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Abstract

Traditional clinical care models focus on the measurement and normalization of individual organ systems and de-emphasize aspects of health 
related to the integration of physiologic systems. Measures of physical, cognitive and sensory, and psychosocial or emotional function predict 
important health outcomes like death and disability independently from the severity of a specific disease, cumulative co-morbidity, or disease 
severity measures. A growing number of clinical scientists in several subspecialties are exploring the utility of functional assessment to predict 
complication risk, indicate stress resistance, inform disease screening approaches and risk factor interpretation, and evaluate care. Because a 
substantial number of older adults in the community have some form of functional limitation, integrating functional assessment into clinical 
medicine could have a large impact. Although interest in functional implications for health and disease management is growing, the science 
underlying functional capacity, functional limitation, physical frailty, and functional metrics is often siloed among different clinicians and 
researchers, with fragmented concepts and methods. On August 25–26, 2016, participants at a trans-disciplinary workshop, supported by the 
National Institute on Aging and the John A. Hartford Foundation, explored what is known about the pathways, contributors, and correlates of 
physical, cognitive, and sensory functional measures across conditions and disease states; considered social determinants and health disparities; 
identified knowledge gaps, and suggested priorities for future research. This article summarizes those discussions. 
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Function represents the integration of multiple physiologic systems 
against a background of specific disease manifestations, comorbidi-
ties, and age-related physiologic changes; its preservation is a top pri-
ority for older adults (1). As reported by the 2012 Medicare Current 
Beneficiary Survey (MCBS), limitation in activities of daily living 
(ADLs) or instrumental ADLs (IADLS) affect over 9 million older 
adults. Health care utilization and costs increase with the increasing 
degree and severity of limitation; thus, patients with functional limi-
tations account for a disproportionate share of Medicare spending. 

Levels of physical and cognitive function inform risk prediction, dis-
ease screening strategies, and appropriate targeting and evaluation 
of care. Functional measures are among the patient-reported out-
comes emphasized by the U.S. Food and Drug Administration. Thus, 
targeting functional outcomes in practice is important beyond those 
outcomes achievable through a strictly disease-based approach.

The traditional organ-centric model of medical care has yielded 
remarkable health advances, but the gains from this approach 
appear to be slowing. Indeed, the age-adjusted prevalence of ADL 
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and IADL limitations has remained stable since 1997. An expanded 
clinical model embracing functional outcomes can exploit the power 
of gerontology and geriatrics, which focus on patients as integrated 
systems. Subspecialties such as cardiology and surgery have begun 
to embrace this approach, and interest in traditionally gerontologi-
cal concepts such as frailty has grown rapidly in the subspecialties. 
Despite this interest, the science underlying function, functional limi-
tation, and frailty is fragmented.

On August 25–26, 2016, a workshop, co-sponsored by the National 
Institute on Aging (NIA) and the John A. Hartford Foundation, was held 
in Arlington, Virginia to explore the pathways, contributors, and corre-
lates of functional impairment across specialties. Bringing geriatricians and 
gerontologists together with researchers and specialists from other fields 
of medicine, the workshop addressed age-associated contributors, mecha-
nisms, and correlates of functional decline. It also explored outcomes of 
functional limitation, including frailty, with respect to example conditions 
commonly seen in older adults. The workshop then addressed how func-
tional limitation is measured, how those measures could be influenced by 
biologic hallmarks of aging and by environmental or sociocultural factors 
such as health disparities. Function is a facet of disablement models that 
also typically include environmental and societal factors. However, as 
the workshop’s primary aim was to explore ways to integrate functional 
limitation into basic, translational, and clinical research, environmental/
societal determinants of disability were not emphasized.

Discussions, knowledge gaps, and potential priorities for future 
research are summarized in this article. “Function” is discussed as a 
domain that involves the integration of various systems. The work-
shop addressed four major domains of function: motor, cognitive, 
sensory, and emotional or psychosocial. In many disability models, 
“impairment” is seen to reflect deficits in specific physiologic, body, 
or organ system. This article focuses on “functional limitation,” to 
reflect diminished capacity in a functional domain.

