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Prior investigations have shown measurable performance impairments on continuous

physical performance tasks when preceded by a cognitively fatiguing task. However, the

effect of cognitive fatigue on bodyweight resistance training exercise task performance is

unknown. In the current investigation 18 amateur athletes completed a full body exercise

task preceded by either a cognitive fatiguing or control intervention. In a randomized

repeated measure design, each participant completed the same exercise task preceded

by a 52min cognitively fatiguing intervention (vigilance) or control intervention (video).

Data collection sessions were separated by 1 week. Participants rated the fatigue

intervention with a significantly higher workload compared to the control intervention

(p < 0.001). Additionally, participants self-reported significantly greater energetic arousal

for cognitively fatiguing task (p = 0.02). Cognitive fatigue did not significantly impact

number of repetitions completed during the exercise task (p = 0.77); however, when

cognitively fatigued, participants had decreased percent time-on-task (57%) relative to

the no fatigue condition (60%; p= 0.04). RPE significantly changed over time (p< 0.001),

but failed to show significant differences between the cognitive fatigue intervention and

control intervention (p > 0.05). There was no statistical difference for heart rate or

metabolic expenditure as a function of fatigue intervention during exercise. Cognitively

fatigued athletes have decreased time-on-task in bodyweight resistance training exercise

tasks.

Keywords: cognitive fatigue, bodyweight resistance training exercise, mental workload

INTRODUCTION

Similar to athletic performance, Soldier safety, and mission success are contingent on both physical
and cognitive performance. Indeed, cognitive performance (e.g., decision making, psychomotor
performance, response inhibition, and vigilance) plays a key role in overall Soldier performance
(Friedl et al., 2007; Wilson et al., 2013). Moreover, failures in Soldiers’ cognitive ability could
result in increased likelihood of human error resulting in friendly-fire incidents and collateral
damage (Belenky et al., 1994; Wilson et al., 2013). Though technology may enhance Soldier
performance, it may also inundate Soldiers with increased sources of information to process.

Abbreviations:ANOVA, Analysis of Variance; DSSQ, Dundee Stress State Questionnaire; EA, Energetic Arousal; NASA-TLX,

National Aeronautical and Space Administration Task Load Index; RPE, Rating of Perceived Exertion; TA, Task Arousal; TRT,

Task-Related Thoughts; TUT, Task-Unrelated Thoughts; VO2, Oxygen consumption.
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Unfortunately, more information for the Soldier to process may
result in greater cognitive fatigue for Soldiers who have to process
and relay information fluidly on the battlefield. For example, the
U.S. Army is actively pursuing increasingly sophisticated sensor
devices that provide situational awareness and threat detection
to the Soldier on the battlefield (e.g., DARPA Squad-X project).
Though this information is useful to the Soldier, it may present
challenges such as mental resources depletion or bottlenecking
of information processing causing cognitive fatigue (Kahneman
and Tversky, 1973; Navon and Miller, 2002).

Exercise can undoubtedly elicit improvements in mental
health and overall health (Biddle et al., 2000; Biddle and
Mutrie, 2007; Hamer and Chida, 2008). Moreover, there is also
evidence that regular exercise may act as a cognitive enhancer
(Brisswalter et al., 2002; Ratey and Loehr, 2011; Chang et al.,
2012) which could, for example, improve scholastic achievement
(Keeley and Fox, 2009). Conversely, prior studies have provided
evidence that physically demanding tasks completed prior to and
during cognitive tasks result in cognitive impairment (Isaacs and
Pohlman, 1991; Cian et al., 2000; Tomporowski, 2003).Moreover,
when a cognitively demanding task is coupled with a physical
task (dual-task), performance impairments can be observed on
both the physical and cognitive components of the task (i.e.,
performance trade-offs; Green and Helton, 2011; Head et al.,
2012). Green and Helton (2011); Green et al. (2014) suggest
that these performance impairments may be the result of limited
cognitive resources available to process the cognitive and physical
task simultaneously. Interestingly, only recently have researchers
begun to examine the effects of cognitive fatigue on subsequent
performance in a physical task (Marcora et al., 2009; Pageaux
et al., 2014).

Cognitive fatigue is the psychophysiological response
generated by prolonged exposure to a cognitively demanding
task which results in the subjective feeling of “tiredness” and
“lack of energy” (Marcora et al., 2009; Pageaux et al., 2014).
Cognitive fatigue has a measurable influence on physical
performance and may provide a greater understanding of
the causal factors affecting physical performance beyond
neuromuscular fatigue (Smith et al., 2015). Marcora et al. (2009)
examined the effects of participants performing a cognitively
fatiguing task prior to completing a cycling task to exhaustion
which resulted in participants reaching physical exhaustion
sooner compared to the control condition. Pageaux et al.
(2014) demonstrated that a motor response inhibition task
[Stroop task; (Stroop, 1935)] impaired subsequent physical
performance during a 5K treadmill time trial. Unlike Marcora
and colleagues’ task, participants were not pushed to exhaustion,
but rather completed the treadmill task with a 6% slower
completion time when preceded by the inhibition task. Cognitive
fatigue has also been shown to impair physical performance
in intermittent running (e.g., Yo-Yo Intermittent Recovery
Test) and technical abilities such as passing and shooting in
soccer (Smith et al., 2015, 2016). Furthermore, performance
on continuous or prolonged intermittent exercise tasks is
significantly impaired while high-intensity peak velocities were
not significantly reduced (Smith et al., 2015). The amount of
exercise performance impairment (2.3–17.8%; Marcora et al.,

2009; Smith et al., 2015) is seemingly dependent on whether
the task has a set end point (2.3–5.3%; Pageaux et al., 2014;
Smith et al., 2015) or time to exhaustion/failure (17.2–17.8%;
Marcora et al., 2009; Pageaux et al., 2014). However, the effects of
cognitive fatigue on physical performance does not appear to be
universally applicable. For example, a prior investigation found
no differences in peak, critical, and estimated anaerobic work
capacity on task performance as a function of cognitive fatigue
in a countermovement jump task and 3 min all-out cycle test
(Martin et al., 2015).

