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Abstract:
This study examined the effect of 24 h of sleep deprivation on cognitive performance and
assessed the effect of acute exercise on cognitive performance following sleep deprivation.
Young, active, healthy adults (n = 24, 14 males) were randomized to control
(age = 24.7 ± 3.7 years, BMI = 27.2 ± 7.0) or exercise (age = 25.3 ± 3.3 years, BMI = 25.6 ± 5.1)
groups. Cognitive testing included a 5-min psychomotor vigilance task (PVT), three memory
tasks with increasing cognitive load, and performance of the PVT a second time. On morning
one, cognitive testing followed a typical night's sleep. Following 24-h of sustained wakefulness,
cognitive testing was conducted again prior to and after the acute intervention. Participants in the
exercise condition performed low-intensity cycling (∼ 40%HRR) for 15-min and those in the
control condition sat quietly on the bike for 15-min. t-Tests revealed sleep deprivation negatively
affected performance on the PVT, but did not affect memory performance. Following the acute
intervention, there were no cognitive performance differences between the exercise and rested
conditions. We provide support for previous literature suggesting that during simple tasks, sleep
deprivation has negative effects on cognitive performance. Importantly, in contrast to previous
literature which has shown multiple bouts of exercise adding to cognitive detriment when
combined with sleep deprivation, our results did not reveal any further detriments to cognitive
performance from a single-bout of exercise following sleep deprivation.
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Article:
1. Introduction
Prolonged wakefulness, through acute sleep deprivation or sleep restriction, can be detrimental to
human performance and cognitive outcomes [1]. Although chronic sleep restriction (i.e. reduced
sleep time) is more common, acute sleep deprivation (i.e. no sleep) can be experienced on

occasion and can be common in some occupational fields such as healthcare [2] and
transportation [3]. There is substantial evidence showing that sleep deprivation increases the risk
for human-error related accidents, with studies consistently showing that acute sleep deprivation
causes individuals to perform similarly to intoxicated individuals [4], [5] and with one welldesigned study indicating that performance after acute sleep deprivation was similar to
performance in individuals with a blood alcohol content of 0.05–0.1% [6]. Considerable research
has explored the effects of sleep deprivation on motor function and driving performance ([7],
[8]) and has examined its influence on cognition [9]. Studies exploring the effects on cognition
have demonstrated that sleep deprivation adversely affects working memory [10], [11], [12],
attention [13], [14], and reaction time [12], [14], [15], [16]. It has been suggested that sleep
deprivation lowers arousal, which can decrease neural efficiency or capacity (i.e. available
cognitive reserves), thus blunting cognitive performance, unless additional arousal is
elicited [17], [18]. Acute interventions that can increase arousal and improve cognitive
performance, such as exercise, should be considered.
1.1. Cognitive performance and exercise
Though many studies have focused on neurobiological responses to sleep deprivation and have
highlighted the negative implications for cognitive performance, few have examined acute
interventions to counter the expected deficits. One possible behavioral intervention to consider is
acute exercise because of its demonstrated positive effect on cognitive performance and its
elevation of arousal. With respect to the effects of exercise on cognitive performance, metaanalyses have found that an acute bout of exercise has a small, but positive effect on cognitive
performance by children, young adults, and older adults [19], [20]. Lambourne & Tomporowski
suggested that acute exercise may improve rapid decision-making and automatic processing
during exercise due to increases in arousal, however the physiological changes that remain after
exercise may contribute to enhanced performance on more complex cognitive tasks such as
memory processing. Exercise-induced arousal may increase the available reserves for basic
attentional processing allowing necessary resources to be allocated for higher-order functioning.
In addition to exercise-induced arousal, task complexity may affect task-specific performance
outcomes after acute exercise. For example, Chang et al. [21] found an increase in activation in
brain regions associated with arousal and higher-order processing after acute exercise in healthy,
young adults. However, behavioral improvements were only found during complex tasks. These
specific improvements may suggest a ceiling effect for simple tasks, in regard to exerciseinduced arousal improvements, in a state where cognitive reserves are not decreased; however,
tasks that are complex and elicit higher-order functioning may have a decreased threshold for
arousal-induced improvements. According to the cognitive reserve theory, there needs to be
some level of detriment to the reserves in order for significant improvements to occur in
response to an intervention [22]. The detriment may be derived from the current status and
demands placed on the individual, such as sleep deprivation, or by chronic conditions, such as
aging or chronic disease. Given this evidence and the predictions of the cognitive reserve theory,
it is anticipated that acute exercise may be beneficial for cognitive performance in sleep-deprived
individuals in whom reserves are decreased.
1.2. Exercise and sleep deprivation on cognitive performance

