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Abstract: This study investigated mechanisms for the stressor-induced
changes in muscle fatigability in men and women. Participants performed an
isometric-fatiguing contraction at 20% maximal voluntary contraction (MVC)
until failure with the elbow flexor muscles. Study one (n = 55; 29 women)
involved two experimental sessions: 1) a high-stressor session that required a
difficult mental-math task before and during a fatiguing contraction and 2) a
control session with no mental math. For some participants (n = 28; 14
women), cortical stimulation was used to examine mechanisms that
contributed to muscle fatigability during the high-stressor and control
sessions. Study two (n = 23; nine women) determined the influence of a low
stressor, i.e., a simple mental-math task, on muscle fatigability. In study one,
the time-to-task failure was less for the high-stressor session than control (P
< 0.05) for women (19.4%) and men (9.5%): the sex difference response
disappeared when covaried for initial strength (MVC). MVC force, voluntary
activation, and peak-twitch amplitude decreased similarly for the control and
high-stressor sessions (P < 0.05). In study two, the time-to-task failure of
men or women was not influenced by the low stressor (P > 0.05). The greater
fatigability, when exposed to a high stressor during a low-force task, was not
exclusive to women but involved a strength-related mechanism in both
weaker men and women that accelerated declines in voluntary activation and
slowing of contractile properties.
Keywords: voluntary activation, transcranial magnetic stimulation, sex
differences, muscle fatigue, gender
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Psychosocial stress can impair motor performance during lowintensity isometric tasks. When young adults, for example, are
exposed to an acute stressor (such as difficult mental math,
unpredictable delivery of electrical stimulation, or a choice reaction
time task), while sustaining isometric contractions with the upper limb,
time-to-task failure decreases, and the amplitude of force fluctuations
can increase.2,4,27,36,53 The influence of a stressor on steadiness and
fatigability appears to be more prominent in women than men and in
individuals with higher trait anxiety.4,35,53 These findings are important,
because physiological responses to psychosocial stress are significant
determinants of health18 and therefore, predispose some populations
to more health problems, such as work-related musculoskeletal
disorders.38 Despite the detrimental short- and long-term
repercussions of repeated exposure to an acute stressor on the
musculoskeletal system, mechanisms underlying these interactions are
not known.
Our initial findings in this area showed increased fatigability of a
submaximal, sustained contraction (reduction in time to failure) for the
elbow flexor muscles when performing a difficult mental-math task
(high cognitive stressor).53 The increased fatigability was greater in
women than men and was also accompanied by an increase in indices
of sympathetic activation [mean arterial pressure (MAP) and heart
rate].53 The reduction in time to failure with exposure to the stressor
was associated with maximal strength, because weaker individuals
exhibited a greater increase in fatigability when exposed to the difficult
cognitive challenge. Because men were stronger than women, it was
not clear in our initial study whether the stressor-induced reduction in
time to failure was due to the strength alone (independent of sex) or
specific to women.53 To address this issue, in the current study, we
recruited and tested large numbers of men and women and of varying
strength.
Strength is dependent on adequate voluntary command from
supraspinal centers and activation of motor units that vary in
contractile properties across motor-unit populations. Both voluntary
activation and contractile properties are altered during fatiguing
contractions12,19 and are potentially influenced by an acute stressor,
but this has not been investigated. Increased sympathetic activation,
which occurs during acute stress exposure, can, however, alter the
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intrinsic properties of muscle fibers by potentiating force of type II
fast-twitch fibers and reduce the half-relaxation time of type I slowtwitch fibers in animal muscle1 and human motor units with low
recruitment thresholds.40 Men, who are typically stronger, usually
possess a greater proportional area of type II fibers than women when
analyzed from muscle biopsy samples [e.g., Porter et al.39 and
Simoneau and Bouchard41] and typically, more rapid contractile
function.12,33,52 Therefore, the greater fatigability in weaker individuals
when exposed to a stressor could be due to a selective influence of
sympathetic activity on the different fibers and their contractile
properties. We investigated the association between contractile
properties and fatigability when a high and low cognitive stressor was
imposed in both men and women.
Stressor-induced alterations in muscle fatigability could also
involve adjustments from supraspinal sources, and this may differ
among individuals of different strength and with varying activation of
the sympathetic nervous system. Stressor-induced activation of the
sympathetic nervous system causes release of neuromodulators
(norepinephrine and serotonin) and hormones (epinephrine and
cortisol) that impact cognitive,28 cardiovascular,8 and motor
functions.22 Furthermore, descending command and synaptic input to
the motoneuron pool may be altered during tasks that require more
attention.17,34 Hence, we assessed activation of the motor cortex
during maximal voluntary contractions (MVCs). An increase in the
force from cortical stimulation during a maximal effort contraction
[superimposed twitch (SIT)] indicates suboptimal output from the
motor cortex and voluntary activation is reduced.7,44 Under control
conditions, women are able to sustain fatiguing contractions in the
elbow flexor muscles longer than men at the same relative intensity
[for review, see Hunter11], but voluntary activation and its reduction
were similar for both sexes.12,19 It is unknown, however, whether the
greater fatigability associated with an imposed stressor in individuals
with weaker muscles can be attributed to the reduced activation from
the motor cortex.
The first purpose of study one was to determine the associations
between the stressor-induced modulation of fatigability and the
strength (MVC force) and sex of the participants. The second purpose
of study one was to determine the relative contributions of
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adjustments in voluntary activation and contractile function to the
stressor-induced change in fatigability. We hypothesized that women
would have greater decrements in time to failure of a submaximal
isometric-fatiguing contraction than men when exposed to a high
cognitive stressor, and this would be associated with 1) elbow flexor
maximal strength, 2) slower rates of relaxation, and 3) greater
reductions in voluntary activation in the elbow flexor muscles. In study
two, men and women performed a simple mental-math test during the
fatiguing contraction to determine the influence of a low cognitive
stressor (simple mental math) on the time-to-task failure. We
hypothesized that the low cognitive stressor would not influence
fatigability in men and women.

Materials and Methods
Two studies were performed involving young, healthy men and
women (18–35 yr). All participants were healthy with no known
neurological or cardiovascular diseases and were naive to the protocol.
Participants reported no history or current mental pathology, including
anxiety disorders and/or depression. Each protocol was approved by
the Institutional Review Board at Marquette University and conformed
to the standards of the 1975 Helsinki Declaration. Each participant
provided informed consent and attended a familiarization session,
followed by several experimental sessions.
At the familiarization session, each participant practiced MVCs
with the elbow flexor muscles. The physical-activity level for each
participant was assessed with a questionnaire that estimated the
relative kilocalorie expenditure/wk.23 The day of menstrual cycle was
recorded for each experimental day for female participants. The 1st
day of menstruation was considered day one of the cycle. Participants
were also habituated to transcranial magnetic stimulation (TMS) and
electrical stimulation of the brachial plexus.