Collectively, there is mixed support for the influence of
prior cognitive fatigue on subsequent physical performance.
This may be partially due to the length of exercise time
and also the modality (i.e., isometric vs. full body), but it is
unknown if the existing paradigms can be generalized to the
multitude of athletic and occupational endeavors that are high-
intensity and require strength. For example, military occupations
are often high-intensity but discontinuous by nature [e.g.,
negotiating obstacles, lifting, and climbing (Ortega et al., 1993)].
Furthermore, it is unclear whether cognitive fatigue influences
perceived effort or task performance on a high intensity
bodyweight resistance training exercise (strength-endurance)
paradigm. Indeed, prior evidence has supported that disruptions
in cognitive performance could be a function of level of intensity
(e.g., x ≥ 70% VO2 max; Reilly and Smith (1986)). In other
words, greater impairment may be observed by increasing the
intensity of the exercise task. Thus, the present study aims
to investigate the influence of cognitive fatigue on subsequent
high intensity body weight resistance exercise that is self-paced
and time limited. In line with previous research on continuous
endurance exercise (Marcora et al., 2009; Pageaux et al., 2014;
Smith et al., 2015), it is hypothesized that participants will have
performance impairments (i.e., decreased repetitions completed)
andmodified task execution (i.e., decreased time-on-task) during
the exercise task when preceded by cognitive fatigue.

MATERIALS AND METHODS

Participants
Eighteen (11 male, female 7) volunteers were recruited from
local gyms located in Baltimore, Maryland, USA. Participants
age ranged between 24 and 37 years (M = 28, SD = 3.8).
All participants had at least 6 months experience participating
in high intensity exercise routines and were free from any
known illness or disease. The participants provided written
informed consent in accordance with the Helsinki Accord and
ethics permission was obtained from the U.S. Army Research
Laboratory Institutional Research Board.

Procedure
In a counterbalanced design, all participants completed either
a control (passive video watching) or a cognitively fatiguing
task (vigilance) prior to performing an exercise task. The
two visits took place over a 2 week period (once a week)
at the same time of day for each participant in an isolated
room. Thus, there were approximately 7 days between sessions.
Participants were given instructions to sleep for at least 7 h
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and were also instructed to avoid caffeine, nicotine, and other
stimulants/depressants for at least 3 h before participating.
Participants using stimulants and/or depressants were not
permitted to participate in the study (Brownsberger et al.,
2013). Upon arrival to the facility, participants completed an
informed consent, demographics, and a Dundee Stress State
Questionnaire (DSSQ; Matthews et al., 2002) pre-task stress state
questionnaire. Within the informed consent, participants were
shown a list of commonly used high-intensity interval training
exercises tasks which included the exercise task used in the
current investigation. Participants were requested to instruct the
researchers if they there were not experienced in any of the
exercise tasks. Volume of oxygen consumed (VO2) was used
as an indirect measure of energy expenditure. Participants were
outfitted with a VO2 measuring apparatus (COSMED K4B2,
COSMED, Italy), heart rate monitor (Polar, USA) and completed
a baseline VO2 measure whereby they sat quietly in an isolated
room for 5 min. Upon completion of the baseline VO2 measure,
participants completed the experimental or control intervention
(i.e., cognitive fatigue or video watching, respectively). After the
experimental or control intervention, the participant completed
a National Aeronautical and Space Administration Task Load
Index (NASA-TLX; Hart and Staveland, 1988) and DSSQ post-
task stress state questionnaire. Prior to beginning the exercise
task each time, participants completed a standardized dynamic
warmup for 5 min which included familiarization with the
exercise task with the VO2 apparatus. After completing the
warmup, participants completed the exercise task for 20 min.
Participants were not permitted time keeping devices and were
generally unaware of the time elapsed during the 20min exercise
task. During the exercise task, participants rated their RPE every
5min using a RPE scale (Borg, 1998; Gearhart et al., 2001).
Upon completion of the exercise task, participants completed the
NASA-TLX and DSSQ post-task stress state questionnaire (see
Figure 1 for timeline of study).

Cognitive Fatigue Intervention
A traditional vigilance task was used to induce cognitive fatigue
(Warm et al., 2008). The vigilance task took place in an isolated
room. Participants were seated 50 cm in front of a video display
terminal (53.4 × 33 cm, 60Hz refresh rate) which was mounted
at eye level. Participants’ head movements were not restrained.
Time-keeping devices such as watches and cell phones were
surrendered at the start of the task. Participants completed a
vigilance task (low Go/ high No-Go) monitoring for numeric
stimuli (1–9). Participants were instructed to respond to the
number 3 and withhold their response to 1–9 except the number
3. Go stimuli were presented 11% of the time. Participants were
instructed to respond as fast and accurately as possible to the
target number 3. Prior to the start of the task, participants
completed a practice trial where they received feedback on their
performance. The vigilance task was 52min in duration and was
comprised of 8 periods of watch, 6.5 min in length. The task was
continuous with no rest breaks. The inclusion of the task epochs
allows the researcher to examine performance impairment (i.e.,
accuracy and response time) as a function of time-on-task which
is a behavioral indicator of cognitive fatigue (Head and Helton,
2012). Numeric digits were all the same font (Courier); however,
font size varied between 48, 72, 94, 100, and 120, with height
varying between 12 and 29 mm. Varied font size was used to
discourage participants from using visual shape cues (Robertson
et al., 1997). Each trial consisted of a single digit presented
centrally on the screen for 250ms followed immediately by a
900ms mask. The mask consisted of a circle (29mm in diameter)
with a diagonal line in the middle spanning from one side to the
other. Participants were instructed to respond with their index
finger on their dominant hand using a response box.

Control Intervention
The computer screen from the vigilance task was used to present
a 52 min video train documentary. The documentary was “The

FIGURE 1 | Task timeline. Displayed is a timeline of events with corresponding durations.
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American Orient Express” (Pegasus-Eagle Rock Entertainment,
2004) which consisted of footage about trains and travel. This
type of stimuli has been used in similar studies due to the neutral
content maintaining stable mood and heart rate (Silvestrini and
Gendolla, 2007; Marcora et al., 2009; Smith et al., 2015).

