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Executive Summary
Introduction
The population of older cancer patients and survivors has increased in recent decades. Much of this
growth may be attributed to successes in cancer detection, diagnosis, and therapy, as well as a
demographic shift toward an older population. As cancer therapies advance and more cancer survivors
are living longer, the focus of the research community is expanding to include not only survival but also
disability risk, quality of life, functional ability, and other more nuanced outcomes. However, the issues
and health outcomes unique to this population remain underrepresented in research.
Oncologists have witnessed the impact of cancer and
BOX 1: OVERARCHING MEETING OBJECTIVES
cancer treatment on the aging trajectory of cancer
1. How do we define aging trajectories in a cancer
survivors, primarily from anecdotal evidence and
survivorship context?
interactions with patients and their families. While some
patients may return to a healthy state after a cancer
2. What is known regarding the measurement and
identification of aging phenotypes in cancer
diagnosis and treatment, some never fully recover and
survivors?
appear to be placed on an altered aging trajectory. It is
crucial to discern whether these cancer survivors
3. Are there any gaps in knowledge that limit
experience a poorer trajectory of aging (relative to their
research and the clinical community from
measuring and identifying these phenotypes?
pre-cancer state) or if they are entering a state of
accelerated aging. And, if their aging trajectory has been
modified, are there preventive measures or interventions that can allow these survivors to live longer,
higher-quality, disability-free lives?
This meeting was the first in a series of think tank meetings supported by the National Cancer Institute’s
Division of Cancer Control and Population Sciences. It was convened to discuss measurement and
identification of aging phenotypes in cancer survivors. Specifically, the objectives of the meeting were to
answer the questions outlined in Box 1.
Key Findings
Several concepts emerged through group deliberation, and key findings and research gaps are
summarized by topic area as follows.
1. Aging Trajectories. It is important to fully understand the trajectories of aging after cancer diagnosis
and treatment. Particularly, after the initial “hit” of cancer and associated treatment, do individuals
experience a paralleled “normal” aging trajectory with weakened reserve (Phase Shift/Accentuated
Aging Hypothesis), or an altered aging trajectory with quicker progression to aging phenotypes
(Accelerated Aging Hypothesis)?
2. Validated instruments. Although many measures are available to quantify aging, certain validated
measures, indices, and batteries were highlighted during the meeting as important tools for
systematic collection of aging markers. These instruments include the Comprehensive Geriatric
Assessment, the Frailty Index, the “Pace of Aging,” functional performance batteries, and
neurocognitive batteries.
3. An emphasis on longitudinal studies. Many presenters and discussants noted the importance of
employing longitudinal studies in aging research. These types of studies address temporal challenges
associated with differential environmental exposures over time that may not be controlled for in crosssectional studies. To address possible issues with study length, intermediate endpoints, such as
biomarkers of biological aging, may be used instead of mortality, although future study in a cancer
context is warranted.
4. Depth and breadth of data. When faced with finite funding, researchers often face a choice: 1) to
enroll a large sample to ensure sufficient study power but reduce the number of measures or study
length; or 2) to enroll a smaller sample size but collect a wide range of multimodal measures. This
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tradeoff (i.e., power vs. depth) was discussed in the context of aging research in cancer survivors,
particularly when detecting early-life signals of accelerated aging.
5. Applicability of measures to younger and older cancer survivors. Some measures, such as the
Comprehensive Geriatric Assessment and the Frailty Index, are associated with the evaluation and
treatment of older adults. However, younger cancer survivors experience frailty at high rates.
Expanding the application of these assessments to all cancer survivors presents a new set of
challenges, including reaching the ceiling or floor of detection, where healthy or highly disabled
participants may not be adequately measured, hindering the ability to detect subtle signals of aging.
Modification of these measures to include younger populations increases their applicability in both
research and clinical settings.
6. Sequential measures. There are several concerns associated with using many indices or batteries
of aging, including ceiling and floor effects and participant (or patient) burden, as some measures
require multi-part tests or surveys. These challenges may be addressed with sequential testing, in
which all participants are tested using
a basic measure. If patients perform
BOX 2: SYSTEMS SCIENCE RESEARCH GAPS
at or over the ceiling or floor of
1. Practical and Applied Considerations:
detection, then they are given a
a. How do we practically implement a systems science
subsequent test to further discriminate
approach in cancer research?
ability.
b. Can we use a systems science approach with extant data
7. Clinical relevance and feasibility.
resources (e.g., cancer cohorts)?
The interplay between research and
clinical care is a key component of
c. How do we ensure that the oldest and sickest are included
aging research. Measures or markers
in our studies that use the systems science approach?
of aging that are valuable in a
2. Measurement and Design Considerations:
research setting may not be feasible
a. How do we conceptualize/measure/distinguish between
to implement or interpret in a clinical
population trends/rates of aging versus individual
context. These research-specific
(biological) systems of aging? Does this employ a
longitudinal within person design?
measures can be used as tools to
validate clinical measures, so that
b. How do we measure accumulation/loss of redundancy?
evidence-based recommendations
can be made to cancer survivors
c. How do we measure the rate of aging? Are individual
biomarkers enough, or do we need a systems science
receiving care.
approach?

Systems Science

d.

The Power of Data
Multifactor, large datasets can provide
unique insights into individual patterns of
aging in cancer survivors. This type of
data can be used to examine predictors of
advanced biological age, such as the
presence of chronic disease (e.g.,
cancer), clinical biomarkers, or metabolic
pathways. Deviations in these types of
measures can be compared to a larger,
“healthy” population prior to a disease
event to gain insight into the rate of aging
and its early stage predictors.

3.

Definitions:
a. How do we define tipping points?
b.

4.

Is aging linear or non-linear? Is it person-dependent? Is it
driven by survival bias?

How do we define the transition from normal aging to
accelerated aging within cancer survivorship?

Redundancy and Resiliency:
a. How do we capture small changes and the ability to return
to normal quickly when studying the aging of systems?
b.

How does the redundancy model of aging account for
intra-system dependency?

c.

There are issues related to competing risks of degradation
failures due to treatment exposures. How do we minimize
the degradation failures of other systems?
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Reliability Theory
Biological systems are considered a series-parallel system with distributed redundancy, in which vital
organs are connected in series, but cells within vital organs are connected in parallel. Aging-related changes
may be attributed to accumulated cell loss (i.e., cumulative damage) in this highly redundant system over
time. The High Initial Damage Load (HIDL) hypothesis suggests that people who develop cancer may be
initially vulnerable or have higher rates of accrued damage from birth. Highly sensitive measures should be
developed to detect this early-life damage and disentangle initial vulnerability from the effects of cancer and
treatment.
Box 2 outlines research gaps in systems science and accelerated aging in cancer survivors.

Clinical Markers of Aging
Staging the Aging
The Comprehensive Geriatric
Assessment combines validated
instruments with clinical evaluation to
assess a patient’s functional status,
comorbidities, cognition, nutritional status,
psychosocial status, and medication
status. These measures can be used to
calculate the Deficit Accumulation Index,
which has been found to be predictive of
outcomes such as frailty, toxicity, and
re-hospitalization. Presenters defined
resilience as “the ability of an organism to
appropriately respond to a stress and
return to basal physiology,” although
multiple variations of this definition are in
use. The assessment of resilience is
critical to the full understanding of geriatric
patients; however, measures of resilience
need to be developed and refined so they
may be clinically relevant.
Functional Performance Measures

BOX 3: CLINICAL MARKERS OF AGING RESEARCH GAPS
1.

2.

Practical and Applied Considerations:
a. How do we establish population-based samples of cancer
survivors to define cancer-specific aging phenotypes?
b.

How do we initiate/follow cohorts that are large enough to
parse out effects of specific cancers and treatments?

c.

How do we create models to account for stressors-uponstressors (e.g., comorbidities, cancer, functional
disabilities)?

d.

Can we use adaptive designs to facilitate conducting
longitudinal cohorts?

Reserve and Resiliency:
a. How do we best measure physical and cognitive reserve in
research and clinical settings?
b.

Instead of accelerated aging, should we study physical
resilience?

c.

Is the absence of deficits equivalent to resilience?

d.

Should deficits be divided into two categories: functional
and multi-morbid?