Surprisingly, to our knowledge there is no research available on the effects of acute aerobic
exercise as an intervention to counteract cognitive performance deficits associated with sleep
deprivation. In the sleep deprivation literature, studies that have focused on exercise have used
exercise as an additional stressor, and thus have specifically designed the exercise to be
particularly challenging when coupled with sleep deprivation. Not surprisingly, these studies
have tended to find that exercise combined with sleep deprivation results in negative effects. For
example, performing multiple bouts of exercise every 2 h throughout a night of sleep deprivation
has been shown to either have no impact on cognitive performance [23] or to negatively impact
reaction time, attentional lapses, and mood [24]. Additionally, pairing continuous aerobic
exercise with sleep deprivation, during an ultra-endurance event, resulted in deleterious effects
on reaction time, attentional lapses, and false alarms during a psychomotor vigilance task [25].
These findings suggest that exercise paired with sleep deprivation may be designed in a way so
as to add to the total physiologic load on the mind and body, decreasing performance in simple
tasks, rather than increasing available reserves.
Despite this evidence that suggests multiple bouts of acute exercise or continuous exercise
coupled with sleep deprivation has a negative effect on cognitive performance, the wellestablished beneficial effects of exercise in the absence of sleep deprivation suggest that it might
be possible to use a single bout of exercise as a means of increasing arousal and, hence,
improving cognitive performance following sleep deprivation. Although low, moderate, and
vigorous intensity acute aerobic exercise can improve cognitive performance in a variety of
populations, a single bout of low intensity exercise may benefit sleep-deprived individuals by
increasing arousal and enhancing cognitive reserves, but without taxing the system to the point
that deleterious effects on cognitive reserves would be seen. Hence, our purpose was to examine
the changes in cognitive performance following 24 h of sleep deprivation and to assess the
effects of a single bout of low-intensity exercise during the deprived state. We hypothesized that
sleep deprivation would have a detrimental effect on cognitive performance, with greater effects
on simple tasks, and that a single bout of low-intensity cycling would counter those deficits.
2. Method
2.1. Participants
Participants consisted of 30 young adults volunteers recruited from undergraduate and graduate
classes and the community. Inclusion criteria were that participants were required to have a
regular sleep pattern (self-reported 8 or more hours of sleep per night with onset typically
occurring between 10 pm to midnight during the previous week), to self-report 6–8 h of sleep the
night prior to participation in the study (i.e., not to be acutely sleep deprived before the
beginning of the study), and to be recreationally active (self-report 30 min per day, 5 days per
week, for the past 3 months). One participant was excluded for being acutely sleep deprived, two
participants were excluded due to technical issues with sleep monitoring, and three participants
were excluded for unforeseen events, which led to termination of testing during night two. The
final sample consisted of 24 young adults (20–30 years). Participants were asked to refrain from
participation in exercise 24 h prior to the first testing session and to abstain from caffeine prior to
testing on morning one. All other typical daily patterns were maintained. Based upon selfreported medication use, none of the participants were taking any medications that would be

expected to influence sleep and self-reported caffeine intake between morning one and evening
two ranged from 0 to 4 caffeinated beverages (M = 0.625 SD = 1.21). The University of North
Carolina at Greensboro Institutional Review Board approved the testing protocol and all
participants gave written informed consent and completed demographic questionnaires prior to
participation.
2.2. Protocol
2.2.1. Overview
This study required 48 h of data collection for each participant. Prior to the start of the study,
participants met with researchers for consenting, explanation of procedures, and questionnaires.
Their activity and sleep were tracked with an accelerometer from that point until the completion
of the study. After a typical night's rest at home (evening one), participants came to the lab for
morning one procedures. After testing, the participants went about their typical day, avoiding
napping or exercise, and returned to the lab that evening for overnight monitoring (evening two).
Following 24 h of sustained wakefulness, morning two testing began. Morning two consisted of
two cognitive testing sessions, one prior to and one after the intervention. Participants either
exercised in between cognitive testing sessions or rested. The protocol is described in more detail
below and depicted in Fig. 1.

