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Background: Sex differences in neuromuscular fatigue is well-documented, however

the underlying mechanisms remain understudied, particularly for the aging population.

Objective: This study investigated sex differences in fatigability of the upper and lower

extremity of older adults using a neuroergonomics approach.

Methods: Thirty community-dwelling older adults (65 years or older; 15M, 15 F)

performed intermittent submaximal fatiguing handgrip and knee extension exercises

until voluntary exhaustion on separate days. Muscle activity from prime muscles of the

hand/arm and knee extensors were monitored using electromyography, neural activity

from the frontal, motor, and sensory areas were monitored using functional near infrared

spectroscopy, and force output were obtained.

Results: While older males were stronger than females across both muscle groups,

they exhibited longer endurance times and greater strength loss during knee extension

exercises. These lower extremity findings were associated with greater force complexity

over time and concomitant increase in left motor and right sensory motor regions.

While fatigability during handgrip exercises was comparable across sexes, older females

exhibited concurrent increases in the activation of the ipsilateral motor regions over time.

Discussion: We identified differences in the underlying central neural strategies adopted

by males and females in maintaining downstream motor outputs during handgrip fatigue

that were not evident with traditional ergonomics measures. Additionally, enhanced

neural activation in males during knee exercises that accompanied longer time to

exhaustion point to potential rehabilitation/exercise strategies to improve neuromotor

outcomes in more fatigable older adults.
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INTRODUCTION

Neuromuscular fatigue, defined as the susceptibility to exercise-
induced loss of strength, can disrupt intended motor behavior
and exacerbate functional declines in older adults (Berrios, 1990;
Hunter, 2016). These may include functional deficits, such as
inability to reach and grasp objects or climb stairs, increased
incidents of falls, and mortality rates (Lewis and Wessely, 1992;
Tralongo et al., 2003; Mehta and Agnew, 2008; de Rekeneire et al.,
2014). Neuromuscular fatigue has shown to differ between men
and women, and this difference is task-dependent (i.e., intensity,
muscle group used, contraction mode; (Hunter, 2014, 2016).
Fatigue during isometric contractions, that do not involve any
joint movement, have shown large sex differences. While women
have shown to be less fatigable than men, this is largely observed
with more postural muscles, such as the elbow flexors and back
and knee extensors, than the smaller distal muscles of the ankle
(Hunter and Enoka, 2001; Hunter et al., 2006, 2009). Moreover,
sex differences diminish during high intensity when compared
to low intensity fatigue tests (Maughan et al., 1986; Yoon et al.,
2007).

Because sex differences in fatigability is task-specific, the
underlying mechanism(s), i.e., central and/or peripheral, can
differ based on the attributes of the fatiguing task. Peripheral
mechanisms explaining sex differences in fatigability have
been studied extensively (reviewed in Hunter, 2014) and
have been a major focus in ergonomics (Iridiastadi and
Nussbaum, 2006; Mantooth et al., 2018; Abdel-Malek et al.,
2020). For instance, during sustained isometric contractions at
low-to-moderate relative intensities, sex differences in skeletal
muscle physiology and perfusion can explain greater fatigability
in men than women, owing to restricted blood flow and
increased intramuscular pressure (Hunter and Enoka, 2001;
Mantooth et al., 2018). However, during intermittent isometric
contractions, that facilitates muscle perfusion (Hunter et al.,
2009), it is likely that central fatigue plays a key, if not dominant,
role (Taylor and Gandevia, 2008). For example, women exhibit
increased central fatigue development when compared to men
during lower extremity isometric contractions (Martin and
Rattey, 2007), and across 3 to 30 s contraction periods (Clark
et al., 2005; Ansdell et al., 2017), however these differences
have shown to attenuate during upper extremity fatiguing
contractions (Hunter et al., 2006).

Sex differences during fatiguing exercises of the lower
extremity muscles have been previously reflected in
compensatory changes in rate of motor unit activation,
measured using surface electromyography (Clark et al., 2005;
Ansdell et al., 2017) or force variability, i.e., fluctuations
measured using coefficient of variation and complexity measured
using entropy analyses, of resulting force output (Svendsen and
Madeleine, 2010). However, both males and females are reported
to consistently exhibit greater muscle activity during upper than
lower extremity exertions, indicating that muscle activation
strategies may vary more between muscle groups than between
sexes (Avin et al., 2010). Similarly, entropy measures of low
back (Sung et al., 2008) and elbow (Svendsen and Madeleine,
2010) muscle fatigue have shown to capture sex-dependent force

control mechanisms, implicating increased musculoskeletal risk
in women owing to lower force variability. Unfortunately, the
lack of systematic evaluation of sex differences in neuromuscular
strategies during fatigue manifestation of different muscle groups
have hindered any progress on determining fatigue mechanisms
that are sex- and muscle-group dependent.

