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Introduction: Men and women have different performance abilities, where
women have greater tolerance for fatigue in long-distance exercise. Part of this
greater tolerance may be due, in part, differences in men’s and women'’s mental
fatigue capacity during exercise. Thus, the aim of this study was to examine
the effect of cycling endurance exercise, along with mental fatigue, on the sex
dependent differences in exercise tolerance.

Methods: Twenty-five (15 women and 10 men) cyclists in a randomized,
controlled, and crossover protocol performed three experimental sessions.
In the first session, the cycling peak power output (PPO) was determined
and 65% of PPO was used for intensity of the experimental sessions. In
sessions 2 and 3, participants performed Cycling + Mental Exertion (ME) (cycling
endurance exercise with a ME-stroop task) and Cycling + Movie (cycling
endurance exercise while watching a movie). Serum cortisol concentration and
a psychomotor vigilance task (PVT) were measured pre- and post-sessions.
During the experimental sessions rate of perceived exertion (RPE) and heart
rate (HR) were recorded every 10 min and participants completed the NASA-TLX
questionnaire directly following the post- PVT.

Results: Performing Cycling + ME was associated with a longer time to
exhaustion (p < 0.05) and higher RPE following 40-70 min in women than men
(p < 0.05). Cycling + ME increased HR following 40-70 min in women (p <
0.05). For both men and women cortisol concentration level was higher pre- to
post-Cycling + ME with no difference between sexes. Women exhibited faster
reaction times compared to men in both pre- and post-sessions.

Discussion: Performing mental exertion with cycling endurance exercise impairs
endurance performance. While our findings align with some previous research,
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we suggest that men may be more prone to mental fatigue; however, further
research needed to confirm this.
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exhaustion, mental fatigue, rate of perceived exertion, women cyclists, stroop task

Introduction

The ability to sustain aerobic exercise, also known as exercise
capacity or exercise tolerance, is crucial for endurance athletes
(Coyle et al., 1988; Glace et al.,, 2013). In long-duration exercise,
the performance gap between men and women narrows, and
women often have an advantage in long-distance events due to
their greater resistance to fatigue (Glace et al., 2013; Froberg
and Pedersen, 1984; Bam et al, 1997). Various physiological
factors contribute to the difference in resistance to fatigue between
sexes including blood flow, muscle perfusion (Hunter, 2014),
skeletal muscle metabolism, fiber type properties (Hunter, 2014),
and differences in regional brain activation (Bell et al, 2006;
Wang et al., 2007). Some studies suggest that men and women
experience a similar level of central fatigue in response to
endurance exercise (Martin and Rattey, 2007; Russ et al., 2005).
However, one possible reason for the disparity in fatigue levels
could be psychobiological symptoms, such as mental fatigue
(Yoon et al., 2009).

Mental fatigue is a psychobiological state that occurs during
or after prolonged mental exertion. Mental exertion derived from
different cognitive tasks is characterized by feelings of tiredness,
lack of energy, and may result in decreased physical and cognitive
performance (Ackerman, 2011). Performing mental exertion can
lead to mental fatigue and activation of the pre-supplementary
motor area and the anterior cingulate cortex (ACC) (Mostofsky and
Simmonds, 2008). It has been found that rate of perceived exertion
(RPE) is strongly linked with activity of this area (De Morree et al.,
2012; Williamson et al., 2001; Williamson et al., 2002). As a
result, an increase in RPE due to mental fatigue impairs endurance
performance in activities such as running, cycling, and technical
performance in soccer (Marcora et al., 2009; Smith et al., 2016;
Pageaux et al., 2014). This suggests a psychobiological model of
endurance exercise where higher RPE limits exercise tolerance
(Marcora et al., 2008). Barzegarpoor et al. (2020) investigated the
effect of simultaneous prolonged mental exertion and whole-body
exercise on exercise performance in men cyclists. They found that
mental fatigue decreased time to exhaustion by 31.8 min, along with
higher RPE and stress hormones (prolactin and cortisol), compared
with the control condition (Barzegarpoor et al., 2020). Furthermore,
Lopes et al. (2020) indicated that performing an exhausting running
endurance exercise subsequent to a 45-min Stroop’s colour-word
conflict test (a cognitive task that measures selective attention,
cognitive control, and processing speed (MacLeod, 1991) and is
used to induce mental fatigue (Pageaux et al., 2014; Dallaway et al.,
2022; Smith et al., 2019; Pageaux et al.,, 2014) induced a similar
level of mental fatigue in women and men. During the time-to-
exhaustion test, mental fatigue increased the RPE and also reduced
time to exhaustion, similarly in women and men (Lopes et al.,
2020). Yoon et al. (2009) investigated sex differences in response
to mental fatigue (Mental-math task) during a fatiguing isometric
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contraction. Their study revealed that with performing a cognitive
task, women had a shorter time to task failure and were more
susceptible in fatigability for an isometric fatiguing submaximal
contraction at 20% of maximum voluntary contraction (MVC)
of the elbow flexors, which was due to increased sympathetic
neural activity indices as well as cardiac work (Yoon et al., 2009).
Furthermore, when women perform cognitive tasks, they have
higher brain activation [especially in frontal activation and ventral
anterior cingulate cortex (vACC)] (Butler et al., 2005). Higher brain
activation is associated with a decrease in metabolic ratio (i.e.,
O,/glucose) (Fox and Raichle, 1986) which may increase glycolysis
and fat metabolism. Thus, the mechanisms of fatigue and the higher
perception of effort during endurance exercise are different between
women and men. Hence, the combination of two different stresses
(physical and mental) might cause an increase in the perception
of effort, different brain area activation, and metabolism to limit
endurance performance.

Despite the inconsistent findings that directly assessed
mental fatigue simultaneously with endurance exercise, the
primary aim of this study was to investigate the impact of
simultaneous mental exertion during endurance cycling on exercise
tolerance in both men and women, thereby enhancing our
understanding of sex-specific fatigue responses. It was hypothesized
that performing simultaneous cycling endurance exercise and
mental exertion will impair time to exhaustion in men more
than in women cyclists. A portion of the results on the male
cyclist group in this study have been published previously
(Barzegarpoor et al., 2020).