Study One
Twenty-six men (20 ± 2 yr) and 29 women (20 ± 3 yr)
participated in a familiarization and two experimental sessions (control
and high-stressor sessions) that were counterbalanced among
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participants. The control and high-stressor sessions were ≥7 days
apart and involved performing a fatiguing contraction with the elbow
flexor muscles of the left arm. In the control session, each participant
performed the contraction without performing the difficult cognitive
task (i.e., mental math). During the stressor sessions, each participant
was required to perform 4 min of mental math before and
simultaneously while performing the fatiguing contraction at a target
level that was equivalent to 20% of MVC force for as long as possible
(see Experimental Protocol at Experimental Sessions for more detail).
Hand dominance was estimated by the Edinburgh Handedness
Inventory37 (0.44 ± 0.5 vs. 0.70 ± 0.2 for men and women,
respectively, with a ratio of one indicating complete righthandedness). To determine the time to failure across participants of
varying levels of strength, we pooled data from the 55 participants
tested in this study with data from our original study,53 where we used
the same procedures and equipment as the present study. Hence, the
data of 20 participants were added to increase the total to 75
participants for both studies combined for the strength-matched
analysis.
A subset of participants from study one (14 women, 20 ± 2 yr;
14 men, 20 ± 3 yr) performed experimental sessions (control and
high-stressor sessions) with TMS (elicited during MVCs and
submaximal contractions) to quantify voluntary activation, motorevoked potentials (MEPs), silent periods, and peak relaxation rates
before and after the fatiguing contraction. Experimental sessions were
counterbalanced among participants.

Study Two
To determine the influence of a simple cognitive task (low
stressor) on time-to-task failure, 14 men (20 ± 2 yr) and nine women
(20 ± 4 yr) attended an additional session to perform a simple mentalmath task before and during a fatiguing contraction. Cortical
stimulation was used to elicit force and electromyography (EMG)
during MVCs and submaximal contractions. The procedures were the
same as the high-stressor session except that the mental math was
simple and a low-level stressor (see Cognitive Tasks).
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Mechanical Recordings
Each participant was seated upright in an adjustable chair with
the left arm slightly abducted and the elbow joint resting on a padded
support. The elbow joint was flexed to 90° so that the forearm was
parallel to the ground, and the force at the wrist was directed upward
with activation of the elbow flexor muscles. The hand and forearm
were placed in a modified wrist-hand-thumb orthosis (Orthomerica,
Newport Beach, CA), and the forearm was placed midway between
pronation and supination. Two nylon straps were placed over each
shoulder to minimize shoulder movement. The force exerted by the
wrist in the vertical direction was measured with a transducer (forcemoment sensor; JR3, Woodland, CA) that was mounted on a customdesigned, adjustable support. The orthosis was attached to the force
transducer. The force was recorded online at 500 samples/s, using a
Power 1401 analog-to-digital (A-D) converter and Spike2 software
[Cambridge Electronic Design (CED), Cambridge, UK], and displayed
on a 19-in. monitor, 1.5 m in front of the subject. Each subject was
asked to trace the horizontal cursor with the force signal for as long as
possible during the fatiguing contraction. The force signal appeared on
the screen from the right side of the monitor at 2.5 cm/s. The gain of
the force signal was the same across sessions for each participant.

Electrical Recordings
EMG signals were recorded with bipolar surface electrodes (AgAgCl, 8-mm diameter; 16 mm between electrodes) that were placed
over biceps brachii, brachioradialis, and triceps brachii muscles. The
bipolar electrode configuration was placed longitudinally over the
muscle belly, midway between the origin and insertion for each
muscle, according to the European recommendations for surface EMG.9
Reference electrodes were placed on a bony prominence at the elbow.
The EMG signal was amplified (100×) and band-pass filtered (13–
1,000 Hz) with Coulbourn modules (Coulbourn Instruments, Allentown,
PA) before being recorded directly to a computer with the Power 1401
A-D converter and Spike2 (CED). The EMG signals were digitized at
2,000 samples/s.
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Motor cortex stimulation.
TMS was delivered via a round coil (13.5 cm outside diameter)
over the vertex (Magstim 200; Magstim, Whitland, UK) to elicit MEPs
in biceps brachii, brachioradialis, and triceps brachii muscles. The right
cerebral hemisphere was stimulated by the direction of the current
flow in the coil to activate the left limb preferentially. A single pulse
was delivered over the motor cortex at an intensity that produced a
large MEP in the agonist biceps muscle [minimum amplitude of 50% of
maximal M wave (Mmax) during a brief MVC of the elbow flexor
muscles] but only a small MEP in the antagonist triceps muscle
amplitude (<20% of Mmax) when the M wave was maximal.49 TMS was
delivered during voluntary contractions only, including during brief
maximal and submaximal contractions before and after the fatiguing
contraction (recovery), and also, during the fatiguing contraction (once
at the start and once at task failure; Fig. 1).

Fig. 1. Experimental protocol. This is the general protocol. Not all participants
were involved in the stimulation. Top row: order of force tasks performed by
each subject with the elbow flexor muscles. Each participant performed 4 sets
of maximal voluntary contractions (MVCs) and brief contractions at 60% and
80% of MVC. These were repeated during recovery [recovery at 5 min, 10
min, and 20 min (5R, 10R, and 20R)] from the fatiguing contraction. 2nd and
3rd rows: arrows denote the time points that transcranial magnetic
stimulation (TMS) and electrical stimulation of the brachial plexus (ESTIM)
were delivered in some participants (study 1, n = 28; study 2, n = 23). A
difficult mental-math task (high stressor), a simple mental-math task (lowstressor task), or quiet rest (control session) was performed, 2 × 2 min (total
of 4 min) before and then during the fatiguing contraction for each respective
session. The State-Trait Anxiety Inventory (STAI) questionnaire was assessed
twice throughout the protocol. Levels of anxiety using the Visual Analog Scale
(VAS) were assessed throughout the protocol. T1–T2, 2 baseline assessments
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before intended arousal; T3, after the 1st 2-min bout of the cognitive task
with no contraction (low- or high-stressor session) or quiet rest (control
session); T4, after the 2nd 2-min bout of the cognitive task or quiet rest
(control session); T5, immediately after the fatiguing contraction; T6–T8, 5,
10, and 20 min after the fatiguing contraction (recovery), respectively.
Bottom row: order in which the events took place. Note that the schematic is
not to scale for time or force.

Brachial plexus stimulation.
The brachial plexus was electrically stimulated to produce a
maximal compound muscle action potential (Mmax) of the biceps
brachii, brachioradialis, and triceps brachii muscles. Brachial plexus
stimulation occurred during each MVC and after delivery of the cortical
stimulation. Participants were allowed 1 s to recover maximal force
after cortical stimulation before brachial stimulation was applied. A
cathode was placed in the supraclavicular fossa and an anode on the
acromion process. A constant-current stimulator (model DS7AH;
Digitimer, Hertfordshire, UK) was used to deliver single stimuli (100 μs
duration) to the brachial plexus.

