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Abstract 
Background: The Pittsburgh Performance Fatigability Index (PPFI) quantifies the percent decline in cadence using accelerometry during stan-
dardized walking tasks. Although PPFI has shown strong correlations with physical performance, the developmental sample was relatively 
homogenous and small, necessitating further validation.
Methods: Participants from the Study of Muscle, Mobility and Aging (N = 805, age = 76.4 ± 5.0 years, 58% women, 85% White) wore an 
ActiGraph GT9X on the nondominant wrist during usual-paced 400 m walk. Tri-axial accelerations were analyzed to compute PPFI (higher 
score = greater fatigability). To evaluate construct and discriminant validity, Spearman correlations (rs) between PPFI and gait speed, Short 
Physical Performance Battery (SPPB), chair stand speed, leg peak power, VO2peak, perceived fatigability, and mood were examined. Sex-specific 
PPFI cut-points that optimally discriminated gait speed using classification and regression tree were then generated. Their discriminate power 
in relation to aforementioned physical performance were further evaluated.
Results: Median PPFI score was 1.4% (25th–75th percentile range: 0%–21.7%), higher among women than men (p < .001). PPFI score was 
moderate-to-strongly correlated with gait speed (rs = −0.75), SPPB score (rs = −0.38), chair stand speed (rs = −0.36), leg peak power (rs = −0.34) 
and VO2peak (rs = −0.40), and less strongly with perceived fatigability (rs = 0.28–0.29), all p < .001. PPFI score was not correlated with mood (|rs| 
< 0.08). Sex-specific PPFI cut-points (no performance fatigability: PPFI = 0%; mild performance fatigability: 0% < PPFI < 3.5% [women], 0% 
< PPFI < 5.4% [men]; moderate-to-severe performance fatigability: PPFI ≥ 3.5% [women], PPFI ≥ 5.4% [men]) discriminated physical perfor-
mance (all p < .001), adjusted for demographics and smoking status.
Conclusion: Our work underscores the utility of PPFI as a valid measure to quantify performance fatigability in future longitudinal epidemiologic 
studies and clinical/pharmaceutical trials.
Keywords: Accelerometry, Fatigue, Gait speed

Greater fatigability often co-occurs with active pathology 
(1,2), poorer energetic capacity (3,4), as well as functional 
decline and impairment (5–8), accelerating the pathway to 
disability (9) and mortality (10). Fatigability also moderates 
the effect of rehabilitation practice and physical activity inter-
ventions, especially in older adults (11). Fatigability is defined 
as an individual’s propensity to fatigue which can be mea-
sured as perception (ie, perceived fatigability) or objectively 

quantified via performance decrement during a physical task 
(ie, performance fatigability) (12–14). Although fatigability is 
highly prevalent in older adults, performance fatigability has 
been understudied, in part, due to the lack of a sensitive and 
objective measurement standardized across various walking 
task protocols (15,16). We filled this gap by developing a sen-
sitive and objective performance fatigability measure using 
accelerometry, the Pittsburgh Performance Fatigability Index 
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(PPFI), that can be applied during fast- or usual-paced 400 m 
walks (16).

In the aging literature, performance fatigability is defined 
as a decrement in performance during a standardized physi-
cal task or activity (12,13). Conceptually, PPFI quantifies the 
percentage of performance decrement during a walking task 
by comparing the area under the observed cadence-versus-
time curve to a hypothetical area that would be observed 
in the absence of fatigue (ie, sustain the maximal cadence 
during the entire walk). In our developmental sample of 
adults aged ≥60 years (N = 63), we found that higher PPFI 
scores from either fast-paced or usual-paced 400 m walks 
were associated with slower chair stand speed and 4 m 
usual gait speed, longer time to complete a 400 m walk, and 
weaker leg peak power, after adjustment for age, sex, race, 
weight, height, and smoking status (16). Interestingly, we 
also revealed women had higher PPFI scores than men did 
during the fast-paced walk, but not the usual-paced walk 
(16). However, the developmental sample consisted of rel-
atively healthy and high-functioning older adults, limiting 
generalizability.

The objectives of this study were to establish PPFI’s con-
struct validity against several physical performance measures 
(eg, gait speed), leg peak power, cardiorespiratory fitness, and 
perceived fatigability, as well as PPFI’s discriminant validity 
against depressive symptomatology and the subdomains of 
happiness, depression, restless sleep, and loneliness in a large 
population of older adults with a wide range of physical func-
tioning. Furthermore, for future research and clinical applica-
tions, we identified sex- and task-specific PPFI cut-points that 
most strongly discriminate 400 m usual gait speed. Lastly, we 
examined the discriminate power of the PPFI cut-points in 
relation to better versus worse physical performance.

