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Abstract

Declines in neuromuscular function, including measures of mobility, muscle strength, steadiness,
and patterns of muscle activation, accompany advancing age and are often associated with reduced
quality of life and mortality. Paradoxically, older adults are less fatigable than young adults in
some tasks. The purpose of this study was to determine the influence of age on fatigability of the
dorsiflexors and to evaluate the ecological validity of this test by comparing it to motor function
subdomains known to decline with advancing age. The community-dwelling older adults (n = 52,
75.2 + 6.0 years) were more fatigable than young adults (n = 26, 22.2 + 3.7 years), as assessed by
endurance time for supporting a submaximal load (20% of one-repetition maximum; 1-RM) with
an isometric contraction of the dorsiflexor muscles (8.9 £ 0.6 min and 15.5 £ 0.9 min, p < 0.001),
including participants matched for 1-RM load and sex (Y: 13.3 £ 4.0 min, O0: 8.5+ 6.1 min,n =11
pairs, 6 women, p < 0.05). When the older adults were separated into two groups (65-75 and 76-90
yrs), however, only endurance time for the oldest group was less than that for the other two groups
(p < 0.01). All measures of motor function were significantly correlated (all p < 0.05) with
dorsiflexor endurance time for the older adults, and multiple regression analysis revealed that the
variance in endurance time was most closely associated with age, steadiness, and knee flexor
strength (R2 = 0.50, p < 0.001). These findings indicate that dorsiflexor fatigability provides a
valid biomarker of motor function in older adults.
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1. Introduction

Age-associated declines in motor function-the ability to perform physical tasks [Reuben et
al. 2013]-are tightly coupled with quality of life [Cooper et al., 2011; Manini et al., 2007],
independent-living status [Bischoff et al., 2003], disability [Guralnik et al., 1995; Rantanen
et al., 1999], and mortality [Buchman et al., 2007; Rantanen et al., 2012; Stanaway et al.,
2011]. Such associations are expected given that muscle strength [Forrest et al. 2007;
Vandervoort 2002], walking endurance [Rikli and Jones 1999], sit-to-stand times [Bohannon
2006], and fine motor skills [Marmon et al. 2011, Enoka et al. 2003] all decline with
advancing age. In contrast, fatigability [Kluger et al. 2013], the rate of decline in objective
measures of motor performance, can be less [Hunter et al. 2005; Ditor and Hicks 2000;
Griffith et al. 2010; Kent-Braun et al. 2002; Lanza et al. 2004] or greater [McNeil and Rice
2007] in older adults than young adults.

Differences in fatigability between young and older adults are attributable to several factors
[Christie et al. 2011]. For example, average power produced by the dorsiflexor muscles
during 25 dynamic contractions performed at maximal velocity declined more rapidly for
the oldest men relative to young men [McNeil and Rice 2007]. In contrast, endurance time
for a sustained submaximal isometric contraction with the dorsiflexor muscles was greater
for older adults (men and women) than for strength-matched young adults [Griffith et al.
2010]; and meta-analysis suggested that the type of fatiguing contraction used to compare
performance (isometric versus dynamic) might underlie these divergent results. However,
the age of the older participants also appears to influence the outcome of such comparisons,
although there are too few studies that have included older adults in multiple decades of life
for this association to be assessed quantitatively [Christie et al. 2011]. Nonetheless, one
study did find that the fatigability exhibited by men aged 60-69 years did not differ from that
for younger (22-33 years) and older (80-90 years) men, whereas there was a significant
difference between the young and oldest men [McNeil and Rice 2007]. The primary aim of
the current investigation was to determine the association between age and fatigability of the
dorsiflexor muscles in young and older adults (65-90 years), including a subset of strength-
matched young and older adults, when supporting a submaximal inertial load for as long as
possible. Based on the report of McNeil and Rice [2007], we hypothesized that endurance
time would be briefest in the oldest adults when the task required supporting a submaximal
load for as long as possible.

To assess the ecological validity of the fatigability test, a secondary aim of the current study
was to examine the association between dorsiflexor endurance time and other measures of
motor function that typically decline with advancing age. The comparisons included
measures of mobility, muscle strength, steadiness, and patterns of muscle activation [Justice
et al. 2014a]. Because maintaining the position of a limb is a fundamental element of many
activities of daily living, we hypothesized that endurance time for the fatiguing contraction
would be significantly associated with other measures of motor function, especially in older
adults. The unique features of the study included a relatively large sample of older adults
covering a broad range of ages (65-90 years), a subset of strength-matched young and older
adults, the assessment of fatigability with a functionally relevant task, and comparison of the
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fatigability measurement with clinically relevant tasks used to characterize age-related
declines in motor function.