Fig. 1. Testing protocol with a visual display of the cognitive (COG) testing battery including
Sternberg memory tasks (Control, LTR, PLUS) and psychomotor vigilance tasks (PVTa, PVTB)
in testing order with examples for the Sternberg memory task indicating situations when the
participant should respond that the letters match.
2.2.2. Evening one
All participants were given an Actigraph GT9X Link accelerometer (Actigraph, Pensacola, FL)
when they were consented for participation to wear during the day and night prior to morning
one and throughout testing in order to ensure compliance with activity and sleep requirements.
Accelerometers were set to collect at 30 Hz for 48 h. The information was downloaded and
analyzed with the Actilife software (Actigraph, Pensacola, FL). Sleep scoring was performed
using the Sadeh algorithm for sleep detection [26]. Total sleep time on Evening One was a

primary variable of interest to ensure compliance, however participants were also asked “What
time did you go to bed?” and “What time did you wake up?”.
2.2.3. Morning one—baseline testing
Testing on morning one began at 6 am and consisted of 90 min of baseline testing. Baseline
testing included an orthostatic challenge (assessing heart rate variability and resting heart rate in
the seated position), cognitive testing (COG1), and balance testing; this paper will only report
and discuss the cognitive findings. After baseline measures, participants were excused from the
lab and reminded to participate in their typical daily activities while refraining from exercise.
2.2.4. Evening two—sleep deprivation
Participants reported back to the lab at 9 pm for overnight observation by research assistants who
were instructed to ensure that participants did not fall asleep. Water was allowed all night,
however after 11 pm other food or other beverages were prohibited until the completion of
testing on the following day due to interference with biological samples collected for an ancillary
study (not reported here). During the night, participants worked on school work, read, played
video games, and socialized with each other (2–4 participants and 1 research assistant were at
each session).
2.2.5. Morning two—intervention
24 h after baseline testing, participants were tested again on all baseline measures (COG2)
presented in the same order. Participants were randomized to either exercise or control (no
exercise) conditions. Exercise participants completed 15 min of low-intensity (35–40% heart rate
reserve [HRR]) cycling on a Lode Excalibur Sport ergometer (Lode, Groningen, The
Netherlands). The HRR range was calculated as: (% intensity ∗ (220 − age − HRrest)) + HRrest.
Control participants sat quietly on the cycle ergometer for 15 min with their feet in the pedals.
Within 5 min of intervention completion, all participants completed the cognitive battery for a
third time (COG3).
2.3. Cognitive battery
The cognitive battery was computer administered using E-prime (Psychology Software Tools,
Inc., Sharpsburg, PA) and consisted of a psychomotor vigilance task (PVTa), three Sternberg
memory tasks, and a second PVT (PVTb). The order of the cognitive battery along with a visual
display of each task is outlined in Fig. 1.
2.3.1. Psychomotor vigilance task
Each PVT was 5 min in duration and participants were asked to respond by clicking the mouse
as quickly as possible as soon as they noticed that the empty circle was beginning to fill in. This
task was adapted from one originally used by Dinges & Powell [27] and used in its adapted form
by Correa et al. [7] and by Gonzalez-Fernandez et al. [28]. The appearance of the stimuli
occurred at varying intervals of 2 to 10 s. Performance was assessed using three different metrics

consistent with previous research [29], [30], [31]. Reaction time (ms) was averaged across trials
if the time was > 100 ms. If reaction time was < 100 ms, the trial was recorded as a false alarm.
If reaction time was > 500 ms the trial was counted as a lapse.
2.3.2. Working memory
Working memory performance was assessed by three Sternberg memory tasks; Control (CTL),
Letter (LTR), and PLUS. The CTL and LTR tasks assessed maintenance of verbal working
memory [12], [32]. For these tasks, four white capital letters were presented at the corners of an
imaginary square on a black screen with a fixation point (+) in the center. After 500 ms, the
letters disappeared and left only the fixation point. After 300 ms (CTL) or 3000 ms (LTR), a
single lower case white letter appeared in place of the fixation point for 1500 ms and participants
were instructed to click the left mouse button if the lower-case letter matched the upper-case
letters and to click the right mouse button if they did not match. During the control task, the four
capital letters were all the same. During the LTR task, the four letters were different.
The PLUS task also assessed maintenance of verbal working memory with the additional
challenge of item manipulation [11]. During this task, two white capital letters were presented to
the left and right of a fixation point on a black screen. After 500 ms seconds the letters
disappeared, leaving the fixation point. After 3000 ms seconds a lowercase white letter replaced
the fixation point for 1500 ms seconds and participants responded. Participants were instructed to
advance the initial capital letters to remember the letters that succeeded them in the alphabet and
then to identify whether or not the lowercase letter matched these new letters. Accuracy as a
percentage and reaction time (ms) were used to assess memory on all three tasks [11].
2.4. Statistical analysis
All analyses were conducted using SPSS Version 23 (IBM Corp., Armonk, NY). Independent ttests were utilized to ensure successful randomization of intervention groups based on participant
demographics and sleep parameters. The effects of sleep deprivation on cognitive performance
were analyzed using paired t-tests to investigate whether sleep deprivation had an effect on
cognitive performance from morning one (COG1) to morning two (COG2). Subsequent analyses
designed to examine the combined effects of sleep deprivation and exercise on cognitive
performance were based on a mixed design to assess intervention effects. An analysis of
covariance was used for each cognitive testing measure to assess whether low-intensity exercise
affected expected detriments from sleep deprivation. Performance at COG2 should not have
differed between the two intervention groups (exercise and control) because each participant was
equally exposed to sleep deprivation at this time point. For this reason, performance at COG2
was used as a covariate while examining intervention effects (COG3). Alpha was set at p = 0.05.
3. Results
Table 1 includes participant demographics and sleep parameters. None of the measures were
significantly different between the groups (all p > 0.05).