Physical Exercise Task Protocol
The physical task used in the present study was a high intensity
body resistance exercise routine. It was comprised of three
separate exercise sets completed in succession for as many
rounds as possible in 20 min. The first exercise was 5 pull-
ups, followed by 10 pushups, and finally 15 unweighted squats.
Participants were required to finish each set for each exercise
prior to beginning a new round. A research investigator verbally
counted completed repetitions during the exercise task. Upon the
completion of each round (5 pull-ups, 10 pushups, 15 unweighted
squats), the next round was immediately started. This specific
exercise task was chosen because these bodyweight exercises are
commonly configured together in a circuit workout at the local
gym facilities where recruitment took place. Thus, participants
were more likely to be experienced in the individual exercises and
completing them consecutively.

All participants were given instructions regarding proper form
for each exercise and inappropriate repetitions were not counted.
For the pull ups, participants were instructed to begin by grasping
a metal pullup bar overhead with both hands facing palm out
with feet not touching the ground. Participants were instructed
to pull themselves up until their chin was above the bar and then
to lower themselves until their arms were fully extended. For
the pushups, participants were instructed to start in a standard
pushup position (plank) and then lower themselves until their
chest made contact with the ground. Once their chest made
contact with the floor, participants were instructed to extend
their arms until they were back in the plank position. For
the unweighted squats, participants were instructed to lower
themselves to 90◦ of knee flexion (i.e., seated position). Once
participants achieved the seated positon, they were instructed to
return to a standing position. Participants were notified when
they correctly completed each repetition by stating the number
of correct repetitions performed. Additionally, participants were
notified if they did not complete the exercise task correctly by
saying “no repetition.” In total, only two participants were given
verbal “no repetition” warnings during the pull up portion of the
exercise task. Participants were not given verbal encouragement
during any task. A high-definition 60 Hz frame rate video camera
(Vixia HFR42, Canon, U.S.A., Inc) was placed in a standardized
location ∼15m from the workout area to record the workout
completed by the participant. The workout videos were later used
for behavioral analysis.

Video Workout Protocol
A researcher, blinded to study hypothesis and subject
intervention, viewed each video and quantified the number
of repetitions and rounds completed, time-on-task and time
off-task. Time-on-task was defined as participants actively
performing the exercise task. Conversely, time off-task was
defined as participants not actively performing the exercise

task (e.g., transition between exercise type and resting). The
researcher was given a predefined workout protocol that
provided examples of how each exercise was to be performed
to be counted as a repetition. To test interrater reliability, an
additional blinded research assistant viewed and evaluated a
subset (22 videos) of 36 videos. An intraclass correlation of
0.90 (95% confidence interval: 0.78–0.96) revealed acceptable
interrater reliability (Hays and Revicki, 2005).

Psychological Scales
Consciousness and Stress State Questionnaire
An abridged version of the 90-item DSSQ (Matthews et al.,
2002) was used to measure participants subjective stress state.
The abridged DSSQ contains 32-items which generate a 4-
factor solution: energetic arousal (EA), task arousal (TA), task-
related thoughts (TRT), and task-unrelated thoughts (TUTS).
These factors have been used in prior studies to determine
whether participants were focused on task related or unrelated
thoughts during the task and also arousal level (Head andHelton,
2012, 2013). Items from each factor are aggregated to yield a
single score for each factor for pre- and post-task. The abridged
DSSQ was given prior to the experimental intervention, post-
intervention, and after the exercise task.

Workload Measure Scale
The NASA-TLX is a workload measure composed of 6-items
(Hart and Staveland, 1988). The questionnaire contains three
items that measure external demand (mental, temporal, and
physical) and an additional three items (effort, performance,
and frustration) that measure internal responses to the external
demands. The 6-items were aggregated together for a composite
global workload score. The NASA-TLX was given after each
computer task and exercise task.

Rating of Perceived Exertion
The Borg rating of perceived exertion (RPE) scale is a 15-point
scale ranging from 6 “No exertion” to 20 “Maximal exertion.”
The RPE scale is versatile and can be applied to aerobic and
anaerobic exercise (Borg, 1998; Gearhart et al., 2001). During
the exercise task, participants were requested to indicate their
RPE at 5 min intervals by pointing to a numerical value on a
standardized 15-point RPE poster board (54 × 50 cm) placed
next to the exercise area. Participants were instructed to rate
their effort expended on the exercise task. Each participant was
provided verbal examples of “No exertion” (e.g., sitting on the
couch relaxing) and “Maximal exertion” (e.g., you are giving all
your effort).

Statistical Analysis
All data reported is presented as mean ± SD unless otherwise
stated. A one-way repeated measures ANOVA was used to test
whether response time and accuracy errors changed over time in
the vigilance task as a manipulation check. Repeated measures
t-tests were used to test whether the fatigue intervention vs. the
control intervention effected percent time-on-task and exercise
repetitions completed. Mean heart rate (bpm) and relative VO2

(mL·kg−1·min−1) were calculated for each condition (baseline,
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intervention, and exercise task). Heart rate and VO2 were
subjected to separate 2 (intervention type) × 3 (baseline,
intervention, and exercise task) repeated measures ANOVAs
to examine whether the fatigue intervention had an effect on
time periods of measurement. Mean heart rate and VO2 were
calculated per 5min period for the 20min exercise tasks preceded
by the fatigue and control intervention. Mean heart rate and VO2

