApoE and the ApoE-4 variant in trajec-
tories of normal aging as well as in the pathogenesis of other diseases. For
example, analysis of stored samples in the MacArthur study confirmed
that ApoE status is predictive of cognitive declines in this initially high-
functioning cohort (Bretsky, Guralnik, Launer, Albert, and Seeman, 2003).
Studies of diverse populations reveal that the risk conferred by the ApoE-
4 allele does not pertain to all populations. Results from a study of healthy
Medicare recipients in the Washington Heights-Inwood community of
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New York City (WHICAP) revealed that ApoE-4 conferred a greater risk
for Alzheimer disease among non-Hispanic whites, but that blacks and
Hispanics were at increased risk regardless of their ApoE genotype (Tang
et al., 1998). These results indicate that other, unknown genetic or environ-
mental risk factors contribute to the increased risk of Alzheimer disease
in blacks and Hispanics.

A particularly exciting opportunity is offered by the growing avail-
ability of more population-based genetic information in studies that
include a rich array of other information. These data offer extraordinary
new possibilities to investigate the ways in which risks associated with
genotype may be importantly modified by other characteristics (i.e., to
test for interactions). Such research, particularly as it relates to poten-
tially modifiable characteristics of individuals (or environments), may
offer important insights regarding protective factors that can compensate
for and reduce ultimate risks associated with particular genotypes—fac-
tors that could be the focus of interventions to reduce health risks. One
such question has been whether acquisition of higher levels of education
might provide a protective effect against the known risks for cognitive
decline usually associated with the ApoE-4 allele. Results to date are
mixed, although comparisons across studies are hampered by differences
in study populations and, perhaps more importantly, by lack of compa-
rability in measures used to assess cognitive aging. Findings are nonethe-
less illustrative of the potential for use of growing genotypic data in the
context of population studies with information on other characteristics
of the individual, the environment, or both. For example, analysis from
the MacArthur Successful Aging Study revealed that the presence of the
ApoE-4 allele was associated with greater declines in cognitive perfor-
mance (based on detailed assessments of major domains of cognitive
function, including naming, spatial recognition, praxis, and executive
function) over a seven-year follow-up among the more educated but not
among those with less than high school education; risks for cognitive
decline were highest and comparable for those with and without the
ApoE-4 allele (Seeman et al., 2005).

Another epidemiological study from Washington state has examined
this question using a community-dwelling (n = 2,168) sample of nonde-
mented elderly who were followed prospectively for six years using the
cognitive abilities screening instrument. With their larger sample, analy-
ses of gene-dose effect were possible and provided evidence for biological
effects of the ApoE-4/ApoE-4 genotype compared with the heterozygous
and other homozygous configurations. Analyses of a possible interaction
with education yielded evidence for education modification of effects
only among those with the ApoE-4/ApoE-4 genotype; cognitive decline
was greater among those with less education (Shadlen et al., 2005). Differ-
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ences in analytic approach and operationalization of ApoE status preclude
direct comparisons to the MacArthur findings. However, the findings do
appear to contrast with trends seen in the MacArthur study, in which
greater overall declines were associated with the presence of the ApoE-
4 allele among those with higher education (though they remained at
higher levels of function than carriers of the ApoE-4 allele who had lower
education throughout the follow-up). However, comparisons between
these studies are hampered by noncomparability on outcome measures
as well as study populations. Nonetheless, their findings suggest that
further attention to the joint effects of ApoE and education with respect
to cognitive aging are clearly merited.

Along similar lines to the foregoing studies are efforts to investigate
the potential of early life socioeconomic environment to modify the rela-
tionship between ApoE status and risk for development of Alzheimer dis-
ease. Census data were used to index socioeconomic risk based on a num-
ber of parental and demographic measures. In addition to the increased
risk conferred by genetic predisposition and early life environment, risk
for AD was found to be greatly elevated (OR = 14.8; 95% CI, 4.9-46) when
both the genetic and the environmental risk factors were present (Moceri
et al., 2001). Other data from the CHS also point to possibly important
interactions with dietary fatty fish consumption in relation to dementia
risk: dietary intake had a significant effect only for those without the
ApoE-4 allele (Huang et al., 2005).

