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Abstract

Background: Fatigability is a construct that measures whole-body tiredness anchored to activities of a fixed intensity and duration; little is
known about its epidemiology and heritability.

Methods: Two generations of family members enriched for exceptional longevity and their spouses were enrolled (2006-2009) in the Long
Life Family Study (LLFS). At Visit 2 (2014-2017, N = 2,355) perceived physical fatigability was measured using the 10-item self-administered
Pittsburgh Fatigability Scale (PFS), along with demographic, medical, behavioral, physical, and cognitive risk factors.

Results: Residual genetic heritability of fatigability was 0.263 (p = 6.6 x 10~) after adjustment for age, sex, and field center. PFS physical scores
(mean = SD) and higher physical fatigability prevalence (% PFS > 15) were greater with each age strata: 60—-69 (nz = 1,009, 11.0 = 7.6, 28%),
7079 (1 = 847, 12.5 = 8.1, 37%), 80-89 (1 = 253, 19.3 = 9.9, 65.2%), and 90-108 (12 = 266, 28.6 = 9.8, 89.5%), p < .0001, adjusted for
sex, field center, and family relatedness. Women had a higher prevalence of perceived physical fatigability compared to men, with the largest
difference in the 80-89 age strata, 74.8 % versus 53.5%, p < .0001. Those with greater body mass index, worse physical and cognitive function,
and lower physical activity had significantly higher perceived physical fatigability.

Conclusions: Perceived physical fatigability is highly prevalent in older adults and strongly associated with age. The family design of LLFS
allowed us to estimate the genetic heritability of perceived physical fatigability. Identifying risk factors associated with higher perceived
physical fatigability can inform the development of targeted interventions for those most at risk, including older women, older adults with
depression, and those who are less physically active.
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Fatigue is a highly prevalent symptom in the aging population and is ualized from daily activities and lifestyle, may not be accurately cap-
an important risk factor for loss of function, disability, future disease, turing symptoms and impact. This is particularly true for older adult
and mortality (1-4). However, the use of traditional fatigue scales is populations who often report lower physical activity levels than their
limited due to their broad, subjective, qualitative nature, which makes younger counterparts. Physical (whole-body) fatigability measures an
them prone to self-pacing bias (5,6). Fatigue, as a concept decontext- individual’s tiredness anchored to standardized tasks or activities (ie,
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demand) of a specific intensity and duration, which may be able to
overcome the limitations of traditional fatigue scales and better pin-
point older adults at risk for loss of function and mobility decline
(5,7). Measuring fatigability accounts for self-pacing (ie, activity ad-
justment) and may lead to comparisons that are more meaningful
between participants and across studies as well as explain the incon-
sistent relationship with fatigue measures across age (5,8-14).

To date, we know little about the epidemiology of perceived
physical fatigability and its associations with demographic and life-
style characteristics, physical and cognitive function measures, and
health and comorbidities. Emerging work indicates that slower gait
speed, a measure of physical function and an established predictor
of aging outcomes, is associated with higher physical fatigability in
older adults (15). Higher physical and mental fatigability also pre-
dicts meaningful functional decline in older adults, and higher body
mass index (BMI) and lower physical activity levels are associated
with higher physical fatigability (9,10,16-18). Expanding fatigability
research across the older adult age span is crucial for our under-
standing of its role along the disablement pathway, and identifying
risk factors in older adults that will aid in the future development
of targeted interventions and improve comparisons across cohorts.

We chose to examine the relationship between age and fatig-
ability in the Long Life Family Study (LLFS), a novel family cohort
enriched for longevity (19,20). Although this cohort overall has
better health and higher physical function compared to the general
population, the LLFS was able to provide a broad range of ages as
well as a comprehensive set of measurements to carefully examine
risk factors for fatigability. Therefore, the aims of this paper were
twofold: (i) examine the prevalence of higher perceived physical fat-
igability by age and sex and (ii) evaluate potential risk factors re-
lated to higher perceived physical fatigability across age strata. We
hypothesize that the prevalence of perceived physical fatigability will
be greater across age and higher for women than for men.