Method
Study Sample
The Study of Muscle, Mobility and Aging (SOMMA) is a large 
prospective, longitudinal ongoing cohort study to understand 
how muscle changes as people age (17). A total of 879 commu-
nity-dwelling older adults (age ≥70 years) with a gait speed of 
≥0.6 m/s during a 4 m walk were enrolled between 2019 and 
2021 at 2 academic clinical centers: University of Pittsburgh 
and Wake Forest University School of Medicine. At baseline, 
participants completed a series of measures over 3 clinic visits 
that were detailed elsewhere (17). All participants provided 
written informed consent, and SOMMA was approved by the 
WIRB-Copernicus Group Institutional Review Board (WCG 
IRB) as the single IRB for all participating sites.

Pittsburgh Performance Fatigability Index (PPFI)
Participants wore an ActiGraph GT9X (Link) accelerometer 
(ActiGraph LLC, Pensacola, FL) on their nondominant wrist 
during a 400 m walk. Raw accelerometer data were collected 
at a sampling frequency of 80 Hz. Compliance and data qual-
ity were addressed via visual examination. During the walk, 
participants were instructed to complete 10 laps of 20 m one 
way in an unobstructed long corridor with traffic cones on 
both ends at their usual pace without overexerting themselves 
(18). Participants were permitted to use a straight cane during 
the walk. The time to complete the walk and split times for 
each lap were recorded in seconds. Immediately after the 
walk, participants were also asked to rate their perceived 

exertion using the Borg Rating of Perceived Exertion (RPE, 
range 6–20) (7).

Raw accelerometer data were processed in R (Version 
4.0.3) to calculate PPFI. First, we used the Adaptive Empirical 
Pattern Transformation (ADEPT) R package (Version 1.2) to 
estimate raw cadence (steps per second) (19). ADEPT detects 
and segments strides by iteratively identifying local maxima 
of correlation function between 5 predefined empirical left-
wrist worn accelerometry stride templates provided in the 
ADEPT package and the observed data. Then, we conducted 
penalized regression splines to smooth the raw cadence esti-
mates and obtain individual-level smoothed cadence trajecto-
ries. Lastly, we scored PPFI using Equation (1) by comparing 
area under the observed cadence-versus-time curve to a hypo-
thetical area that would be observed in the absence of fatigue 
(ie, if the participant sustained maximal cadence throughout 
the entire 400 m walk). We also applied individual weights 
to (a) minimize the intentional speeding up at the end due 
to one’s motivation to finish the task and (b) to emphasize 
the cadence decline that occurred at the beginning of the 
walk. Participants who completed the usual-paced 400 m 
walk within 6 minutes exhibited no performance fatigability 
during the walking task (ie, negligible decline in cadence) and 
for simplicity were categorized as PPFI = 0%.
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where AUCstart→t represents the area under the cadence-ver-
sus-time from the beginning of the walk to t = 360 seconds, 
AUCt→end represents the area under the cadence-versus-time 
from t to the end of the walk, AUCstart→end represents the area 
under the cadence-versus-time during the entire walking 
task, Cadencemax represents the maximum cadence identified 
during the entire walking task, Total represents the total time 
(in seconds) to complete the walking task.

Higher PPFI score indicated more severe performance fati-
gability. Details on the derivation of PPFI, as well as visual 
illustrations, can be found elsewhere (16). We computed PPFI 
scores for 805 participants (92% of the enrolled SOMMA 
sample; Figure 1).

Physical Performance Measures
400 m gait speed
As described earlier in the PPFI section, the same usual-paced 
400 m walk was used to calculate gait speed. The time to 
complete the 400 m walk was recorded in seconds using a 
stopwatch, then it was divided by the total distance walked 
(ie, 400 m) to obtain usual-paced gait speed (m/s).

Physical function
The Short Physical Performance Battery (SPPB), an objective 
measure of physical function, consisted of 3 components: a 
balance battery with side by side, semi-tandem, and tandem 
positions, a 4 m usual-paced walk, and 5 timed repeated chair 
stands. Each component was scored 0 (unable to complete) 
to 4 (best) and a total SPPB score was summed ranging from 
0 to 12 with higher score indicating better physical function 
(20). To gain more insights about lower-extremity function 
beyond SPPB score, chair stand speed (stands/second) was 
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further analyzed. For participants who were unable to per-
form chair stands (n = 25), their chair stand speed was set to 
5 stands per 60 seconds (= 0.08 stand per second) (21). One 
participant had missing values for chair stand speed and thus 
had a missing SPPB score as well.