Findings from community-based studies on the effect of ApoE on
memory performance and memory change are mixed, with some finding
deficits in performance or quicker rates of decline and others reporting
no effect. However, ApoE-4 influences are more consistently reported for
episodic versus working memory.

Two other genes with mixed support as genetic risk factors for
Alzheimer disease, A2M (alpha-2-macroglobulin) and low-density LRP
(lipoprotein receptor-related protein), have now been studied in relation
to memory among nondemented adults. Variation in these three genes
was analyzed in latent growth models measuring memory performance
over a 13-year period in SATSA. Polymorphisms of ApoE and A2M (but
not low-density LRP) were associated with memory performance and
change in memory in this nondemented sample. Specifically, ApoE status
affected ability levels of working and recall memory, the ApoE-4/ApoE-4
genotype was associated with worst performance across all ages. Further-
more, this study provided evidence of within-locus interactions (genetic
dominance deviations) because memory performance among the het-
erozygotes was better than among the noncarriers of the ApoE-4 allele.
Finally, the rare del/del genotype of A2M was associated with a more

Copyright © National Academy of Sciences. All rights reserved.



Biosocial Surveys
http://lwww.nap.edu/catalog/11939.html

118 BIOSOCIAL SURVEYS

rapid rate of decline on figural recognition than the other two genotypes
(Reynolds et al., 2006).

The role of other candidate genes has recently been explored in rela-
tion to cognitive aging. Age-related loss of serotonin receptors 2A (5-
HT2A) is associated with a loss in brain regions including the hippocam-
pus and posterior medial prefrontal cortex. A functional variant (H452Y)
of the gene coding for the 5-HT2A serotonin receptor (HTR2A) has been
associated with recall tests in young adults (de Quervain et al., 2003). This
was further investigated using a new approach that explored allelic asso-
ciations and trajectories of change in memory performance over a 13-year
period in the SATSA data. Findings suggested that the 5-HT2A serotonin
receptor is involved in the formation of episodic memories in older adults.
Performance on figural memory at age 65 and change in figural memory
were associated with the HTR2A genotype. Genotype-dependent effects
comparing the AG, AA, and AG configurations revealed the steepest
declines associated with AG heterozygotes. Performance over time was
consistently worse among those with the AA compared with the GG
genotypes, with trajectories differing by 2-6 percent per year (Reynolds,
Jansson, Gatz, and Pedersen, 2006).

Other biomarkers also show an association with cognitive decline.
Data from the OCTO-Twin study revealed lower homocysteine values
among those with intact cognitive function, a finding that contrasts results
regarding dementia. These findings overlap somewhat with those from
the MacArthur Study of Successful Aging and the NAS, both of which
found that high levels of homocysteine and low levels of vitamin B and
folate were associated with cognitive decline (Kado et al., 2005; Tucker,
Qiao, Scott, Rosenberg, and Spiro, 2005). Elevations in various stress
hormones (i.e., urinary free cortisol and/or epinephrine) have also been
shown to predict increased risks for cognitive decline (Seeman, McEwen,
Singer, Albert, and Rowe, 1997a; Karlamangla, Singer, Chodosh, McEwen,
and Seeman, 2005b; Karlamangla, Singer, Greendale, and Seeman, 2005a).
Additional biomarkers found to predict cognitive and mental health sta-
tus, independent of other standard sociodemographic and lifestyle risk
factors, include low serum thyroxine (a marker of thyroid function) as
a risk factor for cognitive decline (Volpato et al., 2002) and vitamin B12
deficiency as a risk factor for depression (Penninx et al., 2000). High levels
of lead in bone and blood have also been shown to be associated with
cognitive impairment (Payton, Riggs, Spiro, Weiss, and Hu, 1998). Greater
vitamin E intake or vitamin E levels have also been associated with less
cognitive impairment and dementia in the InChianti study (Cherubini et
al., 2005).