Cognitive Tasks
During the high-stressor session (study one only), each
participant performed serial subtraction by 13 from a four-digit
number, with a response required every 3 s.36 Once participants made
an error in the math or were not able to provide the correct answer
within 3 s, they were asked to start the mental math again from a new
number in the series. They performed the mental math before the
fatiguing contraction (2 × 2-min bouts) and then continuously during
the fatiguing contraction. Mental math is a well-established
psychosocial technique to induce stress18,36 and was used in a previous
study to increase levels of anxiety and stress.53
During the low-stressor session (study two only), each
participant performed a simple math task that was not designed to
induce stress53 but to involve similar cognitive processes of that during
the high-stressor session. Participants subtracted by one from 50
continuously during the 4 min (2 × 2-min bouts) before the fatiguing
contraction and during the fatiguing contraction in the low-stressor
session.
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Cognitive Assessment of Anxiety
Cognitive levels of anxiety were assessed throughout the
protocol using the Visual Analog Scale (VAS) and the state portion of
the State-Trait Anxiety Inventory (STAI) questionnaire, as we have
detailed previously.19,53 VAS, for anxiety, was recorded at eight time
points during the protocol (Fig. 1): two baseline assessments before
intended arousal (T1–T2); after the first 2-min bout of the cognitive
task with no contraction (low- or high-stressor session) or quiet rest
(control session; T3); after the second 2-min bout of the cognitive task
or quiet rest (control session; T4); immediately after the fatiguing
contraction (T5); and then, 5, 10, and 20 min after the fatiguing
contraction (recovery; T6–T8, respectively).
The STAI-state questionnaire involved 20 statements that
required a response on a four-point, Likert-type scale. Assessment of
STAI was performed at baseline, after quiet sitting (control session)
and after 4 min (2 × 2-min bouts) of the mental math (low- and highstressor sessions; Fig. 1).

Cardiovascular Measurements
Heart rate and blood pressure were monitored at rest
(baseline), during the cognitive tasks or quiet sitting (before the
fatiguing contraction), and also, during each fatiguing contraction.
Both heart rate and blood pressure were monitored with an automated
beat-by-beat blood-pressure monitor (Finapres 2300; Datex-Ohmeda,
Louisville, CO). The blood-pressure cuff was placed around the middle
finger of the relaxed right hand with the arm placed on a table
adjacent to the subject at heart level. The automated blood-pressure
signal was calibrated for each participant to a manual blood pressure
taken at rest. The blood-pressure signal was recorded online to a
computer at 500 samples/s.

Experimental Protocol at Experimental Sessions
Each experimental session began with assessments of baseline
levels of anxiety using the VAS and STAI (state levels). After the initial
setup of the participant, stimulation of the motor cortex with TMS and
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brachial plexus with electrical stimulation was conducted to determine
optimal levels of stimulation. These levels of stimulation remained
constant throughout the rest of the protocol for that session. All
procedures thereafter were performed in the following order for each
experimental session (Fig. 1): 1) MVCs of the elbow flexor muscles; 2)
VAS for anxiety before and after either quiet sitting (control session)
or 4 min (2 × 2-min bouts) of mental tasks (high- and low-stressor
sessions only); 3) STAI after the 4 min (2 × 2-min bouts) of either
quiet sitting or mental math; 4) performance of a fatiguing contraction
at 20% MVC force; and 5) recovery MVCs and assessment of cognitive
and physiological arousal immediately after the fatiguing contraction
and at 5-, 10-, and 20-min recovery.

Initial measures.
One initial elbow flexor MVC was performed to determine if the
participant was within 5% of previous sessions and to calculate force
for the submaximal fatiguing contraction at 20% MVC. To quantify
voluntary activation, four sets of brief control contractions (2–3 s) with
the elbow flexor muscles were separated by 2 min of rest to minimize
fatigue. Each set involved performance of a MVC, followed by brief
contractions of 60% and 80% MVC. Within each set of contractions,
the start of each contraction was separated by 3–4 s. Peak forces in
the MVC from two of the four trials needed to be within 5% of each
other; if this did not occur, additional trials were performed until this
was accomplished. TMS was delivered during each contraction, and
brachial plexus stimulation was only delivered during the MVCs.

Fatiguing contraction.
A fatiguing contraction was performed with the elbow flexor
muscles at 20% MVC force during each experimental session. The
participant matched the target force, as displayed on the monitor, and
was encouraged before the fatiguing contraction to sustain the force
for as long as possible. Verbal encouragement was not provided during
the fatiguing contraction to avoid interruption of cognitive tasks and to
maintain consistency throughout sessions. The fatiguing contraction
was terminated when participants were not able to maintain the target
force (i.e., their force declined by 10%). Task failure was detected
automatically using a custom-designed program (Spike2; CED) that
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monitored the force signal, and this time was recorded as the time-totask failure. To minimize the influence of transient fluctuations in
motor output on the criteria for task failure, the task was terminated
only after force fell below the predetermined threshold for 2 s out of a
4-s interval.

Recovery measures.
Measures of MVC force, voluntary activation, and VAS for
anxiety were assessed at the following times: immediately upon task
failure and 5, 10, and 20 min after termination of the fatiguing
contraction (T5–T8; see Fig. 1).