Several imaging studies have reported sex differences in
brain structure (e.g., relative brain volume, cortical thickness,
gray matter; (Good et al., 2001; Sacher et al., 2013) and
connectivity (Ingalhalikar et al., 2014) that may potentially
influence central mechanisms of fatigue. During an upper
extremity finger tapping motor task of comparable performance,
women exhibited increased activation of ipsilateral and bilateral
cortex than men (Lissek et al., 2007). However, during force
control of ankle dorsiflexionmuscles, (Yoon et al., 2014) reported
no sex differences in brain activation indicating comparable
ability of men and women to activate cortical motor centers
during isometric contractions. It should be noted that these
imaging studies did not focus on fatigue development. When
motor tasks are performed to voluntary exhaustion, which
stresses the corticomotor pathways, it is likely that sex differences
in neural activation may emerge. However, prior studies that
examined brain regions during motor fatigue failed to examine
and/or report sex differences (Dai et al., 2001; van Duinen et al.,
2008; Keisker et al., 2009; Fry et al., 2017). It is important to
determine sex differences in the recruitment of key brain areas
associated with motor fatigue of different muscle groups in
older adults. Such investigations will yield a better understanding
of central control mechanisms of motor impairments and
functional declines in men and women, which may inform
research that addresses and enhances age- and fitness-related
plasticity to preserve physical functioning.

Little is known regarding sex differences in brain activation
during neuromuscular fatigue of muscle groups that differ
in structure and function. Due to physical and functional
constraints of the existing brain imaging techniques, there
is limited work focused on determining brain activation
patterns during neuromuscular performance of large postural
lower extremity muscles (e.g., quadriceps). Published studies
that measure brain activation during knee movement have
focused on adaptations post injuries or medical events (Grooms
et al., 2015). Quadriceps muscle performance plays a major
role in maintaining functional mobility and falls prevention
in the geriatric population (Singh et al., 2010). Functional
near infrared spectroscopy (fNIRS), an optical brain imaging
technique, can offer to fill this gap since it allows for
mobile neuroimaging during both upper and lower extremity
neuromuscular tasks (Quaresima and Ferrari, 2016). fNIRS, a
popular neuroergonomics tool (Zhu et al., 2020), also provides
relatively good spatial and temporal resolution to measure task
related brain activation changes in different motor-function
related cortical regions.

The purpose of this study was to investigate sex differences in
spatiotemporal neural activation changes during upper and lower
extremity isometric fatiguing contractions in older adults using a
neuroergonomics approach. Muscle activity from prime muscles
of the hand/arm and knee extensors were monitored using
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TABLE 1 | Participant demographics.

Male Female p-value

Age (yrs.) 74.3 (6.2) 72.3 (4.9) 0.33

Height (cm) 177.7 (7.8) 163.6 (5.8) <0.001*

Weight (kg) 77.4 (8.6) 60.7 (6.9) <0.001*

BMI (kg/m2 ) 24.4 (1.2) 22.7 (1.9) 0.006*

Physical Activity (# of steps/day) 7553 (2368) 7726 (2907) 0.86

Values are presented as Mean(SD). *Indicates significant sex differences (p < 0.05).

electromyography (EMG) and force output were obtained during
intermittent isometric fatiguing handgrip and knee extension
exercises at 30% maximal voluntary contraction (MVC). Neural
activity of the frontal and sensory/motor (S1/M1) areas of both
hemispheres were monitored using functional near infrared
spectroscopy (fNIRS) to investigate the fatigue related changes
in cortical areas. These areas were selected as they are known
to be related to exertions of the upper and lower extremity
musculatures (Mehta and Shortz, 2014; Sukal-Moulton et al.,
2014). We hypothesized that the sex differences in fatigability
will be muscle-dependent, and that these differences will be
associated with differences in spatiotemporal neural patterns.

METHODS

Participants
A convenience sample of 30 older adults (15 males, 15 females)
were recruited from the local community. All participants were
65 years or older, right-hand dominant, and reported to be
sedentary to recreationally active individuals who did not have
any musculoskeletal injuries or disorders (e.g., Carpel Tunnel
Syndrome, arthritis) that would interfere with the study protocols
within the past year. All participants were provided financial
compensation upon completion of their participation. The
Institutional Review Board at Texas A&M University approved
the procedures and participants provided written informed
consent before data collection. Detailed participant demographic
information is provided in Table 1.

Procedure
Participants attended three sessions on different days: one
preliminary and two experimental sessions. During the
preliminary session, participants’ physical characteristics
including, height, and weight were obtained. At the end of
the preliminary session, a 3-axis accelerometer (activPALe, Pal
Technologies Ltd, UK) was attached to participant’s thigh to
measure physical activity (PA). Participants wore this sensor
continuously for 7 days and the sensor was received back from
the participants at the start of the first experimental session,
which occurred one week after the preliminary session. The
recorded physical activity was reported as average number of
steps per day.