Leg peak power
Leg peak power was assessed with the Keiser Pneumatic resis-
tance device (A420 model; Keiser Sports Health Equipment, 
Fresno, CA). First, to measure 1 repetition maximum (1-RM), 
participants were seated with their leg at a 90° angle and 
instructed to press their leg as fast as possible through a full 
range of motion, with a starting resistance of 40 pounds of 
force. Resistance was gradually increased until the participant 
reported a Borg RPE of ≥18. Then, after approximately 30 
minutes of no physical activity, participants started the peak 
power testing, 2 trials for each intensity (40%, 50%, 60%, 
and 70% 1-RM) with 30 seconds of rest between each trial 
at the same level of resistance and 1 minute of rest between 
each increase in resistance. Peak power was the maximum 
power from trials of 40%–70% 1-RM. Approximately 7% 
of participants (n = 56) did not complete the leg peak power 
test. Reasons for missingness included (a) equipment, sup-
ply, space problem; (b) participants unable to perform due 
to health problem/safety concern; (c) participants not eligible 
(eg, significant weakness, pain, or knee issue); (d) missing due 
to technical issues.

Cardiorespiratory fitness
Cardiopulmonary exercise testing (CPET) was used to mea-
sure cardiorespiratory fitness. After a 5-minute treadmill walk 
at participants’ preferred walking speed (Phase 1), we imple-
mented the symptom-limited peak stage (Phase 2), using a 
modified Balke protocol, where treadmill speed and incline 
were increased incrementally until the participant reported 
volitional exhaustion which was later verified by a respira-
tory exchange ratio of ≥1.05 and/or RPE of ≥15 (22). Breath-
by-breath gas consumption was captured using an Ultima 
CPX metabolic stress testing system (MGC Diagnostics, Saint 
Paul, MN). Cardiorespiratory fitness (ie, VO2peak in mL/kg/
min) was determined using BreezeSuite software as the high-
est 30-second average volume of oxygen consumption during 
the symptom-limited peak stage. A total of 51 participants 
had missing data for VO2peak. A detailed description of the 
CPET protocol and exclusion criteria can be found elsewhere 
(17,22).

Perceived Fatigability Measures
Two perceived fatigability measures were collected in 
SOMMA. One, the Pittsburgh Fatigability Scale (PFS), a val-
idated 10-item questionnaire for older adults (23,24), was 
self-administered prior to the first clinic visit. Participants 
rated (on a scale of 0–5: 0 “no fatigue” to 5 “extreme 
fatigue”) how much physical fatigue they expected or imag-
ined they would feel immediately after completing each of 
the 10 tasks/activities. Included activities represented a range 
of intensity and duration: leisurely walk for 30 minutes, 
brisk or fast walk for 1 hour, light household activity for 1 
hour, heavy gardening or outdoor work for 1 hour, watching 
television for 2 hours, sitting quietly for 1 hour, moderate- to 
high-intensity strength training for 30 minutes, participating 
in a social activity for 1 hour, hosting a social event for 1 
hour, and high-intensity activity for 30 minutes. We calcu-
lated the PFS Physical score as the sum of responses across 
the 10 items (range from 0 to 50, higher PFS score = greater 
perceived fatigability). Scores for participants (n = 13) miss-
ing 1–3 PFS items were imputed (25). Six participants had 
missing PFS Physical scores.

We also assessed perceived fatigability during Phase 3 of 
the CPET protocol (ie, RPE fatigability) (6,13). Participants 
walked on a treadmill at a standardized slow pace of 1.5 
miles per hour (0.67 m/s) at a 0% grade for 5 minutes. They 
were asked, immediately after the walk, to rate their per-
ceived exertion using the Borg RPE scale (range 6–20; eg, 
6 = no exertion at all, 9 = very light, 11 = light, 13 = some-
what hard, 20 = maximal exertion) (7). Participants (n = 34) 
had missing values for RPE fatigability because (a) slow speed 
stage was not performed due to equipment issues or safety 
concerns that presented at an earlier phase during CPET; or 
(b) test was incomplete due to medical safety concerns, pain, 
or inability to maintain the speed.

Self-Reported Mood
Self-reported depressive symptomatology and mood were 
measured using the 10-item Center for Epidemiologic 
Studies—Depression Scale (CES-D) and its subdomains of 
happiness, depression, restless sleep, and loneliness (26). 
Specifically, participants responded to the following ques-
tions from the CES-D on a scale from 0 (ie, rarely or none of 
the time, <1 day) to 3 (ie, most or all of the time, 5–7 days): 
During the past 4 weeks, “I was happy,” “I felt depressed,” 
“My sleep was restless,” and “I felt lonely.”