Materials and methods
Participants

Twenty-five endurance-trained cyclists (15 women: age = 23
+ 2 years; height = 166 + 6 cm; weight = 60 + 5kg; Wmax
257 + 36 W and 10 men: age = 21 + 3 years, height = 177
6 cm, weight = 66 + 8 kg; Wmax = 320 + 31 W) were included in
this study. Participants regularly participated in cycling endurance

I+

exercise (they cycled an average of about 150 km each week) and
were apparently healthy with no history of chronic diseases or
illnesses. Women participated in the study at various phases of
their menstrual cycle. Nine women were in the follicular phase
(up to 14 days after the onset of menstruation), and six women
were in the luteal phase (between 14 and 28 days after the onset
of menstruation). According to the guidelines of the university’s
institutional ethical review board, each participant was informed
both verbally and in writing about the risks of the research and gave
informed consent to participate in the study. The study was approved
by the Ethics Committee at Shahid Beheshti University, Iran
(IR.SBU.ICBS 97/1033).
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Maximal cycling exercise protocol

In the first session, participants performed an incremental
cycling test to determine their peak power output (PPO), which
was defined as the maximum wattage (Wmax). The cycling exercise
protocol was conducted on a cycle ergometer (Monark Ergomedic
839- Sweden) and started at 80 watts (W) for 3 min, and then
the resistance was increased by 40 W every 3 min thereafter until
exhaustion (defined as a cadence of less than 60 revolutions
per minute (RPM) for more than 5s despite strong verbal
encouragement). The Wmax was calculated with the formula: Wmax
= Wout + (t/180) x 40 [Wout: workload of the last completed stage;
t: time (seconds) in the final stage] (Van Cutsem et al., 2017). The
cycling ergometer was set in hyperbolic mode (i.e., the workload
can be adjusted in watts) to allow participants to select their pedal
frequency between 60 and 120 RPM. Saddle height was adjusted
for each participant before the test and recorded for experimental
sessions 2 and 3.

Cognitive tasks

The mental exertion (ME) task was induced experimentally
using a prolonged modified version of the Stroop colour-word
task, which requires response inhibition and sustained attention.
Briefly, the stroop task, which requires response inhibition and
sustained attention, involved presenting colored words (red, blue,
green, and yellow) on a computer screen where the buttons were
located on the handlebar. In this task, each word was printed in
a different ink color, with options including yellow, blue, green,
and red (incongruent word-color combinations). The participant’s
objective was to identify and indicate the ink color of the word
presented, rather than considering the meaning of the word itself.
However, if the ink color was red, the button to be pressed was
the actual meaning of the word. The psychomotor vigilance task
(PVT) was used to evaluate the effect of mental fatigue on the
cognitive performance. The task was as follows: a red dot was
shown in the middle of the computer screen for 500 ms at random
intervals of 2-10 s for a total PVT duration of 5 min (50 stimuli).
Participants were asked to use their dominant hand’s index finger
to press a button as quickly and accurately as possible in response
to the presented stimulus. To evaluate this test, reaction time (less
than 500 ms) and the number of lapses were measured as key
performance indicators. For more details on the mental exertion
and PVT used in the current study see Barzegarpoor et al., (2020).
The control session (i.e., no ME) included watching “When We Left
Earth: The NASA Missions-Episode 6: A Home in Space” (Discovery
Channel, United States) on the same computer screen.

Heart rate (HR) and rate of perceived
exertion (RPE)

Heart rate was continuously monitored throughout the
experimental sessions using a HR monitor from Polar Electro OY
Finland. Moreover, rate of perceived exertion was assessed using
the Borg Rating of Perceived Exertion scale (Borg, 1998). This scale
ranges from 6 (no exertion at all) to 20 (maximal exertion).
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National aeronautics and space
administration task load index

The study used the National Aeronautics and Space
Administration Task Load Index (NASA-TLX) rating scale to
assess subjective workload. For more details on the NASA-
TLX Questionnaire, see Barzegarpoor etal., 2020 (Psychological
questionnaire) (Barzegarpoor et al, 2020). Briefly, after the
Experimental protocols, participants completed the NASA-TLX
which consists of six subscales measuring “mental demand”,
“physical demand”, “temporal demand”, “performance”, “effort”, and
“frustration”. The participants rated each item on a scale divided into

20 equal intervals anchored by a bipolar descriptor (e.g., high/low).

Blood cortisol

When participants arrived at the laboratory, they were seated
on a chair for 15minand then the first blood sample was
collected from the median cubital vein. The second blood sample
was collected 30 min post cycling, coinciding with the peak
concentration (Daly et al., 2005) in both the Cycling + ME and
Cycling + Movie sessions. Then, plasma was isolated from the blood
sample and stored at — 20°C for further analyzes. A human cortisol
ELISA kit from ZellBio (ZB-11003-H9648) was used to determine
plasma cortisol concentration.

Study design

Participants completed three experimental sessions at the same
time of day with at least 72-hours of rest between sessions. In the
first session, all participants were informed about psychological
measurements, then they completed the consent form and general
health questionnaire, and their training history was recorded.
Following this, the participants’ anthropometric index (height and
weight) was recorded, and then they performed an incremental
test to determine maximal wattage (Wmax). Participants then
randomly performed sessions 2 and 3. These sessions were Cycling
+ ME (cycling endurance exercise simultaneously with the mental
exertion-stroop task) and Cycling + Movie (cycling endurance
exercise while watching a movie). Upon arrival at the laboratory
for sessions 2 and 3, the first blood sample was collected. Following
the blood collection, participants performed the PVT. After the
completion of the PV'T, participants performed a warm-up on a bike
for 5 min at 60 W. Participants then completed either the Cycling +
ME or Cycling + Movie protocol. The modified Stroop color-word
task or watching a movie (the following section) was displayed on
a monitor in front of participants while they were cycling. Cycling
continued until exhaustion. Exhaustion was defined as the time
point the participant could no longer maintain a cadence of 60 RPM
that was sustained for more than 30s, self-reported exhaustion,
or a score of 18-20 on RPE. Following the cycling protocols, the
post PVT was assessed. Directly following the PV, participants
completed the NASA-TLX questionnaire for 5 min and then the
second blood cortisol samples were collected at 30 min post-cycling.
Every 10 minutes throughout the experimental sessions, heart rate
and RPE were recorded (Figure 1). Participants were instructed to
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FIGURE 1
Overview of experimental protocol.

follow guidelines that included avoiding intense exercise, alcohol,
milk, caffeine, nicotine, and dairy products for 24 h before arriving
at the laboratory to ensure adequate sleep.