At each experimental session, participants underwent
intermittent isometric fatiguing handgrip, on one day, and
knee extension exercises, on the other day. The sessions were

separated by at least 48 h and the order of the two sessions
were counterbalanced across the study sample to minimize
fatigue carryover effects. Procedures for each session were
similar (Figure 1): warm up, participant posture determination,
bioinstrumentation, strength testing, task familiarization and
practice, endurance testing, and final post strength testing.
Posture determination for the two sessions were as follows.
For the handgrip session, participants were seated upright on
an isokinetic dynamometer chair (Humac, Computer Sports
Medicine, Stoughton, MA), their dominant upper arm placed
at their side, elbow flexed at 90◦, and lower arm in a neutral
posture supported on an armrest. For the knee extension
session, participants were seated upright in the same isokinetic
dynamometer chair with hip and knee flexed at 90◦, and their
upper body secured firmly in the chair to minimize upper
body motion caused by lower extremity muscle contractions.
The dynamometer’s center-of-rotation was aligned with that
of the right knee joint and then locked with a dynamometer
pad secured above the ankle, anterior to the tibia. Participants
were then instrumented with surface electromyography (EMG)
electrodes on the respective muscles (based on the experimental
session; please see section Electromyography) and functional
near infrared spectroscopy (fNIRS) head cap and probes
(described later in Section fNIRS).

Before any strength testing, participants were provided 2-
min warm ups; gripping/relaxing a stress ball at the handgrip
session, and intermittent pushing against the dynamometer
pad at the knee extension session. During the handgrip
strength testing, participants performed isometric maximum
voluntary contractions (MVCs) by maximally gripping a hand
dynamometer (BIOPAC, CA, USA) for 3 s. During the knee
extension strength testing, participants performed isometric
MVCs by maximally extending their lower leg against the
dynamometer pad for 3 s. For each testing day, three MVCs
were measured with 2min of rest in between each MVC
trial. For each participant, the maximum of the three repeated
MVCs determined the initial strength for the handgrip and
knee extension session. Additionally, the MVC values were
used to determine the 30% MVC level for each participant’s
endurance test for that session. Real-time visual feedback and
verbal encouragement were provided during the MVC trials.

The experimental task required participants to perform
intermittent submaximal force control trials at 30% of theirMVC,
determined during the strength testing, for 15 s followed by 15 s
rest. A 440Hz audio tone with 500ms duration was presented
to participants at the beginning of each contraction and rest
period to indicate the contraction period. The 30% MVC target
force level was presented as a red line on a computer screen
at eye height and participants were instructed to track their
generated force against the target level as closely as possible.
Participants familiarized themselves with the experimental task
by performing 3–5 trials. More practice was provided if the
participants were not able to control their exerted force around
the target line. After adequate rest (∼5min), endurance testing
began. Participants were instructed to perform the intermittent
force control trials as precisely and for as long as they could,
until voluntary exhaustion. Verbal encouragement was provided
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FIGURE 1 | Experimental procedures for each session. After warm up, bioinstrumentation, and posture determination, maximum voluntary contractions (MVCs; solid

bars) were performed, followed by task familiarization. Participants performed the endurance test at 30% MVC (hatched bars) until voluntary exhaustion, followed by a

post MVC (solid bar).

during the endurance task. The task ended when either the
participant voluntarily discontinued the exercise or their exerted
force/moment dropped >10% below the required effort level for
more than 3 s. Immediately after the endurance task ended, a
post-MVC was measured to quantify strength loss based on the
MVC value obtained at the start of that session. Participants
provided Ratings of Perceived Exertion (RPEs) after each force
control trial (Borg et al., 1987).

Measurements
Handgrip force and EMG signals were collected at 1,000Hz
(Biopac Inc., Ca, USA) during the entire handgrip exercise
session. Knee extension torque was collected with 100Hz
sampling rate (Humac, Computer Sports Medicine, Stoughton,
MA). Neural hemodynamic responses were recorded using
a continuous wave fNIRS system with a sampling rate of
50Hz (Techen Inc. MA, USA, CW6 system) during the
entire session. The collected signals were pre-processed for
analysis using Matlab R2016a (Mathworks, MA, USA). The
concurrent multi-modal data stream, collected from multiple
devices, were synchronized using the audio signal provided
to participants as event stimulus. The same audio signal was
transmitted concurrently to the other devices dedicated for data
collection of muscle activation (EMG) and neural hemodynamic
responses (fNIRS) for data synchronization. During the analysis,
measurements were synchronized by synchronizing the temporal
location of the audio signals recorded in each device.