Table 1. Participant demographics.

Acute intervention group
Rest
Exercise
Participants total (n males)
12 (7)
12 (7)
Mean age in years (SEM)
24.67 (1.05)
25.25 (0.95)
Mean BMI (SEM)
27.19 (2.01)
25.62 (1.46)
Mean hours sleep (SEM)
5.32 (0.29)
5.43 (0.22)
Mean hours reported sleep (SEM)
7.03 (0.21)
6.71 (0.24)
SEM: standard error of the mean. Mean hours sleep determined with accelerometer and mean hours reported
attained from self-report questionnaire.

3.1. Effect of sleep deprivation on cognitive performance
Sleep deprivation did not affect reaction time during PVTa (p = 0.074), but had a significant
deleterious effect on reaction time during PVTb (p = 0.000) (Fig. 2).

Fig. 2. Reaction time during psychomotor vigilance tasks (PVTa, PVTb) and Sternberg memory
tasks (CTL, LTR, PLUS) at baseline (COG1) and after 24 h of sleep deprivation (COG2). Error
bars reflect standard error (n = 24). **p < 0.01.

Fig. 3. a) Number of false alarms and (b) lapses during psychomotor vigilance tasks (PVTa,
PVTb) at baseline (COG1) and after 24 h of sleep dep (COG2). Error bar reflect standard error
(n = 24). **p < 0.01, *p < 0.05.
Additionally, false alarms were not significantly affected after sleep deprivation during PVTa
(p = 0.885), but were significantly increased during PVTb (p = 0.016) (Fig. 3a). Lapses during
both PVTa and PVTb were significantly increased (p = 0.015, p = 0.000, respectively) (Fig. 3b).

Though reaction times appeared to decrease across all Sternberg memory tasks in response to
sleep deprivation, the only task for which this reached significance was the control condition
(p = 0.008). There were no significant changes in accuracy as a function of sleep deprivation
(see Table 2).
Table 2. Effects of sleep deprivation.

COG1 (SE)
COG2 (SE)
t (23)
p value
Reaction time (ms)
PVTa
368.78
(6.68)
395.69
(12.65)
− 1.87
0.074
CTL
658.17
(31.91)
579.62
(19.79)
2.92
0.008⁎⁎
LTR
764.53
(25.87)
744.30
(20.21)
0.95
0.351
PLUS
854.51
(28.35)
813.81
(23.62)
1.43
0.166
PVTb
367.83
(7.42)
449.80
(17.84)
− 4.78
0.000⁎⁎
Accuracy (%)
CTL
0.91
(0.03)
0.96
(0.01)
− 1.80
0.085
LTR
0.88
(0.02)
0.86
(0.03)
0.63
0.537
PLUS
0.70
(0.03)
0.68
(0.04)
0.80
0.431
False Alarms
PVTa
1.08
(0.22)
1.17
(0.49)
− 0.15
0.885
PVTb
0.71
(0.22)
1.75
(0.40)
− 2.59
0.016⁎
Lapse
PVTa
2.17
(0.30)
5.38
(1.36)
− 2.64
0.015⁎
PVTb
3.25
(0.68)
8.29
(1.20)
− 4.82
0.000⁎⁎
Means (standard error) for reaction time of all cognitive tasks, number of false alarms, and number of lapses during
PVT, and accuracy during memory tasks on morning one (COG1) and morning two (COG2). Bold p values indicate
a statistically significant difference between COG1 and COG2.
* p < 0.05.
** p < 0.01.

Table 3. Effects of the intervention.