3. Physical Function:
Functional performance measures provide
a. Can we test whether treatments affect function differently
a valuable way to characterize the
by comparing the slopes/rates of change/decline?
functional effects of aging and may
b. Are there specific cognitive domains that are associated
represent natural constellations or
with slow functional performance (walking speed)?
batteries of individual aging markers. In
particular, gait speed has been found to
c. What basic measures of aging should be included in any
be predictive of many health outcomes
study of accelerated aging and cancer?
and is feasible to assess in both research
and clinical settings. More difficult tests
can be used to assess an individual’s physiologic reserve, or to test younger, healthier individuals who
may be at or near the ceiling of detection for standard functional tests.

Box 3 outlines research gaps in clinical markers of aging in cancer survivors.
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Biological Aging Markers and Phenotypes
Understanding Aging and Cancer
Aging, often defined as a biological system’s accumulation of deficits, begins early in life. Early-life deficit
accumulation can have lifelong impacts, which may influence the rate of aging over time. Therefore,
intervention efforts during this period may yield lifelong benefits.
Use of molecular markers of aging is key to understanding aging across the life course. However, early
signals of aging are often difficult to detect, because early changes in molecular endpoints are weakly
related to clinical outcomes. As the individual ages, phenotypic endpoints, such as muscle strength and
walking speed, become increasingly related to clinical outcomes. Finally, late changes in functional
endpoints (often the “last to go”) are strongly related to clinical outcomes.
Cancer may be described using a similar paradigm to the process of aging. There is high variability in the
number and type of mutations that are needed for cancer initiation, yet all cancers show very similar age
dependency, apparently due to selection by the tissue microenvironment. In early life and reproductive
years, humans have many protective pathways to ensure that pre-cancerous cells do not proliferate in
tissue, despite the accumulation of mutations. These protective pathways are at least partly driven by
stem cell activity, the quality of which is driven in part by the stem cell niche. However, the tissue
microenvironment is impacted by exposures, including lifestyle (e.g., smoking, physical activity) and
cancer treatment, as well as by aging itself. Thus, later in life, stem cells may have lower fitness in the
degraded tissue environment, leading to expansion of pre-cancerous cells adaptive to this altered
environment. The risk of cancer might be better viewed as the rate of loss of these maintenance
programs, coupled with the rate of changes in the tissue microenvironment.
Approach to Research
Longitudinal studies permit assessment of
aging trajectories of functional capacity
over time, deepening our understanding of
the pathways involved in aging. Meeting
participants discussed the utility of an index
to measure accelerated aging, similar to
other indices (e.g., the Frailty Index or the
Veterans Aging Cohort Study (VACS)
Index). The “Pace of Aging” is a composite
measure of 18 biomarkers that have been
shown to be associated with functional
measures in the general population. Further
research is needed to determine if such a
measure could be adapted to cancer
survivors, as it may be difficult to
disentangle the effects of aging from cancer
and its treatment. The “Hallmarks of Aging”
paper provides a useful framework to
assess progression to aging phenotypes.
While research is ongoing, the
31phosphocreatine (31p) recovery time
(PCr), as a measure of mitochondrial
function, is the closest to being validated for
research and clinical use.

BOX 4: BIOLOGICAL AGING MARKERS AND PHENOTYPES
RESEARCH GAPS
1.

Early changes in biological endpoints weakly relate to clinical outcomes,
mid-level changes in phenotypic endpoints more strongly relate to clinical
outcomes, and late changes in functional endpoints strongly relate to
clinical outcomes. Future research may focus on phenotypic and
functional measures as predictors, whereas research on mechanisms
using biological predictors may aid intervention development.

2.

Is there utility in developing a “Cancer Aging Index” analogous to the
Frailty Index or the VACS Index? This might facilitate the design and
assessment of clinical trials for interventions.

3.

Does risk of cancer relapse or secondary malignancies correlate with
physiological impact (e.g., aging hallmarks)?

4.

What are the biomarkers of aging that should absolutely be included in
aging cancer studies?

5.

Is there a standard toolbox of hallmark measures?

6.

How do we measure the rate of aging using biomarkers in a cancer
context?

7.

Are there useful biomarkers of aging for large cancer-survivor research
populations, such as the Pace of Aging?

8.

Are the measures needed to elucidate aging mechanisms different from
clinical aging measures?

Box 4 outlines research gaps in the area of biological aging markers and phenotypes in cancer survivors.
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Clinical Aging Phenotypes
Fitness and Frailty
Frailty is an aging phenotype and a clinical marker of aging. It is a useful indicator because individuals are
placed along a continuum, ranging from “fit” to “frail.” Frailty can be used to estimate biological age and is
predictive of health outcomes and mortality. The Clinical Frailty Scale is often used to assess patients’
frailty in a clinical setting to appropriately provide care and determine toxicity. The Frailty Index is a
multidimensional assessment of frailty risk, based on deficit accumulation. The concept of frailty should
be expanded outside of geriatric populations and these indices modified to include components more
applicable to younger individuals.
Box 5 outlines research gaps in the area of clinical aging phenotypes in cancer survivors.

BOX 5: CLINICAL AGING PHENOTYPES RESEARCH GAPS
1.

Is it useful to use frailty as an outcome in younger cancer survivors? What are the most important domains to include in a
deficit model for this population?

2.

In the cumulative deficit model, many factors can be used to create a frailty model. Is the variability different according to
the factors used, even if the mean estimate is the same?

3.

What other aging phenotypes, aside from frailty, should be used to assess aging in cancer survivors?

4.

Do we need to know the mechanisms underlying frailty in cancer patients to adequately treat frailty or to treat the cancer?

5.

What is the utility of including a frailty-type measure as part of the survivorship care plan? Would this guide
recommendations for surveillance or follow-up care?

6.

Is allostatic load an early indicator of frailty?

7.

Is there a way to use linked data to examine frailty in cancer survivors (e.g., Surveillance, Epidemiology, and End Results
(SEER) or Medicare)?

8.

Does frailty status predict relapse or secondary cancers?

9.

Is there a way to reduce the burden of completing a deficit accumulation scale (EHR/self-report)?

Cognitive Markers of Aging
Cognition in Adult Survivors of Childhood Cancers
Cross-sectional studies of adult survivors of childhood cancers have demonstrated that this population
exhibits lower performance on measures of memory and processing speed. Additionally, studies have
shown that this population also has reduced cortical thickness and increased Tau protein at the time of
diagnosis and treatment, which is predictive of decreased processing speed and white matter integrity.
Increased toxicity of cancer treatment in this population is associated with lower performance scores on
measures of processing speed and memory. More research is needed to fully understand if cancer
treatment presents an initial “hit” to the biological system followed by a paralleled aging trajectory with
weakened reserve, or if it demonstrates an accelerated aging trajectory. Longitudinal studies with
multimodal assessments, including different methods of assessing cognitive impairment, are needed to
address these research gaps.
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Thinking and Living with Cancer
The purpose of the Thinking and Living with
BOX 6: COGNITIVE MARKERS OF AGING RESEARCH GAPS
Cancer (TLC) study is to prospectively
1. What is the optimal (feasible) multimodal assessment of
assess cognitive changes in older breast
cognitive function?
cancer survivors compared to matched
2. Should current research focus on standard domains of cognitive
cancer-free controls. The study found that
function or on brief measures that may be best at determining
slowed processing speed and increased variability? Can
comorbidity at baseline is associated with
sequential testing assess the “tipping point” that individuals
cognitive impairment, and that
experience?
apolipoprotein E (APOE) 4–positive
3. Why are certain areas of the brain more vulnerable to cancer
participants receiving chemotherapy (with
treatments?
or without hormonal treatment) experienced
a decline in attention, processing speed,
4. What biomarkers (cerebrospinal fluid [CSF] biomarkers) should
be included in studies of accelerated aging to examine
and executive function. Animal models of
mechanisms of cognitive change?
APOE3 and APOE4 younger mice suggest
similar interactions with chemotherapy as
seen in these initial human studies. More
work is in progress to replicate these findings in older animals to more fully understand predictors of
cognitive aging.
Box 6 highlights critical research questions related to cognitive markers of aging in cancer survivors.