Potential Confounders
Age at enrollment, sex, race (White, Black, Asian, Native 
American/Alaskan Native, Native Hawaiian/Pacific Islander, 
Multiracial, Unknown), and smoking status (current/for-
mer/never, with n = 5 missing and modeled as its own group) 
were obtained from each participant using self-administered 
questionnaires. Race was binarized for analyses as follows: 
White; Black, Indigenous, and People of Color (BIPOC). 
Height (Harpenden stadiometers; Dyved UK) without shoes 
and weight (balance beam scale) with light clothing were 
assessed. Multimorbidity (yes/no) included self-reported 
physician-diagnosed hypertension, diabetes, heart disease 
(including heart attack, coronary and myocardial infarc-
tion), stroke, lung diseases (including chronic obstructive 
lung disease, chronic bronchitis, asthma, emphysema, and 
chronic obstructive pulmonary disease), osteoporosis, and 

Figure 1. Participant flowchart for study inclusion in the current analyses 
in the Study of Muscle, Mobility and Aging (SOMMA).
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arthritis. Fall history was assessed by asking participants, 
“During the past 12 months, have you fallen and landed on 
the floor or ground or fallen and hit an object like a table 
or chair.”

Statistical Analyses
Descriptive characteristics of the final analytical sample 
(N = 805) were reported as median (25th percentile, 75th 
percentile), mean ± standard deviation, or frequencies (per-
centages) in the overall sample and by sex; sample size varied 
based on missingness for the measure of interests (n = 1 SPPB 
score and chair stand speed, n = 34 leg peak power, n = 51 
VO2peak, n = 6 PFS Physical score, n = 34 RPE fatigability). 
Comparisons by sex were performed using Mann–Whitney U 
for non-normally distributed continuous variables, 2-sample 
t-tests for normally distributed continuous variables, and chi-
square tests for categorical variables. Alpha was set to 0.05 
and 2-sided p values smaller than .05 were considered signifi-
cant. All analyses were performed using R (R Foundation for 
Statistical Computing, Vienna, Austria, version 4.0.3).

To assess the construct validity of PPFI, we examined 
Spearman correlations (rs) between PPFI and physical func-
tion, leg peak power, VO2peak, and perceived fatigability 
measures. To assess the discriminant validity of PPFI, we 
examined Spearman correlations (rs) between PPFI and CES-D 
total score and its subdomains of happiness, depression, rest-
less sleep, and loneliness. The strength of correlations was 
considered as follows: rs ≥ 0.7 strong and 0.3 < rs < 0.7 mod-
erate (27). We also conducted a sensitivity analysis evaluating 
the aforementioned correlations after excluding participants 
that used a cane during the 400 m walk (n = 22). Further, we 
developed classification and regression tree (CART) models 
using the rpart package (version 4.1) to generate cut-points 
of PPFI that most strongly discriminated 400 m gait speed. 
We first grouped participants with PPFI = 0% as their own 
group. Then, we separated the remaining sample into men 
and women and randomly split them into training and testing 
sets (80% vs 20%). Using the training set, we built sex-spe-
cific trees by minimizing the least squares criterion with at 
least 10 observations in a node and performed cross-valida-
tion by further randomly partitioning the training set into 10 
equally sized mutually exclusive data sets. The final optimal 
tree was pruned to the most parsimonious tree that was within 
1 standard error of the tree with the smallest prediction error 
(ie, mean square error). Lastly, to examine the discriminant 
power of the identified PPFI cut-points (the independent vari-
able), we conducted linear regressions to obtain standardized 
beta coefficients of gait speed, SPPB score, chair stand speed, 
leg peak power, and VO2peak, adjusted for study site, age, 
sex, race, height, weight (except for the models with leg peak 
power and VO2peak), and smoking status. Adjusted means 
were calculated using generalized linear regression models 
with the same covariate adjustments.

Results
Participant Characteristics
Participants (N = 805) were 76.4 ± 5.0 years old (range: 
70–94), with 58% women and 85% White. Median PPFI 
score was 1.4% [0%, 2.9%] with a range of 0%–21.7% and 
a significant difference between women (1.7% [0%, 3.0%]) 
and men (0.8% [0%, 2.8%]; p < .001). Compared to men, 
women had slower gait speed, weaker leg peak power, lower 

VO2peak, and greater perceived fatigability for both PFS and 
RPE fatigability (all p ≤ .01; Table 1). In addition, women had 
a higher prevalence of self-reported osteoporosis and arthri-
tis (p ≤ .01), and reported more depressive symptomatology, 
whereas men had a higher prevalence of self-reported heart 
diseases (p = .02; Table 1).

Construct and Discriminant Validity of PPFI
Higher PPFI score was moderate-to-strongly correlated with 
slower gait speed (rs = −0.75), lower SPPB score (rs = −0.38), 
slower chair stand speed (rs = −0.36), weaker leg peak power 
(rs = −0.34), and poorer VO2peak (rs = −0.40), all p < .001 
(Figure 2). Higher PPFI score was less strongly correlated with 
greater perceived fatigability, rs = 0.29, for PFS Physical score 
and rs = 0.28 for RPE fatigability (Figure 2). Conversely, PPFI 
score was not correlated with CES-D total score, happiness, 
depression, restless sleep, and loneliness, all |rs| <0.08 (Figure 
2). After excluding 22 participants that used a cane during the 
400 m walk, all findings were held (data not shown).