were subjected to two separate repeated measures 2 (intervention
type) × 4 (time period) ANOVA to determine whether heart
rate and VO2 changed as a function of intervention type and
time period. Similarly, heart rate and VO2 was calculated per 13
min time period for the 52 min fatigue and control intervention.
Mean heart rate and mean VO2 per time period was subjected
to two separate repeated measures 2 (intervention type) × 4
(time period) ANOVA as a manipulation check to determine
whether heart rate and VO2 measures changed as a function
of intervention type and time period. RPE was subjected to a
repeated measure 2 (fatigue type) × 4 (time block) ANOVA
to determine whether the fatigue intervention vs. the control
intervention affected self-reported RPE as a function of time (5
min blocks). The subjective post-intervention DSSQ sub-scales
for Energetic Arousal, Task Arousal, Task-Related Thoughts, and
Task Unrelated Thoughts were calculated for each individual.
Due to all measures being on the same response scale (i.e., 1–5)
the raw (non-standardized) scores were used as recommended
(Rogosa, 1995). These scores were analyzed with 2 (fatigue
type)× 3 (time period: baseline, post computer task, and exercise
task)× 4 (scale: EA, TA, TRT, TUT) repeated measures ANOVA.
To determine perceived workload of each task, a global workload
score was calculated for each participant by averaging the 6
subscales of the NASA-TLX for each participant for each task.
Global workload scores were subjected to a 2 (intervention type)
× 2 (task type: computer vs. exercise task) repeated measures
ANOVA. When appropriate, post-hoc comparisons were made
with the Bonferroni multiple comparison procedure. Effect sizes
for repeated measures were calculated as partial eta squared
(η2p). Effect sizes for paired t-test were calculated as Cohen dz .
Significance was set at 0.05 (2-tailed). All analysis were conducted
using the Statistical Package for Social Sciences, version 22 (SPSS
Inc., Chicago, IL, USA).

RESULTS

Manipulation Check
The results for correct response times to targets showed impaired
performance (slowing) across the vigilance task F(7, 119) = 27.54,
p< 0.001, η2p = 0.62. However, the result of the accuracy analysis
failed to reach significance due a high accuracy rate, F(1, 17)
= 0.43, p = 0.520, η

2
p = 0.07 see Table 1 for results of each

time period. The response time result provided evidence that
the vigilance task elicited cognitive fatigue. Prior investigations
have examined relative elevated HR as a physiological marker
for cognitive fatigue (Marcora et al., 2009). Thus, we examined
change over time for heart rate while participants completed
the cognitive fatigue and control intervention to verify whether
the cognitive fatigue intervention was fatiguing. Additionally,
we also analyzed whether metabolic expenditure changed as a
function of time and task. For the 52 min control and fatigue
intervention, there was a significant main effect of time on heart
rate, F(3, 51) = 39.32, p < 0.001, η

2
p = 0.70; however, there

was no main effect for intervention type, F(1, 17) = 1.68, p =

0.212, η
2
p = 0.09, or time by intervention type interaction,

F(3, 51) = 2.17, p = 0.103, η
2
p = 0.11. There was a main effect

for time period for VO2, F(3, 51) = 8.97, p < 0.001, η
2
p =

0.35, but no main effect for intervention type, F(1, 17) = 0.23,
p = 0.636, η2p = 0.01, or time by intervention type interaction,
F(3, 51) = 0.82, p = 0.489, η

2
p = 0.05. Global workload, as

measured by the NASA-TLX, revealed significant main effects
for intervention type, F(1, 17) = 82.80, p < 0.001, η

2
p = 0.83,

and task type, F(1, 17) = 94.59, p < 0.001, η2p = 0.85. Moreover,
there was a significant intervention type by task type interaction,
F(1, 17) = 70.83, p < 0.001, η2p = 0.81. Overall, the exercise task
was rated with significantly higher workload measures relative to
the intervention and control task (see Figure 2).

Physical Performance and Task Execution
Participants completing the cognitively fatiguing intervention
showed no significant difference in repetitions between the
fatigue intervention (542; SD = 119.10) relative to the control
intervention (545; SD = 107.05), t(17) = 0.30, p = 0.772, dz =

0.07. In total, 11 of the 18 participants completed less repetitions
per time when completing the cognitive fatigue intervention
relative to the control prior to the exercise task. Participants
completing the fatigue intervention spent significantly less time-
on-task (57%; SD = 12.43) relative to the control intervention
(60%; SD= 11.88), see Figure 3, t(17) = 2.26, p= 0.037, dz = 0.53.
For individual performance, including percent time-on-task and
repetitions can be see Figure 4.

Physiologic Measures
There was a significant main effect of time for heart rate and
VO2 [F(2, 34) = 246.06, p < 0.001, η2p = 0.94; F(2, 34) = 992.44,
p < 0.001, η

2
p = 0.98, respectively]. All other main effects

and interactions failed to reach significance p > 0.05. Post-hoc
t-test with Bonferroni corrections for time periods are presented
in Table 2. Regardless of intervention or control, participants
only had significant increases in heart rate and VO2 when
comparing the intervention and exercise task measures. For

TABLE 1 | Descriptive statistics (M; SD) for each time period of the cognitive task.

Period 1 2 3 4 5 6 7 8

Response time ms 358 (37.33) 392 (46.24) 407 (56.00) 416 (56.00) 417 (60.67) 426 (61.09) 428 (64.06) 439 (69.58)

Accuracy % 99.1 (2.12) 99.7 (0.89) 99.7 (0.89) 99.2 (1.87) 99.1 (1.65) 99.4 (1.19) 98.4 (2.54) 99.5 (1.06)
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each 20 min exercise task preceded by the control and fatigue
intervention, there was a significant main effect of time period
for heart rate, F(2, 34) = 246.06, p < 0.001, η2p = 0.94; however,
there was no main effect for intervention type, F(1, 17) = 0.67,
p = 0.425, η2p = 0.04, or time by intervention type interaction,
F(2, 34) = 0.81, p= 0.452, η2p = 0.05. There was a main effect for
time period for VO2, F(2, 34) = 992.44, p < 0.001, η

2
p = 0.98,

but no main effect for intervention type, F(1, 17) = 0.009, p =

0.928, η
2
p = 0.001, or time by intervention type interaction,

F(2, 34) = 0.49, p= 0.933, η2p = 0.004.

Psychological Measures
RPE revealed a main effect of time, F(1, 51) = 153.53, p < 0.001,
η
2
p = 0.90. All other main effects (p = 0.45, η

2
p = 0.006) and

interactions (p = 0.67, η2p = 0.002) failed to reach significance
(see Figure 5). The subjective post-intervention DSSQ analysis
revealed a 3-way interaction between intervention type, time
period, and scales, F(6, 102) = 2.59, p = 0.022, η

2
p = 0.13.