Psychosocial Markers of Aging
Self-Perceptions of Aging
Psychosocial factors may be key effect modifiers,
BOX 7: PSYCHOSOCIAL MARKERS OF AGING
mediators, or perhaps even markers of the aging
RESEARCH GAPS
trajectory in cancer survivors. One potential marker
1. Can self-perception of aging be used as a predictor
is perceived age, since individuals are often good
of aging endpoints in cancer survivors?
predictors of their own health status. Self-rated
2. How do psychosocial factors such as isolation,
health has been linked to various outcomes,
loneliness, and social support contribute to an
including physical and mental health status,
accelerated aging trajectory? Can these be used to
predict individuals at risk for accelerated aging?
preventive healthcare utilization, health behaviors,
and mortality. Also, perceptions of one’s own health
may lead to altered health-related behavior and
improve health (a feedback loop). Research into these and other psychosocial measures, such as
isolation, loneliness, and social support, are important to consider as predictors, mediators, and modifiers
of age-related conditions. Additionally, the ways in which aging is portrayed in popular culture and how
they may impact individuals’ health and wellness outcomes are not well understood.
Box 7 outlines research gaps related to psychosocial markers of aging in cancer survivors.
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Meeting Summary
Systems Science Approach
1.

Aging and Cancer in the Context of Personal, Dense, Dynamic Data Clouds
(Nathan Price, Ph.D.)

Multifactor, large datasets can provide unique insight into the markers of aging in cancer survivors. For
example, data were leveraged from Arivale,1 a private wellness company that collects information related
to aging, wellness, and disease. Consumers can access personalized wellness information juxtaposed
against the de-identified data of other consumers to get a full picture of their optimal wellness program.
This collection of Personal, Dense, Dynamic Data Clouds (PD3)2 can also be leveraged in more
systematic research environments to understand predictors of health and wellness in various target
populations.
Biological aging markers are “biological parameters of an organism that either alone or in some
multivariate composite will, in the absence of disease, better predict functional capability at some late
age, than will chronological age.”3 The concept of biological age can be used to understand both the
functional capacity of an individual at a certain time point and the change in this capacity over time.
Change in functional capabilities at the system level can be a key indicator of accelerated aging following
a traumatic event.
In a nine-month longitudinal study, a number of measures were collected from 100 participants, including
genome sequences, 150 clinical lab tests, metabolites, proteins, gut microbiome tests, and self-tracked
lifestyle and activity measures. These measures were collected in a controlled environment (e.g., timing
of blood draw, testing validation), but the tests were not frequent enough to fully assess acute
circumstances impacting variability, such as diurnal variation or an acute stressor. These measures were
aggregated into a PD3 and overlaid with an individual’s chronological age. Certain chronic conditions
were associated with older biological age relative to chronological age: hypertension, Type 2 diabetes,
smoking, and breast cancer. Also, certain clinical markers appear to be more strongly associated with
higher biological age. If these markers are also associated with the effects of cancer or cancer treatment,
this may support the observation of accelerated aging in cancer survivors.
Additionally, this type of data can be used to examine case studies of patients before and after disease
transitions to look for aberrations. In one patient diagnosed with Stage 4 pancreatic cancer, blood was
drawn prior to her cancer diagnosis; lab tests showed high levels of certain cancer-related proteins
relative to the rest of the participants in the Arivale dataset. This same individual-level (n=1) comparison
can be performed using other measures such as metabolic pathways to determine the presence or
number of divergent pathways, an indication of a disease state or of aging. The purpose of this
information at the individual level is to allow researchers or clinicians to better understand patients’
patterns of divergence to facilitate truly personalized medicine.
2.

Reliability Theory Perspective on Aging and Cancer (Leonid Gavrilov, Ph.D.)

Reliability theory is a general theory of systems failure originally developed by mathematicians, wherein
failure is operationalized as an event when a required function is terminated. This could include a system
or component not functioning properly anymore (a degradation failure) or the end of a system or
component’s life (a catastrophic or fatal failure). Using this theory, aging is defined as the increasing risk
of system failure with age; non-aging is defined as the risk of failure not increasing with age. Reliability
structure refers to the arrangement of components that are important for system reliability. Systems can

1

https://www.arivale.com
https://systemsbiology.org/news/2017/07/17/pioneer-100-study
3
Baker GT 3rd, Sprott RL. Biomarkers of aging. Exp gerontol. 1998;23(4-5):223-239.
2
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be connected in two major ways: 1) in series, in which the system fails when the first component fails; and
2) in parallel, in which the system fails when all components fail.
The application of the tenets of reliability theory to human biology supports a theoretical understanding of
aging rate and recovery after traumatic events (e.g., cancer treatment). The human body can be
considered a series-parallel system with distributed redundancy, in which vital organs are connected in
series but cells within vital organs are connected in parallel. Many physiological changes that biological
systems experience as part of aging can be explained by the cumulative effects of cell loss in this parallel
system over time. Examples of this include atherosclerotic inflammation caused by exhaustion of
progenitor cells or decline in cardiac function caused by a failure of cardiac stem cells to replace
myocytes. The existence of redundancy in the human body causes the system to be tolerant to damage
(without redundancy, the system would die after a single random damage) but also to accumulate
damage until a threshold is reached. This damage accumulation is referred to as aging. In biological
systems, there is a high level of redundancy and a high damage load. Using a mathematical failure rate
can theoretically approximate a biological system’s mortality.
The High Initial Damage Load (HIDL) hypothesis indicates that “adult organisms already have an
exceptionally high load of initial damage, which is comparable with the amount of subsequent agingrelated deterioration accumulated during the rest of the entire adult life.”4 Humans are born with some
initial damage and continue to accumulate damage throughout their lives due to system redundancy. The
extent of this damage is mediated by factors such as the environment, pathogens, disease, treatment for
disease, and lifestyle. Extensive damage accumulation can be optimally prevented during early
developmental years to postpone the effects of morbidity and mortality.
DISCUSSION
The first part of the discussion centered on differentiating aging and death as endpoints in reliability
theory. In some cases, patients have declining physical function, but death does not ensue immediately.
Within the theory, this can be addressed by changing the designated “failure endpoint” of the system—if
the endpoint is not death, it could also be disease state or failure of an organ system.
Defining Health and Disease States
Participants then discussed how a “state of health” is defined within Dr. Price’s models to allow
identification of divergent measures. There are a number of ways to define this state of health or
wellness. It is possible to look at a young, healthy population as a reference for health; measures that
deviate from those found in that healthy population are considered atypical. It is also possible to compare
individuals to groups of healthy individuals in the same age range, to control for chronological age as a
factor driving variability. The definition of these states is a key question that needs to be addressed when
using rich datasets for establishing health and wellness recommendations. To the same end, it is
important to define what a disease is in the context of a “state of health.” Does a disease state include
psychosocial well-being, deviations in cognitive health, or inability to perform functional tasks?
Breast Cancer and Biological Age
Participants expressed interest in Dr. Price’s finding that breast cancer was associated with higher biological
age relative to chronological age, because some breast cancer patients have been observed to have better
survival and self-reported happiness than their counterparts without a cancer diagnosis. In Dr. Price’s
research, breast cancer was chosen for study as it was the most prevalent cancer in the dataset. However,
the biological/chronological age relationship was quite variable over time, particularly when cancer and other
confounders were involved. Dr. Price noted that this is an emerging area of research, and more work should
be done to understand and account for this large variability. Some of this variability may not be due to lack
4

Gavrilov LA, Gavrilova NS. Early‐life programming of aging and longevity: The idea of high initial damage load (the HIDL hypothesis). Ann NY Acad
Sci. 2004;1019(1):496-501.
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of sensitivity in measurement or methodological issues; instead, it could be an early warning sign of
systemic instability.
System Science and Childhood Cancers
The discussion turned to the role of younger cancer survivors in understanding accelerated aging and the
ability to detect “initial damage” or markers in young cancer survivors that could provide clues about
accelerated aging trajectories. One discussant noted that there is likely a key difference in the theoretical
model as it applies to childhood cancer survivors. Cancer in children may be more reliant on germline
genetics (because they have not had as much time to accumulate mutations). They also likely end up
with somatic damage due to the cancer treatment, which may either lead to accelerated aging or put them
on a parallel trajectory of aging with a lower level of resilience. The population of childhood cancer
survivors is particularly interesting because longer longitudinal follow-up periods are possible.
Data Availability and Generalizability
Selection bias and generalizability were discussed as important methodological issues when using
research driven by private, consumer data because the population characteristics are restricted to those
who opt into the service and may leave out important subgroups. In this case, individuals who are older or
more severely ill could be less likely to opt into a wellness program and/or less likely to consent to sharing
their data.
Dr. Price recommended a number of established datasets that could be valuable sources of information
for research on accelerated aging in cancer survivors:
▪
▪
▪
▪
▪
▪

Alzheimer’s studies, where the control participants may have a lot of valuable molecular data
iCarbonX (Jun Wong, Ph.D., formerly with Beijing Genomics Institute)5
Sema4 (Eric Schadt, Ph.D., Mount Sinai Health System)6
All of Us (however, limited non-genomic measures)7
Genomics England8
UK Biobank9

Clinical Markers of Aging
3.