Measuring Functional Limitation

Measures include self-report measures such as ADL scales and the 
36-item Short Form Health Survey, and objective physical perform-
ance measures, which evaluate individuals’ capability as they per-
form specific tasks. Traditionally, measures of function have relied 
on participants’ report of their ability or difficulties in performing 
certain tasks or activities. It is important to distinguish “capability,” 
which refers to an individual’s ability to perform a task, from “activ-
ity,” the tasks an individual actually performs. The interpretation of 
what  a task comprises is idiosyncratic, and answers may conflate 
the respondent’s capability to do a task with whether that task is 
something that the respondent might actually do. However, self-
reported function is immediately relevant to the lived experience of 
the patient; it also is strongly associated with medical outcomes such 
as medical expenses, future disability, and mortality (2,3). A wide 
variety of potential scales and instruments measuring function have 
been poorly standardized across fields (4). The desire for more stand-
ardized measures has led to the increasing use of objective perform-
ance tests. Objective and subjective assessments have complementary 
roles and predict outcomes independently of each other.

Many simple measures, like gait speed, are highly reproducible, 
decline with age, and have been associated with multiple physio-
logic measures and health outcomes. For example, higher gait speed 
is associated with lower mortality risk: a pooled analysis across 
many cohorts showed that mortality risk decreases by 12% for 
each increase of 0.1 m/s in usual gait speed (5). Among 70-year-
old patients undergoing bypass graft or valve replacement surgery, a 

gait speed below 0.83 m/s indicates significantly higher risk for post-
operative complication (6). In the Health ABC study, the risk for 
mobility limitation increases log-linearly with decreasing gait speed 
without evidence of a threshold (7). Gait speed cut-points ranging 
from 0.6 to 1.0 m/s have been used to define increased risk for a 
variety of adverse outcomes (8,9). Gait speed has been used as an 
indicator of functional reserve by asking participants to walk at high 
speed or over long distances, as opposed to “usual” performance 
under conditions without stress. Other aspects of physical perform-
ance that predict adverse outcomes have also been studied (10).

The Short Physical Performance Battery (SPPB) assesses timed 
standing balance, timed 4 m walk at a usual pace, and time to rise 
from a chair five times, with a summary score ranging from 0 to 
12. An SPPB score of 8–12 has been associated with shorter hos-
pital stays among patients in a geriatric ward (11), and SPPB scores 
predict survival among patients receiving induction chemotherapy 
for acute myelogenous leukemia (12). In a cohort of injection drug 
users, HIV-negative users with low SPPB scores were two to three 
times more likely to die than those with higher SPPB scores and just 
as likely to die as HIV-positive users with high SPPB scores (13).

Performance measures can also be outcomes. In recent studies, 
SPPB scores were higher among hip fracture patients in comprehen-
sive care programs than among those receiving usual care (14). SPPB 
scores correlated with measures of lower and upper extremity func-
tion in patients with multiple sclerosis (15) and with 6-m walk dis-
tance among stroke survivors (16). Thus, poor physical performance 
itself can be a target for intervention and a patient centered outcome 
of treatments for chronic conditions such as congestive heart failure 
and chronic obstructive pulmonary disease.

In many clinical situations, patients cannot participate in objective 
physical assessments or provide a self-reported assessment of function. 
It is common to ask caregivers or close relatives questions regarding 
the physical abilities of such patients. The validity of proxy responses 
to these questions depends on a subject’s perceptions about a task 
(eg, degree of difficulty) is not high (17). Validity improves when 
observable behaviors like using a cane are assessed (17). More work 
is needed to clarify which tools are most appropriate for which cir-
cumstances and to standardize tools to bridge medical subspecialties.

Frailty and Resilience

Frailty, defined as a state of reduced physiologic fitness result-
ing in vulnerability to stressors (18), encompasses multimorbidity, 
functional limitation, and geriatric syndromes, thus representing a 
compendium of interacting factors contributing to poorer health 
outcomes. Frailty often serves as a surrogate for health status and 
is better than chronologic age at predicting outcomes, and has been 
used to guide treatment and screening decisions. In a Canadian care 
model, an integrated plan for treatment and follow-up for a frail 
individual is guided by a comprehensive geriatric assessment (19) 
that assesses medical, psychological, and functional capacity (20). 
France has developed frailty referral clinics from a similar frame-
work (21). Employment of such a model has been shown to improve 
mobility among home-dwelling patients older than 70  years with 
hip fractures (14). The Cochrane Library is conducting a systematic 
review of comprehensive geriatric assessments for improving out-
comes in older patients admitted for surgery (22).

Performance measures have promise for understanding resiliency 
in response to stressors. As discussed at a 2015 National Institute on 
Aging workshop (23), a stressor such as an illness or accident causes 
functional decline from an initial level to a nadir, followed by some 
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degree of recovery (Figure  1). Resilience can be considered as the 
degree and speed that patients regain baseline status following the 
stressor. Also important in this framework is the patient’s reserve, or 
the distance between initial status and the “point of no return,” and 
resistance, or how far patients fall from their initial functional state 
when exposed to a given stressor. The consideration of functional 
assessments as resilience indicators is only now receiving systematic 
attention.

