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Abstract

Background/Objectives: Resilience, the ability to resist or recover from adverse effects of a stressor, is of widespread interest in social,
psychologic, biologic, and medical research and particularly salient as the capacity to respond to stressors becomes diminished with aging. To
date, research on human resilience responses to and factors influencing these responses has been limited.

Methods: The National Institute on Aging convened a workshop in August 2015 on needs for research to improve measures to predict and
assess resilience in human aging. Effects of aging-related factors in impairing homeostatic responses were developed from examples illustrating
multiple determinants of clinical resilience outcomes. Research directions were identified by workshop participants.

Results: Research needs identified included expanded uses of clinical data and specimens in predicting or assessing resilience, and contributions
from epidemiological studies in identifying long-term predictors. Better measures, including simulation tests, are needed to assess resilience and
its determinants. Mechanistic studies should include exploration of influences of biologic aging processes on human resiliencies. Important
resource and infrastructure needs include consensus phenotype definitions of specific resiliencies, capacity to link epidemiological and clinical
resilience data, sensor technology to capture responses to stressors, better laboratory animal models of human resiliencies, and new analytic
methods to understand the effects of multiple determinants of stress responses.

Conclusions: Extending the focus of care and research to improving the capacity to respond to stressors could benefit older adults in promoting
a healthier life span.

Keywords: Physiologic resilience—Human aging—Epidemiology—Biologic aging

Resilience, the ability to resist or recover from adverse effects of e Assessment of possible adverse medication effects on vulnerabil-

a stressor, has been of widespread interest in numerous areas of
social, psychologic, biologic, and medical research (1,2) and may
be considered as the opposite of vulnerability (3). Resilience is
especially important as it is diminished with age just as the risk of
many stressors is increasing. Low levels of resilience confer vul-
nerability to stressors, leading to adverse outcomes. Thus, higher
levels of resilience can result in desirable clinical or functional
outcomes, and can thus serve as goals for health maintenance or
therapeutic strategies. Research on the determinants of resilience
of stress responses and the effects of interventions that modulate
resilience can further these goals. Advanced age is accompanied
by an increasing exposure to varied psychosocial and medical
stressors, for example, bereavement, loss of one’s home, surgery,
hip fracture, or myocardial infarction. Correspondingly, increas-
ing age is also accompanied by an increasing likelihood of impair-
ments in the ability to respond effectively to such challenges.
A considerable amount of research has focused on the influence of
psychosocial factors on resilience to age-related social and behav-
ioral stressors and (to a lesser degree) health-related stressors
(4,5). However, there has been only limited research in humans
on resilience of responses to physiologic or pathological stressors,
and clinical and physiologic factors influencing these responses
(Table 1).

Better methods to predict and assess resilience and vulnerability
in older persons may contribute to progress in treating and prevent-
ing disease and disability across several domains:

e Therapeutic decision-making (eg, on options for surgery or
chemotherapy) taking into account individualized risks for spe-
cific adverse outcomes.

e “Pre-habilitation” strategies to lessen risks of adverse outcomes
from surgery or other risky procedures.

e Acute care management strategies incorporating better or
quicker detection of incident risks for complications or sequelae,
for example, delirium.

e Preventive strategies to diminish risk for adverse events such as
falls and infections in healthy older persons.

e Rehabilitation strategies that improve the rate and degree of
recovery from stressors.

ity to stressors.
e Improved resilience biomarkers for assessing potential benefit
and risks of new interventions that can improve health span.

The National Institute on Aging (NIA) convened a workshop on
August 26-27, 2015 to identify the needs and opportunities for
research to improve measures to predict and assess resilience. The
meeting was organized as part of an effort to better conceptualize and
study the dynamic nature of physiologic responses to stressors and
their role in maintaining or regaining normal homeostasis and func-
tion. Thus, an overarching conceptual premise of the workshop was
that specific resilient responses differ depending on both the stressor
being exerted on the individual and the clinical or physiologic prop-
erty of interest to be maintained or restored. Hence the workshop
considered specific aspects of “resiliencies” as a group of differing
responses, dependent on the type of stressor applied. Thus, when we
refer to “resilience” we specify the specific aspects critical to a specific
stress. We considered the range of varied responses in multiple differ-
ent systems and their interactions rather than considering “resilience”
as a single global construct. Nevertheless, we recognize that some
properties and mechanisms may be shared by different categories of
resilience. Thus, the potential influence of common underlying fac-
tors, including aging mechanisms, on multiple types of resilience was
noted as an important topic for future research.

This workshop followed a 2014 NIA-sponsored workshop on
resilience in laboratory animals (6,7), which focused principally on
identifying tests of key aspects of resilience that could serve as pre-
dictive markers for assessing candidate interventions that target fun-
damental aging processes with potential human relevance. Resilience
tests reflective of the status of multiple physiologic systems rather
than a single system were a priority. The 2015 workshop focused
principally on aging-related aspects of human resiliencies in response
to clinically or functionally meaningful “real-world” stressors.
A shared premise of both workshops is that resilience measures of
responses to stressors have the potential to provide increased sensi-
tivity to effects of aging-related mechanisms that influence longevity
and health span, but might not be detectable under basal unstressed
conditions until very advanced age.