2. Materials and Methods

2.1 Human Subjects

Fliers and local advertisements were used to recruit 52 older (65-90 years) and 26 young (19
- 30 years) participants from Boulder, Colorado. Subjects were free of neurological
disorders, chronic pain, diabetes, advanced chronic disease states, and any other condition
that might limit safe participation. Prior to the tests of motor function, physicians at the
Clinical Translational Research Center (CTRC) located at the University of Colorado
Boulder obtained medical histories and performed physical examinations for all older
participants to ensure subject safety and ability to perform the rigorous physical tests. Older
participants were also administered a modified activity questionnaire during this screening
session. Young subjects were screened for physical activity status (light and moderate
activity level included) for comparison with the estimated activity levels for older adults. All
procedures were approved by the Institutional Review Board and conducted in accordance
with the Declaration of Helsinki.

2.2 Motor Function Testing Overview

Motor function was assessed with measures of mobility, muscle strength, steadiness, and
fatigability during a single, ~3-hour session in the Neurophysiology of Human Movement
Laboratory on University of Colorado Boulder campus. Table 1 provides an overview of the
motor function testing session and outcomes. Subjects, especially those aged 80-90 years,
were allowed ample rest time between physical tests to ensure safety and adequate recovery
from the previous task; the breaks times listed in Table 1 reflect minimal rest times after
each test. The experimental apparatus used to measure strength, steadiness, and fatigability
are shown in Figure 1.

2.3 Electrical and Mechanical recordings

The force exerted by the limb during the strength, steadiness, and fatigability tasks was
measured with a strain-gauge transducer (MLP-300, Transducer Techniques, Ternecula,
CA) (Figure 1). The force signal was low-pass filtered (0-50 Hz; Coulbourn Instruments,
Allentown, PA), recorded on a computer, and digitized at 1,000 samples/s. In addition,
muscle activity (EMG) was recorded with surface electrodes (Ag—AgCl, 8-mm diameter, 20-
mm distance between electrodes) placed over the tibialis anterior, medial gastrocnemius,
rectus femoris, and vastus lateralis, as described previously [Rudroff et al. 2010]. The EMG
signals were amplified (x 2,000), band-pass filtered 12-1,000 Hz; (Coulbourn Instruments,
Allentown, PA), recorded on a computer, and digitized at 2,000 samples/s. Absolute and
relative fluctuations in force and EMG were quantified in 10-s epochs at absolute and
relative time points during steadiness and fatigability tasks via a custom MATLAB program
(version 7.2, R2006a, MathWorks, Natick, MA). Coactivation of agonist and antagonist
muscles was calculated during the steadiness and fatigability tasks as an assay of the neural
control strategy used to maintain limb position during isometric contractions [Baudry et al.
2010]. Coactivation was quantified as the ratio of EMG amplitude for medial gastrocnemius
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relative to the average amplitude for tibialis anterior and medial gastrocnemius during the
dorsiflexor contractions [Falconer and Winter 1985].

Mobility was quantified with measures of endurance walk and sit-to-stand times. Mobility
has been identified by the International Classification of Functioning, Disability, and Health
as essential in classification of activity limitation [WHO 2001], and was measured in this
investigation to determine the extent to which fatigability during a single joint task may be
related to tasks required for everyday activity. Walking was assessed as the time to walk 500
m. Subjects walked at a brisk pace for 3 laps around an indoor track [Justice et al. 2014b];
the instructions given to each subject immediately before testing were: “Please walk 3 laps
at a brisk, but comfortable pace. Walk as quickly as you would if you were at an airport, and
you were a few minutes late for your plane. This should be a brisk walk, but please, no
running.”. Sit-to-stand times were measured as the time to stand up and sit down five times
as quickly as possible from a standard-height chair [Bohannon 2007, 2012].

Strength was quantified as the peak torque (N-m)-recorded force (N) multiplied by the
measured moment arm for each subject—achieved during 3-5 maximal isometric contractions
normalized to body mass for the dorsiflexors, knee extensors, knee flexors. An average of
the three maximal voluntary contractions (MVCs) was determined and is reported as
composite lower body strength. Strength for these three lower body muscles are essential for
mobility [Bohannon 1997; Eriksrud and Bohannon 2003], and were measured as indices of
functional ability. The knee extensor and knee flexor contractions were performed in a
supine posture at the same hip- and knee-joint angles (1.57 rad, Figure 1A, 1B), as described
previously [Rudroff et al. 2010]. The dorsiflexor contraction was performed in a seated
posture with hip- and knee-joint angles of 1.57 rad and the ankle at a standing angle (1.60 +
0.082 rad) (Figure 1C). A strain-gauge transducer was used to measure the force exerted by
the limb during each MVC. The MVC task comprised a 3-s increase in force from zero to
maximum with the maximal force held for 2-3 s, while subjects were verbally encouraged to
achieve maximal force. There was a 60- to 90-s rest between trials. The subject was
provided visual feedback of the recorded force (Spike2 V6, Cambridge Electronic Design,
Cambridge, England) and the visual gain was adjusted between each MV C trial. When the
peak forces achieved in two of the three trials differed by >5%, additional MVCs were
performed until this criterion was met. The greatest force achieved by each subject was
taken as the MV C force, which was subsequently multiplied by the relevant moment arm to
derive peak torque. All strength measures are reported as peak torque normalized to body
mass. The peak amplitude of the surface EMG signal for the primary agonist muscle was
measured during MVCs and quantified with a MATLAB program as the maximal average
rectified EMG during a 0.5 s interval.