Psychological resilience, or the ability to maintain positive affect 
regardless of a situation, has been associated with individual flexibility 
in neurochemical stress responses, genetic variants indirectly associated 
with exercise and physical function (24), and psychosocial mechanisms 
such as positive interpersonal relationships, stronger internal resources, 
and realistic expectations and achievable goals. Psychologically resili-
ent individuals can respond to challenges by adjusting behavior, regain-
ing equilibrium, and gaining knowledge, experience, and a stronger 
sense of well-being; they are less likely to succumb to mental or phys-
ical illness. However, the concept of psychological resilience has not 
received much attention in the medical subspecialty literature.

Subjective well-being (SWB) refers not only to generally feeling 
satisfied with life, but also to an experiential view in the context of an 
activity. The level of SWB declines later in life (25,26). Regardless of 
functional limitation, high life satisfaction has been associated with 
fewer doctor visits and higher use of preventive health care services 
(27), and fewer overnight hospitalizations (28). Individuals with dis-
abilities spend less time on work and productive activities and more 
time on passive leisure (29), and they experience increased frustration 
and decreased activity-related happiness. Some aspects of emotional 
well-being are clearly associated with physical and emotional function 
(eg, depression and gait speed), but the connection between the phys-
ical, cognitive, and emotional domains remains underdeveloped (30).

Functional Decline: Age-Associated 
Contributors, Mechanisms, and Correlates

The Aging Brain
Age-related changes in the central nervous system contribute to 
poorer physical function (31). The integrity of integrated networks 
of brain regions that regulate walking, including the hippocampus 
and fronto-parietal subcortex (32), degrades with age. On neuro-
imaging, poorer mobility is associated with lower integrity of these 

networks as illustrated by more white matter hyperintensities in con-
necting tracts, smaller volume and lower micro-structural integrity 
of the gray matter, lower functional connectivity at rest, and higher 
pre-frontal cortex activation while patients are walking (33). These 
networks also regulate cognitive function, primarily information 
processing, memory and executive control (34,35). Several reports 
correlate cognitive function, primarily in executive function, ver-
bal fluency, and memory, with impaired gait (36–38), supporting a 
relationship between cognition and walking in older adults with-
out clinically overt neurologic conditions. Studies consistently report 
that slowing gait in community-dwelling older adults precedes and 
predicts cognitive decline in general (27,39–41), and mild cognitive 
impairment (MCI) (36,42,43), Alzheimer’s disease (36,44), and vas-
cular dementia (36,39), in particular. Among older adults with nor-
mal cognition, physical task performance can deteriorate markedly 
if they are challenged by a cognitive task simultaneously. The degree 
of dual-task interference is related to the risk for falling (45). Critical 
illness is associated with cognitive impairment (46), and poorer cog-
nitive function is a risk factor for delirium, which confers a poor 
prognosis for future physical and cognitive health (47). Klepin et al. 
(12) found that poor performance on the mini-mental status exam 
predicted early mortality in patients being treated for acute myelog-
enous leukemia, but more work is needed to understand how cogni-
tive function relates to therapeutic responses and complication risks.

Sensory Impairment
Sensory loss across all five senses is strongly associated with older 
age (48). Similar to physical and cognitive functional decline, sensory 
impairment is often viewed as an inevitable consequence of aging, 
but there are strong associations with serious health outcomes such 
as disability, depression, falls and accidents, and cognitive impair-
ment (49–52). Many older adults have multiple sensory impair-
ments, and sensory loss often co-exists with other medical conditions 
(48,50,53,54). Comorbidity and sensory loss present a bidirectional 
challenge in management: comorbidities influence treatment plans 
and outcomes for sensory loss, while sensory loss affects patients’ 
ability to manage their comorbidities.

Do Biologic Hallmarks of Aging Explain the 
Utility of Functional Measures?

Functional measures might provide insight into the underlying biol-
ogy of aging and its effect on the integration of physiologic systems. 
Indeed, slow gait reflects impairment at many levels of biologic 
organization, from the cellular level to the lived experience of older 
adults (Figure 2). Hence, it provides qualitatively different informa-
tion about health than physiologic readouts of individual organ sys-
tems. The potential of new treatments targeting the biology of aging 
to improve or preserve function depends on the connection between 
aging biology and the integration of the systems that determine func-
tional abilities.