Bonferroni post-hoc tests revealed that for intervention there was
a significant difference between fatigue and control intervention

FIGURE 2 | Workload Measures. Global workload measures for computer

and exercise tasks. *Significant interaction between task and intervention type

(p < 0.001). Data are presented as mean ± SEM.

FIGURE 3 | Task execution. Percent time-on-task completed as a function

of cognitive fatigue or control. #Significant main effect for condition (p <

0.05). Data are presented as mean ± SEM.

for energetic arousal and task related thoughts (p = 0.019).
Additionally, there were differences between baseline and the
fatigue intervention (p = 0.019) and exercise task and fatigue
intervention (p= 0.009). See Table 3 for a complete list of DSSQ
results.

DISCUSSION

This study examined the influence of prior cognitive fatigue
on subsequent physical performance of a high intensity full
body resistance exercise task. The cognitive fatigue intervention
was subjectively difficult and did produce cognitive fatigue
for participants. The current findings support the hypothesis
that task execution (time spent performing the task) on a full
body resistance exercise task can be negatively impacted when
preceded by a cognitive fatiguing task.

Vigilance Induced Cognitive Fatigue
The vigilance decrement can be characterized as an increased
proportion of missed targets and slower response rate to targets
over time (Mackworth, 1948; Head et al., 2012; Head and Helton,
2012, 2013). Individually and in combination, these behavioral
measures reflect the difficulty and cognitively fatiguing nature
of vigilance tasks (Warm and Jerison, 1984). The vigilance task
utilized in the current investigation failed to show physiological
differences in heart rate or VO2.

The vigilance intervention was successful in eliciting cognitive
fatigue. Participants had slowed response times to targets across
the vigilance intervention which is a behavioral indicator of
cognitive fatigue (Warm and Jerison, 1984). The high accuracy
rate coupled with the elevated task related thoughts suggests that
participants were focused on the task. Moreover, participants
rated the cognitively fatiguing task as being more energetically
arousing and having greater global workload relative to video
control task. This elevated energetic arousal is indicative of
mental resource recruitment (Warm et al., 2008; Ossowski et al.,
2011). Elicited cognitive fatigue is not task specific to response
inhibition or a more complex cognitive task such as the AX-
CPT used in previous studies (Marcora et al., 2009; Pageaux
et al., 2014). Indeed, a relatively more unadulterated measure of
sustained attention such as the vigilance task used in the current
study had measureable effects on physical activity.

Effects of Cognitive Fatigue on Full Body
Resistance Exercise
Importantly, the percent time-on-task measure was sensitive
enough to show statistical differences. Participants who were
cognitively fatigued showed a 3% decrease in time-on-task
relative to the no fatigue condition. Repetitions completed was
possibly too coarse of a measure, lacking the sensitivity to
show a performance difference between the fatigue and control
conditions. Indeed, a post-hoc power analysis revealed that the
repetitions measure (1 − β = 0.06) had far less power relative to
the percent time-on-task measure (1 − β = 0.58). Importantly,
the results provide evidence that physical engagement with an
exercise task can be influenced by prior cognitive fatigue. In other
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FIGURE 4 | Individual performance and task execution. Each participant (n = 18) is displayed on the y-axis. Percent time-on-task is visually expressed as

magnitude of icons. Position of fatigue and control icons on the x-axis correspond to repetitions completed as a function of intervention.

TABLE 2 | Descriptive statistics (M; SD) and significance test for time period and fatigue type.

Cognitive fatigue Control

Pre-CT CT ET Pre-CT CT ET

Heart rate 51.8 (30.10) 70.6 (8.90) 159.9 (19.50)$†*** 57.5 (30.95) 67.7 (9.32) 164.5 (10.60)$†***

VO2 ml·kg−1 min−1 3.9 (2.54) 4.1 (4.24)$* 32.9 (19.93)$†*** 4.1 (.14) 4.3 (0.42) 32.7 (22.90)$†***

CT, computer task; HR (bpm), heart rate; ET, exercise task. $Main effect for time period.
†
significantly different from CT. ***corresponds to p < 0.001; *p < 0.01.

FIGURE 5 | Perceived Exertion. RPE as a function of time-on-task raw

scores. $ indicated main effect of time (p < 0.001). Data are presented as

mean ± SEM.

words, participants might be more prone to engage in rest breaks
during a physical task when previously cognitively fatigued.

Effects of Cognitive Fatigue on
Physiological Measures during Full Body
Resistance Exercise
The current results demonstrated that the respective baseline
conditions did not significantly differ from either the cognitively

fatiguing task or video control task with concern to VO2 and
heart rate. Moreover, the cognitively fatiguing and control task
did not significantly differ from each other with respect to
VO2 and heart rate. As expected, there was increased metabolic
expenditure and heart rate in exercise tasks relative to the baseline
and computer task. As found in prior investigations, the results
did not show significant differences in heart rate and metabolic
expenditure as a function of cognitive fatigue (Marcora et al.,
2009; Pageaux et al., 2014). Had the number of repetitions been
substantially different between the interventions, an increase in
both mean VO2 and heart rate would be expected. It is likely
that the measure of repetition count, VO2 and heart rate are all
too coarse to observe the 3% difference observed in time-on-task
(Darter et al., 2013).

Psychological Effects of Cognitive Fatigue
The workload measure, as indexed by NASA-TLX, provided
corroborating evidence that the vigilance intervention was
cognitively fatiguing relative to control. Moreover, the energetic
arousal measure was elevated after the vigilance task relative
to the control task indicating that participants were actively
engaged with the task. This is further supported by the high
accuracy rate during the vigilance task. In other words, the
vigilance task was cognitively demanding and participants were
focused on the task. The task related thoughts measure provided
evidence that participants had a significant increase in task
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TABLE 3 | Descriptive statistics (M, SD) and significance test for the DSSQ scales and conditions.