When stratified by sex, higher PPFI score showed higher 
correlations among men than women with slower gait speed 
(rs = −0.81 vs −0.68), lower SPPB score (rs = −0.42 vs −0.34), 
slower chair stand speed (rs = −0.41 vs −0.32), weaker leg 
peak power (rs = −0.35 vs −0.30), and greater perceived fati-
gability (rs = 0.31–0.32 vs 0.22–0.23), yet not significant, 
pinteraction for sex and PPFI > 0.05 (Supplementary Figure 1). Further, 
the correlation between PPFI score and VO2peak was higher 
among women (rs = −0.41) than men (rs = −0.35), pinteraction for sex 

and PPFI > 0.05 (Supplementary Figure 1).

Identified PPFI Cut-Points and Their Discriminant 
Power
Based on the final optimal tree (Supplementary Figure 2), one 
split was identified for women and a different one for men 
among participants with PPFI > 0%. Specifically, there were 
136 (29.0%) women and 151 (44.9%) men classified as hav-
ing no performance fatigability (PPFI = 0%); 244 (52.0%) 
women and 161 (47.9%) men classified as having mild 
performance fatigability (0 < PPFI < 3.5% for women and 
0 < PPFI < 5.4% for men); and 89 (19.0%) women and 24 
(7.1%) men classified as having moderate-to-severe perfor-
mance fatigability (PPFI ≥ 3.5% for women and PPFI ≥ 5.4% 
for men). The mean gait speeds were similar by sex within the 
same PPFI severity stratum (Figure 3).

Across the PPFI severity strata, women and men classified 
as having no performance fatigability had better physical 
performance (|Standardized Beta| ranging from 0.53-1.71, all 
p < .001), compared to those with mild or moderate-to-se-
vere performance fatigability (Table S1). Additionally, the 
magnitude of associations between PPFI severity and physi-
cal performance was stronger when comparing those with no 
performance fatigability versus mild performance fatigability 
than comparing those with mild performance fatigability ver-
sus moderate-to-severe performance fatigability, particularly 
for gait speed and SPPB scores (Figure 4).

Discussion
Our findings revealed that PPFI had good construct and 
discriminant validity. PPFI score was moderate-to-strongly 
correlated with physical function, leg peak power, and cardio-
respiratory fitness, and less strongly with perceived fatigabil-
ity as perceived and performance fatigability are two distinct 

http://academic.oup.com/biomedgerontology/article-lookup/doi/10.1093/gerona/glad197#supplementary-data
http://academic.oup.com/biomedgerontology/article-lookup/doi/10.1093/gerona/glad197#supplementary-data
http://academic.oup.com/biomedgerontology/article-lookup/doi/10.1093/gerona/glad197#supplementary-data
http://academic.oup.com/biomedgerontology/article-lookup/doi/10.1093/gerona/glad197#supplementary-data
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constructs (6,14); whereas PPFI score was not correlated 
with self-reported mood, supporting discriminant validity. 
Furthermore, the identified sex- and task-specific PPFI cut-
points showed strong discriminant power with physical 
performance. Given that PPFI can be derived from various 
long-distance walking tasks (16), the CART method provided 
was used to introduce a standardized analytic approach to 
determine task-specific PPFI cut-points for future research 
and clinical applications. Our work underscores the utility 
of PPFI as a valid measure to quantify performance fatigabil-
ity in epidemiological research and clinical settings. Ongoing 
longitudinal data collection in SOMMA will allow us to eval-
uate the predictive validity of PPFI in future work.

Higher PPFI score was strongly associated with worse 
physical function, with the strongest association against gait 
speed, followed by SPPB score. These results are similar to our 
initial development work for PPFI (16) and to other studies 
with traditional performance fatigability measures (28,29). 
For instance, performance fatigability based on a usual-paced 
10-minute walk, assessed as the percentage change in average 

walking speed within the first 2.5 minutes to the average walk-
ing speed over the entire 10 minutes, showed a comparable, 
but weaker correlation with usual gait speed (r = −0.54) than 
observed in our study (rs = −0.75) (28). Another study mea-
sured performance fatigability during a usual-paced 6-minute 
walk by comparing average speed over 6 minutes to the speed 
from the first 2 minutes divided by the total distance walked 
during 6 minutes, and found that performance fatigability 
was strongly correlated with gait speed (r = −0.67) (29). It was 
expected that PPFI would have the strongest association with 
usual-paced gait speed from the 400 m walk, given that it was 
the same physical task we used to derive PPFI, whereas SPPB 
score captured physical performance more comprehensively, 
as the measurement included balance, walking, and lower-ex-
tremity strength. Together with evidence from other studies, 
performance fatigability has been established as an important 
marker of physical function decline (30,31), reflecting risk of 
subsequent disability (32), and even mortality (10).