Staging the Aging (Harvey Jay Cohen, M.D.)

Health assessment and intervention in older patients involves multiple, overlapping domains, including
medical, physiologic, cognitive, affective, functional, resilience, economic, psychosocial, and
environmental. Older patients are often treated by the same medical specialists or in the same clinical
environments as younger patients, yet their health issues and treatment include key differences that are
important to recognize. Older patients often undergo physiologic changes or deterioration at a more rapid
speed, have a higher prevalence of disease and comorbidity, and may under-report symptoms. Due to
decreased resilience to stressors and increased risk of frailty, older patients may have higher rates of
adverse effects to medications and therapies, making assessment of possible toxicity an essential
element of geriatric care.
Functional age clinically measures a patient’s ability to perform activities of daily life and thereby
characterizes health status in a way that is not solely dependent on chronological age. Among patients of
the same chronological age, functional age may vary widely; this variability may be attributed to the
occurrence of comorbidities, past traumatic health events (e.g., receipt of chemotherapy), or other
parameters of aging. Geriatricians and researchers should systematically collect health information to

5

https://www.icarbonx.com/en
http://www.sema4genomics.com/ourstory
7
https://allofus.nih.gov
8
https://www.genomicsengland.co.uk
9
http://www.ukbiobank.ac.uk
6
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achieve a broader picture of the health status and vulnerability of a patient. Key parameters and ways to
measure clinical health status are described in Table 1.
TABLE 1: PARAMETERS OF HEALTH AND CLINICAL ASSESSMENT
Health Parameters

Clinical Tools for Measurement

Physiological state, homeostasis

▪ Standard laboratory and physical measures
▪ Biological aging measures

Presence or absence of chronic
disease

▪ Medical examination and history (e.g., electronic health
records)

Level of physical and cognitive
function

▪ Self-reported activities of daily living
▪ Physical performance measures
▪ Cognitive performance measures

Resilience

▪ Ability to respond to stressors

Self-rated health

▪ Survey questionnaires

The Comprehensive Geriatric Assessment is “a multifaceted assessment of factors contributing to the
health and well-being of complex elderly individuals.” The assessment combines validated instruments
and medical evaluation to systematically characterize a patient’s functional status, comorbidities,
cognition, nutritional status, psychosocial status, and medication status (e.g., polypharmacy). This
technique has been found to predict survival and toxicity in geriatric populations.10 The Deficit
Accumulation Index (i.e., the actual number of deficits in an individual, divided by the number of potential
deficits) can be derived from the constellation of measures in the Comprehensive Geriatric Assessment
and used to define health, well-being, and disease status in older patients. This index has been found to
be predictive of frailty, and other outcomes, like toxicity and re-hospitalization in older patients who
received chemotherapy.11
Resilience is “the ability of an organism to appropriately respond to a stressor and return to basal
physiology.” The concept of resilience can be studied as a key predictor or outcome to inform aging
processes in cancer survivors. Resilience may explain why some older cancer survivors return to
relatively normal levels of physical function after receiving treatment, while others may experience lower
or more rapidly decreasing levels. Research in this field suggests that physical resilience is mediated by
an individual’s health and functioning at baseline, presence and symptoms of chronic disease, type of
radiation treatment, self-efficacy for physical activity, and social support.12
To improve researchers’ and clinicians’ ability to “Stage the Aging,” there is a need for additional research
on the applications of tools and to refine assessments, like the Comprehensive Geriatric Assessment. There
is also a need for validated, sensitive, and clinically feasible measures to assess resilience in both older and
younger patients at risk for accelerated aging. Finally, because data capture is derived from a wide variety
of sources (e.g., electronic health records, validated instruments, self-report), effective aggregation of
information is crucial for its future use and acceptability in a clinical environment.
4.

Physical Performance Measures in Aging and Cancer (Stephanie Studenski, M.D., M.P.H.)

Physical performance measures are “observed and quantitated behaviors reflecting multisystem body
functions.” These behaviors may be single tasks (e.g., walking a certain distance, grip strength) or a
combination of multiple tasks (e.g., the Short Physical Performance Battery, involving a walk test, chair
10

Palumbo A, Bringhen S, Mateos M-V, et al. Geriatric assessment predicts survival and toxicities in elderly myeloma patients: an International
Myeloma Working Group report. Blood. 2015;125(13):2068-2074.
11
Cohen HJ, Smith D, Sun C-L, et al. Frailty as determined by a comprehensive geriatric assessment-derived deficit-accumulation index in older
patients with cancer who receive chemotherapy. Cancer. 2016;122(24):3865-3872.
12
Duan-Porter W, Cohen HJ, Demark-Wahnefried W, et al. Physical resilience of older cancer survivors: An emerging concept. J Geriatr Oncol.
2016;7(6):471-478.
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rise, and tandem stands). These measures have been assessed for reliability and validity, and some are
even reflected in animal models for a broad application of findings.
Physical performance measures are good predictors of future health, function, and survival. In some
cases, they can better predict future outcomes (e.g., disability status) than self-report or clinical diagnosis.
In particular, gait speed, although a simple and common functional measure, has been found to perform
comparably to more complex predictive health models or batteries of multiple functional measures.
Additionally, it accurately predicts survival, as demonstrated by a 21-year consortium analysis of more
than 34,000 older adults.13 Although the goal of walk tests is to quantify gait speed, the inability to start or
complete a walk test is also an effective primary outcome in older adults. Finally, although many
functional tests are burdensome and conducted cross-sectionally, longitudinal assessment is the only
way to characterize within-person change and capture functional aging trajectories over time.
An emerging area of functional performance research is the concept of cognitive processing speed as an
indicator of fundamental function. A decline in this measure, referred to as psychomotor slowing, may be
indicative of a decline in a number of other cognitive areas, such as perception, retrieval, movement, or
initiation. Tests for psychomotor slowing can be incorporated into functional batteries to achieve a more
comprehensive understanding of a patient’s functional status.
When considering an individual under periods of stress (e.g., cancer diagnosis or treatment), it is
important to understand the risks associated with loss of physical reserve, or capacity beyond usual
function. When individuals experience reduced functional capacity due to a stressor, they are less able to
combat additional problems that may appear clinically during that time. This could exceed their capacity
to overcome and return the system to homeostasis. Some of the loss of reserve occurs sub-clinically,
where patients lose reserve but existing functional measures are not sensitive enough to detect a loss
(i.e., a ceiling of detection). Sequential testing may improve the sensitivity of functional assessments. In
this case, all study participants are initially tested with a low-demand task. Participants who perform at or
near the ceiling of detection are given higher-demand tasks (e.g., endurance walk testing and expanded
functional testing such as the Health, Aging and Body Composition Physical Performance Battery) to
discriminate the limits of function. Sequential functional testing is an effective way to assess reserve and
reduces participant burden.
In addition to implementing functional performance measures in the clinical setting, these tests can be
used to connect biological indicators of the rate of aging to function. In mice, the transplantation of
senescent cells caused reduced physical performance and decreased survival, even in younger mice. 14
Similarly, in humans, cellular senescence is associated with reduced measures of physical performance,
indicating a linkage between the molecular measure of senescence and function.15
DISCUSSION
Study Power and Depth
Discussion immediately following Dr. Cohen’s presentation focused on study design and methodological
challenges associated with his approach to “staging the aging.” Meeting participants were concerned that
trials as they currently exist are not able to enroll enough patients with variability by cancer type,
chemotherapy type, and past exposures. The group discussed initiating larger trials or designing trials for
denser sampling and richer data as potential solutions, and ultimately suggested addressing this issue
with preclinical models, pooled datasets, or consortia with the most common cancers (e.g., breast and
prostate). Future research should identify important risk factors and aging endpoints and enroll
populations with sufficient variability and statistical power.