Data Analysis
The MVC force was quantified as the average value over a 0.5-s
interval that was centered about the peak of the MVC. The torque for
the MVC and submaximal contractions was calculated as the product of
force and the distance between the elbow joint and the point at which
the wrist was attached to the force transducer (moment arm). Rates of
change for several variables were calculated by subtracting the value
at or immediately after task failure from the baseline value and
normalizing the absolute change to the average time to failure.
Heart rate and MAP were calculated for the start of the first 2min bout and at 30 s and 90 s after the start of each 2-min bout of
either quiet rest (control) or mental math (high stressor) before the
fatiguing contraction. For the low-stressor task, heart rate and MAP
(before the fatiguing contraction) were unable to be analyzed for six
participants (three men), due to artefact in the signal. These data are
therefore not reported. Heart rate and MAP were also recorded during
each fatiguing contraction and analyzed by comparing ∼15-s averages
at 25% intervals. For each interval, the blood-pressure signal was
analyzed for the mean peaks [systolic blood pressure (SBP)], mean
troughs [diastolic blood pressure (DBP)], and number of pulses/s
(multiplied by 60 to determine heart rate). MAP was calculated for
each epoch with the following equation: MAP = DBP + 1/3(SBP −
DBP). Rate-pressure product was calculated as the heart rate
multiplied by the MAP (heart rate × MAP). Rate-pressure product is an
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indicator of cardiac workload and the oxygen requirement of the
heart.51
The amplitude of the SIT elicited by TMS is quantified as a
percentage of the voluntary force measured immediately before TMS.7
The SIT amplitude was used to calculate voluntary activation, which
was quantified by expressing the amplitude of the SIT (elicited by
TMS) as a fraction of the estimated amplitude of the response evoked
by the same stimulus at rest [estimated resting twitch (eRT)].48 Only
voluntary activation data are reported, because the results were
similar to the SIT (percent MVC). Because motor cortical and spinalcord excitability increase with activity,10 a control resting twitch was
not able to be achieved at rest. Therefore, the amplitude of the resting
twitch was estimated rather than measured directly.48 During the sets
of brief maximal and submaximal contractions (MVC followed by 60%
and 80% MVC contractions), TMS was delivered, and the resting twitch
was estimated by extrapolation of the linear relation between the
amplitude of the SIT and voluntary force. One regression analysis was
performed for each set of brief contractions. The y-intercept was taken
as the estimated amplitude of the resting twitch evoked by TMS. The
amplitude of the eRT can be accurately determined from three data
points in fresh or fatigued muscle when the contractions are >50%
MVC.48 Voluntary activation (percent) was calculated as a percentage
measured by cortical stimulation [(1 − SIT/eRT) × 100].48 Data points
were excluded (8.6%) at different time points when the regression of
the estimated twitch was r < 0.9.
Contractile properties of the elbow flexor muscle fibers were
also assessed. The amplitude of the eRT was used as an index of the
force-generating capacity of the elbow flexor muscles, and the decline
of the force after cortical stimulus was used to determine the peak
relaxation rate of the whole muscle.47 Peak relaxation rates were
determined during each MVC by calculating the steepest falling of the
force during the EMG silence immediately following TMS.47 This was
determined as the highest negative derivative of the force for an
interval of 10 ms between two cursors placed on either side of the
decline in force during the silent period. The steepest rate of force
decline was normalized to the total force (MVC + SIT) before the silent
period.47
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The amplitude and area of MEPs and M wave were measured
between two cursors placed at the start and end of the waveform for
the bicep brachii, brachioradialis, and triceps brachii muscles. Because
the M-wave amplitude and area showed similar changes throughout,
only M-wave area is reported. Additionally, the MEP areas for the
biceps and brachioradialis muscles were similar in their changes
between the stressor and control sessions, so only biceps MEP areas
are reported. M waves were elicited after each MEP, but because there
were no changes in the M wave, the MEP is represented as a
percentage change from their baseline values. When TMS is delivered
during a voluntary contraction, the MEP is followed by a period of near
silence in the EMG.15 The silent period was measured as the interval
from the stimulus to the resumption of continuous EMG. Voluntary
torque was quantified by calculation of the mean torque over a 500-ms
period immediately before TMS at the start and end of each sustained
fatiguing contraction, during control and recovery of MVCs, and during
the submaximal contractions at 60% and 80% MVC.

Statistical Analysis
Data are reported as means ± SD within the text and tables and
displayed as means ± SE in the figures. Separate repeated-measures
ANOVAs for time and session with sex as a between-subject factor
(men vs. women) were used to compare various dependent variables.
For study one, an analysis of covariance also compared time-to-task
failure across sessions with repeated measures on session (control vs.
high stressor), sex as a between-subject factor, and covarying for
maximal strength. Repeated-measures factors included session
(control vs. high stressor or control vs. low stressor), fatigue (baseline,
after fatiguing task, and recovery), and time [before vs. after the
cognitive stressor tasks (before the fatiguing contraction) and during
the fatiguing contraction (0%, 25%, 50%, 75%, and 100% of time to
failure)]. Specifically, the statistical designs were as follows for the
dependent variables: 1) session × sex for time-to-task failure; 2)
session × fatigue × sex for comparison of MVC, voluntary activation,
eRT, MEP area, silent-period duration, and peak rates of relaxation; 3)
session × time × sex for anxiety, heart rate, and MAP before and after
the mental math (before the fatiguing contraction); and 4) session ×
time × sex for MEP area, MAP, and heart rate during the fatiguing
Journal of Applied Physiology, Vol 116, No 7 (April 1, 2014): pg. 767-778. DOI. This article is © The American Physiological
Society and permission has been granted for this version to appear in e-Publications@Marquette. The American
Physiological Society does not grant permission for this article to be further copied/distributed or hosted elsewhere
without the express permission from The American Physiological Society.

14

NOT THE PUBLISHED VERSION; this is the author’s final, peer-reviewed manuscript. The published version may be
accessed by following the link in the citation at the bottom of the page.

contraction. A separate repeated-measures ANOVA was performed for
study two to compare control with low-stressor session.
Independent t-tests were used to compare men and women for
various physical characteristics, such as age, weight, height,
handedness, STAI (trait) anxiety levels, and physical activity levels.
The strength of an association is reported as the squared Pearson
product-moment correlation coefficient (r2). A multiple linear
regression was performed to determine predictors for the stressorinduced reduction in time to failure. A significance level of P ≤ 0.05
was used to identify statistical significance.

Results
Men and women were similar in age, physical activity, and trait
anxiety levels (P > 0.01) but differed in height and weight (P < 0.01;
see Table 1).
Table 1. Subject characteristics for men and women for all subjects in study
1 (n = 55) and those that participated in cortical stimulation (n = 28)
Variable

Men

Women

P (Sex Effect)

(n = 55)
Age, yr

20 ± 2

20 ± 3

P = 0.67

Height, cm

181.8 ± 14.2 171.3 ± 10.7 P = 0.002

Body mass, kg

76.0 ± 9.0

67.6 ± 8.4

P < 0.001

STAI, trait

32.3 ± 7.0

33.3 ± 6.5

P = 0.45

PA, metabolic equivalents · h−1 · wk−1

56.0 ± 37.3

58.2 ± 39.0

P = 0.81

Age, yr

20 ± 2

20 ± 3

P = 0.67

Height, cm

179.7 ± 4.0

168.6 ± 8.0

P < 0.001

Body mass, kg

78.7 ± 9.2

68.5 ± 8.1

P = 0.006

STAI, trait

31.4 ± 7.5

33.3 ± 6.7

P = 0.48

(n = 28)

PA, metabolic equivalents · h−1 · wk−1 55.5 ± 39.5 56.8 ± 46.7 P = 0.93
The last column indicates P values for the comparison of men with women.
STAI, State-Trait Anxiety Inventory; PA, physical activity.

Study One: High Stressor vs. Control
Time-to-task failure was briefer for the high-stressor session
compared with the control session (session effect, P < 0.001). The
reduction in time to failure from the control session to the highstressor session was 19.4% for women and 9.5% for men (session ×
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sex, P = 0.05; Fig. 2A). Men had a briefer time to failure than women
for both sessions (8.9 ± 3.5 min vs. 11.4 ± 5.1 min, respectively; sex
effect, P = 0.03). When the time to failure was covaried for maximal
strength of each participant, there was still a session effect (P =
0.006), but the sex difference in time-to-task failure disappeared (sex
effect, P = 0.87) with no interaction (session × sex, P = 0.60). Neither
time-to-task failure nor the difference in time to failure between
control and high-stressor sessions was associated with the day of the
menstrual cycle in the women (P > 0.05).

