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Abstract

The inability of older adults to maintain independence is a consequence of sarcopenia and frailty. In order to identify the molecular mechanisms 
responsible for decreased physical function, it will be critical to utilize a small animal model. The main purpose of this study was to develop a 
composite Comprehensive Functional Assessment Battery (CFAB) of well-validated tests to determine physical function and exercise capacity in 3 
age groups of male C57BL/6 mice (6 months old, n = 29; 24 months old, n = 24; 28+ months old, n = 28). To measure physical function in mice, we 
used rotarod (overall motor function), grip meter (forelimb strength), treadmill (endurance), inverted cling (strength/endurance), voluntary wheel 
running (volitional exercise and activity rate), and muscle performance with in vivo contractile physiology (dorsiflexor torque). We hypothesized that 
CFAB would be a valid means to assess the physical function of a given mouse across the life span. In addition, we proposed that CFAB could be 
used to determine relationships between different parameters associated with sarcopenia. We found that there was an overall age-related significant 
decline (p < .05) in all measurements, and the CFAB score demonstrated that some individual mice (the upper quartile) retained the functional 
capacity of average mice 1 cohort younger. We conclude that the CFAB is a powerful, repeatable, and noninvasive tool to assess and compare physical 
function and assess complex motor task ability in mice, which will enable researchers to easily track performance at the individual mouse level.
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The loss of physical function and exercise capacity that accompanies 
advanced age is highly significant, because many quality of life and 
health issues vitally depend upon maintaining mobility, strength, and 
endurance (1–3). Neuromuscular functional decline predates diseases 
such as sarcopenia and frailty, but there is potential for slowing the 
rate of decline using various modes of exercise (4–6). However, often 
exercise intolerance or disability can partly restrict exercise partici-
pation in exactly the population that needs it the most. Therefore, 
we need to examine the molecular mechanisms underlying both how 
age negatively affects the neuromuscular system and how therapies 
attenuate this loss. Animal models of exercise and functional ability 
are critical to developing novel therapeutic targets.

Our primary purpose was to validate a composite scoring system, 
using a repeatable, noninvasive methodology, that would enable a 
single number to describe the physical function capability of a given 

mouse. This scoring system, Comprehensive Functional Assessment 
Battery (CFAB), enables powerful comparisons, within and between 
groups, of functional status at the individual level. This system is an 
evolutionary successor to our earlier work (5,7). Our secondary pur-
pose was to evaluate how the CFAB determinants were associated with 
one another and with other measurements of age-related muscular de-
cline (loss of muscle mass and strength). We hypothesized that some 
mice at older ages would retain relatively high levels of function similar 
to mice at younger ages. We further hypothesized that the CFAB system 
would prove to be a valuable resource by which to improve statistical 
power to detect differences compared to the individual tests alone.

To accomplish our primary aim to produce CFAB, we used val-
idated noninvasive and repeatable determinants: treadmill, volun-
tary wheel running (VWR), grip strength, inverted cling, and rotarod 
(5,7–10). We tested 3 age groups of male C57BL/6 mice (6, 24, 
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and 28+ months of age). We then converted the individual deter-
minants to the composite score CFAB. Overall, there was a signifi-
cant age-related functional decline (p < .05) in the individual tests. 
The CFAB score demonstrated declining function over the life span, 
with the relative preservation of the upper quartile in both older 
groups. In addition, as is typical with sarcopenia, the older mice lost 
muscle mass and strength (measured with in vitro/ex vivo and in 
vivo contractile physiology) We concluded that CFAB was an excel-
lent tool to improve the power of detection and will enable future 
work to more readily evaluate therapeutic efficacy regarding phys-
ical function status.

Method

Mice
C57BL/6 male mice of 3 different ages (n = 29, n = 24, and n = 28 
at 6, 24, and 28+ months of age, respectively) were obtained from 
the National Institutes of Health/National Institute on Aging Aging 
Rodent Colony. Mice were treated humanely under approved  
Institutional Animal Care and Use Committee (IACUC) protocols. 
The mice were group-housed in 12-hour:12-hour light/dark cycle at 
22°C and fed/watered ad libitum.