Method

Study Population

LLFS is a longitudinal cohort study conducted at three U.S. field cen-
ters (University of Pittsburgh, Boston University School of Medicine,
Columbia University Medical Center) and one in Denmark (University
of Southern Denmark) in families determined to have “exceptional
survival” by the Family Longevity Selection Score (19). From 2006
to 2009 probands, their siblings and spouse controls (7 = 1,727) and
offspring and spouse controls (1 = 3,226), were enrolled for a total
cohort size of 4,953 participants. The details of participant eligibility
and screening have been described elsewhere (20). Once enrolled, we
followed up participants on an annual basis by telephone interview
to track physical function, medical history, and vital status. A second
round of in-person examinations was conducted from 2014 to 2017.
For both examinations, if an in-person visit was not feasible, we
conducted telephone interviews and a blood or saliva sample was
obtained by an outside physician’s office or laboratory (20).

Assessment of Perceived Physical Fatigability

Perceived physical fatigability was measured using the validated self-
administered 10-item Pittsburgh Fatigability Scale (PFS) at Visit 2 (8).
The PFS evaluates both physical and mental fatigability in separate
subscales. Participants were asked to rate on a scale from 0 (no fa-
tigue) to 5 (extreme fatigue) the level of tiredness/exhaustion they
expected or imagined they would feel after completing 10 different

activities ranging in type and intensity such as watching TV for 2 h to
brisk or fast walking for 1 h (8). Responses were summed to derive a
PFS physical score ranging from 0 to 50, with higher scores indicating
greater perceived physical fatigability (8). A cut point for higher (PFS
>15) and lower (PFS <15) perceived physical fatigability was estab-
lished during the initial validation in the Baltimore Longitudinal
Study of Aging based on discrimination of objective physical perform-
ance and function outcomes, and is further detailed elsewhere (7,16).
Participants from Denmark completed the Danish translated version
of the PFS. Validation of the psychometric properties of the Danish
PFS included forward and backward translation, cross-cultural adap-
tation as well as test-retest reliability. The detailed validation of the
Danish PFS and the examination of the epidemiology of perceived
mental fatigability are beyond the scope of this paper.

Ascertainment and Measurement of Risk Factors

Age was validated using date of birth from an official document or
source such as a driver’s license or birth certificate at the baseline
visit (21). At this visit, we also collected self-reported information on
sex, race, ethnicity, and education levels (20). Self-reported marital
status was collected at in-person Visit 1 and updated at Visit 2.

Smoking status was assessed by self-reported current cigarette or
cigar smoking at Visit 2. Physical activity levels were measured using
total Metabolic Equivalent of Task (MET) hours/day for a typical day
over the past year using the Framingham Physical Activity Index at
Visit 2 (22). Standing height was measured to the nearest 0.1 cm at
Visit 2 with a Handi-stat set square (Perspective Enterprises, Portage,
MI); an average of two to four measurements was taken. At Visit 2,
weight was measured to the nearest 0.1 kg with an electronic digital
scale (SECA 841, Hanover, MD). BMI was calculated from these
measurements as weight (kg)/height (m?) (21). Average abdominal
circumference was measured twice to the nearest 0.1 cm, and if the
difference between those two measurements was greater than 1.0 cm,
two additional measurements were taken. The average of these waist
circumference measurements was calculated and used in this analysis.
Waist-to-height ratio, a predictor of intra-abdominal fat, was derived
by dividing waist circumference by average standing height (23).

Physical function at Visit 2 was assessed using questions about
ease of activities of daily living (ADLs) and instrumental activities of
daily living (IADLs), performance tests of grip strength, Short Physical
Performance Battery (SPPB) scores, and usual gait speed. ADL difficulty
was defined as self-reported difficulty with at least one of the following
three items: bathing/showering, walking up 10 steps, or getting in/out of
a bed or chair. IADL dependence was defined as self-reported inability
to perform any of the following tasks independently: using a telephone,
shopping, preparing food, doing laundry, administering medications,
going places, housekeeping, or personal finances. The SPPB, an objective
assessment of lower extremity function in older adults, consisted of
three balance tests, a 4 m walking test, and five timed chair stands and
was scored 0-12 with higher scores indicating better physical function
(24). Grip strength was assessed by taking the maximum of three trials
on the dominant hand, using an isometric dynamometer in a seated pos-
ition to the nearest 2 kg (21). Gait speed (m/s) was obtained from the
fastest of two timed 4 m (or 3 m when space was not available in the
home) walk tests administered within the SPPB.