Subjects also performed a dorsiflexor one-repetition maximum (1-RM) task to determine the
loads for the steadiness and fatigability trials. The 1-RM load corresponded to the maximal
mass the subject could lift to a neutral ankle angle (1.57 rad, Figure 1D), and is reported as
torque. The protocol began with a moderate load and increased progressively up to
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maximum, with at least 60 s of rest between attempts. When a load was reached that could
not be lifted to a neutral ankle angle, the last load successfully lifted was recorded as the 1-
RM load. The 1-RM load was usually obtained within 6-8 trials, with only two to three of
those trials at near-maximal loads [Tracy et al. 2004].

2.6 Steadiness

Steadiness was assessed during 60-s isometric contractions performed with the dorsiflexor
muscles at loads equivalent to 5 and 20% 1-RM (Figure 1C). The force exerted by a limb
fluctuates about an average value during steady contractions [Christou and Carlton 2002,
Tracy and Enoka 2002], and the magnitude of these fluctuations is associated with
performance of some motor tasks [Marmon et al. 2011]. Steadiness was measured in the
current study to assess its association with dorsiflexor fatigability. Subjects maintained a
neutral foot position based on the measurement of ankle angle with an electrogoniometer
(SG110 and K800, Biometrics Ltd, Cwmfelinfach, Gwent, UK). Subjects received visual
feedback (0.017 rad/cm) of the actual and target (standing neutral position) angles during the
steady contraction using a customized Labview program (Version 8.2, National Instruments,
Austin, TX). All subjects were able to maintain ankle position for the entire 60-s duration.
Steadiness was quantified as the absolute and relative force fluctuations (standard deviation
and coefficient of variation, respectively). Force was measured via the strain-gauge
transducer placed in series with the inertial load. The force fluctuations and the normalized
average EMG were quantified during 10-s epochs centered about 10, 20, 30, 40, and 50 s of
the steadiness contractions.

2.7 Fatigability

Fatigability was assessed as the endurance time for a submaximal isometric contraction with
the dorsiflexor muscles. The task involved maintaining foot position while supporting a load
equivalent to 20% of 1-RM for as long as possible (Figure 1D) [Griffith et al. 2010]. The
task was terminated when the ankle joint angle declined by 0.21 rad from neutral, despite
strong verbal encouragement. Adjustments during the fatiguing contraction were
characterized by measuring the absolute and relative force fluctuations (steadiness), the
normalized average EMG of the tibialis anterior, medial gastrocnemius, and knee extensors
(average of vastus lateralis and rectus femoris EMG), and the rating of perceived exertion
(RPE; modified Borg Scale). Steadiness and EMG measures were quantified via a custom
MATLAB program and analyzed both as 5-s non-overlapping sliding windows and as 10-s
epochs relative to task duration: start, 20%, 40%, 60%, 80%, and endurance time. RPE was
reported at 30-s intervals. The force fluctuations, EMG measures, and RPE were further
quantified as the slope of an exponential or linear fit to the data for individual trials.

2.8 Statistical Analysis

Prior to primary analysis, normality of each variable was assessed with the Kolmogorov-
Smirnov test. No outliers (>3 SD) were identified. Differences between young and older
adults were assessed by independent t-test for all subject characteristics and motor function
outcomes; a Bonferroni correction was applied to test the seven hypothesized differences in
motor function between young and older adults (p < 0.007). Performance during the

Exp Gerontol. Author manuscript; available in PMC 2015 July 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Justice et al.

3. Results

Page 6

fatiguing contraction was examined with repeated-measures ANOVAS (age x time). The
dependent variables were aEMG, aEMG normalized to initial aEMG, absolute (SD) and
relative (CV) force fluctuations, and RPE. Greenhouse-Geisser corrections were applied
when the assumption of sphericity (Mauchly’s test of sphericity) was violated (SD and CV
of force). Homogeneity of variance between age groups was examined for each measure
with Levene’s test. Post-hoc analyses (Tukey) examined differences among time intervals
when appropriate. The repeated-measures analyses were performed in the young and older
group at large, and for the subset of 1-RM-matched young and older participants. A
stepwise, linear regression equation was performed to examine the contribution of the
independent variables obtained during the fatiguing contraction (rates of increase and value
at start of task for aEMG activity of the tibialis anterior, medial gastrocnemius and knee
extensors, coefficient of variation for force, and RPE) to endurance time.