A novel finding in this study was the significant, moder-
ate correlation between lower VO2peak and higher PPFI 

Table 1. Baseline Characteristics of the Sample (N = 805) and Stratified by Sex in the Study of Muscle, Mobility and Aging (SOMMA)*

Characteristics All (N = 805) Women (n = 469) Men (n = 336) p Value 

PPFI score 1.38 [0, 2.89] 1.72 [0, 2.97] 0.82 [0, 2.80] <.001

Age, years 76.4 ± 5.0 76.4 ± 5.0 76.3 ± 5.1 .60

Race, White 687 (85.3) 389 (82.9) 298 (88.7) .02

Height, cm 166.0 ± 9.8 159.8 ± 6.3 174.6 ± 6.9 <.001

Weight, kg 76.3 ± 15.3 70.1 ± 13.2 84.9 ± 13.8 <.001

BMI, kg/m2 27.6 ± 4.6 27.5 ± 4.9 27.9 ± 4.2 .20

Smoking status .67

  Current smoker 25 (3.1) 16 (3.4) 9 (2.7)

  Former smoker 331 (41.4) 188 (40.3) 143 (42.9)

  Never smoker 444 (55.5) 263 (56.3) 181 (54.4)

400 m gait speed, m/s 1.05 ± 0.18 1.02 ± 0.17 1.08 ± 0.17 <.001

SPPB score, 0–12 10.2 ± 1.7 10.1 ± 1.7 10.3 ± 1.8 .19

Chair stand speed, stands per second 0.4 ± 0.1 0.4 ± 0.1 0.4 ± 0.1 .33

Leg peak power, watts/kg 4.7 ± 1.7 3.9 ± 1.2 5.7 ± 1.8 <.001

VO2peak, mL/kg/min 20.2 ± 4.9 18.7 ± 4.1 22.3 ± 5.0 <.001

PFS Physical score, 0–50 15.7 ± 8.6 16.8 ± 8.4 14.2 ± 8.6 <.001

RPE fatigability, 6–20 8.4 ± 1.9 8.5 ± 1.9 8.2 ± 1.7 .01

Hypertension† 416 (51.7) 237 (50.5) 179 (53.3) .44

Diabetes‡ 125 (15.6) 64 (13.7) 61 (18.3) .08

Heart diseases‡ 56 (7.0) 24 (5.1) 32 (9.6) .02

Stroke‡ 21 (2.6) 10 (2.1) 11 (3.3) .31

Lung disease‡ 106 (13.2) 69 (14.7) 37 (11.1) .13

Osteoporosis‡ 140 (17.5) 129 (27.6) 11 (3.3) <.001

Arthritis‡ 448 (55.9) 304 (65.1) 144 (43.1) <.001

Fall history§ 223 (27.8) 142 (30.3) 81 (24.3) .06

CES-D, 0–30 4.1 ± 3.5 4.4 ± 3.5 3.7 ± 3.52 .006

Notes: All reported in median (25th percentile, 75th percentile), mean ± SD or n (%). BMI = body mass index; CES-D = Center for Epidemiologic 
Studies—Depression Scale; PFS = Pittsburgh Fatigability Scale; PPFI = Pittsburgh Performance Fatigability Index; RPE = Borg Rating of Perceived Exertion; 
SPPB = Short Physical Performance Battery.
*There were n = 1 participant missing SPPB score and chair stand speed, n = 34 participants missing leg peak power, n = 51 missing VO2peak, n = 6 missing 
PFS Physical score, n = 34 missing RPE fatigability, n = 5 participants missing smoking status.
†Hypertension was classified by systolic blood pressure ≥130 mmHg or diastolic blood pressure ≥80 mmHg.
‡Diabetes and all following health conditions were self-report of physician diagnoses. Heart disease included heart attack or myocardial infarction, heart 
failure, or atrial fibrillation. Lung diseases included chronic obstructive lung disease, chronic bronchitis, asthma, emphysema, and chronic obstructive 
pulmonary disease .
§Fall history was self-reported and asked as “During the past 12 months, have you fallen and landed on the floor or ground, or fallen and hit an object like 
a table or chair?”.