Functional Tests
For CFAB determination, we used Treadmill (endurance capacity), 
Grip Test (forelimb strength), Inverted Cling (four limb strength/
endurance), Rotarod (balance, coordination, gait speed, power gen-
eration), and VWR (volitional exercise capacity and activity rate). 
A  brief description of each procedure is given in Supplementary 
Material and details were previously published (5,7–10).

Comprehensive Functional Assessment Battery
Similar to previously described (5), the data from individual func-
tional tests (rotarod, grip test, treadmill, inverted cling, and VWR) 
were converted into the CFAB composite score. Using the 6-month-
old mice as the reference group, the test values of the 3 age groups 
were standardized (distance of each individual mouse’s score from 
the mean 6-month value in units of the 6-month group standard 
deviation, SD). The standardized scores were summed into the 
single CFAB score, (units of total SD) representing a single number 
encompassing total physical functional ability. The inverted cling test 
data violated some assumptions of normality (Supplementary Table 
1) and were transformed using log10.

Other Methods (Not Part of CFAB, Used to 
Document Sarcopenia)
In vitro and in vivo muscle contractile physiology
A subset of mice was tested for dorsiflexor (primarily TA or tibi-
alis anterior) torque output (using in vivo contractile physiology) 
and the force/specific force (in vitro contractile physiology) of the 
EDL (extensor digitorum longus) and soleus (SOL) muscles of the 
mice. These test methods have been previously published (5–9). 
Physiological cross-sectional area (PCSA) was derived as previously 
established (5). See Supplementary Material for further details about 
the methodology.

Body and muscle mass
The mice were weighed to determine body mass during the CFAB 
procedure. At the time of tissue collection, muscles were blotted dry 

and weighed. We use a total muscle mass (sum of the muscle masses) 
to correlate physical function with muscle size. These measurements 
were not included in the CFAB score but are presented to help docu-
ment sarcopenia.

Statistics
We report the mean ± standard error (SE) of the mean, unless 
otherwise noted. Statistical significance was p < .05, and trends 
reported where .05 < p < .10. Skew, kurtosis, and the Shapiro–
Wilk test for the CFAB determinants are given in Supplementary 
Table 1, with few determinants (inverted cling being an excep-
tion) exhibiting excessive deviation from normality (skew <2.0 
in most cases, and Shapiro–Wilk test is negative) (11–13). We 
transformed the inverted cling data using a log10 transformation, 
using the transformed values in CFAB. Analysis of covariance, 
adjusted for body mass, detected mean differences in CFAB com-
ponents, and one-way analysis of variance for ex vivo and in 
vivo physiology, and mass. Post hoc analysis showed the least 
significant differences. In regression analysis, we report correl-
ations as strong if R > 0.7, moderate if 0.50 < R < 0.75, slight 
if 0.25 < R < 0.50, and no relationship if R < 0.25. Effect sizes 
(14,15) and power analyses are given in Supplementary Material. 
Statistical analysis was performed using SPSS v24 and v26 (IBM) 
and GPower (16,17).

Results

Physical Function Tests That Comprise CFAB
Rotarod (balance, coordination, gait speed, and power 
generation)
The 6-month-old mice mean was 124.0 ± 5.3 seconds latency to fall, 
with 24-months-old (88.4 ± 6.1 s) 28% lower than the 6-months-
old (p < .001). The 28+-months-old mice (76.4 ± 3.6) ran 39% less 
than 6-months-old mice (p < .001) and tended to run 14% less than 
24-months-old (p = .092; Figure 1A).

Grip test (forelimb strength)
The 6-month-old mice mean was 1.4 ± 0.1 N, with 24-months-old  
(1.1  ± 0.2 N) 20% weaker than 6  months old (p < .001). The 
28+-month-old mice (1.1 ± 0.0 N) were 25% weaker than 6-months-
old (p < .001), but similar to 24-months-old (−7% numerically, but 
p = .163; Figure 1B).

Treadmill (endurance capacity)
The 6-month-old mice mean was 319.8  ± 23.7 seconds, with 
24-month-old (350.7  ± 25.9  s) and 6-month-old mice having no 
significant difference (10% numeric difference, but p  =  .382). 
However, 28+-month-old mice (232.3  ± 25.1  s) were 27% lower 
than 6-month-old (p  =  .014) and 34% lower than 24-month-old 
mice (p = .003; Figure 1C).