Inflammation, Physical Limitation, and Frailty
Models suggest that clinically apparent functional decline and frailty 
are driven by interacting biologic changes and environmental influ-
ence, which in turn promote aging-associated changes in physiologic 
processes (55). Among these processes is inflammation; evidence 
suggests inflammation can influence physical function, frailty risk, 
clinical outcomes, and mortality. In a recent study, IL-6 and tumor 
necrosis factor alpha (TNF-α) receptor 1 levels were almost as 

Figure  1. Framework for Functional Decline, Recovery, and Resilience. 
Following exposure to a stressor, patients decline from an initial level of 
function to a nadir, then recover. Resistance can be defined as the extent of 
functional loss to the nadir. Reserve can be defined as the distance between 
initial function and the point of no return. Resilience can be defined as the 
degree to which post-recovery function matches initial function. In some 
cases, patients can decline to a point of no return, leading to permanent 
disability or death. 
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predictive of 10-year mortality as age (56). Chronically elevated IL-6 
signaling has been associated with mitochondrial dysfunction and 
fibrotic tissue changes through angiotensin II signaling (55). TNF-
α drives further inflammatory activation and accelerates cell loss 
through apoptotic and necrotic signaling (57).

Senescent Cell Burden
Cell senescence increases with older age and may drive aging phe-
notypes such as reduced resilience and chronic disease development. 
Clearance of senescent cells enhances health span in older mice (58–
60), and inhibitors of Jak signaling, critical to the maintenance of 
senescence, blunt the senescence-associated secretory phenotype and 
appear to be beneficial even after the onset of frailty (61). Thus, senes-
cent cell burden may be a target for interventions to maintain function. 
Senolytics are drugs that reduce the accumulation of senescent cells and 
reverse senescence-associated upregulation of survival genes, and they 
appear to improve function and delay frailty in progeroid mice (58,62).

Mitochondrial Mass and Function
The effect of age on mitochondrial function, which plays a direct role 
in muscle function, is complex and poorly understood. The literature 
presents a conflicting view of age-associated changes in mitochondrial 
copy number, mitochondrial biogenesis, and mitophagy. Emerging 
evidence suggests some age-associated effects on the mitochondria. 
Within a single muscle fiber, mutations in the mitochondrial genome 
can accumulate with age (63) until they reach a phenotypic threshold 
leading to electron transport chain (ETC) deficiencies (64), trigger-
ing apoptosis and necrosis (65). Thus mutations in a single molecule 
can kill muscle fibers and contribute to sarcopenia. Stimulation of 
mitochondrial biogenesis dramatically increases the number of ETC-
deficient muscle fibers and decreases the overall number of muscle 
fibers in older rats (66). Mitochondrial unfolded protein response-
mediated activation of mitochondrial biogenesis propagates the 
accumulation of mitochondrial DNA mutations in C. elegans (67), 
and activation of AMPK contributes to mitochondrial dysfunction-
associated senescence and the accumulation of senescent cells in 
Polg-mutator mice. Thus, deficits in energy production might be an 
important cause of declining function and relate to the high rates of 
adverse outcomes in persons with declining function.

Translational Animal Models

Though imperfect, animal models of functional limitation should 
allow for the evaluation of both decline and recovery, as the mecha-
nisms governing these phases likely differ, and they should be used to 
assess function at appropriate ages. For example, the early phase of 
acute respiratory distress syndrome (ARDS) is associated with mas-
sive inflammation and muscle proteolysis, which can drive skeletal 
muscle atrophy and late-phase functional limitation (68). Almost all 
animal models of ARDS and sepsis use young mice, but the incidence 
and mortality of these syndromes increase almost exponentially with 
age, and there are marked differences when animals of different age 
are used (69–71). Development of a workable ARDS model in older 
mice has required a substantial reduction in lipopolysaccharide dose, 
versus that given to younger mice, to allow survival of a sufficient 
percentage of animals to study recovery (72).

A mouse model of health span, which integrates components 
from the motor, cognitive, vascular, inflammatory, and metabolic 
domains of health span (73–75), can be used in studies of late-life 
treatments and primary prevention. Several translatable assessments 
for health span are also available in other rodent models and in 
humans (Table 1).