2392 Journals of Gerontology: MEDICAL SCIENCES, 2023, Vol. 78, No. 12

score. To our knowledge, only one study revealed that higher 
predicted VO2max from a 6-minute walk was significantly 
correlated with lower performance fatigability (r = −0.62) 
among a small sample of 36 women average age 60 years 
with hip osteoarthritis (33). Additionally, 2 studies found a 

significant association between VO2peak and perceived fati-
gability as measured by RPE fatigability (4,21), yet the effect 
was attenuated after adjusting for health conditions and body 
composition (4). Our findings confirmed and contributed 
additional evidence regarding the relation between VO2peak 
and performance fatigability measured with a novel objec-
tive accelerometry-based index—PPFI. Thus, exercise inter-
ventions known to improve cardiorespiratory fitness might 
be a potentially effective intervention to reduce performance 
fatigability as well.

Furthermore, we found that higher PPFI score was sig-
nificantly associated with lower leg peak power and slower 
repeated chair stand. Although no previous studies exam-
ined the association between performance fatigability and 
leg power specifically, it is physiologically and biologically 
plausible that fatigability severity would be associated with 
lower-extremity power, given that weaker power is associated 
with poorer physical performance in older adults (34,35). 
The significant associations we found between PPFI and leg 
peak power as well as chair stand corroborate the plausibility 
that slowing down during a walking task is a manifestation 
of whole-body fatigue. More importantly, older adults with 
stronger leg power tend to have more muscle mass (36) and 

Figure 2. Spearman correlations between PPFI score and SPPB 
score, chair stand speed, 400 m gait speed, leg peak power, VO2peak, 
perceived fatigability, and self-reported mood measures in the Study 
of Muscle, Mobility and Aging (SOMMA; N = 805). ***p < .001. **p < 
.01. *p < .05. There were n = 1 participant missing SPPB score and 
chair stand speed, n = 34 participants missing leg peak power, n = 51 
missing VO2peak, n = 6 missing PFS Physical scores, n = 34 missing 
RPE fatigability. PFS = Pittsburgh Fatigability Scale; PPFI = Pittsburgh 
Performance Fatigability Index; RPE = Borg Rating of Perceived Exertion; 
SPPB = Short Physical Performance Battery.

Figure 3. Identified sex- and task-specific PPFI cut-points that best 
discriminate gait speed using the classification and regression tree in 
the Study of Muscle, Mobility and Aging (SOMMA). PPFI = Pittsburgh 
Performance Fatigability Index.

Figure 4. Adjusted means of gait speed, SPPB score, chair stand speed, 
leg peak power, and VO2peak across performance fatigability severity 
based on identified PPFI cut-points in the Study of Muscle, Mobility 
and Aging (SOMMA; N = 805). Adjusted means were calculated using 
generalized linear regressions after adjusting for study site, age, sex, 
race, height, weight (except for the models with leg peak power and 
VO2peak), and smoking status. Obtained from usual-paced 400 m walk. 
There were n = 1 participant missing SPPB score and chair stand speed, 
n = 34 participants missing leg peak power, n = 51 missing VO2peak. 
PPFI = Pittsburgh Performance Fatigability Index; SPPB = Short Physical 
Performance Battery.
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better physical function (37,38) in general, thus they would 
likely have more energy reserve left after daily activities 
which could prevent them from being fatigued (9). Although 
leg peak power represents the product of muscular force 
and velocity of movement and has been linked to mobility 
impairment, it was only mildly linked to walking speed (39). 
Further, neurobiological factors also impact one’s walking 
strategy and slowing down beyond muscle-related factors like 
leg peak power (40). Collectively, this may partially explain 
the weaker association between PPFI and leg peak power 
observed in this study.

Similar to our previous findings and others examining per-
formance fatigability, PPFI score was less strongly correlated 
with perceived fatigability measures, implying a similar con-
cept but different underlying constructs between performance 
and perceived fatigability (6,14,41,42). Perceived fatigability 
is a self-reported feeling of tiredness or exertion as a function 
of the duration and intensity of physical tasks/activities (13), 
which could be influenced by ones’ physical performance, 
health conditions, mental energy, self-motivation, and other 
life stressors (12). Whereas performance fatigability is defined 
and measured as performance decrement during a standard-
ized physical activity (13), which might be less complex and 
more closely related to physical function and underlying fac-
tors contributing to physical performance (14). Better deci-
phering the differences and connections between performance 
and perceived fatigability could inform the design of person-
alized interventions aimed to reduce fatigability.