The associations between endurance time and other outcome variables were determined by
Pearson correlation coefficients (r); linearity was verified by visual assessment of each
scatterplot. Pearson correlation coefficients were also determined for all measures of motor
function in the two age groups independently. The relation between age and endurance time
was examined with simple linear and power regression models. Linear regression equations
also described the associations between primary motor outcomes (mobility, strength,
steadiness, coactivation), age, and sex with endurance time for the dorsiflexor fatiguing
contraction. Race and comorbidities were not considered because only three study
participants were not Caucasian and few reported existing comorbidities. The variables
included in the final multivariate analysis were identified with a backward regression model.
Subsequently, a stepwise, multiple-regression model was performed to explain the variance
(coefficient of determination; R?) in fatigability. An absence of multicollinearity for the
explanatory variables was verified by variance inflation factor (VIF) and tolerance. The a-
level for all statistical analyses was set at 0.05, except when modified by the Bonferroni
correction, with minimum accepted power at 80%. All data are presented as mean + SD in
the text and tables and mean £SEM in the figures. The statistical procedures were performed
with SPSS Statistics (version 16.0.1; SPSS, Inc., Chicago, IL).

Sixty-nine older individuals (65-90 years) volunteered for the study, 52 (27 women) of
whom were enrolled and completed the testing session. The performance of the older adults
was compared with 26 young subjects (19-30 years; 14 women). Representative force and
EMG signals from one young and one older participant during the fatigability task are
shown in Figure 2.

3.1 Fatigability

Endurance time for the submaximal dorsiflexor contraction was longer for the young (15.5 +
0.9 min) than the old adults (8.9 + 0.6 min, p < 0.001; Table 2), despite the two groups (Y=
young; O = older) experiencing the same decline in MVC torque after the task (Y: 22.4 +
13.3% and O: 24.5 £ 22.2 % p = 0.69), and the young group exerting a greater absolute
torque during the fatiguing contraction (Y: 44.1 £ 19.1 N-mand O: 27.5+ 8.9 N-m, p <
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0.001). When the older adults were separated into two age groups (65-75 and 76-90 years),
however, the difference in endurance time was only significant for the oldest group (76-90
yrs) compared with the other two groups (young and 65-75 yrs, p < 0.01). Further,
endurance time was significantly correlated with age for the older adults (r = —0.42, linear, p
< 0.001), but not the young adults (R? = 0.18, p = 0.43) (Figure 3), with the largest decline
in endurance time seen in the oldest adults. Regression models indicated that the curvilinear
power model was a better fit than linear regression model to explain the influence of age on
endurance time (R? = 0.25 vs R2 = 0.18, p < 0.001 both). Endurance time did not differ
significantly between men and women (598 + 373 s and 716 * 521 s, respectively, p = 0.27).

Despite a longer endurance time, aEMG (% MVC value) for the young adults was less for
tibialis anterior (Y: 21.9 £ 5.5% and O: 40.4 £+ 13.0%, p < 0.001), medial gastrocnemius (Y:
12.7 + 10.6% and O: 20.1 £+ 14.9%, p < 0.001), and knee extensors (Y: 11.2 = 12.7% and O:
16.2 £ 11.8%, p < 0.001), even at the start of task (tibialis anterior: Y: 19.1 + 5.3% and O:
35.9 £ 12.2%, p < 0.001). When normalized relative to aEMG amplitudes at the beginning
of the fatiguing contraction (% initial), aEMG increased for tibialis anterior (Y: 121%, O:
120% p < 0.001 both) and knee extensors (137% for both groups, p < 0.001 both), but not
for medial gastrocnemius (Y: 112%, O: 114%, p = 0.19). There was no time x age
interaction during the fatiguing contraction for either measure of aEMG, reflecting similar
rates of change in aEMG across the task for the two groups of participants. Moreover, the
amount of coactivation was not significantly different between young and older adults
during the fatiguing contraction (Y: 0.56 £ 0.34 and O: 0.53 + 0.43, p = 0.70).