Strength, Fatigue, and Perceived Exertion
The initial and post-MVC values for each session were used
to calculate strength loss (calculated as [initial-post]/initial
MVC) for that session. Endurance time was determined at
task cessation; either when the participant’s force level dropped
below 90% of target force level for longer than 3 s or when the
participant voluntary terminated the task. RPEs were collected

after every force control trial using a 10-point scale, ranging from
0 “Nothing at all” to 10 “Extremely strong, almost maximum”
(Borg et al., 1987).

Force Variability
Force/torque data were low-pass filtered at 15Hz, and middle
12 s of data in each force control trial was extracted for force
variability analysis. Coefficient of variation (CV) of force for 1 s
window in each trial was calculated and then averaged across each
trial to assess force steadiness (Enoka et al., 2003). The complexity
of force time series data was obtained by calculating the sample
entropy (SaEn) of each force control trial, which provide a
measure of the apparent randomness or regularity of a system’s
output (Richman and Moorman, 2000). SaEn was computed as
the conditional probability of the signal by providing a measure
of the (logarithmic) likelihood that runs of patterns that are
close for m embedding dimensions remain close for incremental
(m + 1) comparisons. The false nearest neighbor approach was
applied to determine the embedding dimensions used in the
present studym= 4 (Kennel et al., 1992). The tolerance distance
parameter r that indicates r times the standard deviation of the
segment in the time series was determined as r = 0.2 (Samani
et al., 2015). Higher SaEn values (total range of 0–2) indicates
lower predictability of future data points and greater irregularity
in the force time series data, while lower values represent greater
repeatability and regularity. Neuromuscular fatigue has shown to
reduce SaEn (Pethick et al., 2019).

Electromyography
EMG signals of the extensor and flexor carpi radialis (ECR,
FCR, respectively) muscles were recorded during the handgrip
exercise, and the signals of the Vastus Lateralis and Rectus
Femoris (VL, RF, respectively) muscles were recorded during the
knee extension exercise. Recorded signals were band-pass filtered
(20–450Hz), rectified, and detrended. Root mean squared (EMG
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RMS) value of middle 12 s window of each trial was calculated
(Srinivasan et al., 2016), and normalized to the EMG RMS value
during the initial MVC test. Mean RMS of EMG is a crude
indicator of neural effort (Farina et al., 2010), and while it has
some limitations, it provides for a simpler approach compared to
EMG decomposition methods (Farina et al., 2010), and thus was
used to capture changes in neural drive changed over time.

fNIRS
The anterior prefrontal cortex (PFC), primary motor area, and
sensory area were monitored across 26 channels through a
custom NIRS probe, using the 10–20 International System,
consisting of eight emitters and 13 detectors (Figures 2A,B).
Recorded hemodynamic responses were preprocessed using
HomER2 (Center for Functional Neuroimaging Technologies,
Massachusetts General Hospital East, MA; (Karim et al., 2012).
The light intensity was converted into optical density changes
and low pass filtered with a 3Hz cutoff frequency to reduce
high-frequency noise. The motion artifact caused by the sudden
head movement was corrected using the kurtosis based wavelet
algorithm (Chiarelli et al., 2015) after the extreme signal
offsets were corrected using spline interpolation algorithm
(Scholkmann et al., 2010). Post evaluation and correction of
the motion artifacts, the optical density signal was band-pass
filtered with a 0.5Hz to 0.016Hz cutoff frequency range to
remove physiological noise caused by heartbeat, and possible
slow wave drifts caused by NIRS system (Koenraadt et al.,
2014). Processed optical density changes were then converted
into hemodynamic responses changes of Oxygenated (1HbO)
and Deoxygenated (1HbR) hemoglobin concentration using
modified Beer-Lambert law. The average 1HbO and 1HbR
levels of 2 s window prior to event stimulation of each trial
was subtracted from the average 1HbO and 1HbR levels of
2 s around maximum 1HbO and 1HbR levels within 4−18 s
during each force control trial to acquire task-related neural
hemodynamic response changes (Figure 2C) (Mehta and Rhee,
2017; Rhee andMehta, 2019). Statistical analyses were conducted
on 1HbO as it has shown greater sensitivity to task related
changes compared to 1HbR (Malonek and Grinvald, 1996).

Statistical Analysis
Independent sample t-tests were used to test sex differences in
the demographic data and physical activity collected during the
preliminary session. Initial strength, strength loss, and endurance
time for both handgrip and knee extension sessions were also
submitted to independent sample t-test to examine any sex
differences. For each muscle-specific fatiguing session, RPEs,
force variability, EMG, and fNIRSmeasures were averaged within
three phases normalized to each participant’s endurance time and
labeled as early, middle, and late fatigue phases. Separate mixed-
factor analyses of variance (ANOVAs) were performed to test
the effects of sex (male vs. female) and fatigue phase (early vs.
middle vs. late) on RPE, CV of force, SaEn of force, EMG RMS,
and each channel of the 1HbO for each muscle group. Statistical
significance was determined at alpha level of 0.05 and post-hoc
comparisons for the force, EMG and RPE data were evaluated
using Bonferroni corrected t-tests. Given the fair number of

multiple comparisons that were made for the fNIRS data, FDR
corrections with q= 0.1 were conducted on 1HbO to reduce the
chance of type-1 error.