SD + rest (SE)
SD + exercise (SE)
F (1, 21)
p value
Reaction time (ms)
PVTa
396.88
(13.91)
388.50
(13.91)
0.16
0.689
CTL
544.71
(15.46)
531.23
(15.46)
0.37
0.550
LTR
721.47
(20.36)
756.80
(20.36)
1.48
0.237
PLUS
771.33
(31.74)
778.41
(31.74)
0.02
0.878
PVTb
461.37
(20.18)
452.67
(20.18)
0.09
0.764
Accuracy (%)
CTL
0.95
(0.01)
0.97
(0.01)
0.92
0.348
LTR
0.86
(0.04)
0.82
(0.04)
0.58
0.454
PLUS
0.70
(0.04)
0.70
(0.04)
0.00
0.982
False alarms
PVTa
1.94
(0.45)
0.73
(0.45)
3.65
0.070
PVTb
1.97
(0.51)
1.11
(0.52)
1.35
0.259
Lapses
PVTa
4.29
(1.15)
4.55
(1.15)
0.02
0.880
PVTb
9.79
(1.34)
8.54
(1.35)
0.43
0.521
Means (standard error) for reaction time of all cognitive tasks, number of false alarms, and number of lapses during
PVT, and accuracy during memory tasks (COG3) after combining sleep deprivation with rest (SD + rest) or exercise
(SD + exercise).

3.2. Effects of acute exercise following sleep deprivation

There were no intervention effects for any of the reaction time measures on either of the PVTs or
the Sternberg memory conditions (p > 0.05). The number of false alarms and lapses during PVTa
and PVTb were not different between the conditions. In addition, accuracy on the Sternberg
memory conditions was not affected by intervention (p > 0.05) (see Table 3).
4. Discussion
4.1. Effects of sleep deprivation on cognitive performance
After 24 h of sleep deprivation, performance during the PVT was negatively affected.
Specifically, detrimental effects to reaction time, false alarms, and lapses were apparent and
these detriments were more pronounced after also completing the Sternberg memory tasks.
These findings are consistent with our hypotheses and support the theoretical framework of the
cognitive reserve theory. Congruent with previous research, it appears that sleep-deprivation
decreases available cognitive reserves, negatively affecting simple, monotonous tasks that do not
elicit task-induced arousal [10], [30] and further increasing the cognitive load (i.e. through the
addition of three memory tasks) decreased reserves yielding a greater detriment on PVTb.
Although not assessed in this study, these findings are also consistent with previous
neuroimaging studies investigating the role of thalamic activation in explaining the link between
arousal and attention [10], [18]. In contrast to the negative effects seen on the PVT, we do not
provide evidence of sleep deprivation being detrimental to complex working memory tasks.
Reaction time and accuracy during the LTR and PLUS tasks were unchanged from morning one
to morning two testing. This is consistent with past literature in that complex working memory
tasks have been shown to be more resilient to sleep deprivation [10]. The threshold where
thalamic activation can compensate for a decreased reserve state may be influenced by task
complexity. Performance on complex tasks such as the Sternberg memory tasks, in a sleepdeprived state may not be as vulnerable to detriment due to a higher threshold for thalamic
compensation prior to decreasing performance in response to increasing cognitive load.
4.2. Effects of acute exercise following sleep deprivation
Given the prior findings of increased arousal preserving cognitive performance on complex
tasks, we aimed to investigate an acute intervention that has been shown to increase arousal and
activation of the thalamus. Exercise has been suggested as an arousal-provoking activity [20] and
it has been shown that an acute bout of cycling can increase activation of the alerting network
which includes the thalamus, right frontal cortex, right parietal cortex [21]. We expected exercise
to positively affect cognitive performance detriments following sleep deprivation. Interestingly,
there were no significant differences between the control or exercise groups on any of the
cognitive performance measures. Importantly, though unexpected, these results indicate that a
single bout of low-intensity exercise can be performed without further impairing cognitive
performance after 24 h of sleep deprivation.
4.3. Strengths and limitations