At Visit 2, cognition was assessed using the 30-item Mini Mental
State Exam (MMSE) and the Digit Symbol Substitution Test (DSST),
two validated tests conducted as part of a larger neuropsychological
battery (25,26). These two tests represent widely used measures,
general cognition (MMSE) and psychomotor speed (DSST).
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Self-reported diagnosis of cancer (excluding skin) was collected
at Visit 1 and then updated during the annual telephone follow-ups
and again at Visit 2. Centrally trained research assistants measured
sitting blood pressure at Visit 2 using the average of three readings
from an automated blood pressure machine. Hypertension was de-
fined as systolic blood pressure 2130 mmHg and diastolic blood
press >80 mmHg; diabetes was derived according to the 2018 cri-
teria from the American Diabetes Association that uses hemoglobin
Alc as gold standard (26.5) (27). Blood samples were taken at Visit
2 after a minimum of 6 h fast, and the central laboratory at the
University of Minnesota measured blood glucose (21). Depressive
symptoms at Visit 2 were assessed using the 10-item (30 point)
Center for Epidemiologic Studies—Depression Scale (CES-D) (28).
Participants from the Denmark field center completed the entire
LLFS battery in Danish, including using validated country specific
versions of the MSSE, DSST, and CES-D.

Statistical Analysis

Of the original cohort, 2,746 participants were alive and agreed to
participate in the second in-person visit, plus an additional 160 new
family members were enrolled for a total of 2,906.

Our final analytic sample excluded participants with insuf-
ficient specific information on age (7 = 3) and those <60 years of
age (n = 306) as our fatigability outcome measure was validated
for adults 260 years old. Of the N = 2,597 Visit 2 participants aged
>60 years, # = 379 had no or incomplete PFS physical score data. To
handle incomplete PFS data, if <3 items were missing, but the related
question on whether the activity had been done in the past month
was answered, a value for the missing response was imputed (16).
Thus, the final analytic sample was N = 2,355 (n = 603 Pittsburgh,
n = 652 Boston, 1 = 468 Columbia, and # = 632 Denmark). Scores
were imputed for 137 participants.

We examined the residual genetic heritability of perceived phys-
ical fatigability using the variance component framework imple-
mented in the Sequential Oligogenic Linkage Analysis Routines
program, which estimates the effect of additive genetics adjusted for
family relatedness (29,30). Perceived physical fatigability was log-
transformed for normality prior to Sequential Oligogenic Linkage
Analysis Routines analysis. Genetic heritability was also adjusted for
age, sex, and field center.

First, our sample was classified into four age strata (60-69,
70-79, 80-89 and 90-108 years) to examine the prevalence of po-
tential risk factors by age. Next, we used generalized linear modeling
with family relatedness as repeated subject to examine differences in
PFS physical scores and higher perceived physical fatigability across
age strata and by sex, adjusted for field center. Then, to examine
potential risk factors for higher perceived physical fatigability across
age strata, we used age-stratified generalized estimating equations
with an exchangeable covariance matrix with p-values for differ-
ences accounting for family relatedness and adjusted for field center,
sex, and education (cognitive measures only). Statistical significance
was considered at p < .05 with Bonferroni correction for multiple
comparisons at p = .0024.

Finally, a generalized linear model with backward selection (p
= .15 to stay), adjusted for field center and accounting for family
relatedness, was used to assess the strongest independent risk
factors associated with higher perceived physical fatigability.
Multicollinearity was evaluated, and weight-to-height ratio, waist
circumference, and grip strength were removed due to high levels
of collinearity with other variables. We repeated this analysis by

replacing our fatigability outcome measure with a commonly used
single-item global fatigue measure, “I felt everything I did was
an effort” from the CES-D to assess the relationship between age
and fatigue after adjustment for other risk factors. For the CES-D
measure, higher fatigue was classified as those answering “some”,
“moderate”, or “most of the time” whereas those answering “rarely
or none of the time” were classified with lower fatigue. All analyses
were conducted using SAS version 9.4.