Statistical analysis

SPSS version 23 was used for statistical analyses. With a
significance criterion of o = 0.05 and power = 0.80, the minimum
sample size needed for this effect size was n = 24 for repeated-
measures ANOVAs between-subject factors (Barzegarpoor et al.,
2020; Jaydari and Lavender, 2019). The Shapiro-Wilk normality test
was used to determine assumptions of normality. A Mauchly’s test
was used to assess the assumption of sphericity. If this assumption
was violated, the Greenhouse-Geisser correction was applied (Field,
2024). A three-way repeated-measures ANOVA was used to evaluate
the effects of session (Cycling + ME vs Cycling + Movie), sex (men
vs. women) and time (pre vs. post) on cortisol and PVT while
HR and RPE evaluated at 10, 20, 40, 50, 60, and 70 min. A two-
way ANOVA was used to evaluate the effects of session (Cycling
+ ME vs. Cycling + Movie) and sex (men vs. women) on time
to exhaustion and NASA-TLX. A similar statistical analysis (i.e.,
three-way repeated-measures and two-way ANOVA) was applied to
evaluate the effects of the menstrual cycle (luteal vs follicular) on
all variables. When the ANOVA revealed a significant main and/or
interaction effect, a Bonferroni post hoc test was used to identify
differences. For all analyses, the level of statistical significance was
set at p < 0.05. Data are represented by box and wisker plots or
means + standard deviations (SD) in figures. Partial eta-squared
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(pn2) measures indicating the magnitude of changes associated with
significant main effects were provided and reported as small (<0.01),
medium (>0.06), or large (>0.14).

Results
Time to exhaustion

There was a significant reduction in time to exhaustion for
men (F,,, = 187.01, p < 0.01, np> = 0.89) and women (F, ,, =
64, p < 0.01, np* = 0.74) following the Cycling + ME. Specifically,
time to exhaustion decreased 33% for men and 16% for women
during Cycling + ME compared to Cycling + Movie (Figure 2).
Furthermore, there was a significant difference in time to exhaustion
between the sexes (F, , = 6.47, p = 0.018, np* = 0.22), which time to
exhaustion was 17% longer in Cycling + ME for women compared
to men (74 + 9 vs. 63 + 11 min).

Rate of perceived exertion

RPE significantly increased for men following 30 (F, ,; = 20.54, p
<0.01, np* = 0.49) and for both men and women following 40 (F, ,,
=46.56, p < 0.01, np*> = 0.68 and F, ,; = 14.78, p < 0.01, np* = 0.41),
50 (Fy,, =46.63,p < 0.01,np* = 0.68 and F, 5, = 14.23, p = 0.01, np*
= 0.40), 60 (F, ,, = 49.45, p < 0.01, np? = 0.70 and F, ,, = 12.78, p
=0.01, np* = 0.37) and 70 (F,,, = 37.87, p < 0.01, np* = 0.64 and
F,,, = 17.52, p < 0.01, np? = 0.45) minutes respectively, of Cycling
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FIGURE 2

The effects of Cycling + ME and Cycling + Movie on time to
exhaustion for Men (white bar) and Women (Grey bar). The asterisk (*)
and hash (#) symbols indicate a significant within-subjects contrasts
effect for session (p < 0.05). The dollar ($) symbol represents a
significant (p < 0.05) difference between sex for Cycling + ME.

+ ME compared to Cycling + Movie. RPE was significant different
between men and women following 40 (F, ,; = 5.98, p = 0.023, np*
= 0.22), 50 (F,,, = 6.74, p = 0.017, np? = 0.24), 60 (F, , = 18.35,
p < 0.01, np> = 0.46) and 70 (F,,, = 13.52, p = 0.01, np* = 0.39)
minutes during Cycling + ME. Women’s RPE compared to men was
13%, 11%, 10% and 7% lower at 40, 50, 60, and 70 min, respectively
during Cycling + ME (Figure 3).

Heart rate

Women had a significant increase in HR when performing
Cycling + ME after 40 min compared to Cycling + Movie at 40 (F, },
=7.47, p = 0.016,np* = 0.34), 50 (F, |, = 5.84, p = 0.03, np* = 0.29)
60 (F, 1, =8.25,p = 0.012,np> = 0.37) and 70 (F, |, = 8.45, p = 0.011,
qu = 0.37) minutes (Figure 4).

Cortisol

There was a significant main effect of time for Cycling + ME
and Cycling + Movie on cortisol concentration in men (Cycling +
ME: Fy,, = 15.75, p < 0.001, np* = 0.41 and Cycling + Movie: F ,,
= 28.09, p < 0.001, np* = 0.56) and women (Cycling + ME: F, ,, =
71.23, p < 0.001, np* = 0.76 and Cycling + Movie: F, 5, = 137.19, p <
0.001, np2 = 0.86). Cortisol concentrations increased 37% and 57%
for men and women, respectively (Figure 5). However, there were no
sex differences on cortisol concentration (p > 0.05).

National aeronautics and space
administration task load index

There was a significant main effect of Cycling + ME on mental
(F, 5, = 86.03, p < 0.001, np* = 0.79) and physical demand (F, ,, =
18.54, p < 0.001, np* = 0.45) for men and mental demand (F, ,, =
72.70, p < 0.001, np? = 0.76) for women. Mental demand in Cycling
+ ME increased 135% for men and 41% for women compared to
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Cycling + Movie. However, there were no significant differences on
any other NASA-TLX subscales between Cycling + ME and Cycling
+ Movie in both men and women (p > 0.05) (Table 1).

The psychomotor vigilance task

A significant main effect on reaction time (RT) was observed for
men from pre-to post-session for both Cycling + ME (F, ,; = 9.40, p
=0.005,np” = 0.29) and Cycling + Movie (F, 53 = 16.76,p < 0.001,np*
= 0.42). However, in women, no significant change was observed in
RT in both Cycling + ME and Cycling + Movie (p > 0.05). Moreover,
a significant sex effect on reaction time was shown, indicating that
women exhibited faster reaction times compared to men in both
Cycling + ME (F 5, = 63.01, p < 0.004, np* = 0.73) and Cycling +
Movie sessions (F, 53 = 51.90, p < 0.001, np® = 0.69). The results also
showed that women have a faster RT in pre-cycling compared to men
in Cycling + ME (F, ,; = 7.23, p = 0.013, np” = 0.23) and Cycling +
Movie (F) 53 = 1038, p < 0.004, np* = 0.31) (Table 2).

Menstrual cycle

There were no significant differences between the menstrual
cycle phases (luteal and follicular) in Cycling + ME and Cycling +
Movie for all independent variables (time to exhaustion: F, ;3 = 1.03,
p = 0.32, np? = 0.074, RPE: F,, = 1.28, p = 0.29, np* = 0.097, HR:
Fys, = 0.024, p = 0.96, np? = 0.026, Cortisol: Fy13=0.19, p = 0.66,
np? =0.015,NASA: Fg s =0.58,p=0.71,np* = 0.043,and PVT (RT):
F, 15 =0.008, p = 0.92, np* = 0.001).