Inverted cling (four limb strength/endurance)
The mean of the 6-month group was 183.17 ± 17.86 seconds la-
tency to fall, with 24-month-old mice (115.0 ± 14.6 s) 37% lower 
(p = .006; Figure 1D). The 28+-month-old mice (87.3 ± 17.4 s) held 
on 52% less than 6-month-old mice (p < .001), but did not sig-
nificantly differ from 24-month-old mice (numerically −24%, but 
nonsignificant at p = .285). Because the inverted cling test data vio-
lated some assumptions of normality (Supplementary Table 1), the 
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log10 transformation was used to compare the data (Figure 1E) and 
to construct CFAB. The log10 6-month-old mice mean was 1.97 ± 
0.06 log10 seconds latency to fall. The log10 24-month-old mice 
(1.97 ± 0.06) was 11% lower (p = .001) than the 6-month-old mice. 
The 28+-month-old mice (1.75 ± 0.09 log10 s) held on for a 20.9% 
shorter time than 6-month-old mice (p < .001) and were 11.1% 
lower (p = .043) than 24-month-old mice, on the log10 scale.

VWR (activity rate and volitional exercise capacity)
The 6-month-old mice mean was 1.37 ± 0.18 km/day. The 24-month-
old mice (0.38 ± 0.05 km/day) ran 72% less than the 6-month-old 
mice (p < .001). The 28+-month-old mice (0.25  ± 0.05 km/day) 
tended to run 34% less than 24-month-old mice (p = .080) and 82% 
less distance than the 6-month-old mice (p < .001; Figure 1F).

Comprehensive Functional Assessment Battery
The composite CFAB score comprises the sum of the standardized 
scores (6-month group as the reference) from the rotarod, grip test, 
treadmill, inverted cling (log10 transformation applied), and VWR 
functional tests. In Figure 2, the 24-month-old mice (n = 24; −3.84 ± 
0.11) were below (p < .001) the 6-month old (n = 29) mean CFAB 
score (−0.06 ± 0.44). The 28+-month-old (n = 24) mice (−5.74 ± 0.35) 
were below both the mean 6-month-old mice score (p < .001) and the 
24-month-old mice (p = .002). Supplementary Figure 1A demonstrates 
that the 24-month upper quartile (top 25%) is functionally similar to 

Figure 1. Functional tests: (A) rotarod performance, (B) grip strength, (C) 
treadmill, (D) inverted cling, (E) inverted cling (log10 transformation), and (F) 
voluntary wheel running. Key: Different letters indicate a significant difference 
(p < .05) between groups (from analysis of covariance adjusted for body mass 
and using least significant difference post hoc test). Each symbol (squares 
for mice 6  months old, diamonds for 24  months old, and circles for 28+ 
months old) indicates the test score for an individual mouse. The rectangles 
with error symbols (±SEM) in each grouping of ages indicate the mean 
value for that group. m = months; SEM = standard error of measurement.

Figure 2. (A) Comprehensive Functional Assessment Battery (CFAB), (B) 
regression of sarcopenia outcome, total muscle mass versus CFAB, and 
(C) dorsiflexor torque versus CFAB. Key: (A) Different letters indicate a 
significant difference (p < .05) between groups (from analysis of covariance 
adjusted for body mass and using least significant difference post hoc test). 
Each symbol (squares for mice 6 months old, diamonds for 24 months old, 
and circles for 28+ months old) indicates the test score for an individual 
mouse. The rectangles with error symbols (±SEM) in each grouping of 
ages indicate the mean value for that group. (B and C) Total mass (mg) is 
the sum of the mass of the plantaris, soleus, extensor digitorum longus, 
tibialis anterior, and gastrocnemius muscles. gbm  =  grams body mass; 
km  =  kilometers; mg  =  milligrams; mN  =  millinewtons; SD  =  standard 
deviation; SEM = standard error of measurement. Each symbol equals the 
regression of the scores of an individual mouse. Dashed line and equation 
equal the simple linear regression of the combination of all 3 groups.
Full color version is available within the online issue.

Full color version is available within the online issue.
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the average 6 months and Supplementary Figure 1B illustrates that 
the 28+ months upper quartile is indistinguishable from the mean of 
24 months. Thus, the highest functioning subpopulation in both older 
groups are equivalent in function to the average younger mouse.