Results

Overall, the sample ranged in age from 60 to 108 years, with nearly
55% women. Participants were generally highly educated (84% with
more than a high-school education), overweight (mean BMI = 27.4 =
5.0 kg/m?), and few currently smoked (4%). On average, the cohort
was better functioning (mean SPPB 10.2 = 2.7) and nearly 94% self-
reported good or better health (Table 1). After adjustment for age, sex,
and field center, the residual genetic heritability of perceived physical
fatigability was 0.263 (p = 6.6 x 10~°). Overall, mean PFS physical
scores were 1.6-fold greater from the youngest age strata (11.0) to
the oldest age strata (28.6), p < .0001 (Figure 1). Furthermore, the
prevalence of higher perceived physical fatigability was greater with
age (Figure 2), from 27.9% in the 60-69 year old strata to 89.5% for
participants aged 90-108 (p <.0001). When stratified by sex, women
reported greater mean PFS physical scores (Figure 1). Also, a larger
proportion of women had higher perceived physical fatigability than
men in each age strata, including a 5% difference in 60-69 (p = .04),
8% difference in 70-79 (p = .02), 21% difference in 80-89 (p = .001),
and 12% difference in 90-108 (p = .0003) with p-values for sex dif-
ferences accounting for family relatedness and adjusted for field
center (Figure 2).

Supplementary Table 1 presents the evaluation of the potential
risk factors associated with higher versus lower perceived physical
fatigability, adjusted for sex, field center and accounting for family
relatedness. Higher perceived physical fatigability was associated
with being currently unmarried in the 60-69 age strata (p = .01)
and having less than a high-school education in the 70-79 strata
(p = .02). No demographic characteristics remained associated with
higher perceived physical fatigability across any age strata after
multiple-comparisons adjustment (21 tests). Across all age strata,
those with higher perceived physical fatigability had lower physical

50  mOverall OMen OWomen
g 40 - p=0.006
] '|
E 30 - p=0.002 28.6 266ﬁ
2
o a p=0.05 21.1
»n 20 p=0.002 191
a [ ‘ 73
c 125 12 13.1
g 1 404 17
= 10+
0
60-69 70-79 80-89 90-108

Age Strata, years

Figure 1. Mean Pittsburgh Fatigability Scale physical scores by age strata and
sex in the Long Life Family Study. 2p-values between sex are adjusted for
field center and account for family relatedness.
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Figure 2. Prevalence (%) of higher perceived physical fatigability by age
strata and sex in the Long Life Family Study. Note: Higher perceived physical
fatigability defined as Pittsburgh Fatigability Scale score >15; 2p-values
between sex are adjusted for field center and account for family relatedness.

activity scores (p < .002). Furthermore, those with higher perceived
physical fatigability had greater BMI, waist circumference, and
waist-to-height ratio, but only in the two youngest age strata (p <
.0001) after adjustment for multiple comparisons.

In adjusted analyses, those with higher perceived physical fatig-
ability had worse SPPB scores, slower gait speed, and more ADL dif-
ficulty in every age strata (p < .0001 for all). Additionally, those with
higher perceived physical fatigability also had worse grip strength
in the 80-89 strata only, and IADL dependence in some (70-79 and
90-108), but not all, age strata (Supplementary Table 1).

MMSE scores were lower among those with higher perceived
fatigability in the 70-79 (p = .002), 80-89 (p = .05), and 90-108
(p = .001) age strata, but no difference was found among higher
and lower fatigability in the youngest age strata. Higher perceived
physical fatigability was also associated with lower DSST scores in
the three younger strata, but the oldest strata did not have a large
enough sample to model these data (Supplementary Table 1).

Depressive symptomatology was low overall, but those with
higher perceived physical fatigability had consistently significantly
higher depression symptoms in all age strata. Those self-reporting
fair or poor health had higher perceived physical fatigability in
the 60-69 and 70-79 age strata. Hypertension was not associated
with having higher perceived physical fatigability across age strata.
Participants with higher perceived physical fatigability had greater
prevalence of diabetes, and higher mean fasting glucose only in the
age strata under 80 years old (p < .02). Although those with higher
perceived physical fatigability had greater cancer rates, we found no
significant differences across age strata (Supplementary Table 1).