More detailed neuropsychological protocols have also provided evi-
dence linking early cognitive test performance to risks for Alzheimer
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disease (Saxton et al., 2004), and more detailed MRI data show that levels
of inflammation (e.g., fibrinogen) and forced vital capacity are positively
and significantly related to white matter disease (Ding et al., 2003).

BIOMARKERS OF PHYSICAL FUNCTION AND AGING

Physical functioning represents the second major functional domain
and has been a focus of considerable research attention. Among the most
detailed of this work has been that by Fried and colleagues as part of
the WHAS. A particular strength of the WHAS I and II studies is their
detailed evaluation of both lower and upper extremity function, including
various assessments of balance, walking speed, timed chair stands and
knee extension force for lower extremity function and hand grip, peg-
board, and putting-on-blouse tests for upper extremity function. Analy-
ses based on these data have documented the significant contribution of
muscle weakness to risks for disability (Rantanen et al., 1999) and the
more general contributions of physical performance across the various
domains of upper and lower extremity functioning to both progressive
and catastrophic disability (Onder et al., 2005). In the WHAS I and I,
availability of detailed performance measures, plus information on bio-
logical processes thought to impact such performance, such as inflamma-
tion or growth factors, has afforded important opportunities to examine
the joint and independent contributions of performance abilities and bio-
logical processes to actual levels of functional disability.

Several analyses have highlighted the significant, negative impact of
higher burdens of inflammation in terms of reduced muscle strength and
declines in physical function (Ferrucci et al., 2002) as well as parallel nega-
tive associations between low insulin-like growth factor-1 (IGF-1) and
declining IGF-1 with slower walking speed and reported difficulty with
mobility tasks, respectively (Cappola, Bandeen-Roche, Wand, Volpato, and
Fried, 2001). These findings on the relationship between muscle strength
and inflammation mirror results from Health ABC showing that high lev-
els of oxidized LDL (oxLDL) and IL-6 predict incident mobility disability,
with those individuals with high levels of both biomarkers being at great-
est risk. Loss of muscle strength and muscle mass may be one pathway
involved in relationships between inflammation and physical disability,
as high circulating levels of inflammatory biomarkers are associated with
low muscle strength and muscle mass in study participants (Visser et al.,
2002; Yende et al., 2006).

Inflammatory markers have also been linked to both levels of phys-
ical activity and risks for functional decline. Data from the InChianti
(Invecchiare in Chianti, meaning “aging in the Chianti area”) Study, a pro-
spective investigation of over 1,000 community-dwelling French adults,
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indicate that compared with sedentary individuals, physically active
men have lower fibrinogen, CRP, IL-6, and TNF-a, as well as lower uric
acid and a lower erythrocyte sedimentation rate, while physically active
women have lower CRP, IL-6, and uric acid (Cherubini et al., 2005; Elosua
et al., 2005). Similar findings have been reported from the MacArthur
Study of Successful Aging in the United States (Reuben, Judd-Hamilton,
Harris, and Seeman, 2003). Greater inflammatory burden has also been
associated with increased risks for physical disability (Reuben et al., 2002)
and with poorer physical performance (Cesari et al., 2005).

A number of investigations in InChianti have also examined bio-
marker correlates of anemia and links between anemia and indicators of
physical health or functioning. Anemia is typically defined by low levels
of blood hemoglobin (< 12 g/dL in women, < 13 g/dL in men). Hemoglo-
bin is found in red blood cells, which contain iron and are responsible for
carrying oxygen to bodily tissues. Anemia or low blood hemoglobin lev-
els are associated with low muscle density, low skeletal muscle strength,
a low muscle/total area ratio, and low bone mass and density (Cesari et
al., 2005). Consistent with these bone and muscle correlates of anemia,
anemic persons have also been found to be more likely to have physi-
cal disabilities, poor physical performance, lower hand grip strength,
and lower knee extensor strength, compared with nonanemic individuals
(Penninx et al., 2005).

