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Abstract

Background: Extensive work in basic and clinical science suggests that biological mechanisms of aging are causally related to the development
of disease and disability in late life. Modulation of the biological mechanisms of aging can extend both life span and health span in animal
models, but translation to humans has been slow.

Methods: Summary of workshop proceedings from the 2018-2019 Epidemiology of Aging Workshop hosted by the Intramural Research
Program at the National Institute on Aging.
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Results: Epidemiologic studies play a vital role to progress in this field, particularly in evaluating new risk factors and measures of biologic
aging that may influence health span, as well as developing relevant outcome measures that are robust and relevant for older individuals.

Conclusions: Appropriately designed epidemiological studies are needed to identify targets for intervention and to inform study design and

sample size estimates for future clinical trials designed to promote health span.

Keywords: Epidemiology, Longevity, Successful aging

The successes of medical therapy, preventive medicine, and public
health have resulted in unprecedented increases in the numbers of
individuals reaching old age. Although the health of older adults
may be improving, the even greater rise in longevity has resulted in
expansion in the absolute number of older persons affected by mul-
tiple chronic diseases and disabilities. These demographic trends are
outstripping gains in health, with greater numbers of older people
in need of major, often costly, medical and surgical treatments and
long-term care (1). Thus, identification and amelioration of modifi-
able factors (e.g. following a healthy diet, not smoking, regular phys-
ical activity, and avoidance of environmental stresses) that could
help to compress morbidity and increase health span is a public
health priority more urgent than ever before.

A new generation of studies is addressing the underlying biology
of the aging process in the hope of identifying new targets for inter-
ventions that could increase health span. This concept has broad ap-
peal but its translation to care is more complex than is commonly
appreciated. Currently, we do not know the best and most efficient
approaches to define and operationalize health span, which is a ne-
cessary requirement in identifying pathways, dimensions, and/or risk
factors that could be targeted for its expansion. Health span studies
focusing on individual diseases fail to address geriatric syndromes,
such as delirium, sarcopenia, and incontinence, as well as changes in
physical and cognitive function. Hence, the science of designing clin-
ical trials that target health span expansion is still in its early stages.

New approaches in the epidemiology field are addressing the
issue of adequately measuring and defining health span. Global
biomarkers of phenotypical and biological aging have been devel-
oped by combining health dimensions captured in large epidemio-
logical studies using existing or new biological measures performed
on biorepository specimens (2-4). These efforts have demonstrated
that single or aggregate biomarkers/indices of global susceptibility
to disease can predict the risk of impending deterioration of health
status and multimorbidity, dimensions that can be directly connected
to health span. Although these methods require refinement, espe-
cially validation from a longitudinal perspective, the preliminary re-
sults suggest that using these tools in future epidemiological studies
may facilitate in identifying mechanisms that can be targeted by
clinical or population-based intervention trials aimed at expanding
health span before physiologic reserve has been exhausted (Figure 1).
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Figure 1. Linking epidemiology to clinical trials to increase health span.
Full color version is available within the online issue.

Are there innovative designs for epidemiologic studies that can
maximize the effectiveness of clinical or population-based interven-
tion trials in measuring aging outcomes? What outcomes are most
relevant and impactful to aging populations? Are there new ap-
proaches to assessing risk? These questions were recently discussed
in workshop organized in Baltimore by the Intramural Research
Program of the National Institute on Aging. This manuscript is an
attempt to summarize the premises, topics, controversies, and re-
commendations that emerged during the meeting.