Mental fatigue Control

Pre-CT Post-CT Post-ET Pre-CT Post-CT Post-ET

EA 16.61 (1.87) 16.50 (1.95) 17.11 (2.29) 16.00 (2.46) 14.22 (2.67) 16.67 (2.84)

TA 15.67 (1.82) 16.05 (2.96) 12.17 (2.29) 15.39 (2.16) 15.11 (3.30) 12.83 (3.18)

TRT 15.78 (4.67) 22.67 (5.09) 19.06 (3.01) 13.89 (3.90) 16.17 (5.09) 19.61 (5.52)

TUT 13.00 (3.48) 15.17 (4.67) 9.72 (4.07) 12.06 (3.31) 13.28 (6.36) 10.94 (3.27)

Effect DF F P η
2
p

Fatigue (1,17) 6.77 0.019 0.29

Time point (2,34) 7.47 0.002 0.31

Scale (3,51) 32.5 <0.001 0.66

Fatigue × time point (2,34) 7.23 0.002 0.30

Fatigue × scale (3,51) 3.74 0.017 0.18

Time point × scale (6,102) 13.77 <0.001 0.45

CT, computer task; ET, exercise task; EA, Energetic Arousal; TA, Tense Arousal; TRT, Task Related Thoughts; TUT, Task Unrelated Thoughts.

related thoughts upon completing the vigilance task; however,
task related thoughts decreased significantly after completion of
the exercise task. This result may suggest a shifting focus from the
extrinsic goal of completing the task to unrelated stimuli (Helton
et al., 2011; Ossowski et al., 2011). As suggested by the lower time-
on-task after cognitive fatigue, participants may be less willing to
provide maximal effort when cognitively fatigued (Marcora et al.,
2009; Pageaux et al., 2014; Smith et al., 2015, 2016).

Limitations and Directions for Future
Research
The current investigation provides evidence that cognitive fatigue
impairs time on task during a high intensity bodyweight
resistance exercise task. However, some limitations are present
and should be identified. Though the current investigation and
prior studies on this topic have utilized different time lengths
(30–90 min), cognitively fatiguing task types (e.g., response
inhibition and vigilance) and stimuli (i.e., alphanumeric), it
is unknown whether the difficulty of the cognitively fatiguing
task has differential effects on subsequent physical performance.
Indeed, dual-task paradigms (i.e., completing two tasks at the
same time) have provided evidence that stimuli requiring more
cognitive effort to process will generate greater performance
impairments on a secondary cognitive task (Head et al., 2012;
Head andHelton, 2012). This same principle may hold true when
a cognitively fatiguing task is performed prior to the physical task.

Given the current and prior investigations are interested in the
interaction between cognitive fatigue and physical performance,
future investigations may benefit from incorporating non-
invasive neurologic measures of executive function (e.g., fNIRS;
Head and Helton, 2013; Byun et al., 2014). For example,
fNIRS can be used to estimate the level of cognitive fatigue
during the cognitively fatiguing task and the subsequent physical
task. Incorporating neuro-correlate measures may permit an
enhanced objective understanding of the level of cognitive fatigue

experienced by the participant and more importantly how it
effects their physical performance.

Lastly, given the emphasis of military application, it is
unknown whether Soldiers would respond similarly as their
civilian counterparts. For example, Soldiers are commonly
equipped with tactical gear (e.g., improved outer tactical vest,
ammunition, Army combat uniform, andweapon) that is difficult
to maneuver in and is often heavy. Additionally, Soldiers likely
receive more physical and mental toughness training relative to
their average civilian counterpart. Thus, the cognitive fatigue
intervention may need to be more extreme to illicit fatigue from
Soldiers relative to civilians.

Perspective
The current findings provide evidence that cognitive fatigue
impacts how subsequent physical activity is performed.
Participants who are cognitively fatigued spend significantly less
time-on-task (i.e., more rest breaks) than when not previously
cognitively fatigued. More importantly, our findings show
that the effect of cognitive fatigue is independent of specific
intervention techniques (vigilance or response inhibition) and is
not dependent on the exercise task being performed (running,
cycling, and discontinuous exercise task). Given the evidence
of impaired performance on a physical task as a function of
cognitive fatigue, we advise that athletes and Soldiers do not
engage in unnecessary cognitively demanding tasks prior to
competitions or missions, respectively. Additionally, as suggested
by Smith et al. (2015), coaches or commanders may need to
assess their personnel’s level of cognitive fatigue prior to physical
activity.

The results of the current investigation have implications for

athletes, but also for Soldiers. For example, if Soldiers engage

in a cognitively fatiguing task (e.g., guard duty at a checkpoint)

prior to completing a high intensity physical engagement with

enemy combatants, then it may be more difficult for Soldiers to
stay on task which could be detrimental due to the demanding
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nature of war. Additionally, performance impairments as a result
of cognitive fatigue may extend beyond gross motor skills to
tasks requiring fine motor actions (Duncan et al., 2015); for
example, marksmanship performance. This may have direct and
dire implications for Soldiers who are cognitively fatigued and
then required to engage in a firefight (e.g., friendly fire). Future
studies on this topic should include fine motor tasks relevant to
Soldiers (e.g., marksmanship) to determine whether the effect of
cognitive fatigue on subsequent physical performance is only a
gross motor phenomena.

AUTHOR CONTRIBUTIONS

JH: substantially contributed to the conception, design,
acquisition and analysis of data, and interpretation of the work,
was involved in drafting the work, approved the final version
to be published and agree to be accountable for all aspects of
the work. MT: highly contributed to the conception, design,
acquisition and analysis of data, and interpretation of the work,
was involved in drafting the work, approved the final version
to be published and agree to be accountable for all aspects of

the work. TP: highly contributed to revise the work critically
for important intellectual content, approved the final version
to be published and agrees to be accountable for all aspects of
the work. AT: highly contributed to the conception, design,
acquisition and analysis of data, and interpretation of the work,
was involved in drafting the work, approved the final version to
be published and agree to be accountable for all aspects of the
work. ML: highly contributed to the conception, design, and
interpretation of the work, was involved in drafting the work,
approved the final version to be published and agrees to be
accountable for all aspects of the work. WH: highly contributed
to the conception, design, and interpretation of the work, was
involved in drafting the work, approved the final version to
be published and agrees to be accountable for all aspects of
the work.