The multivariable analysis (Table 2) identified the following risk
factors that remained associated with higher perceived physical fat-
igability: older age (p = .001), being a women (p = .0004), having
greater depressive symptoms (p < .0001), higher BMI (p < .0001),
lower physical activity (p < .0001), having difficulty with ADLs
(p < .0001), slower gait speed (p = .02), worse physical function
(p = .03), and lower digit symbol substation test scores (p = .04).
The multivariable model with global fatigue as the outcome
(Supplementary Table 2) did not have age and sex remain in the
model as risk factors associated with higher fatigue. Furthermore,
there were no sex differences across the age strata for the single-item

Table 2. Multivariable Analysis to Examine Potential Risk Factors
of Higher Perceived Physical Fatigability Using the Pittsburgh
Fatigability Scale: The Long Life Family Study

f coefficient® p-value

Demographic

Age, years 0.04 .005

Sex, women 0.27 .0004
Lifestyle and anthropometric

Total MET hours per day -0.07 <.0001

Body mass index, kg/m? 0.11 <.0001
Physical function

ADL difficulty 0.84 <.0001

SPPB score, 0-12 -0.14 .03

Usual gait speed, m/s -1.06 .02
Cognitive function

Digit symbol substitution -0.02 .04

score, 0-100
Health conditions

Depressive symptoms 0.13 <.0001

(CES-D) score, 0-30

Note: ADL = activities of daily living; CES-D = Center for Epidemiologic
Studies—Depression Scale score; MET = Metabolic Equivalent of Tasks from
the Framingham Physical Activity Index; SPPB = Short Physical Performance
Battery score.

“Model adjusted for field center and account for family relatedness.

CES-D measure of global fatigue, except for a trend toward signifi-
cance in the 80-89 age strata (Supplementary Figure 1).

Discussion

The results of this cross-sectional analysis of the LLFS cohort sug-
gest that higher perceived physical fatigability is more prevalent
for women than men, greater across older age strata, and asso-
ciated with lower levels of physical activity, health conditions,
and several measures of physical and cognitive function. Despite
LLFS being a healthier cohort enriched for exceptional longevity,
the prevalence of higher perceived physical fatigability was con-
siderable at 42% overall for those age 60-108 years, and ranged
from 28% for those 60-69 years to nearly 90% for those age
90-108 years. In a nationally representative birth cohort from the
United Kingdom, Cooper and colleagues (16) reported prevalence
rates of higher perceived physical fatigability of 49.4% and 37%
for women and men, respectively, at age 68, slightly higher, but
overall consistent with our 60-69 and 70-79 age strata of older
adults enriched for longevity.

Our sensitivity analyses with a single-item global fatigue measure
as the outcome in the multivariable model in place of perceived
physical fatigability failed to detect an age association similarly to
several other studies with global fatigue outcomes (12,14,31-36).
Furthermore, the global fatigue measure in this study showed lower
prevalence rates (by about one-third) across age strata compared
with the strong stepwise associations seen with higher perceived
physical fatigability. The marked differences in findings corroborate
the hypothesis that, due to self-pacing, general measures of fatigue
may not be sensitive enough to capture the relationship between age
and the impact of fatigue (37). Thus, measuring perceived physical
fatigability, specifically with the PFS instead of with a single-item fa-
tigue measure allowed us to better assess the degree to which older
adults were physically limited due to tiredness (5,8,37).
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Additionally, unlike our global fatigue measure, women, as
expected, had higher PFS physical scores and a greater preva-
lence of higher perceived physical fatigability compared to men.
This corroborates and extends findings from several studies that
have identified higher prevalence and severity of fatigue in women
(12,13,36,38-41). Several hypotheses exist to explain this sex dif-
ference, namely that endocrine, stress-related, and socio-contextual
factors may account for this disparity (42,43). Women are affected
by disability-related health outcomes in late life at higher rates than
men (44). This disproportionate burden of disability on women
coupled with longer lifespan, may also account for differences in
fatigability status by sex (45). Future research will focus on the eti-
ology of higher perceived physical fatigability to understand the
greater risk in women.

All measures of physical function included in these analyses
were significantly associated with higher perceived physical fat-
igability. SPPB, ADL difficulty, IADL dependence, and gait speed
had particularly strong relationships with fatigability across all age
strata. Previous research has linked fatigability to gait speed and
other objective measures of physical function, but ours is the first
to identify ADL difficulty and IADL dependence as significant pre-
dictors of higher perceived physical fatigability in older adults. Our
findings concur with the existing fatigability research that has iden-
tified a cross-sectional association between fatigability and func-
tion (6,13). Our findings also support new research showing that
the PFS is sensitive to change and can predict subsequent decline in
physical function (10).