RESULTS

Table 1 lists participant demographics and PA outcomes. While
significant sex differences in anthropometric measurements were
found as expected, males and females were comparable in their
PA levels. Finally, while both groups reported similar levels
of cognitive, physical, and mental functioning, males reported
higher emotional well-being than females.

Strength, Fatigue, and Perceived Exertion
Compared to females, males exhibited greater initial handgrip
and knee extension strength (handgrip: t(28) = 2.348, p = 0.026
knee extension: t(28) = 4.12, p < 0.001). While strength loss
remained comparable between males and females during the
handgrip exercise (p = 0.37), males lost more strength than
females during the knee extension exercise; t(28) = 3.08, p =

0.005. Similarly, while endurance time for the handgrip exercise
were similar between males and females (p = 0.806), males
exhibited longer endurance times than females during the knee
extension exercise; t(28) = 0.282, p = 0.009. Mean (SD) of the
strength and fatigue indicators are presented in Table 2. RPE
increased significantly over time during both handgrip (handgrip
fatigue main effect: F(2, 56) = 215.25, p < 0.0001) and knee
extension (knee fatigue main effect: F(2, 56) = 243.35, p < 0.0001)
exercises (Figure 3A). However, there were no sex or sex x fatigue
interaction effects observed (both p’s > 0.39).

Force Variability
During the handgrip exercise, a main effect of fatigue (F(2, 56) =
10.302, p < 0.001; Figure 3B) was found on CV of force, while
no sex main effect or fatigue ∗ sex interaction effect were found
(both p > 0.8). Post-hoc analysis revealed that force fluctuations
were greater during late phase than early and middle phases (p=
0.01). Both fatigue (F(2, 56) = 11.07, p < 0.001) and sex (F(1, 27)
= 14.79, p = 0.001) significantly affected SaEn, with increasing
entropy observed as fatigue developed between early and middle
phase (post-hoc p-value = 0.01) and greater entropy noted in
men vs. women (Figure 3C), with no fatigue ∗ sex interactions
observed (p= 0.304).

During the knee extension exercise, CV of torque was
significantly greater during the late phase than the early and
middle fatigue phases (F(2, 56) = 4.597, p = 0.014; Figure 3B),
but no differences were seen with sex main effect or fatigue ∗ sex
interaction effect (both p > 0.65). SaEn of force was found to be
higher during the late when compared to the early and middle
fatigue phases (fatigue main effect: F(2, 56) = 8.96, p < 0.0001)
and higher in males than females (sex main effect: F(1, 27) = 6.76,
p = 0.015). A significant fatigue ∗ sex interaction effect (F(2, 56)
= 3.62, p = 0.033) was also found; while SaEn was higher in
the late when compared to the early phase for males (post-hoc p-
value < 0.01), it remained comparable across the fatigue phases
for females (Figure 3C).
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FIGURE 2 | fNIRS custom probe design (A), the sensitivity map on the brain surface that shows the areas of interest (frontal, motor, and sensory area) measured

using the custom probe design (B), and the sample hemodynamic responses during force control trials that shows how neural activations are quantified in the present

study (C). The red dots show the location of light emitters and the blue dots show the location of detectors. The yellow lines between red and blue dots show the

location of each channel (numbers) where the hemodynamic responses were measured (A,B).

TABLE 2 | Strength and fatigue indicators for males and females during handgrip and knee extension exercises.

Handgrip Knee extension

Male Female Male Female

Initial strength 113.76 (28.44) N 91.2 (22.56) N 146.29 (41.49) Nm 98.16 (18.44) Nm

Strength loss 37.7 (10.2) % 33.8 (12.9) % 41.6 (12.3) % 28.5 (11) %

Endurance time 20.7 (2.3) min 19.9 (2.7) min 27.0 (3.4) min 16.7 (1.4) min

Values are presented as Mean (SD).

Electromyography
EMG RMS of the respective muscles (Figures 3D,E) increased
significantly over time for both handgrip (ECR: F(2,56) = 16.365,
p < 0.001, FCR: F(2, 56) = 22.737, p < 0.001) and knee extension
(VL: F(2, 56) = 57.924, p < 0.001, RF: F(2, 56) = 49.379, p <

0.001) exercises. A significant fatigue ∗ sex interaction effect was
found on the FCR EMG RMS (F(2, 56) = 9.002, p = 0.001); males
exhibited higher EMG RMS than females at the late fatigue phase
(all post-hoc p-values < 0.02). However, changes in ECR EMG
RMS during handgrip exercise and VL and RF EMG RMS during
knee extension were comparable between males and females (all
p’s > 0.27).

fNIRS
Task related oxygenated hemoglobin changes in cerebral blood
flow (1HbO, respectively) during handgrip exercise increased
with fatigue development at 13 channels (refer to Table 3

for p-values). 1HbO change across fatigue development was
greater for females than males at channel 6 monitoring the
right motor region (Figure 4). Males showed overall greater
1HbO than females at the left sensory area (sex main effect in
channel 14).