Functional Limitation and Outcomes across 
Important Conditions in Older Adults

Heart Failure
Heart failure incidence increases with age, and though early data 
focused on systolic heart (pump) failure, more recent data sug-
gest the symptom complex of clinical heart failure as a composite 
of heart, lung, and muscle functions. Further, functional measures 
such as 6-min walk distance and peak VO2 on cardiopulmonary 
exercise testing strongly predict outcomes. Advanced understanding 
of physical function within the context of heart failure also illumi-
nates mechanisms related to aging. Although cardiac disease entails 
key mechanisms of pathophysiology, it overlaps with age-associated 
changes in cellular, interstitial, vascular, and skeletal muscle physi-
ology that exacerbate functional decrements (76). Contemporary 
clinical emphasis of transcatheter aortic valve replacement (TAVR) 
for older frail patients with aortic stenosis has placed greater focus 
on the interplay between aging and disease and functional metrics 
to delineate which cardiac patients will most likely benefit from the 
procedure. Gait speed stands out as a useful metric to delineate which 
older aortic stenosis patients will benefit from TAVR (77). Similar 
precepts extend to heart failure (78) and are even implicit in recent 
guidelines for managing heart failure patients in skilled nursing facili-
ties (79). The best outcomes are observed in patients who can tolerate 
rehabilitation (ie, management contingent on functional attributes), 
rather than in those who achieve cardiocentric parameters (79).

Surgery
Although physical strength usually declines gradually with increasing 
age, it declines more precipitously after surgery and is followed by a 
gradual return to baseline with some rehabilitation. A return to ADLs 
and IADLs can take as long as 3–6 months (80). In one retrospective 
cohort study, almost a third of patients showed some loss of independ-
ence, as illustrated by decreased function, decreased mobility, or new 
care needs, following discharge (81). Interest in the surgical arena has 
focused primarily on frailty, or the end result of functional limitation. 
Among non-cardiac surgery patients, frailty increases the risk for 30-day 

Figure 2. A functional measure like gait speed integrates information from 
cells to the lived patient experience. 
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complications by twofold, prolonged hospitalization by 1.49-fold, and 
discharge to an assisted care facility by 3.16-fold (82). Although the 
presence of frailty appears to improve the predictive power beyond 
traditional surgical risk measures, the value of multi-dimensional func-
tional and frailty assessments (83) need to be demonstrated to facilitate 
their introduction into the pre-operative setting (83).

Single performance measures of functional status are easier to do 
and may be just as predictive. Among patients undergoing colorectal 
or cardiac surgeries, an up-and-go time of 15 s or longer is associated 
with increased mortality, complications, readmissions, and discharge 
to nursing facilities (84). Likewise, a 5-m walking speed of 6  s or 
longer has been associated with higher all-cause 30-day mortality, 
kidney injury, deep sternal wound infection, prolonged mechanical 
ventilation, and prolonged length of stay following cardiac surgery 
(77,85). Among patients who have undergone surgery for hip frac-
ture, baseline grip strength has been associated with self-reported 
walking recovery (86), self-reported ADLs (87), and functional 
recovery and independence (88). Decreased self-reported mobility, 
as assessed by the video tool MAT-sf, has been associated with post-
operative complications, time to discharge, and discharge to nursing 
facilities, even in non-frail patients (89).

Critical Care
Critical care can be viewed in two phases: phase 1, which encom-
passes events in the intensive care unit (ICU) itself, and phase 2, 
which encompasses post-discharge sequelae. While in the ICU, 
approximately 75% of patients develop delirium, and approxi-
mately 50–60% experience muscle-nerve “decoupling” (90,91). 
Arising from the critical illness itself, ICU-acquired neuromuscu-
lar dysfunction has a substantial impact on recovery (92–94) and 
has been associated with increased short- and long-term mortality, 
increased length of stay both in the ICU and the hospital overall, an 
inability to return to work, and increased costs.

Increased understanding of phase 1 critical care has led to the devel-
opment of intense assessments within the ICU to address problems 
with over-sedation and immobility, and randomized controlled trials 
have found that phase 1 interventions reduce mortality by 15% and 
delirium by 25% (95,96). Despite the improved quality of care during 
phase 1, however, functional measures still have not been integrated 
into most ICU stays, and no long-term studies have combined cognitive 

and physical measures. In addition, the nomenclature with respect to 
ICU-acquired neuromuscular dysfunction has been disparate. Even the 
agreed-upon diagnosis, “ICU-acquired weakness,” (97) misses patients 
who show functional limitation but do not meet the established crite-
ria, which do not address muscle fatigability or ICU-acquired frailty.

The events and pathophysiology that affect phase 2 recovery and 
care are even more poorly understood. The current concept of recov-
ery time points is dictated more by paradigms of care than by the 
illness or condition. However, as illustrated by a study of hip fracture 
survivors, significant and meaningful differences in physical function 
can be evident long after rehabilitation (98). Although these later 
time points might represent an optimal time for recovery, they are 
currently ignored in clinical practice.