This study has some strengths and limitations that should be discussed. In terms of strengths, to
our knowledge this is the first study to purposefully investigate how a single bout of lowintensity exercise affects cognitive performance in a sleep-deprived state. Additionally, a
strength of this study is the inclusion of a control group. Initial studies were paramount to our
understanding of the effects of exercise on cognitive performance when sleep-deprived, however
these studies have been limited by the failure to include a control group. By including a control
group in this study, we provide a valuable extension to the existing literature.
Despite notable strengths, this study is not without its limitations. First, there was high variability
in the performance changes from morning one to morning two, which may suggest that there is a
wide range of sensitivity to sleep deprivation. Research has shown that the physiological
response to sleep deprivation may be highly stable and trait-like despite significant interindividual variability [33]. This suggests that while the between-person variability is large, the
response within a single individual is quite stable. If this is true, then the cognitive responses
should also be stable across time, suggesting that there may be individuals for whom sleep
deprivation is problematic while it is less so for others. Barclay & Myachykov [34] found that
18 h of sustained wakefulness had less of a detrimental effect on attention in evening-type
participants compared to morning-type participants. This moderation effect of chronotype
suggests the importance of considering this potential moderator during sleep deprivation research
and our failure to do so is a shortcoming of this study. An additional limitation of this study is
the reliance on self-report measures of typical behavior (sleep patterns and exercise). It is
possible that sleep and/or exercise information was misreported which may have influenced the
assumed homogeneity of the sample. We expected that our participants were regularly physically
active and had a regular sleep pattern and this was important, particularly given our small sample
size, as a way of controlling for variability in responses to sleep deprivation and/or exercise.
Additionally, although thalamic activation has been identified as a potential mediator of the
arousal and attention [18], we did not use fMRI in this study. To better understand the potential
mechanisms underlying the detrimental effects of sleep deprivation on arousal and cognitive
performance, the moderating role of task complexity in this relationship, and the potential
compensatory benefits of exercise-induced arousal following sleep deprivation, future research
would benefit from including a measure of arousal such as heart rate or perceived arousal and
should also assess thalamus activation.
It would also be worthwhile for future research to investigate the implications of varying
exercise intensities following sleep deprivation. We selected low-intensity exercise because we
anticipated that this may improve cognitive performance by increasing cognitive reserves rather
than hindering cognitive performance by adding an additional drain on cognitive reserves. This is
the first study to investigate a single bout of exercise to counter the effects of sleep deprivation
on cognitive performance and more research is needed to further our understanding of whether or
not exercise can be implemented to counter cognitive deficits as a result of sleep deprivation. A
major shortcoming here is our sample size that was adequately powered to be sensitive to
moderate size effects from sleep deprivation on cognitive performance and large effects of group
differences in cognitive performance following sleep deprivation and exercise or rest. It is
possible that the effects of exercise may be at a smaller magnitude than anticipated, and that we
were therefore unable to detect differences given the relatively small sample size. Future

research should include samples that are sensitive to smaller-sized effects or incorporate larger
samples.
Also, the cognitive load may not have been great enough to elicit the performance detriments
typically shown after sleep deprivation or to be sensitive to the benefits of exercise. Others have
used similar tasks with sleep deprivation, but have included multiple exposures to the tests
during each testing session [11]. In this study, each testing session was comprised of one
experimental period including a single test for each of the memory tasks. Though this did seem
to increase cognitive load, shown by decreased performance at PVTb, we did not see any
detriments during any of the memory tasks and this is not consistent with previous findings.
Finally, the main goal of this study was to assess the effects of acute exercise and sleep
deprivation on cognitive performance and task measures were chosen based on the sleep
deprivation literature. The effects of sleep deprivation on cognitive performance has previously
been assessed using the PVT [35] and Sternberg memory tasks [10], [11]; However, exercise
may not be as beneficial to performance on those tasks as compared to tasks highly sensitive to
acute exercise such as the Stroop color and word tasks, choice reaction time, and free recall [19].
Future research may consider using more exercise-sensitive tasks, however sensitivity to sleep
deprivation may be reduced.
5. Conclusion
To our knowledge, this is the first study to investigate the effects of low-intensity acute exercise
on cognitive performance following 24 h of sleep deprivation. We provide support for the
previous literature of sleep deprivation having negative effects on cognitive performance during
simple tasks. However, our results did not show that acute low-intensity exercise
benefits vigilance performance. Of importance, a single bout of low-intensity exercise does not
appear to add any further detriment to cognitive performance after sleep deprivation which
suggests that individuals may perform low intensity exercise without exacerbating cognitive
deficits from sleep deprivation. If future studies, with larger samples, find support for benefits of
low-intensity exercise on particular cognitive measures (e.g., a reduction of false alarms), this
could be very important for improving performance for those who experience sleep deprivation.
Occasional sleep deprivation is experienced by many individuals in the fields of healthcare and
transportation, and future studies are needed to identify interventions to minimize human-error
related accidents which are primarily associated with impaired cognitive performance.
References
[1] P. Alhola, P. Polo-Kantola, Sleep deprivation: impact on cognitive performance,
Neuropsychiatr. Dis. Treat. 3 (5) (2007) 553–567.
[2] S.W. Lockley, L.K. Barger, Effects of health care provider work hours and sleep deprivation
on safety and performance, Jt. Comm. J. Qual. Patient Saf. 33 (11) (2007) 7–18.
[3] S.E. Luckhaupt, S.W. Tak, G.M. Calvert, The prevalence of short sleep duration by industry
and occupation in the national health interview survey, Sleep 33 (2) (2010) 149–159.