1HbO during knee extension exercise increased with fatigue
development at a part of the right frontal area and at a part of the

motor and sensory area of both hemispheres (fatigue main effect
in 15 channels, see Table 3). The amount of 1HbO change with
fatigue development was greater with males than females in the
right sensory area (channel 12) and left motor area (channels 18,
19, see Table 3).

DISCUSSION

In general, increasing fatigability, i.e., increases in force
fluctuations and sample entropy, was associated with changes
in neural activation across several brain regions, independent of
the muscle groups. During handgrip fatigue, increased activation
of the contralateral motor area (channels 18, 19, 20, 21,
and 29), ipsilateral motor area (channels 5, 6, 27, and 28),
contralateral sensory area (channels 8 and 10), and ipsilateral
sensory area (channels 15 and 25) were observed. Interestingly,
fatigue-related increases in prefrontal activation during handgrip
fatigue were found to have marginal effects, with no statistical
significance, however the trends were found to be similar to
those reported by Liu et al. (2003) in a study that examined
changes in brain function during handgrip fatigue in young
adults. During knee extension fatigue, brain activation increased
with fatigue development at contralateral frontal area (channel
1), contralateral motor area (channels 18, 29, 20, 30), ipsilateral
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FIGURE 3 | Ratings of perceived exertion (A), CV of force (B), SaEn of force (C), and EMG RMS ratio (D, E) during handgrip exercises (left column) and knee

extension exercises (right column). + Indicate significant fatigue main effect, � indicate significant sex main effect, and *indicate sex effects at the specific fatigue phase

(fatigue x sex interaction). Statistical significance was determined at p < 0.05. Error bars represent standard error.
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TABLE 3 | Observed p-values for each channel of fNIRS measurements.

Handgrip Knee extension

Area Hemisphere Channel Fatigue F x G Sex Fatigue F x G Sex

Frontal Right Ch1 0.473 0.556 0.154 0.044 0.939 0.866

Ch2 0.147 0.648 0.896 0.742 0.063 0.881

Left Ch16 0.029 0.604 0.345 0.002* 0.564 0.829

Ch17 0.103 0.276 0.518 0.024 0.223 0.333

Motor Right Ch27 0.001* 0.983 0.194 0.017 0.224 0.548

Ch28 <0.001* 0.109 0.702 0.046 0.456 0.609

Ch5 <0.001* 0.152 0.051 <0.001* 0.553 0.127

Ch6 <0.001* <0.001* 0.033 0.005* 0.563 0.316

Ch3 0.049 0.944 0.752 0.019 0.174 0.029

Ch4 0.048 0.388 0.112 0.003* 0.015 0.013

Left Ch29 <0.001* 0.105 0.571 0.013 0.953 0.538

Ch30 0.028 0.382 0.265 0.002* 0.967 0.230

Ch20 0.001* 0.672 0.246 <0.001* 0.375 0.395

Ch21 0.001* 0.017 0.050 0.094 0.131 0.505

Ch18 0.002* 0.821 0.875 <0.001* 0.008* 0.023

Ch19 0.007* 0.533 0.936 <0.001* 0.007* 0.060

Sensory Right Ch12 0.047 0.720 0.057 <0.001* 0.001* 0.150

Ch13 0.378 0.269 0.071 <0.001* 0.100 0.085

Ch9 0.033 0.377 0.283 0.008* 0.314 0.901

Ch10 0.009* 0.704 0.811 0.012 0.213 0.643

Ch8 0.002* 0.577 0.051 0.189 0.103 0.072

Left Ch15 0.001* 0.042 0.025 0.001* 0.137 0.613

Ch14 0.075 0.702 0.003* 0.001* 0.062 0.062

Ch23 0.102 0.833 0.141 0.062 0.270 0.421

Ch24 0.027 0.450 0.513 0.002* 0.043 0.758

Ch25 <0.001* 0.071 0.097 0.009* 0.306 0.070

*Indicates statistical significance with FDR corrections with q = 0.1. The order of channels is based on spatial location of the channel on the brain surface, anterior to posterior, and

medial to lateral.