ACKNOWLEDGMENTS

We would like to thank Mike Rosellini for allowing us to use the
gym facilities at Athletic Asylum. Additionally, we would like to
thank Hope Davis with her assistance in data collection.

REFERENCES

Belenky, G., Penetar, D. M., Thorne, D., Popp, K., Leu, J., Thomas, M., et al. (1994).

“The effects of sleep deprivation on performance during continuous combat

operations,” in Food Components Enhance Performance, ed B. M. Marriott

(Washington, DC: National Academy Press), 127–135.

Biddle, S., Fox, K. R., and Boutcher, S. H. (2000). Physical Activity and Psychological

Well-being. London; New York, NY: Routledge.

Biddle, S. J., and Mutrie, N. (2007). Psychology of Physical Activity: Determinants,

Well-being and Interventions. London; New York, NY: Routledge.

Borg, G. (1998). Borg’s Perceived Exertion and Pain Scales. Champaign, IL: Human

Kinetics.

Brisswalter, J., Collardeau, M., and René, A. (2002). Effects of acute physical

exercise characteristics on cognitive performance. Sports Med. 32, 555–566. doi:

10.2165/00007256-200232090-00002

Brownsberger, J., Edwards, A., Crowther, R., and Cottrell, D. (2013). Impact of

mental fatigue on self-paced exercise. Int. J. Sports Med. 34, 1029–1036. doi:

10.1055/s-0033-1343402

Byun, K., Hyodo, K., Suwabe, K., Ochi, G., Sakairi, Y., Kato, M., et al. (2014).

Positive effect of acute mild exercise on executive function via arousal-related

prefrontal activations: an fNIRS study. Neuroimage 98, 336–345. doi: 10.1016/

j.neuroimage.2014.04.067

Chang, Y. K., Labban, J. D., Gapin, J. I., and Etnier, J. L. (2012). The effects of acute

exercise on cognitive performance: a meta-analysis. Brain Res. 1453, 87–101.

doi: 10.1016/j.brainres.2012.02.068

Cian, C., Koulmann, N., Barraud, P. A., Raphel, C., Jimenez, C., and Melin,

B. (2000). Influences of variations in body hydration on cognitive function:

effect of hyperhydration, heat stress, and exercise-induced dehydration. J.

Psychophysiol. 14, 29–36. doi: 10.1027/0269-8803.14.1.29

Darter, B. J., Rodriguez, K. M., and Wilken, J. M. (2013). Test–retest reliability

and minimum detectable change using the k4b2: oxygen consumption, gait

efficiency, and heart rate for healthy adults during submaximal walking. Res.

Q. Exerc. Sport 84, 223–231. doi: 10.1080/02701367.2013.784720

Duncan, M. J., Fowler, N., George, O., Joyce, S., and Hankey, J. (2015). Mental

fatigue negatively influences manual dexterity and anticipation timing but not

repeated high-intensity exercise performance in trained adults. Res. Sports Med.

23, 1–13. doi: 10.1080/15438627.2014.975811

Friedl, K. E., Grate, S. J., Proctor, S. P., Ness, J. W., Lukey, B. J., and Kane,

R. L. (2007). Army research needs for automated neuropsychological tests:

monitoring soldier health and performance status. Arch. Clin. Neuropsychol.

22(Suppl. 1), S7–S14. doi: 10.1016/j.acn.2006.10.002

Gearhart, R. E., Goss, F. L., Lagally, K. M., Jakicic, J. M., Gallagher, J., and

Robertson, R. J. (2001). Standardized scaling procedures for rating perceived

exertion during resistance exercise. J. Strength Cond. Res. 15, 320–325. doi:

10.1519/00124278-200108000-00010

Green, A. L., Draper, N., and Helton, W. S. (2014). The impact of fear words in

a secondary task on complex motor performance: a dual-task climbing study.

Psychol. Res. 78, 557–565. doi: 10.1007/s00426-013-0506-8

Green, A. L., and Helton, W. S. (2011). Dual-task performance during a

climbing traverse. Exp. Brain Res. 215, 307–313. doi: 10.1007/s00221-011-

2898-2

Hamer, M., and Chida, Y. (2008). Active commuting and cardiovascular risk: a

meta-analytic review. Prev. Med. 46, 9–13. doi: 10.1016/j.ypmed.2007.03.006

Hart, S. G., and Staveland, L. E. (1988). Development of NASA-TLX (Task Load

Index): results of empirical and theoretical research. Adv. Psychol. 52, 139–183.

doi: 10.1016/S0166-4115(08)62386-9

Hays, R. D., and Revicki, D. (2005). Reliability and validity (including

responsiveness). Assessing Qual. Life Clin. Trials 2, 25–39.

Head, J., Helton, W., Russell, P., and Neumann, E. (2012). Text-speak processing

impairs tactile location. Acta Psychol. 141, 48–53. doi: 10.1016/j.actpsy.

2012.07.006

Head, J., and Helton, W. S. (2012). Natural scene stimuli and lapses of sustained

attention. Conscious. Cogn. 21, 1617–1625. doi: 10.1016/j.concog.2012.08.009

Head, J., and Helton, W. S. (2013). Perceptual decoupling or motor decoupling?

Conscious. Cogn. 22, 913–919. doi: 10.1016/j.concog.2013.06.003

Helton, W. S., Head, J., and Russell, P. N. (2011). Reliable-and unreliable-warning

cues in the sustained attention to response task. Exp. Brain Res. 209, 401–407.

doi: 10.1007/s00221-011-2563-9

Isaacs, L. D., and Pohlman, R. L. (1991). Effects of exercise intensity on an

accompanying timing task. J. Hum. Mov. Stud. 20, 123–131.

Kahneman, D., and Tversky, A. (1973). Psychology of prediction. Psychol. Rev. 80,

237–251. doi: 10.1037/h0034747

Keeley, T. J., and Fox, K. R. (2009). The impact of physical activity and

fitness on academic achievement and cognitive performance in children.