Other Tests Not Part of CFAB
Body and muscle mass
The mean body mass (Supplementary Figure 2A) of the 6-month-old 
(30.96 ± 0.55 g) and 28+-month-old (31.28 ± 0.63 g) mice was not 
different (p > .100), but the 24-month-old mice (33.65  ± 0.10  g) 
were 9% heavier than the 6-month-old mice (p < .001) and 7% 
heavier than the 28+-month-old mice (p = .008). There was overall 
significant muscle mass reduction with age (Supplementary Figure 
2B–F). Compared to the 6-month-old mice (171.90 ± 5.48 mg), the 
hearts of older mice (24-month old 209.10 ± 6.46 mg, +21.6%; 28+-
month old 193.70 ± 6.81 mg, +12.7%) were heavier (p < .050, data 
not shown).

Contractile Physiology (Muscle Performance)
Ex vivo contractile physiology
The 24-month EDL (−32.6%, p =  .003) and SOL (−37.2%, p < 
.001) maximum isometric force (P0) was lower compared to the 
6 months. The 28+-month EDL (25%, p = .005) and SOL (−37%, 
p < .001) P0 was also lower compared to the 6 months. Soleus P0 
(−16.5%, p = .020) was lower in the 28+-month group compared to 
the 24-month group, though EDL did not change between 24 and 
28+ months. Soleus PCSA was lower in both 24 (−15%, p = .040) 
and 28+-months (−14,%, p = .013) compared to the 6-months, but 
EDL PCSA was lower only in 28+-months (−23%, p < .001), al-
though there was a tendency for the 24-month EDL to be smaller 
than the 6-months (−13%, p =  .060) and the 28+-months to be 
smaller than the old (−11%, p =  .099). Maximum specific force 
(P0/PCSA) in EDL (−26%, p =  .036) and SOL (−10%, p =  .025 
with outlier removed) was lower in 24-months versus 6-months, 
indicating that the changes in P0 were due to both atrophy and 
muscle quality degradation. Interestingly, only the SOL-specific 
force was statistically lower in the 28+-months (−26%, p < .001) 
compared to the 6-months in this cohort subgroup (Supplementary 
Figure 3A–F). Supplementary Table 2 outlines the subgroup data 
for in vitro contractile physiology.

In vivo contractile physiology (dorsiflexor torque)
The 6-month-old mice (mean dorsiflexor torque = 0.333 ± 0.011 mN 
× m/gbm [grams body mass]) were stronger than both the 24-months 
(0.269  ± 0.003 mN × m/gbm, −19%, p < .001) and 28+-months 
(0.284±0.009 mN × m/gbm, −15%, p < .001). The 28+-month-old 
mice were 15% lower than 6-month-old mice (p < .001) but similar 
to 24-month-old mice (p > .10; Supplementary Figure 4).

Correlations and Regressions
We examined the relations between the variables with regres-
sion analysis (see Supplementary Material for details). Using the 
combined set of all mice of the 3 ages, we examined the relation-
ship between the determinants of CFAB using linear regression 
(Supplementary Figures 5–7) and determined that there was no col-
linearity in the 5 determinants of the CFAB score. Supplementary 
Table 3 also illustrates the relationships of the determinants by age 
group. We also examined the relationship between CFAB and 2 de-
terminants of sarcopenia (muscle mass and strength): total muscle 
mass (R  =  0.671) and dorsiflexor torque (R  =  0.545; Figure  2B 

and C). Dorsiflexor torque output was moderately correlated 
with total muscle mass (R = 0.600; Supplementary Figure 8). We 
determined how much physical function loss is associated with 
sarcopenia: notably 43.5% of variance. Furthermore, we deter-
mined that CFAB is predictive of age group based on logistical 
regression.