Study Design
Life Course Approach

The course of aging is the product of many life events and exposures,
which begin as early as conception; however, many epidemiologic
studies of aging only begin in old age. The rare cohorts that have
been followed from birth to old age are starting to reveal trajectories
of health dimensions and critical time points in those trajectories
that can guide potential preventive interventions earlier in the aging
process (5,6). The availability of biological samples from these co-
horts is even more limited revealing an important scientific gap that
should be addressed in future studies. According to the theory of
developmental origins of health and disease (DOHAD), experiences
in early life modulate physiological changes that condition health
trajectories later in life, but the biological mechanisms that sense
these inputs and encode them into epigenetic modifications that
cause persistent shifts in the cellular composition of tissues are un-
known. Knowledge about these mechanisms would be highly trans-
latable to clinical applications and public health policy. A life course
approach can be added into existing cohorts using proxy measures
of early-life exposures, such as the North American Adult Reading
Test (NART) to measure premorbid IQ (7), electronic health records
(EHRs) to obtain past medical history, or geocoding of the environ-
ment from early-life home address (8,9). Combinations of cohorts
of various ages have also been put together to create synthetic or
“knitted” cohorts, revealing a life course perspective (10). Early-life
exposures, such as birth weight and educational attainment, should
be examined not only as life course exposures but also as stratifica-
tion variables to assess interactions with current exposures (11). For
example, the association of body mass index (BMI) with mortality
in old age depends on the life trajectory of weight change (12), while
the benefits of lowering blood pressure could vary based on when in
the life course the blood pressure was measured (13).

Big Data

The trend towards mega-data comes with the hope that larger, sim-
pler study designs that leverage existing clinical data will be more
cost-effective and efficient in identifying both exposures and outcomes.
Large datasets have been assembled using administrative records,
EHRs, and/or combined cohort studies. Several advantages relevant
to aging studies have been documented. For example, large EHR
databases have allowed for infrequent events, such as delirium (14),
to be identified in larger numbers and studied with adequate power,
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although validation work suggests that sensitivity and specificity are
limited in many situations (15). A major disadvantage to EHR-based
studies is the lack of unbiased, reliable assessments of physical and
cognitive performance, geriatric syndromes, and common symptoms
(eg, pain, fatigue, and sleep disorders) in clinical settings. For these
important issues in aging, planned cohort studies remain the best op-
tion. However, records may include long-term follow-up (>10 years),
allowing the latency period for many chronic diseases to be revealed.
For example, obesity may be a risk factor for dementia in the long
term, but is confounded by weight loss caused by the developing de-
mentia pathology when examined in the shorter term (16).

Studies conducted in mega-cohorts (e.g. the UK Biobank) and
in consortia of cohorts have demonstrated that large sample sizes
are required to identify genetic variants that have very small effects
on health. Association studies looking at traditional risk factors
provide dubious results because of the lingering possibility of re-
verse causation and confounding. Instead, genetic polymorphisms
already present at birth can provide near-causal estimates of asso-
ciation between variants and outcomes (17). For example, hemo-
chromatosis C282Y homozygotes experience greater penetrance
to clinical disease and symptoms than previously recognized when
better-powered assessments are performed using a more prospective
design, as well as when older groups are included (14,18).

A clear advantage of using a mega-cohort is that studies that
examine associations of interest within and across pre-defined strata
of the population have a sufficient sample size to compute reliable
estimates and interactions between stratification and exposure vari-
ables. For example, a recent mega-cohort study revealed that hyper-
tension treatment appears maximally effective at young age and
diminishes in effectiveness for cardiovascular disease protection with
older age, although these treatments benefit even the oldest old (19).
However, there is usually a trade-off between having a large sample
size and the quality of the data collected and the choice may depend
on the scientific question to be addressed. Access to clinical tests, im-
aging, and electronic record data will assist in developing clinically
valid prediction models and support software development to alert
clinicians to potentially actionable factors, aiding in translation of
research to practical applications.

Deep Phenotyping

New methods in imaging, personal monitoring, and cellular/tissue
isolation techniques are constantly being developed and could un-
cover previously uncharacterized mechanisms, as well as novel
intervention targets. Such methods should be carefully assessed
for longitudinal reproducibility. Some biobank studies are linked
to existing clinical information, but health records usually do not
include important information defining the health and function of
older adults and biobanked material may not be appropriate for
new hypotheses. Dementia studies benefit from the availability of
neuroimaging data, including recent quantification of amyloid and
tau protein in the brain, as well as specific brain and other tissue
biomarkers—including blood and CSF exosomes—and a detailed
assessment of type, severity, and longitudinal emergence of cogni-
tive and non-cognitive symptoms. Recent evidence indicates that
different types of dementia can be distinguished by longitudinal pat-
terns of symptom development that are generally not accurately as-
certained using routine health records, suggesting that standardizing
the data collected in medical records, as is performed currently in
large epidemiologic cohort studies, may improve the quality of re-
search using medical records (20).