Health Disparities in Functional Assessment and 
Outcomes
As defined by the National Institute of Minority Health and Health 
Disparities, health disparities are unfair and avoidable (99) outcomes 
that adversely affect disparate populations (100) and are associated 
with social, economic, and environmental disadvantages. Identifying 
and addressing such disparities is important to both clinical prac-
tice and public health. As seen with the 2012 MCBS, the prevalence 
of functional limitation is higher among women, individuals older 
than 85 years, individuals from racial and ethnic minority groups, 
those with lower income, and those with less education. Black, 
Mexican American, Native Hawaiian, and Pacific Islander individu-
als are more likely to be affected by functional limitation than those 
who are White or Asian (101,102). Cognitive health, an important 
domain of overall functional status, also varies by race/ethnicity 
(103). These disparities can be apparent not only in the prevalence 
of risk factors for decline, but also in the relationship of those factors 
to the rate or overall severity of decline emphasizing the need diverse 
study populations.

Racial and ethnic cognitive disparities that appear in older age 
may reflect disadvantages across the entire life course (104) with 
differences in cognition evident at 65 years of age. However, much 
of the difference in overall function is also attributable to SES differ-
ences rather than race/ethnicity per se (105).

Sociocultural context impacts functional measures. The Nagi 
Disablement Process model suggests that disease leads to organ 
impairment, which in turn leads to functional limitation, defined as 
restrictions in basic physical and mental actions used in different situa-
tions in daily life. Functional limitation drives disability, or difficulty in 
performing activities associated with one’s social role in regular daily 
life. Thus, the disability driven by functional limitation involves an 
individual operating within a sociocultural and physical environment. 
Likewise, the International Classification of Functioning, Disability, 
and Health (ICF), adopted by the World Health Organization in the 
early 2000s, classifies health and health-related domains and includes 
environmental factors because an individual’s function and disabil-
ity occur within a context. The San Antonio Longitudinal Study of 
Aging (SALSA) Disablement Process Model links variables within the 
disease-disability pathways and the contextual, psychosocial, and life-
style modifiers to those variables (106). The model posits that racial 
and ethnic groups might differ with respect to processes underlying 
the same disease. Although race/ethnicity and SES interact in funda-
mental ways to explain observed health disparities in many of the 
leading causes of morbidity and mortality in the United States, little 
research has examined contributions to functional limitation across 
different diseases and conditions among older populations.

Table  1. Examples of Functional and Function-Supporting 
Measurements in Both Rodents and Humans

Common Functional or Biomarker Measures

Aerobic exercise capacity (VO2max)
Autonomic nervous system (HRV; SNS activity)
Body composition (lean and fat mass; bone density; DXA, CT, MRI)
Body temperature
Cardiovascular (BP; pulse wave velocity; endothelial function; 
cardiac-echocardiography)
Cognitive function (executive function; memory; etc.)
Energy expenditure (metabolic rate); physical activity
Glucose tolerance; insulin sensitivity
Inflammation/oxidative stress (superoxide production; cytokines; 
antioxidants)
Kidney function (GFR; BUN; urinary protein)
Motor/physical function (strength; endurance; balance; coordination)
Pulmonary function
“Omics” (tissue biopsies; blood cells; platelets; plasma; serum; faeces; 
saliva; etc.)
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Integrating Functional Limitation into Clinical 
Research

Successful translation of research findings to clinical practice 
depends in large part on study designs that account for the baseline 
health and functional status of treatment groups; otherwise, stud-
ies will yield incorrect answers even with statistical adjustments. 
Like SES, physical and cognitive functional status is an important 
feature of baseline risk for adverse health outcomes, including 
mortality (107,108). For example, the Model for End-stage Liver 
Disease (MELD) score, which is based on physiologic measures, 
is used to determine which patients receive a liver transplant, but 
the SPPB strongly predicts waitlist survival, particularly among the 
oldest patients, over and above MELD score (109). Yet, the SPPB 
is not used in organ allocation or formal assessment of eligibility 
on a national level. Among patients initiating dialysis, the degree 
of mortality risk associated with non-ambulatory status is equiva-
lent to that of four comorbidities (110). As an integrated measure of 
the end impact of disease, functional status cuts across diseases and 
can provide more information than laboratory markers or disease-
specific measures. Thus, all studies that rely on prognostic inference 
should include measures of functional status, and failure to do so 
should render a study of uncertain value. Despite their importance, 
the integration of functional measures into research is challenged by 
how, what, and when to measure, as well as by constraints in time, 
money, and workflow.