Discussion

We aimed to investigate the impact of mental exertion during
cycling endurance exercise on time to exhaustion and fatigue-related
performance in endurance-trained cyclists and whether there were
sex differences. The results showed that 1) time to exhaustion was
decreased during cycling endurance exercise with mental exertion
as opposed to watching a movie for both men and women but
women were able to cycle longer before exhaustion occurred, 2)
the longer time to exhaustion for women was associated with
lower RPE compared men and 3) women had faster reaction time
compared to men while performing simultaneous mental exertion
and cycling endurance exercise. Thus, performing simultaneous
mental exertion and cycling endurance exercise impairs time to
exhaustion and overall performance in cyclists. While exercise
impaired the performance in cyclists, women were impacted to a
lesser extent than men in these exercise performance conditions.
These findings emphasize the importance of considering sex
differences in both mental and physical tasks when performing
longer duration endurance exercise.

This study demonstrated that time to exhaustion was 17% longer
in women compared to men while performing a mental exertion
task along with cycling endurance exercise. These findings are in
line with previous studies that showed time to exhaustion was
reduced due to performing prolonged mental exertion before and
during endurance exercise (Hunter, 2014; Marcora et al., 2009;
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Cycling + ME session only.

Barzegarpoor et al., 2020). The difference in cycling duration for
men and women may be due to physiological differences. The
literature has shown that compared to men, women have a larger
capacity for lipid metabolism, and a higher-density of type I
fibers with widespread sympathetic-mediated actions on skeletal
muscle, particularly B2 adrenergic receptors (Staron et al., 2000).
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Estrogen (17p-estradiol, E2) plays a significant role in enhancing
lipid metabolism, which may influence substrate utilization during
endurance exercise (Tarnopolsky, 2008). Although we found no
significant differences in the menstrual cycles, the previous studies
indicated that RPE varies across the menstrual cycle, with higher
RPE observed during the early follicular phase (days 1-5) compared
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to the mid-luteal phase (Mattu et al., 2020; Xa et al, 2012),
which may impact endurance exercise performance. Although
these variables were not directly measured in our study, the
aforementioned mechanisms may partially explain the observed
sex difference in time to exhaustion. Beyond physiological factors,
the psychological influences on endurance performance can be
explored through the neurophysiological basis of RPE (i.e., afferent
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feedback and corollary discharge model) (De Morree et al., 2012).
According to the corollary discharge model, the sensory signal
from the central command is necessary to maintain the same level
of force as fatigue occurs, leading to significant increases in RPE
(Morree et al., 2012; Marcora et al., 2008). ACC, posterior cingulate
cortex (PCC) (Maddocketal., 2001; Vogt et al., 1992), and prefrontal
cortex (PFC) (Helton et al., 2010; Lorist et al., 2005) are potential
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TABLE 1 The effects of Cycling + ME and Cycling + Movie on NASA-TLX (0—-100) for men and women.

Men Women

Workload (0—-100) Cycling + ME Cycling + Movie Cycling + ME Cycling + Movie

Mental demand 87+ 10 37+15 <0.001* 89+ 10 53+ 18 <0.001**
Physical demand 61+ 20 90+6 <0.001* 77 +11 82+ 16 >0.05
Temporal demand 65+ 11 68 21 >0.05 68 21 72+19 >0.05
Performance 759 787 >0.05 787 83+8 >0.05
Effort 82+7 83+19 >0.05 86+ 7 79+ 11 >0.05
Frustration 43+17 36+ 19 >0.05 30+2 3149 >0.05

The asterisk (*) and double asterisk (**) indicates significant differences within-subject effect in mental and physical demand in Cycling + ME and Cycling + Movie for men and women,

respectively (p < 0.05).

TABLE 2 The effects of Cycling + ME and Cycling + Movie on RT for men and women.

Number of lapses

Men Women
Pre 356 + 47 312 + 34# 0.01 1.3+0.86 1.85+0.96 <0.05
Cycling + ME Post 383 +27* 310 + 2§ <0.001 41+1.1* 1.23 £0.89$ <0.05
P <0.001 >0.05 — <0.05 >0.05 —
Pre 342 + 42* 298 + 31# 0.01 0.8+0.78 1.01+0.98 >0.05
Cycling + Movie Post 37729 296 + 18$ <0.001 33+ 12" 145+ 1.2$ <0.05
P <0.001 >0.05 — <0.05 >0.05 —

The asterisk (*) indicates pre-post significant differences in Cycling + ME and Cycling + Movie for men (p < 0.05). The dollar ($) symbol represents a significant (p < 0.05) difference between

sex. The hash (#) symbols indicate the significant difference between men and women in RT at baseline (p < 0.05).

areas implicated in this process. In the current study, women had a
longer time to exhaustion (74 vs. 63 min), later and lower increases
in RPE (following 40 vs 30 min) and they had a lower subjective
workload (mental workload in NASA-TLX) compared to men in
cycling endurance exercise with mental exertion. Fontes et al. (2013)
used functional magnetic resonance imaging (fMRI) to evaluate the
specific brain regions which activated during cycling exercise. They
showed that cycling with RPE>15 associated with higher activity
of PCC (Fontes et al., 2015). In addition, Williamson et al. (2002)
indicated that during cognitive response inhibition tasks (i.e., the
Stroop task), the activation of the ACC is strongly activated, and
this brain area is related to the perception of effort. Contrary to
the current results, Lopes et al. (2020) showed that performing a
45-min cognitive task (Stroop’s color-word conflict test) to induce
mental fatigue or watching a 45-min documentary (as control)
before a time-to-exhaustion test on a treadmill led to a similar
increase in RPE and the same reduction in time to exhaustion
in both men and women (Lopes et al., 2020). The contradiction
between the current findings and those of Lopes et al. (2020)
may be due to differences in the experimental protocols used
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to induce mental fatigue. During the current study the mental
fatigue task occurred simultaneously with the physical exertion task
whereas in the Lopes et al. (2020) study the mental exertion task took
place prior to the physical exertion task. Furthermore, the mental
exertion task was of a longer duration in the current study. Thus,
the duration and application of when the mental exertion task is
completed likely has a different impact on a time to exhaustion test.