[4] J.T. Arnedt, J. Owens, M. Crouch, Neurobehavioral performance of residents after heavy
night call vs after alcohol ingestion, JAMA 294 (9) (2005) 1025–1033.
[5] S.H. Fairclough, R. Graham, Impairment of driving performance caused by sleep deprivation
or alcohol: a comparative study, Hum. Factors 41 (1) (1999) 118–128.
[6] A. Williamson, A.-M. Feyer, Moderate sleep deprivation produces impairments in cognitive
and motor performance equivalent to legally prescribed levels of alcohol intoxication, Occup.
Environ. Med. 57 (10) (2000) 649–655, http://dx.doi.org/10.1136/oem.57.10.649.
[7] A. Correa, E. Molina, Sanabria, Effects of chronotype and time of day on the vigilance
decrement during simulated driving, Accid. Anal. Prev. 67 (2014) 113–118.
[8] J. Orzeł-Gryglewska, Consequences of sleep deprivation, Int. J. Occup. Med. Environ. Health
23 (1) (2010) 95–114, http://dx.doi.org/10.2478/v10001-010-0004-9.
[9] J. Lim, D.F. Dinges, A meta-analysis of the impact of short-term sleep deprivation on
cognitive variables, Psychol. Bull. 136 (3) (2010) 375–389, http://dx.doi.org/10.1037/a0018883.
[10] M. Chee, W. Choo, Functional imaging of working memory after 24 hr of total sleep
deprivation, J. Neurosci. 24 (19) (2004) 4560–4567,
http://dx.doi.org/10.1523/JNEUROSCI.0007-04.2004.
[11] M. Chee, L. Chuah, V. Venkatraman, W. Chan, P. Philip, D. Dinges, Functional imaging of
working memory following normal sleep and after 24 and 35 h of sleep deprivation: correlations
of fronto-parietal activation with performance, NeuroImage 31 (1) (2006) 419–428,
http://dx.doi.org/10.1016/j.neuroimage.2005.12.001.
[12] W.-C. Choo, W.-W. Lee, V. Venkatraman, F.-S. Sheu, M. Chee, Dissociation of cortical
regions modulated by both working memory load and sleep deprivation and by sleep deprivation
alone, NeuroImage 25 (2) (2005) 579–587, http://dx.doi.org/10.1016/j.neuroimage.2004.11.029.
[13] E. Chua, S.-C. Yeo, I. Lee, L.-C. Tan, P. Lau, S. Cai, ... J. Gooley, Sustained attention
performance during sleep deprivation associates with instability in behavior and physiologic
measures at baseline, Sleep (2014), http://dx.doi.org/10.5665/sleep.3302.
[14] D.J. Frey, P. Badia, K.P. Wright, Inter- and intra-individual variability in performance near
the circadian nadir during sleep deprivation, J. Sleep Res. 13 (4) (2004) 305–315,
http://dx.doi.org/10.1111/j.1365-2869.2004.00429.x.
[15] M. Karakorpi, P. Alhola, A.S. Urrila, M. Kylmälä, R. Portin, N. Kalleinen, P. Polo-Kantola,
Hormone treatment gives no benefit against cognitive changes caused by acute sleep deprivation
in postmenopausal women, Neuropsychopharmacology 31 (9) (2006) 2079–2088,
http://dx.doi.org/10.1038/sj.npp.1301056.