The absolute (standard deviation, SD) and relative (coefficient of variation, CV) amplitude
of the vertical fluctuations in force increased during the fatiguing contraction for both
groups (p < 0.001, Figure 4A, 4B). The magnitude of the fluctuations was similar at the start
of the task for young (SD 0.828 £ 0.48 N, CV 1.13 + 0.58 %) and older (SD 0.470 £ 0.375
N, CV 1.23 + 0.81 %, p > 0.05) adults, and increased at a similar rate. Because endurance
time was longer for the young adults, however, their force fluctuations were greater at the
end of the fatiguing contraction (Y: SD 3.19 + 1.48 N, CV 4.88 £ 2.5 %; O: SD 1.38 £ 0.79
N, CV 3.73 £ 1.86 %, p < 0.05). The RPE increased during the fatiguing contraction (Figure
4C) from initial values of 1.4 + 1.2 and 3.3 £+ 1.1 for young and old adults, respectively (p <
0.05), and ended at 9.5 + 1.3 and 9.7 + 1.3 (p > 0.05). The average RPE was greater for old
(6.7 = 1.0) than young adults (5.7 = 1.2, p < 0.001), and the rate of increase in perceived
exertion was also greater (p < 0.05) for the older adults due to a briefer endurance time. The
average RPE did not differ for men and women (6.4 + 1.2 and 6.3 = 1.2, respectively, p =
0.70).

Stepwise, multiple-regression analysis was used to predict the dorsiflexor endurance time
from the initial values and rates of increase in aEMG for tibialis anterior, medial
gastrocnemius and knee flexors, coefficient of variation for force, and RPE. The variance in
endurance time across all participants was best explained by the rate of increase in RPE
(partial r = —0.49) and aEMG for tibialis anterior averaged across the task (partial r = —0.47;
model: 9 variables, RZ = 0.46, power 99.9%, maximum VIF = 1.117, minimum tolerance =
0.90, p < 0.001).
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3.2 Young and Old Adults Matched for 1-RM Load

Endurance time for a subset of young and older adults who were matched for sex, 1-RM
load, and absolute load supported during the fatiguing contraction (n = 11 pairs, 6 women)
was briefer for the older adults (Y: 13.3 = 4.0 min, O: 8.5 £ 6.1 min, p < 0.05, Figure 5).
There were no significant differences in the changes in aEMG, force fluctuations, or RPE
between the matched group and the entire sample. Increases in aEMG amplitude were
observed during the fatiguing contraction in tibialis anterior (p < 0.001) and knee extensors
(p < 0.01), but not medial gastrocnemius (p = 0.10). The absolute and relative force
fluctuations were similar at the start of the task (p = 0.75 and p = 0.28, respectively), and
increased at a similar rate (p = 0.25 and p = 0.98). In contrast to the entire sample, however,
the force fluctuations at the end of the fatiguing contraction were similar for the young (SD
2.75+0.97 N, CV 3.84 + 1.62 %) and older (SD 1.95 + 0.88 N, CV 4.25 + 1.68 %) adults in
the matched group (p = 0.07 and 0.57). Also, RPE at the start of the fatiguing contraction
was greater for the older adults (3.0 + 1.2) than the young adults (1.3 = 1.4) in the matched
group, but progressed to the same final value (Y: 9.6 £ 1.2, and O: 9.8 + 3.0, p = 0.45), with
older adults exhibiting a greater rate of increase in RPE (p < 0.05).

3.3 Associations Among Motor Tasks and Prediction of Fatigability

Multiple significant Pearson correlations were observed between various measures of motor
function for the older subjects, but not young subjects (Table 3). Notably, significant
correlations or trends were observed between endurance time during the dorsiflexor
fatiguing contraction and all the other tests of motor function for the older adults.

Multiple regression models were developed to explain the variance in endurance time for the
dorsiflexor fatiguing contraction by the values for walking endurance, strength, steadiness,
and coactivation ratio, with age and sex included as covariates (Table 4). Models were
developed with young and older participants combined, and for older adults only. The
variance in endurance time for the young subjects could not be explained by age, sex, or any
of the measures of motor function (p > 0.05). In the model that included all participants
(young and older model), backward regression identified age, coefficient of variation for
force when supporting the 20% 1-RM load, endurance walk time, chair-rise time, knee
flexor strength, dorsiflexor MVC force, and 1-RM load normalized to body mass as
significant explanatory variables (9 variables: R = 0.41, p < 0.01, power = 99.9%,
maximum VIF = 3.5, minimum tolerance = 0.29). Verification with stepwise analysis
excluded all variables except age and steadiness at 20% 1-RM (R2 = 0.27, p < 0.001, power
= 99.8%, maximum VIF = 1.1, minimum tolerance = 0.92).