Data from the InChianti study also point to the importance of addi-
tional biomarkers, including antioxidants such as vitamin E (alpha-
tocopherol), which has been associated with a number of indicators of
health and functioning in study participants. Those with lower vitamin E
levels were less likely to be frail (as assessed by an index of weight loss,
low energy, slow gait, low grip strength, and low physical activity; Ble et
al., 2006), had higher conduction velocity in peripheral nerves (a slow-
ing of conduction velocity is thought to contribute to decline in muscle
strength; Di lorio et al., 2006), and were less likely to have peripheral
arterial disease (Antonelli-Incalzi et al., 2006).

The concept of frailty has become the focus of a growing body of
research, stimulated in good measure by Linda Fried, a leader in devel-
oping and testing of an operational definition of the concept (Fried et al.,
2001). Using data from the WHAS I and II studies, Fried and colleagues
have provided confirmation of the internal validity of the component
measures, which include poor extremity strength (low grip strength),
slow gait, low levels of physical activity, exhaustion and weight loss,
and the independent risks for functional disability, institutionalization,
and mortality associated with such frailty (Bandeen-Roche et al., 2006).
WHAS I and II data have also contributed to understanding of the vari-
ous physiological processes that appear to contribute to frailty, includ-
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ing documenting the contribution of anemia (Chaves et al., 2005) and,
perhaps most surprisingly, of obesity, which was found to be associated
with prefrailty and frailty despite the fact that a defining characteristic of
frailty is weight loss (Blaum, Xue, Michelon, Semba, and Fried, 2005b).
This obesity-frailty association remained significant even with adjust-
ments for multiple conditions associated with frailty (e.g., inflammation
burden). Data from the CHS provide parallel evidence linking increased
burdens of inflammation to risks for frailty (Walston et al., 2002). Research
is needed to determine whether frailty represents an important pathway
that underlies known links between a number of the biomarker correlates
of frailty (e.g., inflammation, anemia, vitamin E) and disability, morbidity,
and mortality outcomes (see review above).

INDICES OF CUMULATIVE BIOLOGICAL RISK

Using available biomarker data, investigators associated with the
MacArthur study have been among the leaders in efforts to develop oper-
ational indices of allostatic load (AL)—that is, a multisystems measure of
physiological dysregulation. Beginning with initial work using a simple
count of the number of available biomarkers for which an individual
had a value placing them in the top risk quartile, Seeman, McEwen,
Singer, Albert, and Rowe (1997b) examined health risks associated with
differences in such cumulative AL and demonstrated that higher levels
of baseline AL were associated with significantly increased risks for car-
diovascular disease, cognitive and physical decline, as well as mortality
(Seeman, Singer, Horwitz, and McEwen, 1997b; Seeman Singer, Rowe,
and McEwen, 2001). Subsequent work by Karlamangla, Singer, McEwen,
Rowe, and Seeman (2002) using canonical correlation techniques demon-
strated improved prediction of cognitive and physical decline when the
full range of scores was used for each biomarker, and unequal weighting
of the different biomarkers was incorporated into the scoring of overall
AL. Recent work has also documented that measured change in AL pre-
dicts subsequent mortality risk (Karlamangla, Singer, and Seeman, 2006).
Stimulated by Singer’s work on recursive partitioning (Zhang and Singer,
1999; Singer, Ryff, and Seeman, 2004), recent analyses by Gruenewald,
Seeman, Ryff, Karlamangla, and Singer (no date) have demonstrated
that particular combinations of these biomarkers (e.g., inflammation and
neuroendocrine biomarkers) predict higher versus lower mortality risks
over a 12-year period.

A common thread seen in all of the work on AL has been the confirma-
tion of contributions to cumulative health risks from multiple biological
systems and the value of taking account of this range of contributions in
understanding population variations in burdens of morbidity, disability,
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and mortality. As illustrated in Seeman et al. (2004a), analyses of AL as a
mediator of education effects on mortality risk, the more comprehensive
AL index accounted for the largest percentage reduction in the education
effect on mortality, with subsets of biomarkers representing cardiovas-
cular, inflammatory, and sympathetic nervous system/hypothalamic-
pituitary-adrenal activity, each contributing to this overall effect (Seeman
et al., 2004a).