Research domains addressed by the workshop include as follows:
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Table 1. Examples of Stressors, Resilient Responses, and Regulatory Factors

Potential Adverse Consequences

Resilient Clinical or Functional

Example Systems Influencing Level of

Stressor of Stressor Response Resilience
Exposure to infectious agent e Septicemia e Avoidance of infection e Immune
e Restricted activity e Rapid recovery from infection e Pulmonary
* Mortality e Genitourinary
o Accelerated LBM loss ¢ Dermatologic
Hip fracture e Persistent mobility disability e Recovery of ambulation within e Circulatory
30 days
e Fracture nonunion e Fracture union * Musculoskeletal
e Neurologic
Exposure to anticholinergic drugs ¢ Delirium e Maintain cognitive function ¢ Neurologic
e Sensory

e Renal hepatic

Concepts Related to Resilience

The concept of resilience has been applied to a wide range of systems
ranging from cells to individuals to communities, and to psychologi-
cal, behavioral, physiologic, clinical, and social outcomes. Recently,
physical resilience at the whole person level has been defined as a
characteristic which determines one’s ability to resist or recover from
functional decline following a health stressor(s) (2). The concept of
resilience can also be applied to physiologic and cellular responses to
stressors, which can influence whole-person resilience.

Depending on the outcome of interest, resilience can be evaluated
as a dichotomous trait (nonoccurrence vs occurrence of an adverse
event following a stressor), or as a continuous quantitative trait
(degree of perturbation of a function following a stressor). Resilience
in response to a stressor of given magnitude and duration may be
conceptualized as homeostatic response with sequential components:

e prestress basal levels of the property of interest (eg, blood pres-
sure, body temperature, circulating glucose levels, balance, cogni-
tion, strength)

e rate of increase and peak magnitude of the perturbation (if any) in
response to the stress. (The term resistance has been used to char-
acterize the extent to which this initial perturbation is minimized)

e time course of recovery (if present) toward baseline conditions
after perturbation

e level at which the property stabilizes (if this occurs) after the
recovery phase

These response components are illustrated in Figure 1, with each
potentially exerting differing effects on clinical or physiologic out-
comes following a given stressor. Thus, quantifying each (and rela-
tionships among them), rather than generating a single summary
measure, can be of value in resilience studies.

Alternative Trajectories of Stress Responses: Role of
Physiologic Reserve and Threshold Effects
In many cases, the trajectory of response to a stressor does not follow
the classic homeostasis pattern of perturbation followed by return to
basal conditions. In some cases, the stress is insufficient to detectably
perturb the property of interest, that is, the property is fully resistant
to the stressor. In others, the degree of perturbation never diminishes
(ie, recovery never begins) and may continue to increase until termi-
nated by an adverse event. In still other cases, recovery occurs, but the
property stabilizes at a level higher or lower than its prestress level.
The degree of physiologic reserve can influence the type of
response trajectory. Reserve may be defined as the difference between

Change from Baseline

Time

Figure 1. Trajectory of change in a physiologic property or function from
baseline levels after exposure to a stressor (S). L: lag time before perturbation
begins; T,: interval from initial to maximum perturbation; A: maximum
perturbation: Ts: interval from maximum perturbation to stabilization; P:
persisting difference from baseline level. Adapted from figure in Kirkland
and colleagues (6).

the basal level of a system and its maximal capacity to respond. The
amount of reserve can determine threshold stress levels above which
the system becomes perturbed or, if perturbed, cannot return to its
prestress state. The threshold level of stress for dichotomous out-
comes (eg, fracture/nonfracture) may thus be determined by the level
of reserve (eg, bone maximum capacity to withstand shear stress).
Reserve may be influenced by aging, disease, and prior exposure
to stressors. Prior stress exposures may enhance reserve and resil-
ience through an anamnestic immune response as occurs following
vaccination or via hormesis, a term used to refer to the ability of
substances normally viewed as toxins to generate beneficial effects
at very low concentrations (8). Conversely, the concept of allostatic
load (9), suggests that repeated or chronic stress may result in “wear
and tear” on neural and endocrine systems over time, with poten-
tially negative effects on resilience.

Homeostatic Mechanism Responses

Besides characterizing the series of components of a physiologic
property’s resilience, concepts illustrated in Figure 1 can also be
used to characterize the series of responses by the cellular and physi-
ologic systems that are activated when that property is perturbed
(eg, changes in circulating norepinephrine levels in response to cold
exposure), and serve as mechanisms for minimizing perturbations
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and/or recovering from them. These components of homeostatic
responses to an acute stressor, and their interactions, can be elu-
cidated by dynamical systems modeling approaches, using the
stimulus-response experimental paradigm (10). The use of such
approaches is shown in Figure 2, which illustrates relationships
between a stressor and brain and endocrine responses operating in
feedback loops is determined by rate constants K, - K, that con-
trol the rate and magnitude of these responses. Using experimental
manipulations, this approach can be used to estimate the parameters
for a specific system and to predict how alterations in them would
affect physiologic responses to the stressor.

Longer-Term Characterization of Resilience

Many stressors are chronic rather than acute and can persist
longer, even days or years. Additionally, many acute stressors can
occur repeatedly or concurrently with other stressors. Longer-term
exposure to chronic or repeated stressors may affect acute stress
responses. Such effects could be protective (eg, exposure to a patho-
gen improving immune responses) or adverse (eg, depletion of a stem
cell population needed for tissue regeneration).

Sustained or repeated stress exposure may also contribute to
changes over time in “basal” levels of physiologic functions and
physiologic reserve, either favorably or adversely. Biologic repair
processes are likely to influence the effects of chronic or repeated
stressors on changes over time in basal levels of function and
responsiveness. Thus, it would be critical to evaluate basal function
as well as responsiveness in characterizing resilience to sustained or
repeated stressors.

Stimulus (0 <t <T)

Neurotransmitter A
ka

Endocrine
Organ

Hormone B

Mediates response

Figure 2. Dynamical responses to a stressor. Relationships between a
stressor and responses in two systems with feedback loops controlling
the rate and magnitude of the responses. Source: Varadhan and
colleagues (10).