New observational studies and clinical trials must be
forward-thinking when collecting biological samples, cognizant of
emerging technology, and that many of the new generation bio-
markers will require specialized isolation and storage of cells/tis-
sues. For example, an emerging frontier in the study of biomarkers
is the use of “liquid biopsies” that use extracellular vesicles, which
could be particularly valuable to discriminate between biomarkers
coming from different tissues (21). Extracellular vesicles can be iso-
lated from frozen blood samples, although there is limited informa-
tion on whether long-term storage or repeated cycles of thawing
and freezing affect their informational content. In contrast, isolating
small numbers of hematopoietic stem cells or producing induced
pluripotent stem cells is best performed using freshly collected sam-
ples. Assessments that examine proteomics, metabolomics, gene ex-
pression, and circulating nucleic acids are additional examples of
methods that are optimally effective when samples are collected and
stored according to specific, dedicated protocols.

Clinical Trials

Advances in aging biology suggest that aging itself is more modi-
fiable than traditionally thought. Preventive interventions that
target biological aging are being tested in humans (eg, rapamycin
(22), metformin (23), canakinumab (24), caloric restriction (23)),
although generally on a small scale. If the intervention requires sus-
tained treatment over life, then the effects of these interventions
cannot easily be evaluated for longevity—the most direct biomarker
of biological aging—as this would require decades of follow-up.
However, some types of interventions, such as senolytic therapy,
may require shorter follow-up to demonstrate effects on health
span. Surrogate biomarkers of biological and phenotypic aging are
a main focus of current research but have not been fully developed
for human studies. Ideally, interventions aimed at maximizing health
span should be able to modify one or more of the hypothetical bio-
logical mechanisms of aging, and the effectiveness of these therapies
should be evaluated by objective health outcomes that are anchored
to perceived clinical improvement. Inclusion of assessments that are
practical for clinical settings should be considered when designing
epidemiologic studies to best enable translation from epidemiology
to clinical trials. Ultimately, this approach would translate to more
rapidly to clinical practices that directly address the underlying
causes of aging (26).

Epidemiologic research has played a key role in the pathway
to clinical trial conceptualization and design. Isolated systolic
hypertension was first identified as a major risk factor for stroke
in the Framingham cohort (27). This led to the proposal for the
Systolic Hypertension in the Elderly Program trial that examined
antihypertensive therapy targeting of isolated systolic hypertension,
which demonstrated a reduction in stroke (28) but did not show
benefit for dementia or disability, potentially due to differential drop
out (29). Study designs have since evolved to include follow-up in
home or nursing home settings, as well as detailed proxy assessment
protocols.

Several observational studies had identified low physical activity
as a modifiable risk factor and mobility disability as a common out-
come. Planned using these observations, the LIFE clinical trial was
conducted to increase walking, successfully reducing mobility dis-
ability in study participants (30). Simulated from existing studies,
the population at risk was defined using the Short Physical Portable
Performance Battery developed in the Established Populations for
Epidemiologic Studies of the Elderly cohort (31). In this cohort,
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individuals were also at high risk for multimorbidity, which was
a challenge for maintaining the interventions and complicated
the follow-up (32). Better estimates of such competing risks for
multimorbidity are needed for future trial planning.

Cobhort studies that utilize repeated measurements of specific bio-
markers are essential for providing estimates of expected changes
that might be seen in trial participants. In particular, cohort studies
also provide data about the variability (ie, the standard deviation
in the population and the variability within individuals) of these
markers, which is essential in planning sample sizes for trials that
use changes in a biomarker as the primary endpoint. Furthermore,
the variability per se may be a valuable predictor, for example, blood
pressure variability predicts vascular risk over and above mean
blood pressure perhaps serving as a proxy for arterial stiffness (33).

Diversity and Birth Cohorts

The U.S. population is increasingly diverse, with increases in racial
and ethnic groups being most dramatic in the oldest old. Subgroups
may vary in risk for disease, disability, or dementia and may be ex-
posed to unique environmental and genetic risk factors that influence
their aging. Globally, aging is most rapid in less developed countries,
providing opportunities to observe the impact of social changes on
aging in a shorter time period. In the United States, diverse cohorts
recruited for studying specific diseases in early-to-midlife should be
followed to understand their aging outcomes. Studies of the oldest
old are especially needed, thus researchers should not apply an upper
age limit in aging research, a view consistent with a new NIH policy
that requires justification for not including older adults in relevant
research (34,35).