Power Analyses and Effect Sizes
In Supplementary Material, we detail the effect sizes (ES) of our 
CFAB determinants (VWR, rotarod, grip test, treadmill, and in-
verted cling) and power analyses of the data from the 6-month-old 
and 28+-month-old groups. In brief, we determined that overall in a 
power analysis of an independent t-test, CFAB produces a higher ef-
fect size with smaller number of animals with increased power com-
pared to the individual determinants alone (VWR [n = 8, ES 1.52, 
actual power = 0.81], rotarod [n = 5, ES 2.05, actual power = 0.81], 
grip test [n = 8, ES 1.55, actual power = 0.82], treadmill [n = 36, ES 
0.68, actual power = 0.81], inverted cling [n = 18, ES 0.97, actual 
power = 0.80], and CFAB [n = 5, ES 2.28, actual power = 0.88]). This 
indicates that CFAB is a successful composite scoring system that 
improves detectability of changes.

Discussion

The primary purpose of this study was to create a composite scoring 
system, CFAB, that would encompass the overall physical function 
of a mouse at a given point in time. Therefore, by basing this test 
on repeatable and noninvasive measurements, researchers can use 
CFAB in longitudinal or intervention studies, to investigate for ex-
ample how exercise or pharmaceuticals affect age-related neuromus-
cular decline. Other potential uses include assessing the functional 
phenotype of transgenic mice to determine the physiological rele-
vance of a gene, protein, or signaling pathway.

As expected, physical function declined overall with age in 
our mice. Previous work by our group and many others has also 
shown age-related muscle and functional decline (4,5,7,8,18–20). 
In prior studies, we created composite scoring systems to measure 
neuromuscular decline (the Neuromuscular Healthspan Scoring 
System [NMHSS]) and to detect changes in frailty status (the Frailty 
Intervention Assessment Value [FIAV]) (5,7,21). The NMHSS used 
multiple linear regression modeling to account for variability in 
the component measurements and vastly increased power of de-
tection while simultaneously reducing the number of mice needed 
to reach 80% power, but utilized EDL in vitro contractile physi-
ology (a complex terminal invasive procedure) limiting application 
and adoption (7). CFAB is loosely based upon the FIAV, which was 
designed to detect changes in frailty status, based on the reverse 
translation of the Fried Frailty Phenotype (5,6,18). The FIAV es-
sentially uses a system similar to what we have described in CFAB 
(albeit with fewer unique tests) with one test before the interven-
tion and a second test after, the difference between the two being 
the change attributed to the intervention. We believe that CFAB 
could be used longitudinally or as a within-group repeated meas-
urement in the same manner and will test that hypothesis in future 
work, because, of course, the current study is cross-sectional. In 
Supplementary Material, we discuss in detail the relationship be-
tween CFAB, frailty, FIAV, and the NMHSS (Supplementary Tables 
4 and 5). The CFAB scoring system is an evolutionary successor to 
these previous systems that we believe will serve as a valuable tool 
for future physiological investigation.
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Functional Testing, CFAB, Sarcopenia, and Muscle 
Weakness
Sarcopenia leads to loss of physical function, muscle performance, 
and weakness (6,8,18,22). By examining the relationship between 
CFAB (physical function status) and muscle size/strength (total 
muscle mass and dorsiflexor torque), 43.5% of the variance was 
explained (adding torque in a multiple linear regression did not in-
crease the linear relationship or predictability). As expected, there 
was age-related loss of EDL and SOL muscle mass and strength, 
further confirming evidence of sarcopenia in our model. Thus, the 
remaining variance beyond that associated with loss of muscle mass 
is likely caused by other factors—potentially neural, cardiovascular, 
or metabolic. For example, the older mice demonstrated significant 
evidence of cardiac hypertrophy, which we have shown in previous 
work to be related to lower functional performance in the rotarod 
(7). In future work, we will examine these other potential sources of 
functional loss in greater detail.

Relationships Among the Data
There was little evidence of collinearity between the measure-
ments of the CFAB, indicating that the different tests measure dif-
ferent aspects of functional aging. Earlier work has also shown 
that the individual tests were not highly correlated with one an-
other (5,7). Note that the logistic regressions were able to predict 
chronological age groups with a high degree of discernment, even 
though the upper quartile of the 24-month-old mice was statistic-
ally similar to the average 6-month-old mice and the upper quar-
tile of 28+-month-old mice was statistically similar to the average 
24-month-old mice, demonstrating stratification in the functional 
loss within age groups. There was also a positive association be-
tween overall muscle mass and CFAB. Thus, while sarcopenia is 
a major contributor to physical function decline and disability 
onset, there are other factors to consider at the physiological level 
that combine to alter functional aging trajectories within age 
groups which potentially help explain differential aging of the 
neuromuscular system.