Noteworthy, we observed stronger correlations between 
PPFI score and physical performance measures (except for 
VO2peak) for men compared to women, although not statis-
tically significant. Interestingly, women had a narrower PPFI 
distribution (median: 1.72%; variance: 4.58) and no statisti-
cal difference in gait speed measured during 4 m and 400 m 
walks (1.02 m/s for both walks, p = .29), whereas men had 
a wider PPFI distribution (median: 0.82%; variance: 6.60) 
and in general walked faster during 400 m than 4 m walk 
(1.08 m/s vs 1.06 m/s, p = .02), which may suggest women 
and men used different walking strategies across the walking 
tasks in this study. Although no other studies of older adults 
have examined sex differences in performance fatigability 
when using long-distance walks, studies focusing on isometric 
contractions have found that sex differences in muscle fati-
gability are task-specific and inconsistent (43). Specifically, 
women in general exhibited less muscle fatigue during or after 
exercises like cycling and running than men (44,45), whereas 
knee extensor muscle fatigability was similar for both older 
men and women (46). Skeletal muscle physiology may be 
the primary mechanism behind these population-level obser-
vations. Some studies explained a greater loss of voluntary 
activation for men, compared to women, during isometric 
fatiguing contractions with the lower limb muscles being the 
main contributor to the sex difference (47,48). Other studies 
found that motor unit remodeling and instability of the neu-
romuscular junction were similar for women and men after 
the age of ~75–80 years old (49), as well as accumulations of 
metabolic byproducts caused by adenosine triphosphate defi-
ciency at older age (50), which may altogether lead to no sex 
differences among older adults. However, biological mecha-
nisms related to whole-body performance fatigability remain 
unknown. Given that SOMMA collected muscle biopsies, 
we plan to explore the underlying biological factors of fati-
gability in future projects in SOMMA. Other epidemiologic 

studies should also examine sex differences in performance 
fatigability to better understand its severity in older adults.

By design, PPFI overcomes many methodological issues in 
existing traditional performance fatigability measures (16). 
Most importantly, PPFI assesses performance decrement using 
the entire individual cadence trajectory during a walking task 
and does not assume when the maximal cadence occurred. 
Cadence has been identified as a proxy of gait speed (51) and 
can be reliably estimated from raw accelerometry data with-
out providing additional parameters (eg, step length). Given 
that studies have shown that step length remains relatively sta-
ble in community-dwelling older adults over an in-lab walk-
ing task, even after experimentally induced fatigue (52,53), 
PPFI should not be influenced by step length. However, fur-
ther evaluation of the application of PPFI among clinical pop-
ulations with gait abnormalities, such as Parkinson’s patients, 
is needed. Additionally, we acknowledge possible self-pacing 
bias during any usual-paced walks, especially in older adults, 
because participants may deliberately pick a slower speed to 
begin with in order to avoid fatigue instead of slowing down 
during the task because of feeling fatigued (12). To minimize 
the influence of self-pacing, PPFI includes individualized 
weights to emphasize performance decrement occurs at the 
beginning of the task. In our study, we found that PPFI score 
was significantly correlated with RPE queried at the end of 
the 400 m walk (r

s = 0.23, p < .001). Although self-pacing 
during a usual-paced walk might mask performance fatiga-
bility that would be elicited from a more strenuous task, the 
nuanced performance deterioration that PPFI captures is sug-
gestive of its potential prognostic power to identify individ-
uals with impending mobility decline for early interventions. 
Thus, PPFI could be utilized in future longitudinal epidemi-
ologic studies to understand meaningful change in perfor-
mance fatigability and clinical/pharmaceutical trials aimed at 
reducing fatigability. Collectively, PPFI score is task specific. 
Future studies extending PPFI to measure performance fatiga-
bility using other walking tasks should generate task-specific 
cut-points with our recommended approach.

Our study has some limitations and strengths. First, we did 
not collect data to examine the reliability of PPFI to minimize 
participant burden for an already lengthy study protocol of 
multiple in-person measurements, as previous studies have 
established excellent reproducibility of both time to complete 
400 m walk and ActiGraph counts (54,55). Thus, we are con-
fident that PPFI is similarly reproducible as these measures 
were used to calculate PPFI. Second, SOMMA had a large 
sample of older men and women ranging from 70 to 94 years 
old, including 23% at the oldest ages (≥80 years old). Our 
study participants also had a wide range of physical func-
tioning, indicated by gait speeds ranging from 0.55 to 1.59 
m/s. Yet, our participants were mostly White, which affects 
generalizability to other racial/ethnic populations. Third, we 
excluded participants with missingness for certain measures 
in their relevant analyses. Based on other nonmissing covari-
ates, these excluded participants in general had lower physical 
function and slower gait speed (data not shown), compared to 
participants without any missing data. Thus, we might have 
lost participants at the lower end of the distribution in terms 
of physical function who might exhibit more severe fatiga-
bility, yielding more conservative relations estimated between 
PPFI score and correlates of interests in our study.

In conclusion, PPFI has good validity while improving 
the sensitivity and objectiveness of performance fatigability 
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measured by utilizing accelerometry during a long-distance 
walk and applying individual weights to account for self-pac-
ing. Efforts to understand the longitudinal changes in perfor-
mance fatigability and its predictive value to detect mobility 
disability are warranted.

Supplementary Material
Supplementary data are available at The Journals of 
Gerontology, Series A: Biological Sciences and Medical 
Sciences online.
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