Int. Rev. Sport Exerc. Psychol. 2, 198–214. doi: 10.1080/175098409032

33822

Mackworth, N. H. (1948). The breakdown of vigilance during prolonged visual

search. Q. J. Exp. Psychol. 1, 6–21. doi: 10.1080/17470214808416738

Frontiers in Physiology | www.frontiersin.org 9 September 2016 | Volume 7 | Article 373

http://www.frontiersin.org/Physiology
http://www.frontiersin.org
http://www.frontiersin.org/Physiology/archive


Head et al. Cognitive Fatigue and Time-On-Task

Marcora, S. M., Staiano, W., and Manning, V. (2009). Mental fatigue impairs

physical performance in humans. J. Appl. Physiol. 106, 857–864. doi: 10.1152/

japplphysiol.91324.2008

Martin, K., Thompson, K. G., Keegan, R., Ball, N., and Rattray, B.

(2015). Mental fatigue does not affect maximal anaerobic exercise

performance. Eur. J. Appl. Physiol. 115, 715–725. doi: 10.1007/s00421-014-

3052-1

Matthews, G., Campbell, S. E., Falconer, S., Joyner, L. A., Huggins, J., Gilliland,

K., et al. (2002). Fundamental dimensions of subjective state in performance

settings: task engagement, distress, and worry. Emotion 2, 315–340. doi:

10.1037/1528-3542.2.4.315

Navon, D., and Miller, J. (2002). Queuing or sharing? A critical evaluation of

the single-bottleneck notion. Cogn. Psychol. 44, 193–251. doi: 10.1006/cogp.20

01.0767

Ortega, S. V., Hanlon,W. E., Hickey, C. A., Petersen, I. I., Oblak, T. H.,Woodward,

A. A., et al. (1993). Mobility, Portability, and Human Factors Evaluation of the

JAVELIN Antitank Weapon System (ARL-TR-238). Aberdeen Proving Ground,

MD: Army Research Laboratory.

Ossowski, U., Malinen, S., and Helton, W. S. (2011). The effects of emotional

stimuli on target detection: indirect and direct resource costs. Conscious. Cogn.

20, 1649–1658. doi: 10.1016/j.concog.2011.08.015

Pageaux, B., Lepers, R., Dietz, K. C., andMarcora, 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

Pegasus-Eagle Rock Entertainment (2004). The American Orient Express.

Longdon: Eagle Rock/Pegasus, 2004. DVD

Ratey, J. J., and Loehr, J. E. (2011). The positive impact of physical activity

on cognition during adulthood: a review of underlying mechanisms,

evidence and recommendations. Rev. Neurosci. 22, 171–185. doi: 10.1515/rns.

2011.017

Reilly, T., and Smith, D. (1986). Effect of work intensity on performance in a

psychomotor task during exercise. Ergonomics 29, 601–606. doi: 10.1080/00140

138608968294

Robertson, I. H., Manly, T., Andrade, J., Baddeley, B. T., and Yiend, J. (1997).

Oops!’: performance correlates of everyday attentional failures in traumatic

brain injured and normal subjects.Neuropsychologia 35, 747–758. doi: 10.1016/

S0028-3932(97)00015-8

Rogosa, D. (1995). Myths and methods: “Myths about longitudinal research” plus

supplemental questions. Anal. Change 3, 66.

Silvestrini, N., and Gendolla, G. H. (2007). Mood effects on autonomic activity

in mood regulation. Psychophysiology 44, 650–659. doi: 10.1111/j.1469-8986.

2007.00532.x

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, 267–276. doi: 10.1249/MSS.

0000000000000762

Smith, M. R., Marcora, S. M., and Coutts, A. J. (2015). Mental fatigue impairs

intermittent running performance. Med. Sci. Sports Exerc. 47, 1682–1690. doi:

10.1249/MSS.0000000000000592

Stroop, J. R. (1935). Studies of Interference in Serial Verbal Reactions. Ph D., George

Peabody College for Teachers.

Tomporowski, P. D. (2003). Effects of acute bouts of exercise on cognition. Acta

Psychol. 112, 297–324. doi: 10.1016/S0001-6918(02)00134-8

Warm, J. S., and Jerison, H. J. (1984). “The psychophysics of vigilance,” in

Sustained Attention in Human Performance, ed J. S. Warm (Chichester: Wiley),

15–59.

Warm, J. S., Parasuraman, R., and Matthews, G. (2008). Vigilance requires hard

mental work and is stressful. Hum. Factors 50, 433–441. doi: 10.1518/00187

2008X312152

Wilson, K., Head, J., andHelton,W. S. (2013). “Friendly fire in a simulated firearms

task,” in Proceedings of the Human Factors and Ergonomics Society Annual

Meeting, Vol. 57 (San Diego, CA), 1244–1248.

Conflict of Interest Statement: 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.

Copyright © 2016 Head, Tenan, Tweedell, Price, LaFiandra and Helton. This

is an open-access article distributed under the terms of the Creative Commons

Attribution License (CC BY). The use, distribution or reproduction in other forums

is permitted, provided the original author(s) or licensor are credited and that the

original publication in this journal is cited, in accordance with accepted academic

practice. No use, distribution or reproduction is permitted which does not comply

with these terms.

Frontiers in Physiology | www.frontiersin.org 10 September 2016 | Volume 7 | Article 373

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Physiology
http://www.frontiersin.org
http://www.frontiersin.org/Physiology/archive

	Cognitive Fatigue Influences Time-On-Task during Bodyweight Resistance Training Exercise
	Introduction
	Materials and Methods
	Participants
	Procedure
	Cognitive Fatigue Intervention
	Control Intervention
	Physical Exercise Task Protocol
	Video Workout Protocol
	Psychological Scales
	Consciousness and Stress State Questionnaire
	Workload Measure Scale
	Rating of Perceived Exertion

	Statistical Analysis

	Results
	Manipulation Check
	Physical Performance and Task Execution
	Physiologic Measures
	Psychological Measures

	Discussion
	Vigilance Induced Cognitive Fatigue
	Effects of Cognitive Fatigue on Full Body Resistance Exercise
	Effects of Cognitive Fatigue on Physiological Measures during Full Body Resistance Exercise
	Psychological Effects of Cognitive Fatigue
	Limitations and Directions for Future Research
	Perspective

	Author Contributions
	Acknowledgments
	References