Biological Versus Chronological Age: Functional Age
An emerging concept is that at the individual level, animals age at 
different rates overall and in different tissues (23–25). Functional 
status encompasses a juxtaposition of numerous physiological sys-
tems: neural, muscular, connective tissue, cardiovascular, pulmonary, 
vestibular, and metabolism, all of which alter with age (24,26–28). 
Individuals of the same age may have vastly different physical func-
tion and exercise capacity/tolerance profiles, potentially indicating 
an overall difference in fundamental aging rates within the age 
group. In other words, some individuals are “older biologically” 
than their chronological age would indicate (defined perhaps as >1 
SD below the mean on CFAB), some are younger (>1 SD above the 
mean on CFAB), whereas others are average (middle range of mean 
± 1 SD). Using CFAB to discern biological age versus chronological 
age, ie, functional age, in this fashion may allow the downstream 
mechanistic analysis of factors involved in the aging of various tis-
sues by comparing genomic, epigenomic, transcriptomic, and prote-
omic data within and between age groups and levels of functional 
ability.

Caveats
One caveat is that our mice run less on running wheels than some 
other groups (29,30). We have observed lower numbers using 

these same running wheels in other studies and with other strains 
(5,31). We speculate that the difference may be the wheels, which 
are designed to be fully contained within the cages (for specific 
pathogen-free environments), and thus have a smaller diameter 
than some other wheel designs. This may make the wheels less 
comfortable to use for larger mice, encouraging less extensive run-
ning, which has been observed by others (30). However, as we 
are using these wheels to measure volitional exercise/activity rate, 
the principle behind their usage is valid because we are concerned 
with differences between groups not with actual values. Second, 
there were some violations of normality in the data (inverted cling 
and 28+-month wheel running). The violations in inverted cling 
were extensive enough to justify transforming (log10) the data be-
fore standardizing into CFAB scores. Both caveats warrant caution 
when attempting to generalize actual number test values between 
different cohorts.

In addition, we should note that because absolute outcome 
measure numbers may be influenced by the skill of the researcher 
to encourage the mice to perform, each test, if not all function, 
within a given study should optimally be performed by one indi-
vidual. Furthermore, the selection of reference groups for other 
types of study designs using the CFAB concept should be carefully 
considered. While aging research often has an adult control (as the 
current study) for a reference group, the control group could just as 
easily be a non-exercise group in a training study, or CFAB could 
potentially be used within a group as a repeated measure with the 
first time point representing a comparison to the control baseline, 
and then changes documented by reapplying CFAB at distant time 
points (or pre- and post-intervention, for example) compared to that 
baseline score, as was done with FIAV (5).

Conclusions

As a composite scoring system, CFAB is highly sensitive and powerful, 
being able to detect differences in physical function between groups 
with increased power using a smaller sample size than the individual 
determinants alone, while also encompassing the discerning ability 
to detect potential frailty and neuromuscular decline with a good 
level of accuracy. Our comprehensive functional assessment battery 
as a numerical construct to quantify overall physical function status 
and exercise capacity will serve as the basis for future research into 
the molecular mechanisms underlying age-associated loss of physical 
ability.

The concept of resilience is an emerging important aspect of 
aging. Resilience is the ability of an organism to rebound back to 
normal levels after homeostatic perturbations. Comprehensive 
functional assessment battery may be used in future investigations 
examining how functional status is restored following a systemic 
challenge. Additionally, therapies designed to improve physical ap-
titude we predict could be measured for efficacy by comparing pre- 
and post-treatment CFAB scores.

One future step is to investigate the predictive capacity of CFAB 
to determine upcoming functional liability and thus be able to test 
interventions that may interdict the aging process by retarding the 
slope of the functional decay curve in advance of a future potential 
disability. To conclude, CFAB is a composite mathematical construct 
that provides a sensitive assessment of the ability of an individual 
mouse to perform complex motor tasks and exercise capacity in rela-
tion to the average of a control group (in our study, the 6-month-old 
mouse), which can provide a reliable, repeatable, noninvasive, and 
powerful numerical quantification to understand physical function.
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