Fig. 2. Time-to-task failure (A), MVCs (B), time-to-task failure when separating
weakest and strongest (C), association between the difference in time to failure
between sessions (%) and MVC torque (D). A: study 1 (n = 55). Men had briefer time
to failure than women for both the control and high-stressor sessions (P < 0.01). Both
men and women were more fatigable during the high-stressor session compared with
the control session (*P < 0.01). B: MVC torque of the elbow flexor muscles for men
and women is shown at baseline (Base), at task failure (TF), and at 5, 10, and 20 min
throughout recovery. MVC torque was greater for men than women before,
immediately after, and throughout recovery for both sessions (§P < 0.05). Reduction
in strength decreased after the fatiguing contraction (*P < 0.05), similarly for men
and women across sessions (P > 0.05). C: 10 strongest and 10 weakest participants
were chosen from the combined data of the current study and the Yoon et al. study
(53). Weaker individuals (all women, n = 10) had the highest reduction in time-totask failure when the high stressor was imposed (average = 24%, *P = 0.01) during
the fatiguing contraction. In contrast, for the stronger individuals (all men, n = 10),
the difference was 6% (P = 0.90). D: initial MVC torque was negatively correlated with
the relative difference in time-to-task failure between the control and stressor session
(P < 0.001, r = −0.37, r2 = 0.13, n = 75). The regression line is solid with the 95%
predicted interval indicated (dotted lines).
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Men were stronger than women for both sessions (sex effect, P
< 0.001). MVC torque was not different between the control and highstressor sessions (session effect, P = 0.37) for men or women (session
× sex, P > 0.05; Fig. 2B). We pooled data from our initial study53 (n =
20) with the current data set (n = 55) and chose the 10 strongest and
10 weakest participants from the combined pool of 75 participants.
Average MVC for the weakest group was 38.1 ± 4.0 Nm (all women)
and for the strongest group was 103.5 ± 8.0 Nm (all men). Time to
failure was briefer in the high-stressor session in the weak group
compared with the strong group (session × strength, P = 0.03; Fig.
2C). The weakest participants had the greatest decrement in time to
failure between the control and high-stressor sessions (23.9 ±
23.3%), whereas the strongest group had the least difference (6.1 ±
14.6%).
Whereas the relative reductions in MVC torque after the
fatiguing contractions did not differ between sessions and sexes (P >
0.05), the initial MVC torque was negatively correlated with the
relative difference in time-to-task failure between the control and
high-stressor sessions (r = −0.37, r2 = 0.13, P < 0.001; Fig. 2D). In
addition, linear regression analysis indicated that the initial MVC
predicted the change in time to failure (r = −0.34, P = 0.01). When
performing the correlation separately for men and women, the
relationship was significant for men (r = −0.42, P = 0.03) but not
women (r = −0.22, P = 0.18). Time to failure, maximal strength, and
reduction in strength for the men and women in study one, who
participated in cortical stimulation (n = 28), are described in Table 2.
Table 2. Time to failure, maximal voluntary contraction (MVC), and reduction
in strength (between start and end of fatiguing contraction) for control and
high-stressor sessions (n = 28) and for control and low-stressor sessions (n =
23)
Variable

Control

High Stressor

P (Session Effect)

(n = 28)
Time to failure, min

11.0 ± 5.4

Maximal strength (MVC, Nm)

61.8 ± 23.7 61.5 ± 23.5

P = 0.37

Reduction in strength, %

42.8 ± 9.8

P = 0.33

Control

9.0 ± 3.4
40.4 ± 11.7

P = 0.002

Low-Stressor

(n = 23)
Time to failure, min

10.7 ± 5.9

Maximal strength (MVC, Nm)

66.5 ± 23.6 66.7 ± 22.2

10.1 ± 6.0

P = 0.32
P = 0.83
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Variable
Reduction in strength, %

Control

High Stressor

41.8 ± 10.4 41.4 ± 10.9

P (Session Effect)
P = 0.82

Voluntary Activation
Voluntary activation was similar at baseline for the high-stressor
and the control sessions (session effect at baseline, P = 0.48). The
reduction in voluntary activation was similar for both sessions (session
× fatigue, P = 0.54; Fig. 3A) for men and women after the fatiguing
contraction (session × fatigue × sex, P = 0.46). The difference
between the control and high-stressor session in time to failure was
not associated with the difference in voluntary activation between
sessions (P = 0.71). Voluntary activation increased within 5 min of
recovery but was not fully recovered to baseline values within 20 min
(fatigue effect during recovery, P < 0.001). Recovery was similar for
the control and high-stressor sessions for men and women (sex effect,
P = 0.42), and there were no interactions of time, session, and sex (P
> 0.05).
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Fig. 3. Voluntary activation (A), estimated resting twitch (eRT; B), and peak
relaxation rates (C) for the biceps brachii of the control and high-stressor sessions.
Values are represented as the mean ± SE. Base indicates baseline measures before
the fatiguing contraction; TF indicates measures recorded immediately upon task
failure. Voluntary activation was similar for the control and high-stressor sessions
before, immediately after the fatiguing contraction, and throughout recovery (P >
0.05). Voluntary activation was significantly different from baseline (*P < 0.05). eRT
and the peak relaxation rates were greater and faster (respectively) for men than
women (§P < 0.05) but were not affected by the high-stressor task (P > 0.05).

Contractile Properties
Estimated resting twitch.
eRT was similar at baseline for the control and high-stressor
sessions (P > 0.05). Men had greater resting-twitch amplitudes than
women at baseline, after the fatiguing contraction, and throughout
recovery for all three sessions (sex effect, P < 0.001). The amplitude
of the twitch decreased after the fatiguing contraction, similarly for the
control and high-stressor sessions (session × fatigue, P = 0.12) and
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for men and women (fatigue × sex, P = 0.18; Fig. 3B). The eRT did
not return to baseline levels at 20 min of recovery (fatigue effect at 20
min recovery, P < 0.01).

Peak relaxation rates.
The peak rate of relaxation was similar at baseline between the
control and high-stressor sessions (session effect at baseline, P =
0.92). Men had faster peak relaxation rates than women before and
after the fatiguing contraction (sex effect, P = 0.004). Peak rates of
relaxation were not different after the fatiguing contraction (fatigue
effect, P = 0.33) for either session (session × fatigue, P = 0.13) for
men and women (session × fatigue × sex, P = 0.88). Peak rates of
relaxation increased after the fatiguing contraction throughout
recovery, up to 20 min (fatigue effect during recovery, P = 0.005; Fig.
3C), for both men and women (fatigue × sex, P = 0.09).
Baseline peak relaxation rates were correlated with the time to
failure for the control session (r = 0.46, r2 = 0.21, P = 0.02) so that
individuals with a faster peak rate of relaxation had a briefer time-totask failure. The association was not significant for the high-stressor
session (r = 0.27, r2 = 0.07, P = 0.16). Furthermore, the change in
time to failure when exposed to the high stressor was not correlated
with baseline peak rates of relaxation (P = 0.25) nor with the change
in peak relaxation rate from the control session to the high-stressor
session (P = 0.72).