Factors Influencing Resiliencies in Aging

Resilience and Homeostenosis

Diminished resiliencies can often be usefully considered as impair-
ments in homeostasis, often referred to as homeostenosis (11).
With increasing age there is a greater likelihood of diminished
capacities to maintain homeostasis in response to stressors such
as elevated or lowered ambient temperature, elevated or low-
ered serum glucose, fluid depletion or overload, orthostasis, sep-
sis, trauma, fractures, bed rest, and chemotherapeutic agents (12).
There is a need to better characterize key physiologic features of
age-related decrements in homeostasis, and of resilient responses
maintaining it. The possibility of shared physiologic mechanisms
responsible for decrements in multiple types of resilience is of par-
ticular interest (13).

Knowledge of dose-response relationships to the magnitude
of stressors is particularly important in understanding resilience
because of the potential for threshold effects. In addition, since
stressors frequently occur in combinations that affect homeostatic
responses (eg, medication and dehydration effects on blood pressure)
information on additive or synergic effects of co-occurring stressors
is crucial for characterizing “real-world” resilience. Dose-response
relationships and combinations of either concurrent or sequential
stressors may produce emergent effects not predictable from a single
stressor level or an isolated stress.

Shared Features of Age-Related Impairments in
Resilience

Many factors associated with aging-related decrements in homeosta-
sis may characterize loss of resilient responses in multiple domains.
Features associated with impaired resilience in differing systems
include higher basal activity of some regulatory factors (eg, sym-
pathetic nervous system activity, mild pro-inflammatory state),
lower end-organ responsiveness to such factors, and loss of negative
feedback inhibition (eg, in degree of changes in baroreceptor activa-
tion in response to changes in blood pressure). Age-related impair-
ments in feedback loops may also be related to exaggerated stimulus
responses of some regulatory factors and delays in return to baseline
levels, for example, attenuated and delayed glucose recovery post-
insulin challenge (14) or dysregulated cortisol patterns (10). These
features are shared in age-related changes in responses to differing
SN stressors (eg, orthostasis and glucose load), and responses of
other homeostatic regulatory systems, for example, the hypotha-
lamic-pituitary axis (6,11).

Failure to return at any point to prestress levels of function is
common in older persons. Alternatively, some stressors, for example,
antigen exposure, may induce sustained stable poststress improve-
ments in function. For analyses of the determinants of such shifts
among stable states, the toggle switch or “tipping point” concept
can be useful. In this approach, resilience can be considered to be
categorically present with either maintenance of prestress state or
shift to a more favorable or less favorable state and absent if there is
no return to any stable state.

Research on determinants of specific types of resilience is needed
for development of better diagnostic tests that might identify pres-
ently treatable contributors to impaired resiliencies. It is also essen-
tial for development of more effective interventions to improve
resilience. The mechanisms influencing physiologic resilience can
be considered in a variety of dimensions, for example, molecular,
cellular, tissue, and system dynamics, and (although not a primary
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focus of the workshop) psychosocial factors. Understanding how
these dimensions interact could lead to finding better targets for
intervention.

The value of establishing “performance requirements” of dif-
ferent biologic systems (eg, various forms of resilience biomarkers)
for specific types of resilience was noted. Since most types of resil-
ience likely involve multiple interacting physiologic components,
requirements for one component may be affected by performance of
another component. This consideration is especially important in the
presence of multimorbidity. Such interactions pose challenges and
opportunities for tests and analytic methods to assess these interact-
ing factors.

Physiologic Influences on Resiliencies

Genetic, environmental, physiologic, cellular, and molecular func-
tions, and their interactions, can influence resiliencies. Studies on
frailty in older persons, which has been associated with impairments
in some types of resilience (eg, postsurgical outcomes) (15) suggest
that at a minimum five major, interconnected physiologic domains
may influence degree of resilience: autonomic nervous system, hypo-
thalamic-pituitary axis, innate immunity, renin-angiotensin system,
and insulin/growth hormone/IGF-1 pathways. Interactions among
these systems in responses to specific stressors can markedly influ-
ence resiliencies. For example, exaggerated production of inflam-
matory mediators or cortisol may interfere with return to basal
conditions.

The complexity of interactions suggests that simultane-
ous assessment of responses in multiple physiologic domains
in response to a given stressor will be crucial for understanding
the determinants of resilience of responses to it (14) spanning
multiple systems. This need is augmented by the fact that many
real-world stressors are complex, placing simultaneous demands
on multiple functions, and at times interacting with other stress-
ors, for example, cognitive and motor challenges in avoiding an
unexpected obstacle when driving or walking. Thus, for example,
a single stressor (eg, evening glass of alcohol or “nightcap”) may
at the same time adversely influence multiple different functional
domains resulting in function deficits involving cognition, falls or
nocturia, and incontinence (Figure 3A). Conversely, the tempo-
ral convergence of different stressors (eg, alcohol ingestion, lack
of sleep, benzodiazepines) in one individual may result in lack of
overall resilience when dealing with complex tasks such as driving
or even walking (Figure 3B).

A.

Cognitive Deficit

Stressor:
Alcohol Clinical Outcome 2:
Ingestion Poor Mobility & Fall Risk

Clinical Outcome 3:
Nocturia & Incontinence Risk

Clinical Outcome 1: B.

Integration of Molecular, Cellular, Tissue, Organ, and
Systemic Processes in Resilience

Systematic understanding of an individual’s resilience requires an
appreciation of the continuum of the determinants of resilience
spanning cell to organ, to whole organism, and to family and society.
Responses at any level generally have multiple determinants, with
relative roles directly altered under stress, and relative importance
depending on the level of stress. Multiple contributors to resiliencies
may also serve as redundant systems, with some components becom-
ing more active in the case of deficiency in others (16).