A central question remains: Is aging changing over time? A chal-
lenge to epidemiologic studies of aging is the lack of a solid method
for distinguishing between birth cohort effects and secular trends.
Vast differences exist between previously studied cohorts and more
recent cohorts based largely on societal changes, which could trans-
late into major differences in disease and disability in late life. For
example, more recent birth cohorts have higher caloric intake, lower
levels of activity, and greater obesity than earlier birth cohorts. They
also have later exposure to common viruses and more frequent ex-
posure to antibiotic therapy. The extent to which these differences
will translate to greater or lesser disease and disability in old age is
still uncertain.

Outcomes

The quality of the remaining years of life is the ultimate measure of
success in improving aging outcomes. An older adult’s perception of
the quality of life is based on individual, personal priorities. Patient-
reported outcomes usually refer to these perceptions, which are
assessed by self-report of overall health, specific symptoms, or per-
ceived satisfaction and quality of life (36). These outcomes comple-
ment other common age-oriented outcomes, such as multimorbidity,
geriatric syndromes, and disability.

Multimorbidity

Epidemiologic research has traditionally considered multimorbidity,
geriatric syndromes, and types of disability as important outcomes.
Conceptually, multimorbidity is a summary of the total number
of conditions affecting a person, whereas co-morbidity assumes a
disease-centered focus regarding a primary condition of interest
with consideration for additional conditions (37). Multimorbidity

can include conditions that are linked pathophysiologically or have
underlying risk factors in common—such as “cardiovascular mor-
bidity,” which encompasses myocardial infarction, stroke, and heart
failure—or diabetes, hypertension, and arthritis in obese people. It
can also include conditions that are unrelated in pathogenesis or
management (38). A recent NIA conference on multimorbidity pro-
posed that research priorities to accomplish progress in this field
include: standardizing the universe of morbidity to be included in
practical tools, deciding how to weight conditions and for which
outcomes, determining if information on duration and severity
should be considered in diagnosis, highlighting opportunities and
limitations of EHRs, and innovating standard and new analytic tech-
niques (39). Accumulation of multimorbidity appears to be a fun-
damental feature of the aging process, thus, the accumulation rate
has been proposed to be a composite endpoint of interventions that
target aging (40). This outcome has gained some traction with many
stakeholders as a global measure of the aging process.

Geriatric Syndromes

Geriatric syndromes are often either included as multimorbid con-
ditions or examined as distinct outcomes/phenotypes. They are by
definition highly multifactorial, with interacting pathogenic etiolo-
gies and mechanisms (41). Common geriatric syndromes—such as
incontinence, delirium, frailty, or falls—are not always assessed in
administrative data or epidemiologic studies. These syndromes may
be assessed differently from one study to the next and, if assessed,
risk factor assessment may also vary. For example, emerging evi-
dence suggests that influenza is a major risk factor for both cata-
strophic and progressive disability (42), yet information regarding
both influenza infection and muscle performance are rarely avail-
able in the same dataset. Some multifactorial syndromes, such as de-
lirium, may be limited to inpatient records and are not assessed with
standard methods. Accessing information from large EHRs has the
potential to capture infrequent events, such as delirium, with high
specificity but low sensitivity (43). Frailty has been conceptualized
as a geriatric syndrome with a defined set of signs and symptoms
(phenotype), but also as an index of accumulated deficits, similar
to multimorbidity (44,45). Frailty, whether assessed in trials as a
syndrome or as an index of deficits, has been useful as an outcome
in clinical trials (46,47).

Disability and Function

Health span can also be characterized as disability-free survival.
Disability endpoints include loss of ability to perform activities of
daily living, loss of independence or active life expectancy, or loss
of mobility. In older adults, disability is often linked to disease
and is progressive in contrast to earlier onset disability, which is
often more fixed. Consequences of disability include loss of social
engagement and increased cost of assistance or care. Overall sur-
vival has increased more rapidly than survival free of disability, es-
pecially in men, although years with severe disability seem stable
(48). Harmonized measures of health, such as the Patient-Reported
Outcomes Measurement Information System, provide methods for
patient-reported outcomes of physical function, as well as psycho-
logical and social function. Unfortunately, there is no standard as-
sessment of disability that fits all purposes at present, and conceptual
frameworks have been shifting. The Nagi model, which is most often
used in the aging literature, distinguishes impairments or limitations
in functions and disabilities as distinct constructs, but does not ad-
dress social participation and environmental context, which are



Journals of Gerontology: MEDICAL SCIENCES, 2020, Vol. 75, No. 1

81

features of the International Classification of Functioning, Disability,
and Health model (49). Severity is sometimes captured by reported
degree of difficulty, but scales can vary (50). Finally, fluctuations in
function illustrate that late-life disability is a dynamic process (51).