Similarly, backwards regression for the model with older adults only identified age,
steadiness with the 20% 1-RM load, knee flexor strength, knee extensor strength, and
dorsiflexor 1-RM load relative to body mass (9 variables: R2 = 0.75, p < 0.01, power =
1.00%, maximum VIF = 2.29, minimum tolerance = 0.44), but only age, steadiness with the
20% 1-RM load, and normalized knee flexor were entered in the stepwise model (R2 = 0.50,
p < 0.001, power =99.9%, maximum VIF = 1.21, minimum tolerance = 0.82).
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4. Discussion

4.1 Age and

The current study characterizes the associations between measures of motor function known
to decline with age and one (fatigability) for which the findings are less consistent. The
primary findings of this study were that endurance time, as indexed by the time a
submaximal isometric contraction could be sustained with the dorsiflexor muscles, was
briefer in older adults than young adults despite similar declines in net torque following the
fatiguing contraction. Moreover, the same association was observed in a subset of 11 pairs
of participants matched for sex and 1-RM load. When the older participants were separated
into two groups, however, only the oldest adults (76-90 yrs) exhibited a briefer endurance
time compared with the other two groups (young and 65-90 yrs). Moreover, the measure of
fatigability (endurance time) was significantly correlated with all other measurements of
motor function, but for the older adults only. The variance in endurance time was most
strongly associated with age and steadiness during a submaximal contraction with the
dorsiflexor muscles, as well as the strength of the knee flexors in older adults.

Fatigability

The main finding of this study was that the time older adults could support a submaximal
inertial load with an isometric contraction of the dorsiflexor muscles declined nonlinearly
with age (Figure 3). Furthermore, the greater fatigability exhibited by older adults was even
evident in a subset of participants who were matched for 1-RM load and sex. In contrast,
previous work found that older adults often exhibit longer endurance times than young
adults for submaximal isometric contractions [Allman and Rice 2002; Griffith et al. 2010],
but not dynamic contractions [Baudry et al. 2007; Christie et al. 2011; McNeil and Rice
2007]. Our results, however, indicate that the age of the older participants is likely a more
important determinant than contraction mode when comparing the fatigability of the
dorsiflexors. Consistent with this conclusion, McNeil and Rice [2007] found that dorsiflexor
fatigability during dynamic contractions was greatest for oldest adults (80-90 yrs) relative to
young (22-33 yrs) and older adults (60-69 yrs). Similarly, we found that fatigability for a
sustained isometric contraction with the dorsiflexors was greater for the oldest participants
(76-90 yrs) relative to two younger groups (19-30 yrs and 65-75 yrs).

In the subset of participants matched for 1-RM load and sex, the older adults were sampled
across the age-range (ages 65.5 — 84.5 years). We observed group differences in endurance
time between the young and older adults consistent with the entire sample. Three older
adults, aged 65.5 — 69.5 years, had a longer endurance time than their matched young adults,
indicating a relative preservation for this index of fatigability in the younger members of the
group of older adults. Considered jointly, these findings suggest that the fatigability of the
dorsiflexors when supporting a submaximal inertial load may remain relatively constant, or
be slightly improved [Griffith et al. 2010], through the early 70s before reductions in
endurance begin to emerge. Therefore, the age of the older adult is critical when comparing
the fatigability of young and older adults.
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4.2 Associations among motor functions and fatigability in young and old adults

The second aim of the current study was to determine the extent to which the fatigability
task is related to performance on motor tasks known to reflect the functional status of older
adults. In contrast to significant associations among multiple measures of motor functions in
older adults, there were few significant correlations for the young adults (Table 3). Although
the variance in performance was much less for the young adults, the group difference in
associations between the tests of motor function suggests that adaptations in the
neuromuscular system with advancing age influence multiple subdomains of motor function.
Significantly, fatigability (endurance time) was the only measurement correlated with all of
the other measures of motor function examined in the current study, which indicates that
fatigability during sustained isometric contractions when supporting a submaximal load may
represent a biomarker of motor function in older adults. Significant associations were also
observed between coactivation of agonist and antagonist muscles during a steady contraction
and several functional domains, including mobility, muscle strength, and steadiness.
Heightened coactivation is often observed in older adults [Burnett et al. 2000, Hortobagyi et
al. 2011] and likely increases the energetic cost of performing muscular work [Hortobagyi et
al. 2011], at least during walking tasks [Larsen et al. 2008; Marques et al. 2013; Peterson
and Martin 2010]. Although we observed no statistical difference in coactivation between
young and old adults during either steadiness or fatigability tasks, the association of
coactivation with multiple measures of motor function in older adults (Table 3) suggests that
the amount of concurrent activity in agonist and antagonist muscle may limit functional
performance in older adults.

The current study is the first to demonstrate an association between steadiness during a brief
isometric contraction and endurance time for a sustained isometric contraction. A decrease
in steadiness has also been shown to be associated with reductions in the ability to perform
functionally relevant actions [Christou 2011]. For example, reduced steadiness during
isometric contractions with the plantar flexors predicted the variability in the center of
pressure during a quiet standing task in older persons [Kouzaki and Shinohara 2010], and
declines in steadiness of the index finger abduction force was the strongest predictor of age-
associated differences in manual dexterity [Marmon et al. 2011]. Force fluctuations during
brief submaximal isometric contraction are likely caused by low-frequency oscillations in
motor unit discharge rates [Negro et al. 2009], but it is not yet known if these increase
during fatiguing contractions and the extent to which they contribute to declines in motor
function with advancing age.