FIGURE 4 | Change of oxygenated blood flow (1HbO) during fatigue development. Each column shows the averaged HbO activation within each phase, early,

middle, and late. Top two rows show the HbO activation changes of male and females during handgrip exercise, and bottom two rows show that during knee

extension exercise. Each activation map shows the HbO activation of each channel for each group in each phase. Level of activation is displayed as graded color

shown in the right side of the figure.
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motor area (channels 4, 5, 6, 27), contralateral sensory area
(channels 14, 15, 24, 25), and ipsilateral sensory area (channels
9, 10, 12, 13). The spatial location of areas that showed increased
activation matches with the previous results reported on cortical
areas responsible for lower extremity muscle movement, such
as bilateral medial motor and sensory areas (Dobkin et al.,
2004; Hollnagel et al., 2011). Increasing engagement of the
contralateral motor and sensory areas suggest that fatigue
manifestation increases the need for altering the ongoing
descending commands based on fatigue-related analyzed sensory
information (Liu et al., 2003). Additionally, while the spatial
activation pattern within each phase of fatigue was not examined
in the present study, the patterns appear to have strong left
lateralization (see Figure 4) during handgrip when compared to
knee exercises, similar to that reported in fMRI investigations of
adults aged 28–54 years (Luft et al., 2002). The present study also
observed concomitant increases in muscle activation over time
across the upper and lower extremity muscles. These fatigue-
related changes in neural and peripheral measures are similar
to other studies that used different hemodynamic neuroimaging
methods, such as fMRI and PET (Dai et al., 2001; van Duinen
et al., 2008).

During the handgrip exercises, males exhibited stronger
maximum voluntary contraction force (i.e., initial strength) than
females, however endurance time and strength loss after fatigue
development were comparable between groups. These findings
are consistent with results from prior studies (Gonzales and
Scheuermann, 2007; Jarvis et al., 2011). Perceived fatigue levels
increased similarly over time across both sexes. While force
fluctuations were comparable across males and females, force
complexity, measured using sample entropy of force, was in
general higher in males than females (i.e., sex main effect).
Force complexity provides information on system adaptability,
particularly as it relates to amplitude of force steadiness, with
less complex signals generating more regular fluctuations (Lipsitz
and Goldberger, 1992). Loss in complexity in physiological time
series when accompanied with increased fluctuations may be
associated with inability of the motor system to remain steady or
extend time to task failure, particularly during maximal fatiguing
exercises, in young adults (Pethick et al., 2015). However, the
present study observed increasing force complexity over time
(i.e., fatigue main effect), similar to that found by Svendsen and
Madeleine (2010). It is likely that the force contraction levels, 20%
MVC in Svendsen and Madeleine (2010) and 30% in the present
study compared to maximal contractions in Pethick et al. (2015),
may have accounted for the differences in forces complexity
trends with fatigue. In the present study, higher complexity
of force time series, in combination with increased FCR EMG
activity may be indicative of increased system adaptability in
older males than older females (Srinivasan and Mathiassen,
2012). Males also exhibited increased activation in one channel
within the sensory motor region of the left hemisphere than
females. It is likely that the significant increase in the activation
of ipsilateral motor regions, observed in females at the late fatigue
phase, was an effort to increase central neural drive in response
to the loss of force generating capacity (Hunter et al., 2009;
Burnley et al., 2012). These findings implicate sex differences in

neuromuscular strategies in older adults during handgrip fatigue
exercises. Similar compensatory ipsilateral cortical activation was
observed in females than males using fMRI, with comparable
motor performance, during finger tapping tasks among young
adults (Lissek et al., 2007).

During the knee extensor exercises, males exhibited greater
initial strength than females, a finding that is widely established
(Pincivero et al., 2003). However, unlike our handgrip fatigue
results, longer endurance times and greater strength loss was
observed in males than females. These findings deviate from the
larger literature on sex differences in knee extensor fatigability
(Clark et al., 2005; Ansdell et al., 2017), but are supported by few
others (Pincivero et al., 2003). Perceived effort, force fluctuation
and complexity increased over time, as was expected, in response
to the fatigue development along with increases inmuscle activity
of the vastus lateralis and rectus femoris muscles. However,
force complexity trends were different across sexes during knee
extensor fatigue. While force complexity level of older males
was increased over time and was greater than females, force
fluctuation profiles was not different between the two sexes.
It is to be noted that the endurance times were significantly
longer for males than females, and thus it is likely that to
exhibit the magnitude of motor steadiness (i.e., force fluctuation)
comparable to their female counterparts, but lasting longer, males
had to often correct their force outputs (Vaillancourt et al., 2003).
The concurrent activation increases in the contralateral motor
regions (channels 18, 19) and ipsilateral sensory area (channel 12)
seen in males over time may implicate an effective neuromotor
strategy adopted by older males to maintain performance over
time that slows the rate of fatigue development. While no firm
reasons can be offered to explain why increased activation in
the contralateral motor regions in males were observed, prior
research has reported the increased engagement of the ipsilateral
sensorimotor cortex to compensate for fatigue-related alteration
inmotor control and tomaintain optimal descending output (Liu
et al., 2002, 2003, 2007).