Although there was no statistical sex differences in HR for men
between sessions, women had a higher HR following Cycling + ME
and Cycling + Movie. Women have a higher index of sympathetic
nerval activity such as HR (Yoon et al,, 2009). Higher sympathetic
responses could impact neuromuscular function by influencing the
blood flow and contractile function of skeletal muscle (Thomas
and Segal, 2004). As a result, motor unit discharge rate and
contractility of the muscle (type I, in particular) increase (Hunter,
2009; Roatta et al., 2008) and this may be, in part, one explanation
for different time to exhaustion in men and women. Pageaux et al.
(2013), Pageaux and Lepers (2018) speculated that sustained mental
exertion might cause adenosine accumulation in the ACC, which
would make endurance exercise feel harder than it was. Another
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possible explanation for the differences in time to exhaustion and
RPE between men and women is that mentally fatigued women,
with higher activity of premotor and/or motor regions as well as
higher cerebral blood flow (Esposito et al., 1996), may experience a
lower accumulation of metabolites (i.e., adenosine) (Roelands et al.,
2020). When the activity of the brain increases, the metabolic ratio
of O, to glucose decreases, indicating a shift toward anaerobic
glycolysis to meet elevated energy demands. This metabolic process
results in the production of lactate, which can function as an
alternative energy substrate for the brain. Furthermore, lactate
may stimulate peripheral tissues to enhance fatty acid metabolism,
thereby contributing to overall energy balance (Magistretti and
Allaman, 2018). Thus, women may have higher brain activation
and cerebral blood flow as well as lower RPE leading to a longer
time to exhaustion than men. Women may have a psychological
advantage in resistance to fatigue as we observed in the present
study. While we did not assess cerebral blood flow, the change in
metabolic ratio of O, to glucose, or lactate, further investigation
using neuroimaging techniques would help us to understand the
underlying neurobiological mechanisms of sex differences in fatigue
resistance during endurance exercise while being mentally exerted.
According to several studies, physical and psychological stress
lead to higher cortisol secretion levels (Wright et al., 2012;
Van Cutsem et al., 2017). In response to stress (physical or mental),
in the CNS, cortisol controls its own secretion via a negative
feedback loop by binding to different area of the limbic system (i.e.,
hippocampus, amygdala, and PFC). Animal studies suggested that
the PEC plays an inhibitory role in regulating the HPA axis and
the subsequent stress response (Herman et al., 2003; Herman et al.,
2005). It is interesting to note that differences in men’s and women’s
brain activity patterns following psychological stress have been
linked to the right PFC. Wang et al (2007) indicated that an increase
in cortisol AUC was associated with an increase in cerebral blood
flow (CBF) in the right PFC and in the dorsal ACC for men and
women, respectively. In addition, they observed the PFC (especially,
the orbitofrontal area) was suppressed during and “post-stress” in
men, whereas it only occurred during the stress task for women.
Our results are in line with these sex-specific responses where
women may experience a more acute but transient physiological
stress response (higher heart rate during the task and higher
cortisol post-task), while men may have a more prolonged neural
and physiological response as indicated by sustained right PFC
activity and continued OFC suppression (Wang et al., 2007). Thus,
compared to men, women seem to have a physiological advantage
for withstanding longer periods of moderate to high intensity
endurance exercise while being mentally exerted.
The that
simultaneous mental exertion and cycling endurance exercise

present findings demonstrated performing
increased accuracy and improved reaction time in the PVT pre-
post cycling in women compared to men. Chmura et al. (1997)
hypothesized that the positive effects of CNS activation with
increasing catecholamine concentration are correlated with an
improvement in cognitive performance. They demonstrated that
during 20 min of exercise, reaction time is faster immediately
following when the blood adrenaline threshold was reached
(Chmura et al., 1997). Their hypothesis could be supported by
indirect evidence which is related to greater activation in indexes

of the sympathetic nervous system (i.e., HR) (Kajantie and Phillips,
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2006) and CBF (Polich and Kok, 1995) potentially resulting in an
improvement in cognitive performance. In addition, Jaydari Fard
and Lavender (2019) showed a higher error rate during the first
blocks (17 min) of the mental fatigue task, but it was similar for the
second and third blocks between women and men. These results
indicate that women need fewer cognitive resources to achieve
the same level of cognitive performance as men (Li et al., 2006;
Larson et al., 2011). Since some studies have shown that there
are no differences in mental fatigue between women and men
(Lopes et al., 20205 Jaydari and Lavender, 2019), it is possible that
women may be less affected by mental fatigue over time when
performing mental exertion tasks.

Methodological considerations

When interpreting the current results, it is important to consider
several factors. We did not monitor the number of errors made
during experimental protocols. The number of errors potentially
indicates a period of increased cognitive resource allocation for both
men and women as they adapt to the cognitive task. Furthermore,
we did not directly assess the impact of long-duration endurance
exercise on corticospinal excitability. As fatigue decreases the
muscles’ ability to generate force, it can reduce the excitability
of the corticospinal pathway in transmitting neural signals from
higher brain centers (motor cortex and spinal motoneurons)
to the locomotor muscles. A lower level of excitability in the
motor cortex and/or spinal motoneuron requires a higher synaptic
input (ie., greater central motor drive), which may result in
an increase in RPE and impair whole body endurance exercise.
Therefore, it is important to understand the impact of long-duration
endurance exercise and the resulting fatigue on the integrity of the
corticospinal pathway.

Several methodological considerations warrant attention to
enhance the integrity of future research designs. In the current
study the time to exhaustion was different in each session for men
and women. This variability in exercise duration can influence
physiological and psychological responses to mental fatigue. Future
studies should match the exercise duration, perhaps by setting a fixed
time limit or workload for each session. This would allow for a more
direct comparison of physiological and psychological responses at a
similar level of fatigue. In addition, replicating our design with the
inclusion of error rate measurement may provide more conclusive
evidence regarding 1) confirming whether women require a longer
initial period of heightened cognitive resource allocation compared
to men and 2) assessing if error rates converge for both sexes as
the task progresses, suggesting similar performance levels despite
potential initial differences in resource allocation.

Conclusion

This study showed that long-duration mental exertion (stroop
task) along with cycling endurance exercise decreased time
to exhaustion presumably via changes in psychophysiological
characteristics such as increased RPE, subjective workload, and
likely changes in activation of the sympathetic nervous system which
was indirectly assessed by increasing heart rate. It is interesting to
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note that while some research found no sex difference in mental
fatigue (Lopes et al., 2020; Wang et al., 2007), our results, especially
RPE and mental demand, indicated that for mental fatigue, longer
duration is required to limit endurance exercise performance for
women than men. Although it seems that the results of our research
are somewhat similar to previous studies, there is no obvious
functional theory to explain the resistance to mental fatigue between
men and women. More research is required to overcome the
limitations of this study, such as measuring further physiological
parameters (adrenaline, blood lactate, and glucose concentrations),
applying transcranial magnetic stimulation to investigate nervous
system changes along the corticospinal tract, and investigating the
number of errors and reaction time during mental exertion.

Data availability statement

The original contributions presented in the study are included in
the article/supplementary material, further inquiries can be directed
to the corresponding authors.

Ethics statement

The studies involving humans were approved by Shahid Beheshti
University, Iran. The studies were conducted in accordance with
the local legislation and institutional requirements. The participants
provided their written informed consent to participate in this study.
Written informed consent was obtained from the individual(s)
for the publication of any potentially identifiable images or data
included in this article.