Physiologic resilient responses entail the integration of processes
occurring over differing time scales ranging from seconds (eg, cel-
lular signaling) to months (eg, recovery of muscle strength after
injury). For example, the rate at which cellular factors regulating
NF-kappa-beta shuttle between the cytoplasm and nucleus over
short time scales may determine changes in levels of circulating
inflammatory factors over longer periods. Similarly, rates of short
pulsatile beta-cell insulin release influence longer-term trajectories of
glucose levels in response to glycemic loads.

The contribution of these processes and their degree of integra-
tion can be assessed by time-series measures showing short- and
long-term fluctuations in levels of a given function (eg, heart rate,
balance, or gait). These measures provide an indicator of the com-
plexity of regulation of a function, that is, the extent to which mul-
tiple inputs interact over different time or spatial scales to produce
a given function. Time series analyses can distinguish patterns that
reflect the integration and correlation of multiple inputs over differ-
ent scales in time or space (eg, fractal patterns) from those that are
random, lacking any functional connection among them (eg, white
noise) (17). With aging, many physiologic control systems lose com-
plexity. Such diminutions have been associated with some types of
decreased resilience (eg, frailty, myocardial infarction, lethal arrhyth-
mias, poor balance, and elevated risk of falling).

Some types of resilience require a specific sequence of processes,
in which completion of one is critical for ability to conduct the next
successfully. One example is wound healing in which an inflam-
matory phase is followed by a proliferative phase involving fibro
blast and vascular cells, which in turn is followed by matrix depo-
sition and remodeling. Aging-related alterations in the completion,
timing, and the magnitude of components of such co-ordinated
sequences may influence subsequent steps in the sequence, adversely
affecting resiliencies. For example, with advancing age, both the
rise and diminution of factors such IL-6 and CRP in responses to

Stressor 1:
Alcohol Ingestion

Clinical Outcome:

Stressor 2: 5 Diminished Driving
Lack of Sleep Responses & Safety
Stressor 3:
Benzodiazepines

Figure 3. The manner by which resilience factors may interact across different systems. (A) A single stressor (eg, alcohol ingestion) may result in multiple
different adverse clinical outcomes (eg, cognitive deficit; poor mobility, and enhanced fall risk; nocturia and enhanced incontinence risk). (B) Multiple different
stressors (eg, alcohol ingestion; lack of sleep; benzodiazepine ingestion) may also both individually and collectively enhance the risk of a relevant clinical
outcome (eg, diminished driving responses and safety). In both cases, declines in resilience mechanisms shared across different systems might contribute to

enhanced vulnerability in the face of multiple varying stressors or outcomes.
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stimuli can be delayed, resulting in persistent elevation of these fac-
tors. Nevertheless, in spite of the key role of circulating IL-6 levels as
a systematic marker of inflammation, as well as predictor of frailty,
disability, and death, IL-6 is at the same time required for vaccine-
mediated responses to influenza vaccination and exercise-mediated
improvements in muscle performance.

Age-related changes in resilience responses may reflect pathologi-
cal and/or compensatory responses. For example, it has been sug-
gested that age-related insulin resistance can be compensatory, to
reduce glucose metabolism so as to reduce oxidative stress generated
during oxidative phosphorylation.

The above considerations imply that understanding of the causes
and consequences of impaired resilience will require testing using
varying levels of stress, evaluation of responses over multiple time
scales, and assessment of cellular and physiological effects over mul-
tiple domains.

Influence of Biologic Aging Mechanisms on Resilience
Given the increasing frequency of impairments in many types of
resilience with aging, there is a prima facie case for research on pos-
sible influences of aging mechanisms on levels of resiliencies. Aging-
related changes in cellular and molecular functions, for example,
mitochondrial dysfunction, cellular senescence, stem cell exhaustion,
or dysfunction (18,19) could influence changes in a variety of types
of resilience. Several involve diminution or inadequacy of processes
to regulate cell functions or survival (eg, maintain macromolecular
integrity, remove defective molecules, maintain replicative capacity,
or make ATP). Progress on understanding effects of aging-related
changes in stem cell function on muscle injury repair and the influ-
ence of aging changes in inflammation and bone cell progenitor
populations on fracture repair illustrate the potential insights from
studies on such aging mechanisms.

These aging mechanisms could contribute to progressive impair-
ments in clinical and physiologic resiliencies with age. Chronic inad-
equacies of protective/regulatory processes could lead to increasing
malfunction, disruption, or loss of body “machinery” (eg, cells,
receptors, signaling pathways, mitochondria) needed for resilient
responses. Moreover, even with intact machinery, age-related impair-
ments in the regulation of protective/regulatory stress responses (eg,
impaired induction and/or subsequent diminution of these responses)
may exist. In cases where laboratory animal resilience tests can pro-
vide a measure of impairments in such mechanisms, there may be
value in developing analogous human tests.

Considerations for Human Studies

Types of Human Resilience Outcomes

In the clinical setting, resilient responses can be characterized in
terms of outcomes. These include clinical (eg, postmyocardial infarc-
tion recovery of myocardial function), physiologic (eg, postinfarction
changes in enzyme levels), and functional (eg, mobility, cognition,
or composite scales such as Instrumental Activities of Daily Living).
In clinical studies on resilience, it is important to consider patient
preferences, “ability outcomes” as well as disabilities, since many
performance measures have ceiling effects and are therefore cannot
characterize recovery to high levels of function.