Integration of functional measures into research also may be 
challenged by an under appreciation of how strongly function 
may influence risk for adverse outcomes. We do not often ask how 
high a proportion of risk is actually attributable to poor function. 
Attributable risk can aid in focusing interventions and characterizing 
the public health impact of poor function, as well as in translating 
functional measures into clinical and preventive practice. A librarian-
assisted literature review shortly preceding the workshop found only 
10 publications that had explored the fraction of adverse geriatric 
outcomes attributable to function-related measures, such as demen-
tia, sarcopenia, or frailty. Attributable risk estimates assume causality. 
Few studies have intervened on functional limitation, however; thus, 
causal data are sparse and causal inferences are based on observa-
tional data. Statistical estimates of attributable risk often rely on rela-
tive risk and population estimates of prevalence for a risk factor (111). 
Methodologies to explicitly address causal effects on aging outcomes 
are needed.

NIA-supported cohort studies have collected extensive data 
on functional limitation measures; indeed, the commonly used 
frailty index was derived from one such study. In recognition of 
the research community’s need for common measures for many 
health and disease constructs, the NIH developed the NIH Toolbox 
(http://www.healthmeasures.net/explore-measurement-systems/nih-
toolbox, Table 2), a multidimensional set of royalty-free measures 
to assess cognitive, motor, sensory, and emotional function in 2 h 
or less across various study designs and settings. Four domain-level 
batteries are available in English and Spanish and normed for ages 
3–85  years. The NIH Toolbox has been built to be methodologi-
cally sound, diverse, dynamic, and adaptable to new technology, and 
minimally burdensome both to participants and investigators, and 
it uses state-of-the-art psychometric or computer-adaptive testing. 
It is not intended to substitute for individual measures investigators 
might use; rather, it is meant to enhance and add uniformity to their 
work. Frameworks within the toolbox and the overarching areas 
they include are listed in Table 2.

Discussion and Future Directions

Function, which encompasses physical, cognitive, sensory, and psy-
chosocial domains, predicts medically relevant outcomes across a 
wide range of disease contexts, independently of measures of disease 
severity and multimorbidity. Functional measures have been most 
commonly used in risk prediction, risk stratification, and treatment 
selection. However, these measures hold great promise to increase 
our understanding of stress resistance, biological age, and global 
integrated health. Functional measures tap into currently unmeas-
ured aspects of physiology reflecting their severity and interactions. 
As such, they are likely to be useful in informing the management of 
clinical care of older adults.

The workshop identified knowledge gaps and made recom-
mendations to accelerate our understanding in this area (Table 3). 
Progress in the field is slowed by the lack of agreement on which 
measures to use across clinical subspecialties. The lack of standardi-
zation impedes the ability to compare findings across subspecialties 
and slows the spread of innovation from one area of medicine to 
others. Activities geared at forming this consensus should be a high 
priority. Although workshop participants did not include representa-
tives from the fields of rehabilitative science or rehabilitative care, 
efforts to form consensus should involve both these fields. Other 
fields, such as rheumatology, orthopedics, and neurology, are equally 
important and also should be included. Bridging conceptual models 
that guide research and care focused on function and disability, such 
as the Nagi, ICF, and other models, should also be an important 
priority in achieving consensus.

The biologic/physiologic basis of the function–outcome relation-
ship is only partially understood. The workshop included several 
presentations on potential mechanisms that might explain the rela-
tionship, but much more work is needed to improve understanding 
so that these or other mechanisms might be specifically targeted for 
intervention development. For example, in the ICU, more studies of 
phase 1 interventions are needed in older adults and in conditions 

Table 2. Domain Frameworks Within the NIH Toolbox

Domain Overarching Areas within the Domain Framework

Cognition Executive function
Attention
Episodic memory
Language
Processing speed
Working memory

Motor Dexterity
Strength
Balance
Locomotion
Endurance

Sensation Vision
Audition
Gustation
Somatosensation
Vestibular
Olfaction

Emotion Psychological well-being (positive affect, life 
satisfaction, meaning, and purpose)
Social relationships (social support, companionship, 
social distress, positive social development)
Stress and self-efficacy (perceived stress, self-efficacy)
Negative affect (fear, sadness, anger)
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that represent accelerated aging, based on the potential for com-
mon biological mechanisms between ICU- and age-related loss of 
function.