[16] M. Taheri, E. Arabameri, The effect of sleep deprivation on choice reaction time and
anaerobic power of college student athletes, Asian J. Sports Med. 3 (1) (2012) 15–20.
[17] N. Ma, D.F. Dinges, M. Basner, H. Rao, How acute total sleep loss affects the attending
brain: a meta-analysis of neuroimaging studies, Sleep 38 (2) (2015) 233–240,
http://dx.doi.org/10.5665/sleep.4404.
[18] C.M. Portas, G. Rees, A.M. Howseman, O. Josephs, R. Turner, C.D. Frith, A specific role
for the thalamus in mediating the interaction of attention and arousal in humans, J. Neurosci. 18
(21) (1998) 8979–8989.
[19] Y.K. Chang, J.D. Labban, J.I. Gapin, J.L. Etnier, The effects of acute exercise on cognitive
performance: a meta-analysis, Brain Res. 1453 (2012) 87–101,
http://dx.doi.org/10.1016/j.brainres.2012.02.068.
[20] K. Lambourne, P. Tomporowski, The effect of exercise-induced arousal on cognitive task
performance: a meta-regression analysis, Brain Res. 1341 (2010) 12–24,
http://dx.doi.org/10.1016/j.brainres.2010.03.091.
[21] Y.-K.K. Chang, C. Pesce, Y.-T.T. Chiang, C.-Y.Y. Kuo, D.-Y.Y. Fong, Antecedent acute
cycling exercise affects attention control: an ERP study using attention network test, Front. Hum.
Neurosci. 9 (2015) 156, http://dx.doi.org/10.3389/fnhum.2015.00156.
[22] Y. Stern, What is cognitive reserve? Theory and research application of the reserve concept,
J. Int. Neuropsychol. Soc. 8 (3) (2002) 448–460.
[23] P.A. LeDuc, J.A. Caldwell, P.S. Ruyak, The effects of exercise as a countermeasure for
fatigue in sleep-deprived aviators, Mil. Psychol. 12 (4) (2000) 249–266,
http://dx.doi.org/10.1207/S15327876MP1204_02.
[24] J. Scott, L. McNaughton, R. Polman, Effects of sleep deprivation and exercise on cognitive,
motor performance and mood, Physiol. Behav. 87 (2) (2006) 396–408,
http://dx.doi.org/10.1016/j.physbeh.2005.11.009.
[25] R. Hurdiel, T. Pezé, J. Daugherty, J. Girard, M. Poussel, L. Poletti, ... D. Theunynck,
Combined effects of sleep deprivation and strenuous exercise on cognitive performances during
The North Face® Ultra Trail du Mont Blanc® (UTMB®), J. Sports Sci 33 (7) (2014) 670–674,
http://dx.doi.org/10.1080/02640414.2014.960883.
[26] A. Sadeh, The role and validity of actigraphy in sleep medicine: an update, Sleep Med. Rev.
15 (4) (2011) 259–267.
[27] D.F. Dinges, J.W. Powelll, Microcomputer analyses of performance on a portable, simple
visual RT task during sustained operations, Behav. Res. Methods Instrum. Comput. 17 (1985)
652–655.

[28] González-Fernández, F., Etnier, J.L., Zabala, M., & Sanabria, D. Vigilance performance
during acute exercise. Int. J. Sport Psychol. (in press).
[29] K. Blatter, P. Graw, M. Münch, V. Knoblauch, A. Wirz-Justice, C. Cajochen, Gender and
age differences in psychomotor vigilance performance under differential sleep pressure
conditions, Behav. Brain Res. 168 (2) (2006) 312–317,
http://dx.doi.org/10.1016/j.bbr.2005.11.018.
[30] P. Graw, K. Kräuchi, V. Knoblauch, A. Wirz-Justice, C. Cajochen, Circadian and wakedependent modulation of fastest and slowest reaction times during the psychomotor vigilance
task, Physiol. Behav. 80 (5) (2004) 695–701, http://dx.doi.org/10.1016/j.physbeh.2003.12.004.
[31] S. Loh, N. Lamond, J. Dorrian, G. Roach, D. Dawson, The validity of psychomotor
vigilance tasks of less than 10-minute duration, Behav. Res. Methods Instrum. Comput. 36 (2)
(2004) 339–346.
[32] P. Reuter-Lorenz, J. Jonides, E. Smith, A. Hartley, A. Miller, C. Marshuetz, R. Koeppe, Age
differences in the frontal lateralization of verbal and spatial working memory revealed by PET, J.
Cogn. Neurosci. 12 (1) (2000) 174–187, http://dx.doi.org/10.1162/089892900561814.
[33] H.P. Van Dongen, M.D. Baynard, G. Maislin, D.F. Dinges, Systematic interindividual
differences in neurobehavioral impairment from sleep loss: evidence of trait-like differential
vulnerability, Sleep 27 (3) (2004) 423–433.
[34] N. Barclay, Myachykov, Sustained wakefulness and visual attention: moderation by
chronotype, Exp. Brain Res. 235 (1) (2017) 57–68.
[35] M. Adam, J. Rétey, R. Khatami, H.-P. Landolt, Age-related changes in the time course of
vigilant attention during 40 hours without sleep in men, Sleep 29 (1) (2006) 55–57.