Cascades of Stressors Influencing Outcomes

A prominent feature of several types of clinical resiliencies is the
need to respond to stressors that are triggered by either preceding or
co-existing stressors or by responses to those stressors. A dramatic

example is provided by elective surgery, where the stress of surgery
might be followed by a cascade of complicating stressors such as
bleeding from inadequate coagulation, followed by a myocardial
infarction that requires additional procedures. These in turn will
stress respiratory and renal function, with combined effects on
risk of mortality. Similarly, inadequate ability to respond to an ini-
tial stressor, such as a balance perturbation, can lead to a fall with
mechanical stress sufficient to fracture an osteoporotic hip, incurring
the need for resilient healing responses, and resilience in recovery of
physical function after restricted mobility. Also, failure of immune
defenses against influenza infection places secondary stressors on
pulmonary and cardiac function.

In such cases, succeeding stressors place differing demands on
differing systems, and affect differing clinical outcomes. Each occurs
under physiologic conditions influenced by the preceding stressor,
and responses to it, including interventions against it. Over time, a
series of stressors and responses may deplete physiologic reserves
prior to exposure to the next stressor. This may be illustrated by
the eventual deconditioning after a series of major stressors. Clinical
resilience to a stressor under such conditions where reserve has been
compromised may differ from resilience when the stressor occurs
during healthy equilibrium.

Even within a clinical scenario, there is great heterogeneity. In
the cancer field, differing types of cancer and their associated thera-
pies can impose differing stressors, as can differing infectious agents.
In addition, there is great heterogeneity of severity of stressors, for
example, cancer stages, extent of pathogen exposures, and magni-
tude of balance perturbations. More severe stress levels may trigger
threshold effects not caused by milder levels, for example, by placing
demands exceeding physiologic reserve for a given response.

Research Opportunities and Needs

Uses of Clinical Data in Predicting or Assessing
Resilience

Clinical data can provide information on specific aspects of resil-
ience prior to the onset of a stressor. For example, pre-operative
testing assesses reserve in kidney function and an ECG may expose
signs of previously unrecognized myocardial ischemia. Outpatient,
inpatient, rehabilitation and long term care records will need to be
combined to capture the baseline, stressors, and recovery over time.

Analyses of health records can be used to assess specific patient
characteristics that predict vulnerabilities to events such as falls
or infections. Metrics based on this approach could be used by
health care systems to identify particularly vulnerable patients and
to identify specific treatable sources of vulnerability in advance.
However, this approach depends on current clinical practice for
risk and outcome assessments. A common challenge noted for
acute events such as a fall or symptomatic infection is the frequent
lack of sufficient information in clinical records on pre-existing fac-
tors that may have influenced susceptibility to a stressor that led
to the event. Nevertheless, new methods such as natural language
processing can capture clinical information in useful ways that will
enhance the utility of clinical research to identify both exposures
and outcomes (20).

There are several challenges for ascertaining outcomes based on
clinical data, including electronic health records. These were noted
particularly for outpatient events, such as influenza infection, for
which medical records may only capture patients with worse out-
comes from infections, but not all infected patients. Conversely,
those who are more resilient may not seek medical attention.
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Current measures of patients’ prestress clinical status for pre-
dicting resilience or vulnerability to stressors are of value but very
limited. Though substantial deficits in health or function have been
shown to be related to likelihood of adverse outcomes after surgery,
hospitalization, or infection, risk of falls or fractures, and recovery
of ambulation after hip fracture, predictive ability remains limited.

A particular challenge was noted for use of clinical information
in identifying vulnerabilities in more healthy functionally independ-
ent older persons to diminish risk of adverse events or incomplete
recovery from them. Greater use of measures of functional status
and physical performance (particularly those with sufficient sensi-
tivity to modest decrements that may markedly influence risk) in
“prevention” patient visits may be valuable for this purpose. The
incorporation of such measures into electronic health records could
facilitate analyses in large populations that could enhance health
care systems’ ability to target preventive interventions cost-effec-
tively, improve accessibility of data, and enhance research.

Opportunities for Acquiring Additional Point-of-Care
Data and Specimens

Encounters with patients experiencing stress or receiving stressful
treatments (eg, surgery or chemotherapy) provide unique opportu-
nities to obtain crucial information on determinants of resilience.
Assays on surgically excised specimens could allow mechanistic
studies on tissues not available otherwise, such as models to obtain
visceral neuronal responses from colon, appendix, and mesenteric
specimens. Frequent serial measurements of circulating factors
before and after treatments in hospitalized patients or chemother-
apy patients can provide information on the timing and sequence
of stress responses that may determine the degree of resiliencies. For
example, increasing levels of inflammatory cytokines could be useful
in predicting coronary events, mortality after sepsis, organ dysfunc-
tion in mechanically ventilated patients, and readmissions after heart
failure. The likelihood for needing autologous blood transfusions
following elective surgical procedures can be predicted using an indi-
vidual’s baseline characteristics associated with risk of procedure.
Specimens collected from healthy cosmetic surgery patients can be
particularly valuable for comparisons with those from less healthy
patients for assessing factors that distinguish high levels of resilience
from impaired resiliencies such as wound healing.

In many instances, there are needs to develop or adapt resilience
measures in order to make them feasible in point-of-care studies.
Such measures need to be not only valid and reliable, but also fea-
sible and acceptable in conditions when patients may be acutely ill,
and in care settings with limitations on opportunities for patient
testing.

Point-of-care specimens and other information in healthy outpa-
tients collected over a series of routine checkups or “wellness visits”
can be valuable for tests to detect trends in factors whose effects on
resiliencies may ultimately reach clinical significance, for example,
changes of circulating factors within normal limits.

Contributions From Epidemiological Studies

Longitudinal epidemiological studies have the capacity to measure
wide-ranging variables in individuals before and after exposure to
acute or chronic stressors. They provide the ability to obtain exten-
sive phenotyping and self-reported information with substantially
greater depth and breadth than that found in health care records.
Longitudinal studies also often include substantial representation of

healthy persons with high levels of resilience, a group with limited
relevant information in health care records.