In addition to age and steadiness, the variability in dorsiflexor endurance time was also
explained by knee flexor strength. Subjects had to hold the knee angle constant at ~1.57 rad
during the fatiguing dorsiflexion contraction (Figure 1D), which required activation of the
accessory knee flexor and extensor muscles. Previous reports have indicated that briefer
endurance times during such position-holding tasks are associated with greater rates of
increase in accessory muscle activity [Rudroff et al. 2005], and coactivation of the biceps
femoris relative to vastus lateralis is greater in older adults than young adults [Hortobabyi et
al. 2005; Hortobabyi and DeVita 2006]. Further, knee flexor strength has been previously
identified as a strong predictor of health-related quality of life, including physical and social
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functioning, vitality and mental health, in older persons [Samuel et al. 2012]. Thus, knee
flexor strength may be related to overall motor function status, as well as to fatigability.

4.3 Muscle activity, force fluctuations, and perceived exertion during the fatiguing

contraction

The differences in fatigability between young and older adults were accompanied by greater
aEMG amplitude for older adults in each muscle group, even for the subset of participants
matched for 1-RM load and sex, although the change from initial EMG amplitude across the
task was similar for young and old adults. Greater aEMG amplitude has been observed in
older adults previously when performing the same relative task [Baudry et al. 2010, 2012,
Hortobagyi et al. 2011; Larsen et al. 2008]. In a previous study in our laboratory, Baudry et
al. [2010] found aEMG to be greater in older adults during brief isometric contractions when
supporting an inertial load with the wrist extensor muscles, and this was accompanied by
less presynaptic modulation of the la afferent input to the motor neuron pool and increased
agonist and antagonist coactivation. Baudry et al. [2010] concluded that older adults rely
more on feedforward control rather than feedback control to perform these types of
contractions, which may limit endurance time. Consistent with this interpretation, linear
regression models identified tibialis anterior aEMG at the start of the fatiguing contraction
as one of two predictors for dorsiflexor endurance time.

Older adults reported greater ratings of perceived exertion than young adults during the
fatiguing contraction. Although perceptions of fatigue can be unrelated to measures of
fatigability [Kluger et al. 2013; Zwarts et al. 2008], perceived exertion during fatiguing
activities likely limits exercise performance [Jones and Killian 2000]. Several studies have
identified RPE as a significant predictor of endurance time during isometric contractions
[Rudroff et al. 2011], although the association may depend on the task and age of the
participants [Allman and Rice 2003; Aminoff et al. 1997; Taylor et al. 1991]. The current
RPE results are similar to those of Allman and Rice [2003] who found greater RPE in old
men (84 + 1 years) than young men (25 + 1 years) at the start of a fatigue protocol.
However, RPE during fatiguing isometric contractions is not consistently greater for older
adults [Hunter et al. 2005], even in the same muscle group [Griffith et al. 2010]. Moreover,
RPEs in the current study did not differ for some older adults (65-75 yrs) relative to young
adults (p > 0.05), whereas it did for the oldest adults (75-90 yrs, p < 0.01), which again
underscores the importance of age when studying motor function in older adults.

4.4 Limitations and Future Directions

Although the current study suggests that the fatigability of the dorsiflexor muscles during a
submaximal isometric contraction may represent a biomarker of motor function in older
adults, additional factors likely modulate these associations. A meta-analysis suggests that
potential confounding factors include contraction mode (dynamic or isometric) and the
muscle group involved in the fatiguing contraction [Christie et al. 2011]. The current study
was limited to an isometric contraction, albeit one that is relevant to functional tasks, and it
focused exclusively on the dorsiflexor muscles. It remains to be determined if similar
associations between fatigability and motor function can be observed in tasks with differing
load compliance [Griffith et al. 2010] or in leg muscles that produce most of the power
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during walking, namely the knee extensor and plantar flexor muscles. Also, lifetime levels
of physical activity undoubtedly modulate the preservation of motor function across the
lifespan [Aagaard et al. 2007, 2010, Power et al. 2012] and future studies should account for
this confounding influence. In the current study, we assessed physical activity in our older
adults and enrolled young adults with estimated comparable levels of physical activity.
Future studies of the association between age and fatigability should not only include a
broad range of old ages, but should also carefully characterize contraction mode, muscle
group, and lifetime patterns of physical activity. Also, we tested only relatively healthy
community-dwelling older adults capable of continuously walking a brisk 500 m course and
our findings should not be extrapolated beyond this cohort, especially to those individuals
who are frail.