The concurrent assessment of neural dynamics and motor
strategies during fatiguing exercises of muscle groups that
are both structurally and functionally different provided
unique insights to better understanding the mechanisms of
neuromuscular fatigue and associated sex differences. Prior
neuroimaging studies that examined sex differences during
motor control found different activation strategies during upper
extremity exercises (Lissek et al., 2007) but not lower extremity
exercises (Yoon et al., 2014). It should be noted that the lack
of knowledge on sex differences in brain dynamics during
neuromuscular fatigue development across upper and lower
extremity muscles, which the present study aimed to address,
better elucidated sex differences in neuromotor strategies during
the handgrip exercise than knee extensor exercises. These is
consensus in the literature on the absence of sex differences
in muscle fatiguability of the distal upper extremities (Hunter,
2009), but the fNIRS findings here identify the differences
in the underlying neural strategies adopted by males and
females in maintaining downstreammotor outputs. In particular,
the increased ipsilateral cortical activation in older females
highlight the added cost of preserving task performance during
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fatigue, which otherwise goes unnoticed when comparing
physical demands and capabilities between sexes for work
and activities of daily living. In a similar vein, increases in
neural activation patterns (i.e., concurrent increase in motor
and sensory areas) in males during knee exercises over time
point to potential rehabilitation/exercise strategies that may be
targeted to benefit more fatigable older individuals to improve
neuromotor outcomes.

There are some limitations that exist in the present
study. First, the examined relationship between neuromuscular
functionality and brain activation is only correlational. In
other words, neuromuscular functions changed with fatigue
development and so as the brain activation, however the
current findings do not provide any causal inference between
the two. Future work should extend the current findings by
measuring motor evoked potential and active motor threshold
using transcranial magnetic stimulation during fatiguing motor
tasks (Todd et al., 2003) to confirm sex differences in neural
mechanisms of motor fatigue. However, the present study
identifies key candidate neural sites that may be targeted
in subsequent causal studies to more robustly quantify the
mechanistic pathways of fatigability across sexes. Second, the
tasks employed in this study are static in nature, and while both
handgrip and knee functioning have clinical relevance in older
adults (Singh et al., 2010), studies that map cortical activation
during more dynamic fatiguing exercises are warranted. Third,
the fatiguing protocol was performed at a set pace, using visual
cues, of 15 s of exertion followed by 15 s of rest, until voluntary
exhaustion. It is well-known that a set pace of work and rest
may create confounding human responses, such as anticipation,
that may impact neural responses of motor preparation and
planning processes (Zhu et al., 2020). However, randomly
changing rest times can impact motor fatigue development and
reduce its generalizability to available fatigue models (Rashedi
and Nussbaum, 2015). Fourth, it is likely that task repetition may
result in distinct brain activation patterns that reflect habituation
that were not delineated in the present study. Prior studies
have addressed such changes to including a control task, i.e.,
tasks conducted with similar muscle activation but at different
intensities (Fry et al., 2017). However, the main purpose of the
study was to examine sex differences during fatigability, which in
the present analyses, may also be reflective of sex differences in
task habituation. Fifth, our study utilized a more liberal approach
to correcting for multiple comparisons with the brain data (i.e.,
q = 0.1) to examine the interaction between sex and fatigue
phases. It is likely that more targeted monitoring of focused brain
regions, based on selection of key ROIs observed in this study, in
future work or recruiting a larger study sample may address this
limitation. Finally, fNIRS provides a cost-effective and posture-
feasible alternative approach to monitoring cortical activation
during strenuous motor tasks. However, fatigue-related changes
in brain function also include non-cortical regions that can only
be recorded through the use of PET or fMRI (van Duinen et al.,
2007; DeLuca et al., 2009). However, findings obtained here

on cortical regions engaged during handgrip fatigue, a protocol
feasible with fMRI, are corroborated with existing fMRI studies
(Lissek et al., 2007), thus increasing the confidence of fNIRS as a
valuable brain imaging technique to understand neural control of
motor fatigue.

CONCLUSION

The present study investigated sex differences in spatiotemporal
neural activation changes during isometric fatiguing contractions
in older adults. To this end, we utilized a neuroergonomics
approach, by employing functional near infrared spectroscopy,
to monitor neural activation patterns during handgrip and knee
extension fatiguing exercises. Important results found in this
study include sex differences in fatigability during knee exercises
but not during handgrip exercises. Older males exhibited an
effective neuromotor strategy to delay knee extensor exhaustion
via concomitant motor corrections and cortical activation. While
the extent of handgrip fatigue was comparable between males
and females, there were significant sex differences in motor
cortical activation patterns suggesting different neural strategies
adopted by males and females under fatigue to maintain motor
performance. A neuroergonomics approach that concurrently
assesses neural dynamics and motor strategies during upper and
lower extremity motor fatigue provides unique insights on the
mechanisms of neuromuscular fatigue and reveals associated
sex differences.
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