Although population studies rarely match laboratory studies’
ability to control or quantify acute stress exposures and physiologic
responses to them, they can provide crucial data from the real world
of multiple stressors and responses to them over time. Analytic meth-
ods developed to assess multiple risk factors and their interactions
can be applied to identify “resilience factors” that are associated
with decreased vulnerability to stressors, and assess their influence
on stress responses.

Population heterogeneity in such studies provides opportuni-
ties to increase the specificity of understanding of resilience fac-
tors, for example, to identify which components of physical activity
may confer greater resilience to a given stressor (21). Heterogeneity
within populations in various combinations of resilience factors also
can provide insights into their interactive effects. However, these
approaches often require very large population sizes and/or depth
and breadth of phenotype data to provide adequate statistical power.

Longitudinal studies can assess fluctuations in expression of
resilience factors, their determinants and their effects. For resilience
studies on older persons, particularly the oldest old (85+), there is
a need to collect data on functional and other outcomes frequently
enough to allow adequate ascertainment of the fluctuations in status
that characterize this vulnerable population. Such studies can exam-
ine how expression of factors influencing resilience is influenced by
life-course events such as early life environment, stressful exposures,
and diseases. They could also aid in determining whether effects of
such exposures accumulate over time, remain constant, or decline.
Long-term studies starting relatively early in life are particularly
advantageous for exploring the antecedents and progression over
the life course of factors influencing changes in resiliencies that may
not become clinically important until old age. Longitudinal studies
can also measure the relationships of differing levels of resilience to
long-term clinical outcomes and rate of progression of physiological
and pathological aging changes.

Incorporation of provocative resilience tests, such as exercise
stress tests or frequent blood pressure monitoring with controlled
physical or cognitive activity into longitudinal studies may enhance
ability to predict long-term disease, disability, and mortality. Such
measures may in many cases be more sensitive to pathological pro-
cesses than are static measures. They thus could improve the ability
to assess long-term risk for a variety of specific aging-related out-
comes that affect life span and health span. Suggestive evidence for
the potential role of resilience as long-term predictors comes from
studies on the relationship of alterations in stability of blood pres-
sure and gait to risk of future adverse clinical and functional out-
comes, and studies on heart-rate recovery following a 400 m walk
as a predictor of long-term mortality (22). Given the challenges of
assessing many resilience traits in such studies, it will be important
to understand how much predictive value they add to “static” meas-
ures, which in many cases may be more easily assessed.

Developing or Improving Measures to Assess
or Predict Resilience and Understand Their
Determinants

Table 2 shows examples of tests suggested for assessing resiliencies
and vulnerabilities in the discussions of the clinical scenarios. They
include tests and laboratory findings in current clinical use, tests used
in research protocols, and new measures.
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Table 2. Examples of Measures for Assessing Selected Resiliencies

Type of Resilience Functions Required

Current or Possible Predictive or Diagnostic
Measures or Tests

¢ Avoiding fall on uneven surface ® Maintaining balance

e Recovering physical function after bedrest ® Muscle power
e Cardiopulmonary capacity

Balance perturbation test
Obstacle course performance

The complexity of continuous postural sway measures
on a balance platform
The complexity of step-to-step gait variability

e Dynamometry
Muscle mass

Perceived fatigability at given physical task intensity
® Maximum or submaximal VO,

¢ Avoiding postsurgical MI e Control of thrombotic and thrombolytic e Cardiac stress test

mechanisms

Electrocardiogram

Circulating inflammatory markers
The complexity of beat-to-beat sinus rhythm heart rate
variability

Though the examples in the table are focused on individual types
of resilience, they fall into general categories of opportunities to
improve prediction or assessment of resilience, and understanding
the mechanisms that influence them:

Assessing Predictive Value of CurrentTests or Clinical
Information

Several of the tests identified measure clinical features or physiologic
functions that are plausibly related to specific resiliencies, but whose
predictive value has not been specifically assessed. It is likely that
their predictive value will vary depending on factors such as specific
underlying chronic conditions, functional status and medication use.
For example, the role of nonimmune factors in resistance to infec-
tion in patients who are immunocompromised by diseases (eg, HIV)
or medications (eg, glucocorticoids) may be more prominent than in
those with less compromised immune function.

Adding Measures orTime Points to Existing Tests or
Outcome Measures

There are several opportunities to gain information by adding
measurements to existing tests. For example, measurement of
continuous heart rate, blood pressure, postural sway, or other
physiologic functions will permit the calculation of the complex-
ity of these signals, thereby providing a measure of the integrity
and integration of multiple systems controlling these functions.
Also, measurement of recovery to baseline status for certain
physiologic functions (eg, during cardiac stress tests), could pro-
vide insights into cardiac, respiratory, or skeletal muscle abilities
to respond to a variety of stressors. Collection of more detailed
information on cellular and other aspects of vaccine responses
(eg, temperature, injection site reactivity, systemic symptoms)
could allow better gradation of resilience to pathogen expo-
sures, as could more detailed outcome measures added to clinical
records, for example, characterizing infection duration, activity
days lost, and level of fever. The range of outcomes assessed in
lipopolysaccharide challenge tests might be extended to assess
aging-related factors affecting muscle wasting, impairments in
cognition, and propensity to thrombosis associated with infec-
tions. Measures of hematologic responses to cancer chemother-
apy could be enhanced by studies on cellular and circulating
factors influencing these responses.

Further Development and Validation of Simulation
Tests

Prediction of resiliencies to “real world” stressors, and understanding
of the mechanisms that determine them, can be greatly enhanced by
simulation tests under controlled conditions that allow simultaneous
measurement of multiple responses to a stressor of known intensity.
Such tests can be particularly valuable for understanding interac-
tions of multiple factors that affect resiliencies. However, since labo-
ratory settings for testing responses can differ meaningfully from the
conditions in which the real-world stressor being modeled occur,
there is a need for validation studies using technologies to monitor
both stressors and responses that could be used in daily life or hos-
pital settings. If validated, measures using such technologies would
allow assessment of resiliency responses in population studies.