As noted earlier, data from the Wisconsin Longitudinal Study (a
cohort of men and women, ages 58-62, approximately a decade younger
than the MacArthur study cohort) have provided evidence for relation-
ships between SES and levels of positive social engagement and a similar
“count” index of allostatic load (Singer and Ryff, 1999; Seeman et al.,
2002). Using the MacArthur Study of Successful Aging protocols, the
Social Environment and Biomarkers of Aging Study (SEBAS) (see Chap-
ter 3) collected parallel biological data and provides another comparison
to the MacArthur study. Analyses of SEBAS data have yielded intriguing
similarities and differences with respect to relationships and allostatic
load (weaker in Taiwan; Hu, Wagle, Goldman, Weinstein, and Seeman,
2006), and between social integration and allostatic load (nonsignificant
in Taiwan; Seeman, Glei, Goldman, Weinstein, Singer, and Lin, 2004b).
The possible importance of sociocultural differences between Asia and the
United States represents one area of potentially fruitful future research to
better understand how aspects of the social environment impact health.

RELATIONSHIP BETWEEN
BIOMARKERS AND GENETIC PLEIOTROPY

Two other recent areas of interest in WHAS I and II include examina-
tion of possible interactions among biomarkers, with initial work showing
cross-sectional relationships between higher serum levels of antioxidants
and lower levels of IL-6 (as a marker of inflammation) and longitudinal
relationships between initially low antioxidant levels and subsequent
increases in IL-6 levels (Walston et al., 2006). A second area of investi-
gation has been to incorporate consideration of genetic information in
tracking the factors contributing to observed profiles of biological activ-
ity. Initial analyses focused on IL-6 alleles and their relationship to serum
IL-6 levels and to decreased muscle strength and frailty. No significant
relationships were found for any of these outcomes with any single IL-6
single nucleotide polymorphism (SNP) or any IL-6 haplotype (Walston
et al., 2005).

Genetic pleiotropy (in which a gene or set of genes influences mul-
tiple traits) could explain the association between biomarkers. A series
of studies from the Swedish twin projects have investigated the variance
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architecture explaining the clustering between biomarkers for cardiovas-
cular disease. Genetic and environmental correlations among the follow-
ing five serum lipid measures—total cholesterol, HDL cholesterol, triglyc-
erides, and apolipoproteins A-I and B—were analyzed in two different
age groups from SATSA. Substantial genetic correlations were found in
each age group, although there is no evidence for a single genetic factor
common to all five lipids. There were significant age differences in the
heritabilities for the various serum lipid levels, and genetic factors seemed
to be more important for explaining the covariation between the lipid
levels in the younger compared with the older group (Heller, Pedersen,
de Faire U, and McClearn, 1994). Further research focused on the sources
of clustering among five principal components (BMI, insulin resistance,
triglycerides, HDL cholesterol, and systolic blood pressure) of the insulin
resistance syndrome (IRS). Results suggest a single set of genetic fac-
tors is common to all five components; of particular note was the strong
genetic association between BMI and insulin resistance. In contrast, the
relationship between only three of the IRS components—triglycerides,
insulin resistance, and HDL cholesterol—could be explained by shared
sources of individual environmental influences. These findings demon-
strating a strong genetic correlation between BMI and insulin resistance
raises the question whether behavioral factors that affect both of these
phenotypes, such as overeating, act through genetic pathways, perhaps
related to control and sensations of satiation, rather than through such
environmental factors as availability of food (Hong, Pedersen, Brismar,
and deFaire, 1997).

SUMMARY AND FUTURE DIRECTION

Recent growth in the number of studies incorporating biomarkers
into larger population-based surveys has yielded a rapidly growing body
of evidence linking various aspects of biological functioning not only to
major health outcomes, including cognitive and physical functioning and
longevity, but also importantly to individual differences in socioeconomic
and other social, psychological, and behavioral characteristics. Findings
linking aspects of life situations to major biological risk factors provides
important evidence on two fronts. First, it provides validation for various
biopsychosocial models of aging and helps elucidate biological pathways
through which social, psychological, and behavioral factors affect trajecto-
ries of aging and risks for various health outcomes. Second, such evidence
provides further support for the potential value of interventions targeting
such social, psychological, and behavioral factors as a means of altering
underlying biological risk profiles.