Motor-Evoked Potentials
M-wave area of the biceps brachii elicited during MVCs did not
change from baseline, throughout the fatiguing contraction, or after
the fatiguing contraction (fatigue effect, P > 0.05) or during recovery
(fatigue effect during recovery, P = 0.44). M-wave area was similar for
the control and high-stressor sessions (P > 0.05). Hence, any change
in MEP size was not due to changes in the size of the M wave. There
was no difference in M-wave area between men and women (P >
0.05).
MEP area of biceps brachii elicited during MVCs and the 20%
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stressor and control sessions from baseline to after the fatiguing
contraction (126 ± 44% for the control session and 131 ± 44% for the
high-stressor session during the MVC, session × fatigue, P = 0.68) for
both men and women (session × fatigue × sex, P = 0.15). There was
no main effect of sex (P = 0.19). The MEP area had returned to levels
similar to baseline within 5 min after the fatiguing contraction (time
effect from baseline to 5-min recovery, P = 0.67) for both sessions
with no interactions (P > 0.05).

Silent Period
Silent period during MVCs.
The silent-period duration elicited during the MVCs at baseline
was longer in the high-stressor session compared with the control
session (P < 0.05). The silent-period duration increased from baseline
to task failure (time effect after fatigue, P = 0.001) more so during the
control session (194 ± 69 ms to 241 ± 110 ms) compared with the
high-stressor session (228 ± 106 ms to 234 ± 102 ms, session ×
fatigue, P = 0.02), because of the longer-duration silent period at
baseline during the high-stressor task. During recovery, the silent
period remained elevated for the high-stressor session relative to
control (quadratic interaction of time × session, P = 0.04).

Silent period during 20% fatiguing contraction.
The duration of the silent period was similar for the control and
high-stressor sessions at the start of the fatiguing contraction (session
effect, P = 0.37) and did not increase during the 20% fatiguing
contraction for the control (160 ± 39 ms to 172 ± 59 ms) or the highstressor session (168 ± 51 ms to 173 ± 59 ms, session × fatigue, P =
0.56) with no overall session effect (P = 0.59) for either men or
women (session × sex interaction, P = 0.67).

Cardiovascular Responses
Cardiovascular responses to high stressor before the fatiguing
contraction.
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Heart rates were similar at baseline for both the control and
high-stressor sessions (session effect, P = 0.17) with no effect of sex
(P = 0.99). Heart rate was greater during the 4 min of mental math
(high-stressor session) compared with the quiet sitting (control
session; 81.9 ± 2.7 vs. 76.7 ± 2.5 beats/min, respectively; session
effect, P = 0.04). There was no effect of sex (P = 0.59) and no
interactions (P > 0.05). MAP was similar at baseline across sessions (P
= 0.17) for both men and women (session × sex, P = 0.79) and
increased within 30 s into the mental-math task (high-stressor
session) compared with quiet sitting (control session; session × time,
P = 0.002). MAP remained elevated during the 4 min of mental math
compared with the quiet sitting (101.3 ± 4.8 vs. 83.9 ± 0.8 mmHg,
respectively; session effect, P < 0.001). MAP response was greater for
the men compared with the women during the high-stressor session
(session × sex, P = 0.02).

Cardiovascular response during the fatiguing contraction.
Heart rate increased from the start of the fatiguing contraction
to task failure (time effect, P < 0.001), similarly for the control and
high-stressor sessions (session × time, P = 0.09; Fig. 4A) for men and
women (session × sex × time, P = 0.91). The change in heart rate
from the start of the contraction to task failure was not associated with
the stressor-induced reduction in time to failure (P > 0.05).
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Fig. 4. The heart rate (A), mean arterial pressure (MAP; B), and rate-pressure product
(RPP; C) during the fatiguing contraction for the control and high-stressor sessions.
The values are presented as mean ± SE at 25% increments of the time-to-task failure
for men (squares) and women (circles). Averages of 15-s intervals were used for the
MAP and heart rate. Heart rate, MAP, and the RPP increased throughout the fatiguing
contraction (P < 0.05) for the high-stressor and the control sessions similarly (P >
0.05).

MAP increased throughout the fatiguing contraction from the
start of the fatiguing contraction to task failure (time effect, P <
0.001), similarly for the high stressor and the control sessions (session
× time, P = 0.14) for both men and women (session × sex, P = 0.78).
MAP was greater for men compared with women (sex effect, P <
0.001), and men had greater rates of increase throughout the
fatiguing contraction for both the control and stressor sessions (time ×
sex, P < 0.001; Fig. 4B). The change in MAP from the start of the
contraction to task failure was not associated with the stressor-induced
reduction in time to failure (P > 0.05).
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Rate-pressure product.
To understand the cardiac workload during the fatiguing
contraction, rate-pressure product was quantified (heart rate
multiplied by MAP), as we have done before.53 The rate-pressure
product increased (time effect, P < 0.001) from the start of the task to
task failure for the high-stressor and the control sessions similarly
(session × time, P = 0.17) for men and women for both sessions
(session × time × sex, P = 0.87; Fig. 4C).