Mechanistic Studies

There are both opportunities and challenges for mechanistic stud-
ies on resiliencies in humans, including studies on proposed aging
mechanisms. Studies on circulating factors are subject to the caveat
that circulating levels may not correlate well with levels in the tis-
sue of interest, but can nonetheless provide insights. Circulating fac-
tors that influence tissue repair and whose levels change with age
in laboratory animals have been identified through heterochronic
parabiosis (23).

Ex vivo stimulation testing of cells from differing individuals
can assess mechanisms influencing responses to stressors that can-
not be ethically administered to humans in vivo, for example, DNA
repair after exposure to carcinogens. When obtaining specimens or
measurements for mechanistic measures in the tissue of interest is
not feasible or ethical, there are also opportunities to validate such
measurements in other tissues for their correlation with specific
resiliencies. For example, imaging of the retinal microvasculature is
potentially valuable for assessing factors related to wound healing
in other tissues.

Selected examples of aging-related mechanisms whose influences
on resilience were noted as needing further research are shown in
Table 3. A striking feature of the table is that most of the mecha-
nisms listed relate to multiple types of resilience, consistent with the
concept that such processes influence a wide-variety of aging related
outcomes, including types of resilience. Effects of these mechanisms
on differing types of resilience may be complex, including both
favorable and unfavorable influences. In addition, there is a need
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Table 3. Selected Examples of Potential Influences of Biologic Aging-Related Mechanisms onTypes of Resilience

Mechanisms Type of Resilience Affected

Cell senescence

Impaired stem/progenitor cell function

Dysregulation of inflammatory factors
intolerance

Inadequate DNA repair

Impaired mitochondrial function

Cancer chemotherapy tolerance

Immune responses, cancer chemotherapy tolerance, wound healing
Resistance to infections, wound healing, cancer chemotherapy tolerance
Infection resistance and recovery, wound healing, avoiding postsurgical MI, cancer chemotherapy

Ability to meet bioenergetic demands posed by stressors (eg, for averting falls, mounting febrile responses)

for studies on the influence of signaling pathways that have been
implicated in the regulation of health span in experimental mod-
els (eg, growth hormone/IGF-1 axis) on aging changes in resilience,
including interactions among circulating factors and the central
nervous system. In addition to these illustrative examples, it is likely
that many other basic mechanisms implicated in the biology of
aging (18,19), may individually or collectively influence physiologic
resilience.

Prediction of Multiple Resiliencies

Beyond identifying predictors of specific types of resilience, it would
be useful to assess their predictive value for multiple resiliencies, for
example, the degree to which resistance to influenza infection is asso-
ciated with lowered risk of falls or quicker recovery from trauma,
and the potential predictive value of wound healing responses for
tolerance of chemotherapy or recovery from damage during lung
infections. Studies on the impact of stress on one physiologic system
(eg, immune function) on stress responses of other systems (eg, main-
tenance of muscle mass during bed rest), and of age-related changes
in the ability of one system to maintain normal function in response
to changes in another, would be valuable for elucidating the path-
ways contributing to multiple stressor effects and their relationship
of aging changes.

There is a need to explore the potential to develop composite
measures of resilience and physiologic reserve with sufficient range
of sensitivity to identify persons at both very low and very high risk
for any of a wide range of outcomes related to poor resilience. Such
measures could be useful in identifying additional phenotypes con-
tributing to exceptional health span, as well as very high-risk persons
in particular need of targeted interventions.

Effects of Multiple Stressors on Resilience
Many functions are susceptible to multiple stressors, as illustrated
by decrements in cognition associated with infection, surgery, and
cancer therapies. Such stressors can occur concurrently or sequen-
tially. The presence of multiple contributory stressors implies a need
for a broader range of predictive tests that simulate simultaneous
or sequential stressor exposures and compare their combined physi-
ologic or functional effects with those of individual stressors (24).
Comparisons of test outcomes using single versus combined
stressors have been used in dual-tasking tests assessing cognition
while sitting versus walking. These can increase sensitivity to defi-
cits that are not apparent without the added stress of the dual task.
In principle, such dual-task tests could provide better prediction of
outcomes related to decreased resilience in older person, such as falls.
However, results of tests combining cognitive and physical activity
stresses to date have not found them clearly superior to single-task
tests in predicting falls (25,26) or discriminating between persons
with and without cognitive impairment (27,28). Nonetheless,
the principle of dual tasking could be extended to assess possible
cumulative or synergic clinical and physiologic effects of multiple

stressors. This information could be used in development of com-
posite markers that enhance predictive value for resilience outcomes.

Determinants of High Level of Resilience

Particularly because persons with high levels of resilience are less
likely to encounter health care systems for events resulting from low
resilience, there is a need for strategies to include adequate numbers
of such individuals in research designs. Examples include persons
with documented high degree of influenza exposure who do not
develop clinical infection or those who maintain high level of activi-
ties with high fall risk into advanced age, yet do not fall.

Translation of Correlations into Tools for Clinical
Decision-Making

It was noted that, although correlations of various factors with the
degree of resiliencies may have predictive value and suggest causal
relationships, and test responses provide dose-response relation-
ships, they will not in themselves generally provide a strong basis
for clinical decisions. Use of causal analytic methods will be impor-
tant in helping to distinguish factors that actually influence resilience
from noncontributory covariates (16). To develop clinical decision
rules, methods such as classification and regression tree analysis can
be used to develop cut-points that discriminate well between persons
with meaningful differences in resiliencies.