Regardless of methodology, the loss of function with age ap-
pears to be an index of the aging process itself. Gait speed and grip
strength are remarkably robust in their ability to capture change
over time, which lends them to be usefully translated as intermediate
outcomes in clinical trials. In recent clinical trials, disability out-
comes have been defined by either self-report or performance, such
as reduction in ability to walk 400 m to operationalize mobility dis-
ability (52). Meaningful changes in performance have been defined
by anchoring change to self-reported improvement or worsening in
function (53). Standardization of both self-report and performance
measures within a conceptual framework should be applied to epi-
demiologic studies in order to inform appropriate outcomes and de-
grees of meaningful change for clinical trials.

Exposures
Physical Activity

Low physical activity is an important risk factor for morbidity and
mortality in older adults and is also an indicator of functional cap-
acity. Self-reported physical activity is subject to bias and does not
capture low levels of activity, but self-report adds a valuable sub-
jective dimension to personal activity monitoring (54). Accelerometry
uses sensors to detect acceleration in three planes and provides raw
activity counts over days to weeks, which can be summarized as dur-
ation, intensity, and frequency. More recently, patterns of activity
across the day have indicated that older adults have a lower total
volume of activity that tends to decrease earlier in the day in com-
parison to younger adults (55). This earlier reduction in volume is
associated with perceived fatigability. Additional information on ac-
tivity behavior can be gathered by studying patterns of peak activity
that vary in groups characterized by different balance performance,
as well as frequency and type of fall (56,57). With advanced age and
frailty, bouts of activity are shorter and increasingly fragmented and
can predict higher mortality risk. In randomized controlled trials,
increased walking lead to increased physical activity and reduced
risk of disability (30), but these behaviors are challenging to sustain.
New questions address if sedentary time and low levels of activity
are distinct risk factors that require specific interventions, as well as
whether low activity is a marker of an early stage in the path to dis-
ability. Stratification of patients based on patterns of activity may be
useful in order to better identify appropriate populations and targets
for intervention.

Nutrition

Epidemiologic studies have helped to identify important health, en-
vironmental, and social factors that affect nutrient intake, absorp-
tion, and metabolism. Observational dietary assessment has been
used to self-report the intake of specific foods or frequency of intake
of various food groups. Blood biomarkers of specific nutrients can
supplement these assessments, as previously reported in assessing
vitamin D intake and metabolism (58). Metabolomic profiles may
also be used to monitor useful biomarkers for assessing diet and
nutritional interventions. Several trials have demonstrated different
metabolomic biomarker patterns that can distinguish between types
of diet (59,60), although they do not always have the necessary sen-
sitivity or specificity. Some metabolites can also reflect short-term

intakes, medication effects, or intermediate metabolism by gut
microbiota (61), but few existing epidemiologic studies of aging have
incorporated microbiome and metabolomics assessments (62). There
have been attempts to better quantify dietary intake using smart
phone applications, but these have yet to be established as superior
to standard approaches, such as food frequency or food diaries (63).
New approaches to assessing diet and nutrition hold promise in
better informing targets for intervention in older adults (64).

Social Factors

The interplay between social factors and health in old age is substan-
tial. Social factors can influence activity and diet, reduce accessibility
to resources needed to improve health, or directly impact biological
status. Adverse socioeconomic experience across an individual’s
life course influences subsequent health outcomes (65), which can
then adversely impact social activity and relationships later in life.
Epidemiologic studies of older adults can be used to assess historical
factors with respect to current social status. For example, parental
relationships with their children interact to shape those children’s
health in adulthood (66) and can inform interventions for subse-
quent generations. Marriage, widowhood, social networks, and so-
cial isolation can promote or buffer adverse health events, such as
depression (67), although the biologic mechanisms of these effects
are just beginning to be understood (68). Social factors have been
shown to impact epigenetic age (69), gene expression (70,71), and
telomere length (72,73), suggesting that there are biologic pathways
whereby stress may modify aging via biological pathways. These
biomarkers may prove useful in judging the effects of social deter-
minant interventions to improve health.