13

Studenski S, Perera S, Patel K, et al. Gait speed and survival in older adults. JAMA. 2011;305(1):50-58.
Xu M, Pirtskhalava T, Farr JN, et al. Senolytics improve physical function and increase lifespan in old age. Nat Med. 2018;24(8):1246-1256.
15
Justice JN, Gregory H, Tchkonia T, et al. Cellular senescence biomarker p16 INK4a + cell burden in thigh adipose is associated with poor physical
function in older women. J Gerontol A Biol Sci Med Sci. 2018;73(7):939-945.
14
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Challenges with power calculations were also discussed. Power calculations to determine adequate
sample size are generally based on a strong, validated measure in conjunction with past, similar research
to estimate effect size. However, in an emerging field with a lot of exploratory research, these
components are often unavailable. More research is needed to establish universally accepted and
validated measures to facilitate accurate power calculations for future studies. For the time being, this
may be accomplished using adaptive study designs, where participants are recruited on a rolling basis.
Ceilings and Floors of Detection
Following Dr. Studenski’s presentation, the group discussed the utility of functional measures in geriatric
assessments and aging research, as these measures often capture more complex deficits. For example,
a gait speed test may be simultaneously assessing cardiopulmonary capacity, muscle strength, and
balance, among other factors. A concern expressed by one participant about functional measures is their
potential inability to detect impaired function or changes in function in younger, healthier patients—a
“ceiling” effect. Similarly, certain functional measures may not be applicable to the oldest, non-ambulatory
patients—a “floor” effect. Dr. Studenski posited that a sequential or “stepped” approach could be
employed for most measures to assess a wide range of ages and also gain an understanding of physical
reserve. Using this approach, all patients would be assessed using a basic measure of function. Then,
those who performed at or near the ceiling could be tested again using a more difficult test. As for
patients near the floor of a functional test, their inability to perform a test can itself be a valuable indicator
of health. Other research domains (e.g., disability literature) may be informative of validated functional
measures that would apply to non-ambulatory patients, including self-reported difficulty with daily tasks
(e.g., Activities of Daily Living (ADLs) and (Instrumental Activities of Daily Living (IADLs)). For example,
upper extremity tests may be a validated measure of function in non-ambulatory patients, but it is not
necessarily comparable to gait speed, and therefore may not be predictive of health outcomes and
mortality.
The functional performance of master athletes who are very fit over the course of their lives may be an
interesting population of study, since aging contributes to peak performance levels. Most very fit people,
with the exception of extreme athletes, such as those who run ultramarathons, still perform higher on
geriatric indices or performance measures even with a cancer diagnosis. This suggests that they may
have better recovery outcomes and potentially more resilience than their less-fit counterparts.
Functional ability may be the “tipping point,” wherein individuals progress from a stable to a less functional
phenotype. Thus, it is important to note that a decline in function is rarely a strictly linear process, and that
the tipping point often depends on the magnitude of the stressor, as well as the individual’s baseline
vulnerability to stress.
Future Research and Considerations
It was noted that a basic toolkit of validated, sequential measures for physical and cognitive function
should be created to support the treatment and management of all cancer survivors. For cognition, there
may be more sensitive tests outside of the standard neuropsychology batteries that can better detect
subtle changes in cognitive function, particularly within the domains of processing speed, attention, or
reaction time.
It was suggested that exploring the following research domains may provide insight to gain a deeper
understanding of functional measures in varied populations:
▪
▪
▪

The disability literature (for functional testing in non-ambulatory people)
The head-injury literature in children/young athletes (for cognitive testing in younger cancer survivors)
Literature surrounding functional measures and lifetime/professional athletes (for functional testing in
very fit people)

Given a number of unknowns about predictors and measures of accelerated aging, an epidemiological
study was proposed to connect cancer survivors’ past exposures (e.g., experience, history, resilience)
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with their current and future outcomes. Is there a measure available that can accurately capture
antecedent events impacting a person’s probability of accelerated aging? Is this measure biological age?
If so, do we have a validated way to implement it in a study setting?
Overarching questions were posed to the group:
1. Are there existing databases that can be leveraged to understand accelerated aging in cancer
survivors?
▪ The National Clinical Trials program
▪ Cohort studies of cancer survivors funded by NCI
▪ St. Jude Lifetime Cohort
▪ Baltimore Longitudinal Study of Aging
▪ Other research fields may have crucial insights into accelerated aging, or access to relevant data.
These specialties include:
− HIV research groups
− Chronic obstructive pulmonary disease
− Chronic kidney disease
− Sepsis
2. Are there well-studied, validated measures that can be added to existing studies to elucidate aging
trajectories in cancer survivors?
▪ It may be possible to add additional measures to these trials to better understand antecedent
events and aging. These measures should include:
− Grip strength
− Gait speed
− Triar Social Stress Test
▪ Should a full, systematically implemented Geriatric Assessment be added to trial protocols when
feasible?

Biological Aging Markers and Phenotypes
5.

Time and the Metrics of Aging (Luigi Ferrucci, M.D., Ph.D.)

Although aging research often focuses on the health and well-being of individuals later in life, it is
important to examine the effects of aging using a life-course approach. Investigation into younger
populations—including environmental exposures, early-life health events, and predictors of disease—is
an important step to understanding aging trajectories. To do this, researchers should leverage the power
of longitudinal studies. This type of study attempts to control for differential lifetime environmental
exposures, such as periods of economic stress or war, popularity of industrial chemicals, or discovery of
new pharmaceuticals. It also deals with selective mortality, which occurs when only the healthiest
individuals with the fewest chronic diseases are able to participate in the study until late in life.
Observation of the oldest cohorts of individuals becomes difficult because of the high rates of
multimorbidity, as participants experience increasing numbers of chronic diseases over time.
Many measures have been put forward as metrics of aging. They generally fall into three domains. The
first includes functional aging, or metrics that have an impact on daily life. Functional aging includes
cognitive function, physical function, mood, and mental health. Second is phenotypic aging, which refers
to the impact of aging on an individual’s phenotype, including indicators such as body composition,
energetics, homeostatic mechanisms, and brain health. Finally, biological aging, or the root mechanisms
of aging, includes molecular damage, defective repair, energy exhaustion, and signal or noise reduction.
Biological aging includes an interplay between damage (e.g., accumulation of somatic mutations) and
physiological compensation (e.g., DNA repair capacity). Phenotypic aging occurs when the body’s
compensatory mechanisms are overwhelmed by an accumulation of biological damage. Although function
is often preserved even during biological and phenotypic decompensation, functional decompensation
eventually occurs with the accumulation of enough damage.
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The assessment of functional and phenotypic aging is essential to clinical care. However, research on the
metrics of biological aging allows a deeper understanding of the mechanisms of aging, and thus leads to
the development of effective interventions and prevention. Some of these biological aging metrics are
briefly described as follows.
Genomic Instability
The accumulation of somatic mutations, or increasing genomic instability, may be a key metric of
biological aging. Research has demonstrated that single nucleotide variants accumulate with age, with
rates of accumulation possibly varying due to an individual’s exposure to a toxic environment. Similarly,
genomic research indicates that the decline in human skeletal muscle function with aging may be
attributed to an accumulation of somatic mutations in satellite cells. 16 Higher levels of mutations may
impact the ability of these cells to facilitate skeletal muscle hypertrophy, regeneration, and remodeling,
leading to reduced functional capacity.
Epigenetics
Epigenetics is the study of changes in an organism caused by modifications to gene expression, rather
than changes to the actual genetic code. In aging research, one of the most commonly studied epigenetic
changes is methylation, a biochemical process wherein methyl groups bind to DNA. This accumulation of
methyl groups impacts gene expression and thus effects change in the organism. DNA methylation
(DNAm) levels can be used to accurately predict chronological age across all tissues and cell types
throughout the human life course. This “epigenetic clock” can be modified (e.g., DNAm phenoage studied
by Morgan Levine, Ph.D., at Yale University) to predict healthspan, morbidity, and mortality. The study of
epigenetic accumulation can therefore be applied to aging research in cancer survivors to provide a
stronger understanding of biological aging. However, a key limitation is our current inability to quantify
past stressors and epigenetic modulations experienced by an individual prior to a cancer diagnosis.
Cell Senescence
Cellular senescence refers to the “irreversible growth and proliferations arrest induced by stress,” or the
phenomenon by which normal cells cease to divide. 17 The accumulation of senescent cells is associated
with aging and impaired regeneration of tissues. In addition, increased cellular senescence leads to cells
acquiring a senescence-associated secretory phenotype (SASP), which drives the secretion of matrix
proteases, pro-inflammatory cytokines, and epithelial growth factors. This pro-inflammatory environment
can disrupt tissue structure and create a permissive microenvironment for cancer growth. At the
molecular level, some markers of senescence (e.g., P16INK4a) have been directly associated with a loss
of physical function in older adults, impacting mobility, muscle strength, and central obesity. This marker
has also been found to be positively associated with elastic fiber morphology, facial wrinkling, and
perceived age. Using markers of cellular senescence, including SASP proteins, is a key way to measure
and contextualize biological aging.
Mitochondrial Function
Mitochondrial function is a measure of chemical energy being created in an organism’s cells, and it has
been found to decline with age. This function can be measured using 31phosphocreatine (31p) recovery
time (PCr), an indicator of mitochondrial capacity in skeletal muscle. This metric of mitochondrial function
links reduced skeletal muscle strength and decreased walking performance with aging, serving as a
unique bridge between biological and functional aging.