Author contributions

HA: Writing—original draft, Writing-review and editing, Data
curation, Formal Analysis, Methodology, Software. HB: Data
curation, Formal Analysis, Methodology, Writing-review and
editing, Investigation, Software. HR: Methodology, Supervision,
Writing-review and editing, Investigation. DB: Funding acquisition,
Supervision, Writing-review and editing, Investigation. REF:
Funding acquisition, Methodology, Supervision, Writing-review
and editing, Investigation, Project administration.

References

Ackerman, P. L. (2011). Cognitive fatigue: multidisciplinary perspectives on current
research and future applications. American Psychological Association.

Bam, J., Noakes, T. D., Juritz, J., and Dennis, S. C. (1997). Could women outrun men
in ultramarathon races? Med. Sci. Sports Exerc 29 (2), 244-247. d0i:10.1097/00005768-
199702000-00013

Barzegarpoor, H., Amoozi, H., Rajabi, H., Button, D., and Fayazmilani, R. (2020). The
effects of performing mental exertion during cycling exercise on fatigue indices. Int. J.
Sports Med. 41 (12), 846-857. doi:10.1055/a-1179-8326

Bell, E. C., Willson, M. C., Wilman, A. H., Dave, S., and Silverstone, P. H. (2006).
Males and females differ in brain activation during cognitive tasks. Neuroimage. 30 (2),
529-538. doi:10.1016/j.neuroimage.2005.09.049

Borg, G. (1998). Borg’s perceived exertion and pain scales. champaign, IL: Human
kinetics.

Frontiers in Physiology

10

10.3389/fphys.2025.1522626

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This research
was supported by an NSERC Discovery Grant to Duane Button.

Acknowledgments

We would like to extend our sincere gratitude to the cyclists
who volunteered their time and effort to participate in this study.
Their dedication and commitment were integral to the successful
completion of this research. We also wish to thank the laboratory
assistants and research staff, whose support with data collection
and analysis was invaluable. Special acknowledgment is due to our
colleagues and mentors who provided insightful and constructive
feedback that significantly enhanced this work.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative Al statement

The author(s) declare that no Generative Al was used in the
creation of this manuscript.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or claim
that may be made by its manufacturer, is not guaranteed or endorsed
by the publisher.

Butler, T., Pan, H., Epstein, J., Protopopescu, X., Tuescher, O., Goldstein, M., et al.
(2005). Fear-related activity in subgenual anterior cingulate differs between men and
women. Neuroreport 16 (11), 1233-1236. doi:10.1097/00001756-200508010-00020

Chmura, J., Krysztofiak, H., Ziemba, A. W., Nazar, K., and Kaciuba-Uscilko,
H. (1997). Psychomotor performance during prolonged exercise above and below
the blood lactate threshold. Eur. J. Appl. Physiol. Occup. Physiol. 77 (1), 77-80.
doi:10.1007/s004210050303

Coyle, E. E, Coggan, A. R, Hopper, M. K., and Walters, T. J. (1988). Determinants
of endurance in well-trained cyclists. J. Appl. Physiol. 64 (6), 2622-2630.
doi:10.1152/jappl.1988.64.6.2622

Dallaway, N., Lucas, S. J. E., and Ring, C. (2022). Cognitive tasks elicit mental fatigue
and impair subsequent physical task endurance: effects of task duration and type.
Psychophysiology 59 (12), e14126. doi:10.1111/psyp.14126

frontiersin.org


https://doi.org/10.3389/fphys.2025.1522626
https://doi.org/10.1097/00005768-199702000-00013
https://doi.org/10.1097/00005768-199702000-00013
https://doi.org/10.1055/a-1179-8326
https://doi.org/10.1016/j.neuroimage.2005.09.049
https://doi.org/10.1097/00001756-200508010-00020
https://doi.org/10.1007/s004210050303
https://doi.org/10.1152/jappl.1988.64.6.2622
https://doi.org/10.1111/psyp.14126
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org

Amoozi et al.

Daly, W.,, Seegers, C. A., Rubin, D. A, Dobridge, J. D., and Hackney, A. C. (2005).
Relationship between stress hormones and testosterone with prolonged endurance
exercise. Eur. J. Appl. Physiol. 93 (4), 375-380. d0i:10.1007/s00421-004-1223-1

De Morree, H. M., Klein, C., and Marcora, S. M. (2012). Perception of effort
reflects central motor command during movement execution. Psychophysiology 49 (9),
1242-1253. doi:10.1111/§.1469-8986.2012.01399.x

Esposito, G., Van Horn, J. D., Weinberger, D. R., and Berman, K. E (1996). Gender
differences in cerebral blood flow as a function of cognitive state with PET. J. Nucl. Med.
37 (4), 559-564.

Field, A. (2024). Discovering statistics using IBM SPSS statistics. London: Sage
publications limited.

Fontes, E. B., Okano, A. H., De Guio, E, Schabort, E. J., Min, L. L., Basset, E. A, et al.
(2015). Brain activity and perceived exertion during cycling exercise: an fMRI study. Br.
J. Sports Med. 49 (8), 556-560. doi:10.1136/bjsports-2012-091924

Fox, P. T., and Raichle, M. E. (1986). Focal physiological uncoupling of cerebral blood
flow and oxidative metabolism during somatosensory stimulation in human subjects.
Proc. Natl. Acad. Sci. 83 (4), 1140-1144. doi:10.1073/pnas.83.4.1140

Froberg, K., and Pedersen, P. K. (1984). Sex differences in endurance capacity and
metabolic response to prolonged, heavy exercise. Eur. J. Appl. Physiol. Occup. Physiol.
52 (4), 446-450. doi:10.1007/BF00943378

Glace, B. W, Kremenic, I. J., and McHugh, M. P. (2013). Sex differences in central and
peripheral mechanisms of fatigue in cyclists. Eur. J. Appl. Physiol. 113 (4), 1091-1098.
doi:10.1007/s00421-012-2516-4

Helton, W. S., Warm, J. S, Tripp, L. D., Matthews, G., Parasuraman,
R, and Hancock, P. A. (2010). Cerebral lateralization of vigilance: a
function of task difficulty. Neuropsychologia 48 (6), 1683-1688. doi:10.1016/
j.neuropsychologia.2010.02.014

Herman, J. P, Figueiredo, H., Mueller, N. K., Ulrich-Lai, Y., Ostrander, M. M.,
Choi, D. C,, et al. (2003). Central mechanisms of stress integration: hierarchical
circuitry controlling hypothalamo-pituitary-adrenocortical responsiveness. Front.
Neuroendocrinol. 24 (3), 151-180. doi:10.1016/j.yfrne.2003.07.001

Herman, J. P, Ostrander, M. M., Mueller, N. K., and Figueiredo, H. (2005).
Limbic system mechanisms of stress regulation: hypothalamo-pituitary-
adrenocortical axis. Prog. Neuropsychopharmacol. Biol. Psychiatry 29 (8), 1201-1213.
doi:10.1016/j.pnpbp.2005.08.006