Environmental Exposures

Ecological studies examining the co-occurrence of diseases with
environmental monitors (e.g. air quality monitors) are rapidly
being supplanted by more direct personal exposure assessments.
Extracellular vesicles, which are membrane-bound nano-vesicles,
represent a previously hidden signaling system that can serve as
direct “biosensors” of individual environmental exposures (74).
Air particulate inhalation and gastrointestinal absorption of toxic
metals can be detected through the expression of extracellular
vesicle-encapsulated microRNAs (75). As a transport and signaling
mechanism, these vesicles may explain the mechanisms by which en-
vironmental exposures affect diverse and distant tissues, such as the
brain (75). Simultaneously, sophisticated mapping of geospatial en-
vironments can provide more accurate, direct estimates of personal
exposures (76) and link these to age-related outcomes (77). New
epidemiologic studies should also collect more detail on geospatial
locations and collect biologic fluids that can be assessed for the pres-
ence of extracellular vesicles.

While traditional environmental epidemiologic studies have fo-
cused on one type of exposure at a time (e.g. one single chemical or
a class of chemicals), individuals are continuously exposed to mul-
tiple chemical inputs. To address this, the field has made substantial
progress in developing both experimental and computational ap-
proaches to evaluate the effects of multiple chemicals. For instance,
new technologies that measure thousands of chemicals simultan-
eously have propelled the concept of the exposome (78)—the en-
vironmental equivalent of the genome—that can pair with emerging
data approaches to investigate chemical patterns and synergistic ef-
fects (79). These new methods are ushering in a new era that can help
pinpoint the environmental drivers of aging with greater accuracy.
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Intrinsic Aging

Aging can be defined as a complex balance between intrinsic and
extrinsic damage and repair processes. Many of the aforementioned
categories of risk are thought to influence the underlying biology of
aging itself. For example, air pollution might influence aging by its
association with changes in epigenetic age. The fundamental biologic
mechanisms of aging include genomic instability, DNA methylation,
telomere shortening, proteostasis, cell senescence, mitochondrial
dysfunction, and stem cell exhaustion (80). These and related mech-
anisms have been robustly linked to aging in cells and animal models
but are challenging to measure in free-living humans. Changes in
these basic biological functions could serve as intermediate bio-
markers of aging. Epidemiologic studies could be used to develop
robust methods in order to characterize these changes in humans, de-
termine key external drivers, and assess which methods are most crit-
ical for measuring key outcomes of interest. Some techniques may be
more relevant for specific diseases that are strongly age-related, such
as some cancers or Alzheimer’s disease, while others may be related
to fundamental age-related declines in function, such as diminishing
gait speed, endurance, and muscle strength. Together, these aging
processes are thought to promote a pro-inflammatory state and im-
paired responsiveness to stressors. Long-term cohort studies with
biological measures can test whether acute or chronic inflammations
are associated with aging traits (81).

Measures of resilience—such as response to exercise or glucose
challenge—reveal substantial loss of these integrative functions
with age, which may reveal changes in an individual long before
loss of physical function is apparent, thus holding promise as early
markers of aging (82,83). Studies are underway to evaluate physio-
logic responses to stressors in clinical settings that could be used as
probes of age-related multisystem integrity. Several clinically used
stress tests—such as exercise stress tests, immune responsiveness
to vaccines, or blood pressure response to cognitive testing—could
be evaluated in epidemiologic studies as intermediate markers of
health span.

Many epidemiologic studies have generated DNA methylation
data at one or more time points in adulthood, which can be used
to further our understanding of the contribution of this key epi-
genetic modification to aging and health span. Widespread DNA
methylation changes occur with age that are linked to biologic pro-
cesses (84,85), and changes in DNA methylation reflect lifestyle
factors—including obesity (86) and smoking (87)—that could ac-
celerate age-related disease progression, while diminishing function.
Methylation sites associated with BMI are associated with the ex-
pression of lipid metabolism genes.