A number of ongoing studies will soon provide even richer databases
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for use in elucidating the complex pathways through which individuals’
life experiences and situations affect their health and aging and the bio-
logical pathways through which these effects are mediated. For example,
current data collection for the MIDUS (Midlife Development in the United
States) study will result in a rich set of data on life experiences, including
longitudinal data covering the past decade, along with detailed biomarker
data and daily diary data for subsets of some 1,500 MIDUS participants.
These data will offer significantly improved opportunities to examine a
wide variety of hypotheses regarding the role of life experiences (both
current and past) in shaping patterns of biological risk and health trajec-
tories. As also outlined in other chapters, data collection for other studies,
such as the Health and Retirement Study and the reassessments currently
under way for the Taiwan SEBAS study, will offer yet additional national
and cross-national data, including socioeconomic, psychosocial, and bio-
logical data, that can be used to replicate and extend findings outlined
here.

The data and research potential generated from these studies will be
greatly enhanced by coordinating efforts such as those undertaken by
the Chicago Core on Biomarkers in Population-Based Aging Research
(CCBAR) at the University of Chicago-NORC Center on Aging. Through a
number of activities, CCBAR provides a central resource to help foster col-
laboration, exchange information, and promote interdisciplinary research
related to biomarker collections in population-based health research and
aging, including an interactive website, http:/ /biomarkers.health-studies.
org/studydemo.php.

It is instructive to consider the factors that affect the selection of bio-
markers for inclusion in these studies. These factors include at least three
common and critical considerations—two scientific and one logistical or
financial. First, from a scientific standpoint, biomarkers were selected
to include those needed to address primary substantive, scientific ques-
tions of interest to the study investigators. Second, also from a scientific
standpoint, in cases in which there is a presumption from the beginning
that the wider community of health researchers will ultimately use these
databases to address other, as yet unspecified, questions, there is clearly
the additional question of whether additional biomarkers (i.e., other than
those already selected based on the substantive interests of study inves-
tigators) should be included. Here, considerations generally relate to
whether there are major biological systems or processes that are likely to
affect health for which data would otherwise be missing.

Perhaps most challenging are a third set of nonscientific consider-
ations that relate to issues of feasibility both with respect to require-
ments for implementation of protocols to collect and process needed
biospecimens and with financial considerations. Perhaps foremost are
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the logistical constraints imposed by time and handling requirements for
obtaining many biological measurements. Examples include (1) the need
for phlebotomy to collect venous blood (e.g., when dried blood spots can-
not be used), (2) the need for fasted blood samples, which can constrain
collection to morning hours, (3) the need for sample collection at specific
times due to diurnal rhythms of parameters such as cortisol, necessitating
collection at the same time of day for everyone and collection of multiple
samples over time, (4) the need for blood or urine samples to be processed
within a limited time frame (usually within a couple of hours). The selec-
tion of biomarkers for inclusion in a given study will thus necessarily
be heavily influenced by what is possible in the context of specific study
designs and logistical parameters. For example, the national scope of the
HRS study precludes collection of venous blood so dried blood spots
are being collected. Selection of biomarkers is thus restricted to those
for which assays are available that can use dried blood spots rather than
venous blood. By contrast, the MIDUS study is collecting a wide array
of biomarkers because participants are being brought to regional clinical
research centers (each in a hospital setting) where venous blood can be
drawn first thing in the morning (allowing for fasted samples) and where
these samples can be processed immediately.

Thus, the final set of biomarkers included in any studies will reflect
both the underlying scientific questions investigators seek to address and
what is possible given their logistical and financial constraints. Despite
the demands and challenges inherent in incorporating biomarkers into
social science surveys, continued research development and efforts in
the directions presented herein are critical to understanding better the
factors that affect patterns of biological aging and trajectories of health
at older ages.
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