5. Conclusion

The duration that a submaximal isometric contraction could be sustained with the
dorsiflexor muscles was briefer for older adults, even in a subset of men and women who
were matched for sex and a measure of muscle strength (1-RM load). However, the group
difference in fatigability (endurance time) seems to have been driven by the oldest
participants in the study. The briefer endurance times for the older adults were accompanied
by similar changes in muscle activity (REMG) and force fluctuations for young and older
adults, but greater ratings of perceived exertion for the older adults. Among the older adults,
the variance in endurance time was best predicted by age, force fluctuations during a steady
isometric contraction, and knee flexor strength. Significantly, the greater fatigability of older
adults was associated with declines in performance on subdomains of motor function that
reflect decreases in mobility, muscle strength, fine motor skills (steadiness), and muscle
activation. The fatigability of the dorsiflexor muscles when supporting a submaximal load
with an isometric contraction, therefore, represents a significant biomarker of motor function
in older adults.
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Figure 1.
Schematic drawings of the experimental setup for knee extensor (A), knee flexor (B), and

dorsiflexor (C) maximal voluntary contractions (MVCs), and dorsiflexor one-repetition
maximum (1 RM), steadiness, and fatigability tests (D). The foot and lower leg were placed
in an orthosis and fixed to a rigid restraint for the measurement of knee extensor (A) and
flexor (B) strength. In the dorsiflexor tasks, maximal force was exerted against a rigid
restraint (C), or weights equivalent to 5% or 20% 1-RM load were suspended from the foot
at the same point of contact (D). The ankle joint was maintained at a neutral position (1.61
0.08 rad), as measured with an electrogoniometer (a). A force transducer (b) was placed in
series with the restraint or weight for each task. Electromyography (EMG) was measured
during each isometric contraction with surface electrodes (c) placed over selected muscles.
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Figure 2.
Representative force and EMG recordings during the dorsiflexion endurance task for one

older (A) and one younger (B) subject. The amplitude of the interference EMG was greatest
for tibialis anterior (fourth trace) and was substantially less for the knee extensors (vastus
lateralis and recuts femoris, second and third traces) and medial gastrocnemius (top trace).
The average force applied to the load (bottom trace) remained relatively constant until the
endurance task approached failure.
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Figure 3.
The association between age and endurance time for an isometric contraction in which the

dorsiflexors supported a submaximal inertial load equivalent to 20% 1-RM load in young
(open circles) and older adults (filled circles). The R2 of curvilinear power model was
greater than that of the linear model, suggesting a non-linear relation between age and
dorsiflexor fatigability in old adults.
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Mean + SEM for standard deviation (A) and coefficient of variation (CV, B) for the force

(%) applied to the load (Fig 1) and rating of perceived exertion (RPE, C) during the

dorsiflexor fatiguing contraction for young and old adults. Open symbols represent young

and B) and initial (C) values between young and older adults.
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Figure 5.
Dorsiflexor one-repetition maximum load (1-RM, A) and endurance time (B) for young (n =

11) and old (n = 11) adults who were matched for sex (n = 6 women) and 1-RM load within
5% 1-RM load. The comparison of endurance time for these matched participants indicates
that average endurance time was longer for the young adults (8 of 11 data points lie below
the line of identity).
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Table 2
Subject Characteristics
Young Older
19-30 yrs 65-75 yrs 76-90 yrs 65-90 yrs
n=26 n=27 n=25 n=52
Women 14 12 15 27
Age (yrs) 222£37  703+27° 800+41"T 752:60"
Body mass (kg) 66.7+10.6 774+11.0" 735+14.4 75.3+12.7
Height (m) 1.70£0.08 1.70+0.09 1.66 +0.08 1.68 +0.08
Endurance walk time (S) 249 + 30 301 + 61* 324 + 57* 314+ 59*
Sit-to-stand time (s) 70+x14 112+ 3_3* 11.6 + 2.6* 115+ 2.9*
Composite lower body 134£03 081+020° 067+023° 073£02"
strength (Nem/kg)
Dorsiflexor 1-RM 4412181 295+87"  267+85 275+89"
torque (Nem)
Steadiness 5% 1-RM 1.81+0.87 1.78+£0.98 1.92+1.03 1.88 +0.98
(%)
(S;e)adiness 20%1-RM 120062 1124075 q1744069"T 149078
0
Fatigability (min) 155+0.9 121+6.4 6.1+36°T 89+06"

*
p < 0.01 between young and older adults;
+

MVC torques relative to body mass.
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p < 0.01 between 65-75 yrs and 76-90 yrs groups. Composite lower body strength is the average of knee extensor, knee flexor, and dorsiflexor
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