Psychological Levels of Stress
STAI (state) increased from baseline to after the high-stressor
task (30.3 ± 7.3 to 39.6 ± 10.2) compared with the control session
(33.2 ± 10.4 to 37.0 ± 11.2, session × time, P = 0.04) with no overall
session effect (P = 0.90). STAI was similar for both men and women
(sex effect, P = 0.53) with no sex differences across time (time × sex,
P = 0.69).
Perceived anxiety was also measured with the VAS throughout
the session. Anxiety levels were greater for women than men at
baseline for the high-stressor session (1.5 ± 1.4 vs. 0.64 ± 0.35,
respectively; P = 0.04) but were similar for the control session (1.5 ±
1.3 vs. 0.94 ± 0.65, respectively; P = 0.14). Perceived anxiety
increased after the high-stressor task (106 ± 108 vs. −13 ± 38%,
session × time after stress, P < 0.001) and after the fatiguing
contraction (180 ± 192 vs. 49 ± 79%, session × fatigue, P = 0.03),
similarly for men and women, compared with quiet sitting during the
control session (session × fatigue × sex, P = 0.23). Women had
elevated levels of anxiety at baseline and after the high-stressor task
and quiet sitting (control session; sex effect, P = 0.04). Hence, from
baseline, men had a 40% increase, and women had a 28% increase in
anxiety after exposure to the cognitive stressor. Anxiety (VAS)
returned to baseline levels during recovery (time effect during
recovery, P < 0.001), similarly for the men and women (sex effect, P
> 0.05).
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Study Two: Low Stressor vs. Control
Time to failure, maximal strength, and reduction in strength
were similar between the control and low-stressor sessions (P > 0.05;
Table 2). Voluntary activation was reduced after the fatiguing
contraction, similarly for men and women for control (96 ± 4% to 80
± 13%) and low-stressor sessions (96 ± 4% to 81 ± 13%, P > 0.05).
The eRT was reduced similarly for the control (19.6 ± 6.7 Nm to
16.3 ± 6.8 Nm) and low-stressor sessions (18.9 ± 6.8 Nm to 16.0 ±
5.8 Nm, P = 0.001), with a main effect of sex (P < 0.001), because
twitch amplitudes were lower for women compared with men. Peak
relaxation rates were faster after the fatiguing contraction for both the
control (−11.2 ± 2.3 s−1 to −11.8 ± 2.7 s−1) and low-stressor sessions
(−11.2 ± 2.2 s−1 to −12.2 ± 4.0 s−1, P > 0.05), with a main effect of
sex (P < 0.001), because women had slower relaxation rates than men
for both sessions.
M wave was similar for control and low-stressor sessions
throughout the fatiguing contraction (P > 0.05). The biceps brachii
MEP area increased from baseline to after the fatiguing contraction
(fatigue effect, P < 0.001) for both men and women (P > 0.05),
similarly for the control and low-stressor sessions (P > 0.05). The
silent period was elevated at baseline in the low-stressor session (227
± 80 ms) compared with the control session (206 ± 70 ms, P < 0.05)
but did not increase further after the fatiguing contraction. The silentperiod duration during the 20% fatiguing contraction was not
influenced by the low-stressor task (P > 0.05).
There was no effect of the low-stressor task on heart rate during
the fatiguing contraction compared with the control session (session
effect, P = 0.53). Men had greater increases in heart rate during the
fatiguing contraction (time × sex, P = 0.007) and greater heart rates
for both control and low-stressor sessions overall (sex effect, P =
0.01). MAP did not differ between the control and low-stressor
sessions (session effect, P = 0.32), but MAP was greater for men than
women for both sessions (sex effect, P = 0.004).
STAI (state) increased from baseline to after the low-stressor
task and quiet sitting (control session; time effect, P = 0.006). There
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was no sex difference (P = 0.66) in STAI and no interactions (P >
0.05). Anxiety (VAS) increased similarly after the low-stressor task
and fatiguing contraction for the low-stressor and control sessions (P <
0.05) similarly (P > 0.05).

Discussion
These studies found that weaker individuals exhibit greater
fatigability during low-force contractions with the elbow flexor muscles
when a difficult cognitive stressor was imposed. A strength-mediated
mechanism rather than the sex of the subject was the dominant factor
for the greater fatigability with the high cognitive stressor. The relative
decline in strength was similar across sessions in both men and
women despite the decrease in time to failure during the high-stressor
session, demonstrating that the reduction in time to failure with the
high stressor was not due to premature termination of the sustained
contraction. Corticospinal and muscular mechanisms contributed
similarly to the decreased MVC after the high-stressor and control
sessions. Furthermore, the reduction in time to failure with the difficult
mental-math task (high stressor) was not due to distraction, because a
low-stressor task (simple mental math) did not alter the time to
failure. These studies indicate that weaker individuals—both men and
women—are susceptible to high stressor-induced fatigability during
low-intensity fatiguing contractions that are often performed during
ergonomic tasks, and this is due to a strength-related mechanism.

Strength Is a Primary Predictor of Greater Fatigability
with the Imposed High Cognitive Stressor
In this study, men were stronger than women, but the time to
failure was reduced more for the women (19.4% reduction) than the
men (9.5%), similar to what we had found before.53 Our data,
however, indicate that initial strength, rather than sex alone, was the
primary predictor of the reduced time-to-task failure when a highstressor task was imposed, because when the time to failure covaried
for initial strength, the sex difference disappeared. In addition, initial
strength was the only predictor of the difference between the control
and high-stressor session in time to failure. Only in the men, whose
strength levels varied considerably among individuals, was there an
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association between initial strength and difference in time to failure.
This association could be driven by the greater range of strength
among men (56–117 Nm, i.e., 61 Nm) compared with women (33–55
Nm, i.e., 22 Nm). To demonstrate further the importance of initial
strength to the time-to-failure difference when exposed to the high
stressor, we separated the subjects by their strength, showing that the
weakest participants (all women) had the greatest decrement in time
to failure (24%), and the strongest individuals (men) had the least
difference in time to failure (6%). Stronger men, therefore, are
protected against the greater fatigue when exposed to a high stressor.
An important finding was that the strength differences among
participants before the fatiguing contraction were not due to a
difference in voluntary activation among the weaker and stronger
participants. The strength-related mechanism, therefore, could be
mediated by an increase in sympathetic activation that affects
fatigability during the submaximal contraction: 1) fiber types and 2)
stressor-induced changes in blood perfusion that may have greater
effects in weaker subjects. An increase in psychosocial stress (arousal)
can result in activation of the sympathetic nervous system with
subsequent release of neuromodulators and hormones throughout the
central and peripheral nervous system,29 causing elevations of heart
rate, blood pressure, and cortisol levels.53 This study indicated that
perceived anxiety (VAS and STAI-state), heart rate, and blood
pressure were all elevated during the high-stressor task relative to
quiet sitting (control session), demonstrating that sympathetic
activation was likely elevated.
Sympathetic activation can modulate fiber-type activity. The
second study investigated whether the peak relaxation rates, which
may reflect fiber-type proportional area, mediated the changes in time
to failure with the high stressor. Contractile force can be potentiated in
type II fast-twitch fibers and relaxation rates reduced in type I slowtwitch fibers in animal and human muscle when sympathetic activation
is high,1,40 predisposing muscle with more type I fibers to greater
fatigability with increased sympathetic activation. We found that men
exhibited greater eRT amplitudes and faster peak relaxation rates than
women, before and after the fatiguing contraction. Faster relaxation of
evoked contractions is associated with greater proportional area of
type II fibers and faster calcium uptake into the sarcoplasmic
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reticulum in human muscle.14 Furthermore, men have a larger crosssectional area of type II muscle fibers in biceps compared with
women.5,32 Any stressor-induced increase in sympathetic activation
that may have occurred during the fatiguing contractions, however,
did not alter the peak relaxation rates of the men or women (see Fig.
3C). Accordingly, the peak relaxation rates were associated with time
to failure for the control session, but there was no association between
these two variables for the high-stressor session. Furthermore, there
was no association between initial peak rates of relaxation or the
change in peak rates of relaxation with fatigue and the difference in
time-to-task failure between sessions. Thus the change in time to
failure with the high stressor was likely not due to a differential
activation of types I and II fibers in participants of different strength.
Although peak relaxation rates increased for both men and women
throughout recovery for both sessions, as seen before,19,24 this was
likely due to increased muscle temperature during the fatiguing
contraction.
Alternatively, the strength-related reduction in time to failure
with the stressor may have been mediated by perfusion differences
between strong and weaker subjects that in turn, accelerated both
central and muscular mechanisms. Women, who were weaker in this
study, typically have lower blood pressure, a blunted vasoconstrictor
response to α-adrenergic stimulation in the brachial artery, and lower
muscle sympathetic nerve activity (MSNA).6,20 During a submaximal
contraction in the absence of psychosocial stress (control), perfusion of
the muscle and the time-to-task failure can depend on muscle size and
absolute strength. Weaker individuals, for example, can have greater
perfusion during a submaximal contraction compared with stronger
individuals13 and therefore, a longer time-to-task failure under control
conditions. Accordingly, women who are usually weaker than men
have a slower rate of rise in MAP during a submaximal contraction,
which likely reflects less of a buildup of metabolites (less
metaboreflex) in women than men.11 Increased arousal, however, can
increase sympathetic activation, possibly altering the balance of
vasoconstriction and vasodilation.46 This balance in perfusion
potentially differs in response to arousal between strong and weak
subjects, because weaker subjects have greater perfusion at baseline.
Indirect indicators of sympathetic activation (MAP and heart rate) were
elevated during the stressor session compared with the control
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session. The mechanism for the greater fatigability, therefore, may be
due to the stressor-induced sympathetic activation and increased
vasoconstriction to the weaker muscles when exposed to the high
stressor. Although we may have expected the difference in time to
failure to be associated with changes in the heart rate or MAP, the
autonomic nervous system is highly efficient in regulating
cardiovascular responses to stress and exercise in healthy
individuals.21,26 Furthermore, as the increase in sympathetic activity
results in elevations in heart rate and MAP, there is evidence of a
dissociation between MAP and MSNA during stress.3 The increase in
blood pressure and heart rate with exposure to the high stressor
during the fatiguing contraction also resulted in increased cardiac load,
which was indicated by the rate-pressure product. The rate-pressure
product was greater for the men than the women for both the control
and high-stressor session, but both sexes had increased cardiac load
with the stressor. These findings can have significant clinical
implications for both men and women who perform low-force,
sustained contractions for prolonged periods under stressful work
conditions.