Resource and Infrastructure Needs

Development of precise consensus phenotypic definitions of differ-
ing aspects or types of physical resilience in human populations, and
common protocols for assessing them to enhance comparability and
synergy among studies, represents an overarching goal. This would
also facilitate the construction of a shared data resource, combining
epidemiological, clinical, and biological information that could be
used for secondary data analyses by a wide range of investigators.
Such a resource could be used for developing and testing models that
integrate this range of information. Table 4 summarizes resource and
infrastructure needs.

Ability to link data from longitudinal studies to information
collected in clinical settings during acute health care episodes could
greatly enhance understanding of the determinants of successful
response to acute stressors. For example, levels of inflammatory fac-
tors, such as IL-6 and TNF-alpha, collected in healthy persons during
longitudinal study visits could be related to outcomes during influ-
enza infection, such as expression of pathogen-binding receptors and
immune factors in circulating cells. Longitudinal studies should con-
sider adding novel measures of stress responses through new designs
that include more frequent monitoring, perhaps by incorporating
periods of more frequent assessment. Current challenges to linking
longitudinal studies to clinical data include the diversity of health
systems accessed by cohort members and the need for preservation
of confidentiality.
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Table 4. Needs for Research, Resources, and Infrastructure to
Increase Understanding of Resilience

Research:

Enhancing use of information in clinical records collected before,
during, and after stress exposures

Expanding contributions of epidemiologic studies:

e Inclusion and evaluation of provocative tests
o Linkage with acute care data to capture stressors
o Assessing the role of early life-course exposures and response

Developing or improving measures to assess or predict specific types of
resilience

o Assess predictive value of current tests or clinical information

e Adding measures or time points to existing tests

o Further development and validation of stimulation tests

e Development or improvement of tests that can be conducted in
clinical settings

Studies on influence of biological mechanisms, including aging-related
factors, on aging-related changes in resilience

Identifying underlying common factors predicting multiple resiliencies
Ascertaining effects of multiple coexisting stressors on resilience
Determining factors related to high levels of resilience

Translation of correlative data on resiliencies into tools for clinical
decision-making

Resources and infrastructure:

Development of precise consensus phenotypic definitions of differing
aspects and types of physical resilience, and common protocols for
assessing them

Capabilities to link longitudinal study data with clinical information
collected in stress-related encounters

Data linkages with health care system records to identify high-risk
populations for events related to impaired resilience

Facilities and protocols to conduct stimulation and other tests on stress
exposures safely and efficiently

Development of wearable sensor technology to assess and report
exposures and stress responses in community-dwelling persons in daily
life

Combined databases on specimens in repositories and tissue banks with
linkage to medical records, to facilitate studies on biologic mechanisms
influencing resilience

Additional or improved laboratory animal models having similar stress
responses to those of humans of differing ages

New methods to analyze the regulation of stress responses, particularly
to address multiple interactions, nonlinear dynamics, and emergent
responses

Shared data resources combining epidemiologic, clinical, and biologic
information for model development and testing

Establishing harmonized data linkages with health care system
records would enhance the ability to identify subpopulations at high
risk for clinical events related to impaired resilience (influenza infec-
tions, falls), and recruit them for clinical and physiologic studies.
Development of facilities and protocols in which studies on stress
exposures in older persons can be conducted safely and efficiently,
for example, with capabilities for biopsies, specimen storage, etc.,
as well as good access to older populations willing to participate
in research, would lessen the substantial challenges for conducting
such studies.

The development of wearable sensor technology for community-
dwelling persons that can continuously measure physiologic factors,
their baseline complexity and how they change before and during
adverse events could greatly enhance understanding of determinants
and predictors of resiliencies. Mobile applications designed for

reporting adverse events in real time could also improve ascertain-
ment and characterization of vulnerability-related outcomes.

Combined databases on specimens in the large number of reposi-
tories and tissue banks could improve prospects for selecting optimal
tissues for a specific resilience study. Tissue resources with linkage to
patient medical records, including a national bank of tissue acquired
through surgical discard, can be especially valuable.

Development or refinement of additional laboratory animal models
whose stress responses simulate those of humans well would facilitate
mechanistic stress response studies not feasible in humans. One exam-
ple is the potential for expanded use of pigs (whose wound healing
characteristics resemble those of humans more closely than those of
laboratory rodents) in studies of aging-related changes in wound heal-
ing. A mouse model of chronic inflammation with a variety of frailty-
associated phenotypes (29) could yield insights into the role of these
factors in resiliencies. Model systems should use older organisms than
has been traditional, although progeroid models can also be useful.

There is also a need for development of new analytic methods
for the regulation of stress responses. The multiplicity of interacting
determinants of resiliencies spanning different physiologic systems,
molecular, cellular, and tissue organizational levels, and time scales
poses significant challenges for dynamical modeling. Complex sys-
tems approaches like those used by the Virtual Cell software may
be applicable to this problem (30). Evidence that physiologic sub-
systems may function as modules constructed from a hierarchy of
lower-level networks suggests that prediction of responses could
often be achieved without knowledge of the molecular mechanisms
underlying the modules’ behavior, and could complement reduction-
ist approaches. Determining “tipping points” for stress-induced tran-
sitions between stable states will require methods to detect threshold
effects and nonlinear responses. These may be valuable for under-
standing the determinants of full versus partial recovery, a particu-
larly important issue in older populations.

These resource and infrastructure developments will likely be
driven by novel questions about the underpinnings and outcomes
of resilience. Research on these questions can contribute to interven-
tions to improve the capacity of older adults to tolerate physical
stressors, improve therapeutic decisions regarding stressful interven-
tions and their management in the elderly, and may inform a deeper
understanding of aging processes themselves.
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