Worse cognitive functioning was associated with higher per-
ceived physical fatigability in this cohort. Specifically, our findings
for the MSSE scores are similar to data from the oldest partici-
pants (age 85 years) in the Jerusalem Longitudinal Cohort Study
(13). Lower DSST was significantly associated with higher perceived
physical fatigability in the two youngest age strata. Psychomotor
speed, measured by the DSST, captures the relationship between
physical movement and conscious cognitive processing, and has pre-
viously been associated with two established correlates of physical
fatigability: gait speed and physical activity (46,47). Therefore, al-
though the exact nature of this association is not well-understood, it
is likely that a relationship exists between worse cognitive function
and higher perceived physical fatigability.

Overall, the 80-89 and 90-108 age strata yielded fewer signifi-
cant relationships with higher perceived physical fatigability than
the younger age strata. This may be indicative of a change in etiology
of fatigability with aging—perhaps it becomes more idiopathic with
age, and previously protective factors have a smaller effect—but it
may also be a result of some of the study’s limitations. The 80-89
and 90-108 age strata had much smaller sample sizes than either the
60-69 or 70-79 age strata, with only 28 participants meeting the
lower perceived physical fatigability criteria in the oldest strata. We
also cannot rule out a cohort effect, as the oldest people are from
the proband generation whereas most of the younger participants
come from the offspring generation. Additionally, bias due to the
LLFS cohort being enriched for exceptional survival coupled with
a healthy survivor effect may have an impact on our findings in the
>80 year-old participants.

Due to the family study design of the LLFS, we were also able
to estimate the contribution of genetics by measuring the herit-
ability of perceived physical fatigability in older adults. We found
that 26.3% of the variation in perceived physical fatigability in this
cohort could be attributed to additive genetic factors, indicating
moderate heritability in this population. Thus, there appears to be

significant genetic contributions to perceived physical fatigability
in older adults, which is independent of the effects of age and sex.
This is in agreement with the fatigue literature in a large cohort in
the United Kingdom, which reported significant SNP-based herit-
ability estimates for tiredness in women and men (48) and with a
measure of fatigue in a smaller cohort of twins in Australia (49).
The current results on perceived physical fatigability add to the
evidence that an underlying genetic etiology of the body’s predis-
position to fatigue exists rather than being solely due to one’s per-
ception of tiredness or ability to self-pace. As this work shows,
fatigability is a multifaceted construct and correlated with many
demographic, physiological, and functional characteristics, and
some of these factors may potentially share genetic overlap (48).
Future research in the LLFS cohort will include whole-genome
linkage and genome-wide association testing to understand the eti-
ology of perceived physical fatigability.

A few general limitations of this study exist. Since these
analyses are cross-sectional, we are unable to assess the causal
direction of the relationships with higher perceived physical fat-
igability. The LLFS is comprised almost entirely of white families,
and is a cohort enriched for exceptional longevity, so these results
may not be widely generalizable. Our sample is healthier than
the average population, which may limit our power in detecting
differences for diseases such as cancer that have been shown to
be associated with fatigability in a recent study (50). Strengths of
this study include the large sample size of the LLFS, particularly
in the oldest age strata. Use of the PFS, a validated measure of
perceived physical fatigability, allowed us to examine this novel
trait in a large cohort across a wide age range of older adults.
Although other epidemiological studies have examined the cor-
relates of fatigue in older adults, we are the first to present a
cross-sectional analysis of the risk factors associated with higher
perceived physical fatigability.

In conclusion, perceived physical fatigability is highly prevalent
in older adults, particularly women, and strongly associated with
age, physical and cognitive function, physical activity, and a number
of health conditions. The identification of risk factors associated
with higher perceived physical fatigability can inform the develop-
ment of targeted interventions for those most at risk for higher fat-
igability, including older women, older adults with depression, and
those who are less physically active. Future research should aim to
examine perceived physical fatigability prospectively in order to de-
termine whether fatigability is a cause or consequence of declining
physical function.
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