16

Franco I, Johansson A, Olsson K, et al. Somatic mutagenesis in satellite cells associates with human skeletal muscle aging. Nature Commun.
2018;9(1):800.
17
Hayflick L. The limited in vitro lifetime of human diploid cell strains. Exper Cell Res. 1965;37(3):614-636.
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6.

Aging Associated Cancers—Not So Inevitable (James DeGregori, Ph.D.)

The current paradigm describing aging-related consequences of cancer is that cancer incidence is limited
by the occurrence and accumulation of oncogenic mutations. However, different cancer types
demonstrate similar aging-dependent incidence, regardless of their different driver mutations and
organized stem cell pools. This observed age dependence is the basis for a modified paradigm of cancer
incidence. Although there are strong mechanisms for tumor suppression during developmental and
reproductive years, there is minimal natural selection against cancer beyond those reproductive years,
when human ancestors would likely have already died from other causes. Cancers occurring in young
people (e.g., childhood leukemias, testicular, or lymphoma) may be explained by modern lifestyles in
developed nations, exposure to pathogens, or a rare event.
The Adaptive Oncogenesis Hypothesis posits that cancer incidence is based on aging and exposurerelated changes to the tissue microenvironment, allowing cells with cancer-causing mutations to expand.
These exposures may include factors such as smoking, radiation, diet, and endogenous
microenvironmental changes (e.g. inflammation) associated with aging. In young, healthy people, stem
cell fitness is high, and there are strong opposing factors to somatic evolution, thus selecting against the
proliferation of cells with cancer-causing mutations. However, in older populations with accumulated
exposures, the old or damaged stem cell pool is no longer optimized to the old/damaged tissue
microenvironment. In this case, selective pressures against pre-cancerous cells are reduced, and the
microenvironment is more favorable to the growth of cancer-causing cells (with oncogenic mutations
adaptive to the altered microenvironment). Thus, the incidence of cancer depends not solely on the
existence of harmful mutations but also on context-dependent preferential selection of mutated cells. In
all, cancer is shaped by the changing age-dependent balance of drift, stabilizing selection, and positive
selection.
An example of this age-dependent effect is seen in lung cancer, which has a strong association with old
age. Older lungs generally have reduced vital capacity, weakened breathing muscles, increased
fibrosis, increased presence of immune infiltrates, and increased inflammatory cytokines. EML4-ALK
gene fusions (oncogenes) are more common in lung cancers of never-smokers, presenting an
opportunity to study the effect of lung age and microenvironment on clonal expansions in animal
models. Young and old mice were genetically modified using the CRISPR/Cas9 system such that a
small fraction of lung cells contained EML4-ALK, and EML4-ALK clonal expansions were quantified.
More and larger clonal expansions, leading to adenomas, were observed in older mouse lungs relative
to younger lungs. Using transgenic mouse models, the expression of α1-anti-trypsin (AAT) was found
to block inflammation and thus prevent the expansion of adenoma-like lesions in the aged lungs,
coinciding with the reversion of a subset of aging-related changes. This observation suggests that
manipulation of the microenvironment (e.g., with AAT) can modulate the fitness effects of cancer associated mutations. While we cannot avoid most oncogenic mutations that occur during life, these
studies indicate that we can alter the ability of these mutations to contribute to malignancies.
7.

Quantification of Biological Aging: Approaches to Validation (Daniel W. Belsky, Ph.D.)

Biological aging is the gradual and progressive decline of system integrity, arising from an accumulation
of cellular- or molecular-level changes that ultimately lead to systemic damage. Based on this definition,
exposures that accumulate from early life can lead to damage and ultimately impact aging outcomes
(e.g., disease, frailty) toward the end of life. For this reason, the group agreed it was important to examine
aging over the life course rather than a finite event in late life. However, the study of geroprotectors
(interventions or pharmaceuticals potentially associated with slowing the rate of aging) in young and
midlife humans can be difficult, since longitudinal investigation until disability or death involves research
over many decades. This research can be costly and time-consuming, thus limiting the size and power of
potential studies.
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An alternative approach is to study the effects of geroprotectors by using measures of aging processes as
surrogate endpoints, rather than using disability/mortality. However, measuring aging processes requires
quantification of biological aging. Some measures of biological aging already exist, including telomere
shortness, several epigenetic clocks (e.g. 353-CpG Clock, 99-CpG Clock, 71-CpG Clock), and composite
indices based on clinical markers, such as KDM biological aging, and homeostatic dysregulation.
However, these measures of aging are cross-sectional, compare a target individual to a reference
population, and require validation. An approach to guide measuring and validating biological aging
metrics is outlined in Table 2. One additional proposed metric of aging rate is the “Pace of Aging,” which
is a composite of 18 repeated measures of system integrity. This measure is associated with aging
endpoints, such as balance, grip strength, motor coordination, physical limitations, cognitive decline, selfreported health, and facial aging. Additionally, the Pace of Aging has been validated based on known risk
factors for age-related disability/mortality (e.g., familial longevity, childhood socioeconomic status).
Table 2. Measuring and Validating Biological Rates of Aging
Current Standard

Problem/Challenge

Proposed Solution

Measurement

Measures of aging are
cross-sectional, focus on
accumulated differences.

Current measures do not
distinguish early-emerging
differences from age-related
decline.

Use longitudinal,
repeated measures,
focusing on ongoing
change within a person.

Validation

Validation criteria for
biological aging metrics
are that they correlate with
chronological age,
correlate with disease
status, can forecast
mortality.

Current approach to
validation risks bias for
mortality selection and
focuses on the oldest
population segment.

Use function and
functional decline to
validate measures.
Focus on lifetime risks
known to accelerate
aging.

DISCUSSION
Adaptive Oncogenesis and Prevention
Initial discussion centered the Adaptive Oncogenesis Hypothesis and the possibilities for prevention.
Healthy lifestyle choices starting in youth may reduce the rate of aging by decreasing the rate at which
tissue microenvironments become hospitable to pre-cancerous cells. Some research exists on the impact
of physical activity and diet (including caloric restriction) on aging outcomes; however, more longitudinal
studies are needed to fully understand the life-course effects of these factors in humans. The group also
discussed how this hypothesis applies to clinical care. Maintenance of the system’s microenvironment is
crucial for preventing cancer relapse or toxicity. For example, chemotherapy in older cancer patients
damages the tissue microenvironment, creating a more hospitable context for cancer-causing cells to
rebound and become untreatable. These drugs, shown by Campisi and others, also promote cellular
senescence, changing the environment further. Ideal cancer therapies would attack cancer cells and
simultaneously boost the tissue microenvironment. More careful consideration of the “tissue landscape” in
a clinical setting is key to improving patient outcomes.
Functional Measures of Early Aging
Functional ability is often the last to go, as systems can adapt physiologically so that function is retained.
Therefore, aberrations in biological and phenotypic aging metrics are often seen prior to any observed
functional decline. Understanding how functional performance measures can be leveraged to detect early
systemic changes and assess accelerated aging are an important next step. Discerning whether all
cancer patients should be assessed for markers of accelerated aging or if a risk stratified approach is
suitable requires further attention. Moreover, it was noted that if molecular, phenotypic, and functional
measures are continuously observed in isolation, the opportunity to disentangle the interrelationships of
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these variables becomes lost. Focus on longitudinal study with multimodal measures may elucidate their
complex interplay over time.
Recommendations for Biological Markers of Aging
At numerous points throughout the meeting, the group discussed the 2013 paper “The Hallmarks of
Aging,” which describes nine potential hallmarks of aging in different organisms, particularly mammals.18
Some meeting participants were concerned that the findings of the paper originated from a mixture of
preclinical animal models and human trials. However, the paper provides a foundation to assess if any
biomarkers are ready for implementation into large-scale research and clinical studies. One think tank
participant posited that the evidence base for mitochondrial function and aging is strong. For many of the
other markers, however, a high degree of variability in the measures makes it difficult to observe changes
with enough sensitivity to make recommendations at this time.