Hunter, S. K. (2009). Sex differences and mechanisms of task-specific muscle fatigue.
Exerc Sport Sci. Rev. 37 (3), 113-122. d0i:10.1097/JES.0b013e3181aa63e2

Hunter, S. K. (2014). Sex differences in human fatigability: mechanisms and insight
to physiological responses. Acta physiol. 210 (4), 768-789. doi:10.1111/apha.12234

Jaydari, E S, and Lavender, A. P. (2019). A comparison of task-based
mental fatigue between healthy males and females. Fatigue 7 (1), 1-11.
doi:10.1080/21641846.2019.1562582

Kajantie, E., and Phillips, D. I. W. (2006). The effects of sex and hormonal status on
the physiological response to acute psychosocial stress. Psychoneuroendocrinology 31
(2), 151-178. doi:10.1016/j.psyneuen.2005.07.002

Larson, M. J, South, M., and Clayson, P. E. (2011). Sex differences
in error-related performance monitoring. Neuroreport 22 (1), 44-48.
doi:10.1097/WNR.0b013e3283427403

Li, C. shan R., Huang, C., Constable, R. T., and Sinha, R. (2006). Gender differences
in the neural correlates of response inhibition during a stop signal task. Neuroimage. 32
(4), 1918-1929. doi:10.1016/j.neuroimage.2006.05.017

Lopes, T. R., Oliveira, D. M., Simurro, P. B, Akiba, H. T,, Nakamura, E Y,
Okano, A. H.,, et al. (2020). No sex difference in mental fatigue effect on high-
level runners’ aerobic performance. Med. Sci. Sports Exerc 52 (10), 2207-2216.
doi:10.1249/MSS.0000000000002346

Lorist, M. M., Boksem, M. A. S., and Ridderinkhof, K. R. (2005). Impaired cognitive
control and reduced cingulate activity during mental fatigue. Cognitive Brain Res. 24,
199-205. doi:10.1016/j.cogbrainres.2005.01.018

MacLeod, C. M. (1991). Half a century of research on the Stroop effect: an integrative
review. Psychol. Bull. 109 (2), 163-203. doi:10.1037/0033-2909.109.2.163

Maddock, R. J., Garrett, A. S., and Buonocore, M. H. (2001). Remembering
familiar people: the posterior cingulate cortex and autobiographical memory retrieval.
Neuroscience 104 (3), 667-676. doi:10.1016/50306-4522(01)00108-7

Magistretti, P. J., and Allaman, I. (2018). Lactate in the brain: from metabolic
end-product to signalling molecule. Nat. Rev. Neurosci. 19 (4), 235-249.
doi:10.1038/nrn.2018.19

Marcora, S. M., Bosio, A., and de Morree, H. M. (2008). Locomotor muscle fatigue
increases cardiorespiratory responses and reduces performance during intense cycling
exercise independently from metabolic stress. Am. J. Physiology-Regulatory, Integr.
Comp. Physiology 294 (3), R874-R883. doi:10.1152/ajpregu.00678.2007

(2009). Mental fatigue
Physiol. 106, 857-864.

Marcora, S. M., Staiano, W, and Manning, V.
impairs physical performance in humans. J. Appl
doi:10.1152/japplphysiol.91324.2008

Frontiers in Physiology

11

10.3389/fphys.2025.1522626

Martin, P. G., and Rattey, J. (2007). Central fatigue explains sex differences in
muscle fatigue and contralateral cross-over effects of maximal contractions. Pfliigers
Archiv-European J. Physiology 454 (6), 957-969. d0i:10.1007/s00424-007-0243-1

Mattu, A. T., Tannetta, D., MacInnis, M. J., Doyle-Baker, P. K., and Murias, J.
M. (2020). Menstrual and oral contraceptive cycle phases do not affect submaximal
and maximal exercise responses. Scand. J. Med. Sci. Sports 30 (3), 472-484.
doi:10.1111/sms.13590

Morree, H. M., Klein, C., and Marcora, S. M. (2012). Perception of effort
reflects central motor command during movement execution. Psychophysiology 49 (9),
1242-1253. doi:10.1111/j.1469-8986.2012.01399.x

Mostofsky, S. H., and Simmonds, D. J. (2008). Response inhibition and response
selection: two sides of the same coin. J. Cogn. Neurosci. 20 (5), 751-761.
doi:10.1162/jocn.2008.20500

Pageaux, B., and Lepers, R. (2018). The effects of mental fatigue on sport-related
performance. Prog. Brain Res. 240, 291-315. doi:10.1016/bs.pbr.2018.10.004

Pageaux, B., Lepers, R., Dietz, K. C., and Marcora, S. M. (2014). Response inhibition
impairs subsequent self-paced endurance performance. Eur. J. Appl. Physiol. 114,
1095-1105. doi:10.1007/s00421-014-2838-5

Pageaux, B., Marcora, S. M., and Lepers, R. (2013). Prolonged mental exertion does
not alter neuromuscular function of the knee extensors. Med. Sci. Sports Exerc 45 (12),
2254-2264. doi:10.1249/MSS.0b013e31829b504a

Polich, J., and Kok, A. (1995). Cognitive and biological determinants of P300: an
integrative review. Biol. Psychol. 41 (2), 103-146. d0i:10.1016/0301-0511(95)05130-9

Roatta, S., Arendt-Nielsen, L., and Farina, D. (2008). Sympathetic-induced changes in
discharge rate and spike-triggered average twitch torque of low-threshold motor units
in humans. J. Physiol. 586 (22), 5561-5574. doi:10.1113/jphysiol.2008.160770

Roelands, B., Pluym, B., Tassignon, B., Verschueren, J. O., Meeusen, R., de Pauw, K.,
etal. (2020). Can creatine combat the mental fatigue-associated decrease in visuomotor
skills? Med. Sci. Sports Exerc 52 (1), 120-130. doi:10.1249/MSS.0000000000002122

Russ, D. W, Lanza, I. R., Rothman, D., and Kent-Braun, J. A. (2005). Sex differences
in glycolysis during brief, intense isometric contractions. Muscle Nerve 32 (5), 647-655.
doi:10.1002/mus.20396

Smith, M. R., Chai, R., Nguyen, H. T., Marcora, S. M., and Coutts, A. J. (2019).
Comparing the effects of three cognitive tasks on indicators of mental fatigue. J. Psychol.
153 (8), 759-783. d0i:10.1080/00223980.2019.1611530

Smith, M. R,, Coutts, A. J., Merlini, M., Deprez, D., Lenoir, M., and Marcora, S. M.
(2016). Mental fatigue impairs soccer-specific physical and technical performance. Med.
Sci. Sports Exerc 48 (2), 267-276. doi:10.1249/MSS.0000000000000762