Voluntary Activation and Corticomotor Excitability
Voluntary activation measured with superimposition of a
stimulus at the cortex during a maximal effort reflects the ability of the
motor cortex to drive the distal nervous system and muscle maximally.
Any deficit in voluntary activation indicates that the recruitment of
motor units and/or discharge frequencies were not optimal during the
maximal effort.7 Before the fatiguing contraction, voluntary activation
for men and women was near maximal (96% for both sessions) and
was similar for the sexes and across the sessions. This is an important
finding, because the time to failure and changes in time to failure
across sessions were not related to differences in voluntary activation
before fatigue. Thus the subjects were activating a similar portion of
their muscles during each of the fatiguing contractions across the
sessions.
Voluntary activation elicited with TMS, however, was reduced to
∼79% for both men and women and after each low-intensity fatiguing
contraction as seen before.19,42,54 The fall in voluntary activation was
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similar at task failure, but this was accelerated during the highstressor sessions for both men and women, because the time to failure
was briefer during the high-stressor sessions. Voluntary activation also
remained depressed, even 20 min after termination of the sustained
contraction, and was similar at 20-min recovery for both the control
and high-stressor sessions. Certainly, the increase in physiological
stress response can be centrally mediated and different for men and
women.50 Here, we showed that increased arousal during a low-force
task appeared to accelerate the loss of neural drive to the motor
cortex, assessed during maximal efforts immediately after a low-force
fatiguing contraction or during recovery.
Corticomotor excitability was quantified with the MEP during
voluntary contractions. The MEP is the EMG response elicited from the
TMS and represents the net excitation in the corticomotor tract.45
Biceps brachii and brachioradialis MEP area increased during and
immediately after the fatiguing contraction, indicating an increase in
the excitability within the central nervous system. This increase was
similar for both men and women and across sessions. The compound
muscle-action potential (M wave) was similar throughout the fatiguing
contraction and across sessions. Consequently, propagation of the
action potential at the neuromuscular junction43 did not change with
muscle fatigability or arousal in men and women. This is important,
because changes observed in the MEP can be due to mechanisms at
the neuromuscular junction, which would be reflected in an altered M
wave.43 The increase in MEP in these findings were due to an increase
in cortical excitability or motoneuron excitability, because both the
MEP and responses to stimulation of descending tracts at the
cervicomedullary level increase with fatigue during submaximal
contractions of the elbow flexor muscles.25 Nevertheless, the increase
in corticomotor excitability, measured during voluntary contractions,
was similar across sessions.
The silent period with fatigue has traditionally been thought to
reflect inhibition in the spinal cord (early phase)15 and also cortical
inhibition from interneurons (mainly GABAB mediated) in the latter
phase.16 More recent studies demonstrate that the increase in
inhibition may be mediated primarily by spinal mechanisms during
maximal31 and low-intensity submaximal contractions.30 The silentperiod duration, elicited during the MVC, was greater at baseline for
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the cognitive sessions compared with control, indicating greater
inhibition at the start of the stressor session. Anticipation may have
played some role in the longer silent period, although baseline
measurements of the silent period occurred before the participants had
knowledge of which session they were attending (at least for their first
session). Thus some participants may have been aware that a stressor
session was to occur before the measurements. Despite reaching
similar silent-period durations at task failure, the silent period
remained elevated in early and mid-recovery for the high-stressor
session relative to the control session. Difficult mental activity or
anticipation of the task may have resulted in some corticomotor
inhibition. The longer silent-period duration at baseline and during
recovery for the cognitive sessions is not understood and deserves
exploration in future studies. The silent-period duration during the lowintensity fatiguing contraction, however, did not change from the start
of the task to task failure.
A similar decrease in the eRT amplitude after the briefer
fatiguing contraction in the high-stressor session compared with the
control session indicated that the decreased force capacity of the
muscle was accelerated during the high-stressor session. Thus taken
together with the similar reductions in voluntary activation for the
high-stressor and control sessions, both neural and muscular
mechanisms of fatigability contributed to the decline in MVC force and
were accelerated with imposition of the high stressor, because the
time to failure was briefer than the control session.

Conclusions
These studies indicate that in young adults, the increased
fatigability that occurs with exposure to a high cognitive stressor was
associated with initial strength and not restricted to women but
involved both men and women, who exerted lower levels of absolute
target force during the submaximal, sustained fatiguing contraction.
Furthermore, the greater fatigability was not due to a lack of voluntary
activation in initial strength. Although there were similar reductions in
voluntary activation and peak-twitch amplitudes for the high-stressor
and control sessions at task failure, both mechanisms were accelerated
when the high stressor was imposed during the fatiguing contraction
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and contributed to a similar decrease in MVC force at task failure in the
control and high-stressor sessions. Although these mechanisms were
accelerated during the high-stressor session, they were likely
secondary to a strength-mediated mechanism for the earlier task
failure. Mental distraction or a low-level stressor did not alter
fatigability in young men and women. These studies suggest that
weaker individuals, who perform low-intensity, sustained contractions
during ergonomic tasks with the upper limb, are predisposed to
greater fatigability and accelerated declines in voluntary activation and
peak relaxation rates when a challenging cognitive stressor is imposed.
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