The workshop considered many kinds of function. The existing 
research base rarely considers multiple functional domains at the 
same time. Moreover, sensory function and psychosocial function are 
scarcely measured at all. Research is needed to develop interventions 
that strengthen resilience at a time when resilience is low, to estab-
lish the impact of personality and genetics on resilience and determine 
how psychological resilience relates to physical resilience. In addition, 
research is needed to understand whether functional change across 
domains is independent or linked, and whether decline across differ-
ent kinds of functions might reflect a more profound “latent trait” 
that could be studied in its own right. There are large gradients in 
function by race/ethnicity and economic status with functional limi-
tations evident at earlier ages in disadvantaged groups. The basis of 
these differences needs to be better understood both as an end in itself, 
but also as a way of assessing potential drivers of functional decline. 
These gradients also suggest that the process of functional decline may 
begin early in the lifespan; these early processes also should be studied.

Work to date suggests that a performance-based measure like 
walking speed is valuable in predicting outcomes across several 
disease contexts. Indeed, several medical specialties appear to have 
adopted this measure. However, there are instances, for example in 
critical care, when performance testing is not feasible. In those cases, 
approaches that simulate or assess performance before the onset of 
critical illness are needed. It is unclear what measures beyond gait 
speed would also provide value in projecting clinical outcomes. 
Comparing the ability of measures from various domains to predict 
outcomes across common care settings would accelerate the uptake 
and understanding of the functional measures. This exercise would 
also allow the comparison of individual functional assessments 
with constructed measures like sarcopenia or frailty. One could also 
assess the feasibility of including several measures in each context 
to help balance the costs of introducing new measures against the 
knowledge gained. The settings examined should include acute care, 
routine primary care, and skilled nursing facilities.

There was consensus that any study of the current or future 
health of older persons should include functional measures, both as 
risk factors and as outcomes depending on the context in which they 
are used. The many options include both brief and in-depth meas-
ures across a variety of functional domains.

Functional measures can also provide a basis for patient-cen-
tered approaches to care. Patients want independence and improved 

quality of life; this depends primarily on functional capabilities. 
Evolving clinical practice paradigms should focus on medical inter-
ventions for this purpose. With that said, future research also should 
explore patients’ perceptions of function and be mindful of risks 
associated with those perceptions. For example, some individuals 
might resist cognitive assessments, because they fear being removed 
from their homes.

The integration of function into research and clinical practice 
across the subspecialties will require a shift from traditional medi-
cal silos to a coordinated, patient-centered approach. Standard ter-
minology, including the term “functional limitation,” and uniform 
measures are needed, along with the willingness of investigators to 
agree upon and use these measures. Translation can be improved 
by: encouraging inclusion of functional measures in animal mod-
els; establishing standardized, non-proprietary methods informed 
by clinical colleagues; and improving the ability to perform serial 
longitudinal assessments with minimally or noninvasive procedures. 
Models should be validated as they are developed to mimic the func-
tional decline seen in humans and to assess whether they can show 
meaningful changes with intervention.

This workshop identified the current lack of integration of func-
tional assessment in the electronic health record as a major impedi-
ment to progress. Physical therapy, nursing home, and home care 
settings usually generate highly structured notes that include infor-
mation from systematic assessments of functional status. However, 
function is not part of routine medical assessment in the clinic. 
Increased multidisciplinary collaboration, including access to exist-
ing data collections, is needed not only among mechanistic scientists, 
clinical scientists, and clinicians, but between these and other drivers 
of medicine, including patients, their families, care settings outside 
the clinic, and insurers.

Supplementary Material

Supplementary data are available at The Journals of Gerontology, 
Series A: Biological Sciences and Medical Sciences online.
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Table 3. Research Needs to Advance Our Understanding of the Role of Functional Assessment in Clinical Care

Research Needs 1.  Standard definitions for “impairment,” “functional limitations,” “disability,” and “dependence” to facilitate 
comparisons across specialties and national databases

2.  Purposeful study of racially, ethnically, and clinically diverse study populations incorporating standardized measures 
of socioeconomic status

3.  Attention to functional measurements across a broader segment of the lifespan
4.  Longitudinal studies to help identify physiologic impairments affecting test performance from age-related change 

including information relevant to elucidating underlying mechanisms at play (eg, mitochondrial function or 
senescent burden)

5.  Incorporation of sensory and psychosocial health measures into clinical and epidemiological research
6.  Standard incorporation of some kind of functional measures into primary and specialty care services and settings, 

clinical trials, and disease registries and other large care collaborations
7.  New studies and methods to assess attributable risk associated with functional measures
8.  Studies comparing the feasibility and value added of functional assessments across multiple domains in common 

clinical care contexts
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