Staron, R. S., Hagerman, E C. Hikida, R. S, Murray, T. E, Hostler, D.
P, Crill, M. T, et al. (2000). Fiber type composition of the vastus lateralis
muscle of young men and women. J. Histochem. and Cytochem. 48 (5), 623-629.
doi:10.1177/002215540004800506

Tarnopolsky, M. A. (2008). Sex differences in exercise metabolism and
the role of 17-beta estradiol. Med. Sci. Sports Exerc 40 (4), 648-654.
doi:10.1249/MSS.0b013e31816212fF

Thomas, G. D., and Segal, S. S. (2004). Neural control of muscle blood flow during
exercise. J. Appl. Physiol. 97 (2), 731-738. doi:10.1152/japplphysiol.00076.2004

Van Cutsem, J., De Pauw, K., Buyse, L., Marcora, S., Meeusen, R., and Roelands, B.
(2017). Effects of mental fatigue on endurance performance in the heat. Med. and Sci.
Sports and Exerc. 49, 1677-1687. doi:10.1249/MSS.0000000000001263

Vogt, B. A., Finch, D. M., and Olson, C. R. (1992). Functional heterogeneity in
cingulate cortex: the anterior executive and posterior evaluative regions. Cereb. cortex 2
(6), 435-443. d0i:10.1093/cercor/2.6.435-a

Wang, J., Korczykowski, M., Rao, H., Fan, Y., Pluta, J., Gur, R. C,, et al. (2007). Gender
difference in neural response to psychological stress. Soc. Cogn. Affect Neurosci. 2 (3),
227-239. doi:10.1093/scan/nsm018

Williamson, J. W,, McColl, R., Mathews, D., Mitchell, J. H., Raven, P. B., and
Morgan, W. P. (2001). Hypnotic manipulation of effort sense during dynamic exercise:
cardiovascular responses and brain activation. J. Appl. Physiol. 90 (4), 1392-1399.
doi:10.1152/jappl.2001.90.4.1392

Williamson, J. W., McColl, R., Mathews, D., Mitchell, J. H., Raven, P. B,
and Morgan, W. P. (2002). Brain activation by central command during actual
and imagined handgrip under hypnosis. . Appl. Physiol. 92 (3), 1317-1324.
doi:10.1152/japplphysiol.00939.2001

Wright, H. E., Selkirk, G. A., Rhind, S. G., and McLellan, T. M. (2012). Peripheral

markers of central fatigue in trained and untrained during uncompensable heat stress.
Eur. J. Appl. Physiol. 112 (3), 1047-1057. doi:10.1007/s00421-011-2049-2

Xa, JDEJ, Thompson, M. W,, Chuter, V. H,, Silk, L. N., and Thom, J. M. (2012).
Exercise performance over the menstrual cycle in temperate and hot, humid conditions.
Med. Sci. Sports Exerc 44 (11), 2190-2198. doi:10.1249/MSS.0b013e3182656f13

Yoon, T., Keller, M. L., De-Lap, B. S., Harkins, A., Lepers, R., and Hunter, S. K. (2009).
Sex differences in response to cognitive stress during a fatiguing contraction. J. Appl.
Physiol. 107, 1486-1496. doi:10.1152/japplphysiol.00238.2009

frontiersin.org


https://doi.org/10.3389/fphys.2025.1522626
https://doi.org/10.1007/s00421-004-1223-1
https://doi.org/10.1111/j.1469-8986.2012.01399.x
https://doi.org/10.1136/bjsports-2012-091924
https://doi.org/10.1073/pnas.83.4.1140
https://doi.org/10.1007/BF00943378
https://doi.org/10.1007/s00421-012-2516-4
https://doi.org/10.1016/j.neuropsychologia.2010.02.014
https://doi.org/10.1016/j.neuropsychologia.2010.02.014
https://doi.org/10.1016/j.yfrne.2003.07.001
https://doi.org/10.1016/j.pnpbp.2005.08.006
https://doi.org/10.1097/JES.0b013e3181aa63e2
https://doi.org/10.1111/apha.12234
https://doi.org/10.1080/21641846.2019.1562582
https://doi.org/10.1016/j.psyneuen.2005.07.002
https://doi.org/10.1097/WNR.0b013e3283427403
https://doi.org/10.1016/j.neuroimage.2006.05.017
https://doi.org/10.1249/MSS.0000000000002346
https://doi.org/10.1016/j.cogbrainres.2005.01.018
https://doi.org/10.1037/0033-2909.109.2.163
https://doi.org/10.1016/s0306-4522(01)00108-7
https://doi.org/10.1038/nrn.2018.19
https://doi.org/10.1152/ajpregu.00678.2007
https://doi.org/10.1152/japplphysiol.91324.2008
https://doi.org/10.1007/s00424-007-0243-1
https://doi.org/10.1111/sms.13590
https://doi.org/10.1111/j.1469-8986.2012.01399.x
https://doi.org/10.1162/jocn.2008.20500
https://doi.org/10.1016/bs.pbr.2018.10.004
https://doi.org/10.1007/s00421-014-2838-5
https://doi.org/10.1249/MSS.0b013e31829b504a
https://doi.org/10.1016/0301-0511(95)05130-9
https://doi.org/10.1113/jphysiol.2008.160770
https://doi.org/10.1249/MSS.0000000000002122
https://doi.org/10.1002/mus.20396
https://doi.org/10.1080/00223980.2019.1611530
https://doi.org/10.1249/MSS.0000000000000762
https://doi.org/10.1177/002215540004800506
https://doi.org/10.1249/MSS.0b013e31816212ff
https://doi.org/10.1152/japplphysiol.00076.2004
https://doi.org/10.1249/MSS.0000000000001263
https://doi.org/10.1093/cercor/2.6.435-a
https://doi.org/10.1093/scan/nsm018
https://doi.org/10.1152/jappl.2001.90.4.1392
https://doi.org/10.1152/japplphysiol.00939.2001
https://doi.org/10.1007/s00421-011-2049-2
https://doi.org/10.1249/MSS.0b013e3182656f13
https://doi.org/10.1152/japplphysiol.00238.2009
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org

	Introduction
	Materials and methods
	Participants
	Maximal cycling exercise protocol
	Cognitive tasks
	Heart rate (HR) and rate of perceived exertion (RPE)
	National aeronautics and space administration task load index
	Blood cortisol
	Study design
	Statistical analysis

	Results
	Time to exhaustion
	Rate of perceived exertion
	Heart rate
	Cortisol
	National aeronautics and space administration task load index
	The psychomotor vigilance task
	Menstrual cycle

	Discussion
	Methodological considerations

	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References