Epigenetic clocks have been developed utilizing CpG sites that
correlate with age in blood (71 CpGs) or multiple tissues (353 CpGs)
(88,89). These biomarkers of epigenetic age robustly predict mor-
tality, have shown some heritability (90), and are associated with
some age-related diseases. Newer epigenetic biomarkers of aging
and phenotypic age can predict health span, physical functioning,
and Alzheimer’s disease (4). Further, phenotypic DNA methylation
age associates with several aging pathways, including inflammation,
DNA damage response, and mitochondrial function (4). Thus, these
CpG sites have strong potential to be utilized in explaining the fun-
damental pathways that drive the processes of aging. Many of these
methylation sites are highly correlated with chronological and bio-
logical aging, and their functions are only just beginning to be under-
stood, but it is clear that most of the age-associated methylations
sites are near transcription factor-binding sites and enhancers (91).

Potentially, DNA methylation could serve as a biomarker in clin-
ical trials that target fundamental aging mechanisms. Although the
current underlying biology is not clear, methylation clocks have been
reproducible and sensitive to change in at least one clinical trial (92).

Other indices of biologic age have been calculated in epidemio-
logic studies using deviations from expected values for age of several
biomarkers, such as hemoglobin levels, cytokine amounts, or physi-
ology, including walking speed or exercise capacity (2—4). Currently,
these biomarkers have not been clearly linked to underlying aging
biology, genetic mechanisms, or epigenetic mechanisms, although
they have been shown to be sensitive for detecting change over
time in health dimensions in longitudinal studies with interventions
(93,94). In the future, these measures might be useful in detecting
impending changes in health before the onset of clinical illness.

Future Studies

Designed improvements in longitudinal epidemiologic studies can
advance our understanding of human aging, its causes, and the re-
lated consequences. Previous epidemiologic studies have identified
and characterized both aging and age-related health outcomes, but
only now are we beginning to understand the underlying biology
of aging and consider them as potential targets of aging in clinical
trials. New observational studies are needed to refine assessments
regarding the lifetime of environmental, lifestyle, and social factors
that contribute to an optimal health span. These studies can be used
to identify earlier intermediate outcomes of aging, such as resilience
to stressors or biomarkers of early age-related changes. New studies
could refine key aspects of behavioral factors—including diet, phys-
ical activity, and environmental exposures—using technologies, such
as personal monitoring. Aging is highly heterogeneous in its onset
and expression. A new generation of studies would give us finer-
grained insights that could personalize care and management. Some
key recommendations are highlighted in Table 1.

Epidemiologic studies are necessary for evaluating if new meas-
ures of aging biology are useful in defining biologic age, rate of
aging, and for assessing the potential magnitude of an interven-
tion response. The next-generation studies of the epidemiology of
aging will need to incorporate technological assessments of be-
havior and environment, which emphasize a robust understanding
of the biologic processes of aging. These assessments may require
special imaging, tissues, or cells that are not available in existing
biorepositories. Big data cohorts can be complemented by smaller,
deeply phenotyped cohorts. Routine collection of standardized
measures of performance and geriatric syndromes and storage of
blood specimens from clinical care would vastly improve the value
of health records for aging research.

Interventions designed to target basic biology of aging mech-
anisms (geroscience-guided therapies) are on the horizon. It is im-
portant to underline that while trials targeting the biology of aging
may include targeted drugs, there is substantial indirect evidence that
lifestyle and behavioral modification, as well as the management
of environmental factors, may be effective in slowing the pace of
aging. This theory should be empirically tested, where initial studies
could focus on very high-risk individuals in whom assessing effect-
iveness can be performed over a limited follow-up. Recent studies
have indicated that interventions, including physical activity, may
be efficacious even very late in life, as very old or sick individuals
still show substantial responses to intervention and large absolute
decreases in risk. Appropriate target populations can be best-defined
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Table 1. Recommendations for Future Epidemiologic Studies of Aging

Recommendation

Rationale

Populations

Study more recent birth cohorts

Continue to follow existing birth to midlife cohorts
Include diverse, global populations

Extend age range to study oldest old

Use clinically relevant screening and assessment
Assess aging in midlife

Physical and social environment has changed dramatically

Have most efficient time course to study old age outcomes

Aging is advancing most rapidly in minority and global populations
Exemplars of health span—underrepresented in past studies