Clinical Aging Phenotypes
8.

Frailty and Its Clinical Application (Olga Theou, Ph.D.)

In general, frailty arises when physiological reserve capacity falls below the level required to sustain
homeostasis to meet the demands of everyday life. The frailty phenotype is generally considered to have
three or more of the following characteristics: weight loss, mobility impairment, low muscle strength,
fatigue, and low physical activity level. As pertains to overall function, frailer older adults are vulnerable to
physiological and psychological stressors that may not similarly impact less-frail individuals of the same
chronological age. Although frailty is often associated with older adults and poor health, it can be
considered one end of the health continuum, with fitness at the opposite end. Frailty has been associated
with multiple adverse health outcomes, ranging from mobility impairment to hospitalization and death. As
with other aging-related concepts, frailty can be viewed as deficit accumulation, with more severely frail
individuals experiencing higher levels of system deficits.
Because frailty is not solely dependent on an individual’s chronological age and can be more indicative of
their health and wellness status, it can be used to estimate biological age. In a clinical setting,
measurement of frailty can be particularly important because geriatric patients often have multiple health
problems. Currently, subjective assessments of frailty are routinely performed in these settings, but they
are not always reliable or systematic. Frail individuals need to be considered differently in a clinical sense
because they are less able to withstand toxic or invasive interventions and less able to tolerate
polypharmacy.
The Clinical Frailty Scale is a tool that helps classify individuals on a spectrum ranging from “very fit” to
“terminally ill.” The deficit accumulation approach is an alternative assessment with flexibility as to the
number and type of variables used. In general, the index is calculated as the number of deficits in an
individual divided by the total number of deficits measured. An example of this is the 46-item Frailty Index
used by the National Health and Nutrition Examination Survey (NHANES), which includes comorbidity,
chronic disease, and functional and psychosocial measures. Using this index, NHANES participants with
a non-skin cancer diagnosis had significantly higher frailty than participants with no cancer diagnosis.
When frailty was used as an outcome, it was found that participants with a non-skin cancer diagnosis had
1.69 times the odds of being frail compared to their counterparts with no cancer. Looking at mortality,
participants with a frailty index of 0.3 or greater had mortality rate 5.84 times higher than participants with
a frailty index less than 0.1.
The treatment of at-risk and frail patients is a growing area of research. Interventions may be conducted
in multiple domains (e.g., nutrition, medication management), particularly relating to physical activity. It is
also recommended that a comprehensive assessment of at-risk or already frail patients be conducted to
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characterize vulnerabilities and track changes over time. There is a limited consensus about the optimal
components to include in a geriatric assessment. There is agreement, however, that any such
assessment should lead to recommendations for pre-habilitation and prevention, support shared preoperative decision-making and post-operative plans, and take into account clinical feasibility.
In the context of cancer survivors, future research should include use of the frailty index to better
understand aging trajectories. Validated frailty assessments should be incorporated into clinical practice,
including oncology. Including cancer survivors at varying levels of frailty in randomized controlled trials will
capture a more representative picture of their aging trajectories. These trials could include the
implementation of modified treatment plans based on frailty levels, as well as the use of frailty as a trial
outcome.
DISCUSSION
Frailty in Younger Populations
Some of the discussion centered on the applicability of frailty in certain populations, and in particular on
discerning whether frailty measures are sensitive enough to detect changes in relatively healthy
populations of younger cancer survivors. This challenge can be addressed by looking at change in frailty
over time, rather than solely cross-sectional measures. Additionally, the frailty index should be modified to
exclude items that do not uniquely apply to certain populations. For example, a frailty index heavily based
on the presence of comorbidities may not be informative in a younger population. There has been
discussion around renaming the frailty index the “health index” because frailty as a concept is strongly
associated with geriatric populations. More research is needed in middle-aged (40 to 50 years) cancer
survivors to gain a deeper understanding of “pre-frail” characteristics and the optimal ways to intervene.
One way to do this may be to use public data (e.g., the Medicaid Frailty Index) along with cohorts to
follow cancer survivors longitudinally.
Applying Frailty in Clinical Care
Much of the discussion also focused on applicability and feasibility of frailty assessment in clinical care.
Some indices, including the Deficit Accumulation Index, must be completed by a clinician, which can be
time-consuming and therefore not systematically performed in an active clinical setting. Dr. Theou
described her work creating a pictorial Frailty Scale, so that patients would be able to self-report
functional ability. Also, some functional measures can be performed by nurses or medical assistants, and
select information may already be available for patients in electronic medical records. Dr. Theou also
compared the use of the Frailty Scale with the Deficit Accumulation Index. The frailty scale requires
measures in five specific domains (as described previously); any modification in these domains has a
significant impact on the interpretation of the results. The Deficit Accumulation Index is generally
composed of 30 or more items, which should be representative of multiple domains but can be modified
with less of an impact to its predictive abilities. It is possible to implement both measures in a clinical
setting for a full picture of a patient’s frailty because many measures overlap or are easy to assess.
In a clinical setting, frailty assessments could be implemented as part of a cancer survivorship plan to get
an accurate picture of a survivor at baseline and allow for recommendations as to the survivor’s future
health and well-being. For example, it is possible that higher frailty levels are predictive of cancer relapse
because survivors may have weaker immune systems and more comorbidities. Also, frailty could
potentially provide some insight into secondary malignancies in cancer survivors after they receive
treatment. Frailty is a factor that is known to be strongly predictive of a number of clinical outcomes, and
assessments are already being implemented in certain settings (e.g., pre-surgical cardiac patients). The
crucial next step for this field is to understand how to prevent frailty and effectively intervene in frail
populations.
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Cognitive Markers of Aging
9. Cognitive Aging in Adult Survivors of Childhood Cancer (Kevin Krull, Ph.D.)
One of the determinants of cognitive decline is referred to as cognitive reserve, or the amount of “buffer”
between the highest attained level of function and the lowest threshold of cognitive decline and dementia.
Cognitive reserve allows for a certain level of protection and recovery from trauma throughout the life
span. It is determined by multiple interrelated factors, which include domains such as cognitive function,
life habits, life events, and brain structure. Different cognitive functions (e.g., executive functioning,
memory) may have varying levels of cognitive reserve within a single individual. Also, some of these
functions may be more resistant to the negative effects of aging—for example, crystalized intelligence is
seen as being resistant, while fluid intelligence is not. Cognitive reserve may be impacted as a result of
childhood cancer and treatment because these stressors often occur during development, before children
have reached their full cognitive potential. This impact to cognitive reserve could affect an individual’s
trajectory of aging throughout the life course.
The purpose of the St. Jude Lifetime Cohort is to establish a lifetime cohort of childhood cancer survivors
and facilitate clinical longitudinal evaluation of health outcomes in aging adults surviving pediatric cancer.
In 650 adult survivors of childhood acute lymphoblastic leukemia (ALL), the highest levels of impairment
(more than 50% of the sample) were seen in the domains of memory, processing speed, and executive
functioning.19 Risk for attention problems and executive function impairment increased with time from
cancer diagnosis at a faster trajectory for participants who received higher doses of cranial radiation. In
longitudinal analysis, about half of the 102 adults assessed since childhood showed no decline in verbal
IQ over time, while the other half showed a decline of about 20 points from baseline to follow-up (mean of
27 years).20 A comparison of adolescents and adults in the cohort who received similar ALL treatment at
the time of diagnosis shows that memory problems and slow processing speed are almost twice as
frequent in the adult survivors as they are in the adolescents, suggesting that these skills may be prone to
rapid decline. Differences may also be seen in physiological measures such as thinning of the cerebral
cortex and smaller hippocampal volume.
A number of research gaps have been identified in the area of cognitive function and childhood cancer.
These include investigation into the decline in fluid abilities and functional independence during long-term
survivorship, progressive loss of brain volume, and persistence of neuropathophysiology into adulthood.
More research is also needed on genetic predictors of cognitive outcomes and the potential for
intervention and treatment of these outcomes. To address these research gaps, more prospective
longitudinal studies are necessary to examine the change in cognitive, behavioral, and biological factors
over the course of survivorship. These studies should include multimodal assessment, such as
neurocognitive testing, brain imaging, serum, and CSF biomarkers.
10.