Can use to simulate clinical trial target populations

Midlife aging has not been assessed but may be ideal point of intervention

Exposures

Conduct finer-grained assessment of lifestyle and behavior with personal
monitoring

Include multilevel assessment of environment from subcellular to
geographic factors

Evaluate social determinants of health across the life course

Repeat measures over life course

Anticipate future methods in biologic sample preparation, such as
extracellular vesicle isolation, genomic expression, pluripotent stem cells
Develop biomarkers of aging process that are valid and reproducible,
including stress response and imaging biomarkers

Enhance quality of electronic health records for aging research

Heterogeneity of aging requires more personalized approach to therapies
Environment affects large groups; policy change has large impact

Modifiable targets for optimizing health span

Individual peak and decline are highly variable and variability itself may
be informative

Outcomes take many years to develop after samples are stored

Can be targets or intermediate outcomes of health span-promoting
therapies, including lifestyle interventions

Exposure and outcome information is disease focused, rarely includes
function

Outcomes

Include self-reported health and quality of life

Develop common definition of health span

Use high quality assessments of physical, cognitive and psychosocial
functioning

Improve methods to assess multimorbidity

Include geriatric syndromes

Prioritizes personal values
Improvement is primary goal of aging research
Function summarizes aging process

Composites reflect that most older adults have multi co-occurring and
interacting health conditions
Global, multifactorial syndromes such as delirium, falls, and frailty are
highly impactful on function

Synthesis

Consider heterogeneity, bias, and competing risk
Set standards for machine-learning approaches
Use systems approach

Given challenges of aging research
Lack of transparency challenges interpretation
Needed to capture the complexity of aging processes

using longitudinal, observational studies, which should include la-
boratory or functional measurements—such as IL-6 levels or gait
speed—that can be useful in defining high-risk individuals for plan-
ning interventions.

Outcomes for epidemiologic studies should be designed with
an understanding of regulatory requirements for clinical trials (95).
These can include outcomes reported by clinicians, patients, obser-
vers, or based on performance, and all outcomes need to be validated
based on content, reliability, and sensitivity in detecting clinically
meaningful changes. Some measures, such as gait speed and 6-mi-
nute walk test, have been vetted in this manner (53,96). Health span
may be the most salient outcome for these intervention trials. When
operationalized as a composite of accumulated multiple morbidities,
health span has been assessed for reliability in epidemiologic studies
and demonstrated to be sufficiently sensitive to changes for use in
clinical trials.

Cost and efficiency are major constraints in epidemiologic re-
search. Although some questions can be addressed with large clinical
or administrative databases, many cannot. Questions regarding the
impact of medical care and medication can be addressed by util-
izing EHRs, while studies that focus on the role of basic biologic

mechanisms will likely require novel measurements that are rarely
used or collected in clinical practice or available in existing biobanks.
New deep phenotyping studies may be limited in sample size but
also can serve as platforms for deploying many types of novel as-
sessments. Aging studies that focus on midlife or earlier should
include very long-term follow-up, at a minimum of 20-30 years.
Mechanisms to sustain the infrastructure for these types of studies
are needed.

Long-term studies are an ideal training environment for scholars
new to the aging field. Widespread data sharing between institutions
has allowed for training programs to use the data gathered in these
studies to challenge the creative minds of pre- and post-doctoral
fellows and train the next generation of scientists in the field of aging
research. The addition of novel measures, assays, and imaging can
serve to extend the impact of the studies, providing an efficient plat-
form for many career development awards and opportunities for the
next generation of new investigators.

While the wealth of information collected in previous studies
may help address new questions about aging, new epidemiological
studies that directly apply new models and new measures to address
the needs of an aging population are required. Novel approaches



84

Journals of Gerontology: MEDICAL SCIENCES, 2020, Vol. 75, No. 1

might include new studies of midlife aging, which may provide infor-
mation on the early changes in biomarkers and physiologic function
that emerge early in the pathways to disease and functional decline,
as well as follow-up studies of birth cohorts where early-life expos-
ures have been well defined. Future interventions can be more rap-
idly deployed by more sharply refocusing epidemiologic studies of
aging on health span and its potential mechanistic targets.
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