The TLC Study: Cognitive Aging of Older Breast Cancer Survivors
(Jeanne Mandelblatt, M.D., M.P.H.)

The purpose of the Thinking and Living with Cancer (TLC) study is to assess older breast cancer
survivors longitudinally and compare findings with matched non-cancer controls. Participants were
assessed at three time-points (pre-treatment, 12 months, and 48 months) using objective and subjective
measures of cognition. Overall, breast cancer and associated treatment seemed to accelerate cognitive
aging processes. In particular, participants who were positive for the gene APOE4 receiving
chemotherapy (with or without hormonal treatment) experienced a steep decline in attention, processing
speed, and executive function over the course of the study.
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The study also connected cognitive functioning to functional well-being using the FACT Functional WellBeing Score. Participants receiving chemotherapy had consistently lower FACT scores compared to
controls, while those receiving hormonal treatment had increasing scores until 24 months after study
enrollment. These trajectories of functional well-being were significantly associated with self-reported
cognition scores over time. Because control participants were not surgical patients, it is possible that
some of the effects seen could be due to the effects of surgery on cognition. However, it is difficult to
assess cognitive data prior to a surgery event, as it is unlikely to be representative of a patient’s actual
baseline state.
Additional research is being done using pooled data from the TLC study, the COG AGE study, and the
NCI Community Oncology Research Program, allowing for increased study power. Pooling data in this
way also allows for more variability between cancer phenotypes and treatment regimens and provides
more opportunities for comparison. Preclinical models are also being used to further understand the
findings from the TLC study. Animal models can help to elucidate the interaction between genetics and
cancer treatment as they relate to cognitive impairment. For example, mice homozygous for the APOE4
allele who are also treated with doxorubicin demonstrated lower performance over time in a spatial
learning and memory test, compared to APOE4 mice without treatment as well as mice homozygous for
the APOE3 allele.
DISCUSSION
Cognition, Cancer, and Dementia
Participants discussed potential reasons for the apparent inverse relationship between cancer incidence
and dementia based on demographic data. Ascertainment bias may be at play, in that patients don’t
receive a cancer diagnosis as frequently if they have late-stage dementia. It may also be an issue of
survival bias, in that individuals are more likely to die before being diagnosed with dementia and cancer.
Finally, because the coincidence of the two diseases is relatively rare, large studies would be needed to
understand the apparent association.
Participant Burden
A challenge with many cognitive assessments is that they can be lengthy and may be a burden on the
patient/study participant. Shorter cognitive batteries are available that collect similar information in a
shorter period of time (approximately 20 minutes). However, Dr. Mandelblatt indicated that many
participants feel stressed about the assessment itself, rather than the time to completion. For example,
many participants report nervousness or embarrassment if they provide an “incorrect” answer. The
limitation with reducing the amount of items in the cognitive battery is that it becomes increasingly less
sensitive to detecting small changes or differences in function. As with functional performance measures,
a sequential approach can be taken with cognitive assessments to address participant burden as well as
ceilings and floors in sensitivity.
Comorbidities and Confounders
Currently, many cognitive function and aging studies exclude participants with vulnerabilities, such as
traumatic brain injuries, anxiety, depression, or attention deficit hyperactivity disorder. However, a life
course perspective suggests that these vulnerabilities need to be taken into account. It is possible that
current studies are “too pure” due to restrictive eligibility criteria, and are, therefore, missing important
predictors of accelerated aging. These vulnerabilities could have important interactions with factors such
as psychosocial problems or health disparities, which must be taken into consideration. Another factor
that may not be appropriately measured is chronic life stress, a predictor of chronic disease and poor
health outcomes. More research should be done to find a validated tool to characterize chronic stress in
these populations.
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Finally, throughout this and other discussions, the impact of personality type on cognition and other
outcomes was raised. There is some thought that certain personality types (e.g., optimistic, resilient,
neurotic, conscientious) may mediate an individual’s reaction to and recovery from situations of stress.
More research needs to be done on the true impact of personality type on physical, cognitive, and other
outcomes related to aging in cancer survivors.

Psychosocial Measures of Aging
11.

The Link between Self-Perceptions of Aging and Health (Erwin Tan, M.D.)

Dr. Tan described the initiative within AARP (formerly known as the American Association for Retired
Persons) to disrupt notions of aging by “challenging outdated beliefs about what it means to age,” and to
create opportunities for older adults to determine their own trajectory of aging. Part of this movement
includes changing the way society perceives older adults and how older adults perceive themselves. Selfperceptions of aging have been linked through research to physical and mental health outcomes,
preventive health care utilization rates, and mortality. Individuals with positive self-perceptions of aging
tend to practice more preventive health behaviors, such as diet, exercise, and medication adherence.
They are also more likely to receive cholesterol tests, mammograms, pap smears, and prostate exams.
Self-perceptions of aging may mediate health and behavior outcomes through a number of causal
pathways, including the fact that individuals are often good predictors of their own health. Also,
perceptions of one’s own health may lead to changes in health-related behavior and therefore better
health (a feedback loop).
Stereotype threat is another reason why self-perception of aging may impact an individual’s health and
well-being status. This occurs when environmental cues (e.g., media) assert negative stereotypes about
an individual’s group status (e.g., older people), triggering detrimental physiological and psychological
processes. Absorbed stereotypes about older people can impact key aging outcomes such as an
individual’s functional abilities and memory performance.
Research into these and other psychosocial measures is important when looking at the aging trajectories
of cancer survivors. This research may include partnerships with AARP or private partnership with
industry.
DISCUSSION
Self-Reported Health
Some discussion following Dr. Tan’s presentation focused on disentangling self-perceptions of aging and
self-reported health as predictors of health and behavioral outcomes. Many studies of self-perceptions of
aging did not control for self-reported health, which is known to be associated with outcomes such as
morbidity and mortality. Are individuals who identify as being in good health more likely to have positive
perceptions of aging? However, it is possible that humans’ ability to sense their own health status runs
deeper than self-reported health. This is demonstrated by the power of asking patients “How do you
feel?” in a clinical setting. Often, patients may begin to report non-specific negative feelings prior to a
traumatic health event, while early systemic disturbances are beginning to manifest. These findings could
be further developed with more robust studies or by adding measures of self-perceptions of aging to
established cohorts.
AARP Initiatives
The group discussed current advocacy initiatives at AARP to support older adults’ positive perceptions of
aging. These initiatives include a journalism fellowship to improve communication surrounding the lives of
older adults, and efforts to connect with outdoor retailers to improve imagery of older adults in their
marketing materials. Some meeting participants were concerned that such marketing initiatives may
unintentionally create unrealistic expectations for older adults who are not fit and healthy. Seeing imagery
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of the positive effects of aging could cause them to feel ashamed of their own health status, which could
lead to negative consequences.
Psychosocial Predictors of Disease
Although there are many psychosocial measures available, some may be more predictive of disease risk
than others. Some of these measures include isolation and loneliness, as well as measures of a resilient
personality or positive ways of dealing with stressful situations. Finally, social support has long been
known to be a predictor of positive outcomes, particularly in the case of cancer survivors. Social support
is having not only available friends or family but also people to talk to or feel emotionally supported by.
Final Discussion
The discussion concluded with some remaining points. One think tank participant noted that a dialogue
about sexual function is often missing, but this type of function is often highly linked to a cancer survivor’s
self-reported physical and mental health. Cancer survivors frequently report feeling as if they are
“outrunning their bodies.” Understanding the mechanisms and appropriate measures to capture the
underlying phenomena that give rise to these feelings is paramount to providing tangible strategies to
mitigate or remediate the effects of cancer and its treatment and optimize successful aging in this
population.
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