
O R I G I N A L  R E S E A R C H

Restorative Effects of Daytime Naps on Inhibitory 
Control: A Neuroimaging Study Following Sleep 
Deprivation
Leilei Li1,*, Ya Li1,*, Sihang Yu2,*, Ziliang Xu 1, Chen Wang1, Fan Guo1, Yingjuan Chang1, Ran Zhang3, 
Peng Fang3–5, Yuanqiang Zhu 1

1Department of Radiology, Xijing Hospital, Air Force Medical University, Xi’an, Shaanxi, People’s Republic of China; 2School of Computer Science and 
Engineering, Xi’an Technological University, Xi’an, Shaanxi, People’s Republic of China; 3Department of Military Medical Psychology, Air Force Medical 
University, Xi’an, Shaanxi, People’s Republic of China; 4Shaanxi Provincial Key Laboratory of Bioelectromagnetic Detection and Intelligent Perception, Xi’an, 
Shaanxi, People’s Republic of China; 5Military Medical Innovation Center, Fourth Military Medical University, Xi’an, Shaanxi, People’s Republic of China

*These authors contributed equally to this work 

Correspondence: Yuanqiang Zhu, Department of Radiology, Xijing Hospital, Air Force Medical University, No. 127 West Changle Road, Xi’an, 710032, 
People’s Republic of China, Tel /Fax +86-29-84775415, Email Zhu_YQ_fmmu@163.com; Peng Fang, Department of Military Medical Psychology, Air 
Force Medical University, Xi’an, Shaanxi, 710032, People’s Republic of China, Email fangpeng@fmmu.edu.cn

Background: Sleep deprivation is known to impair cognitive performance, particularly inhibitory control, which is crucial for goal- 
directed behavior. While extended recovery sleep is the ideal solution, the fast-paced demands of modern life often make this 
impractical. Brief daytime naps have emerged as a potential countermeasure, but the neural mechanisms underlying their restorative 
effects remain underexplored.
Objective: This study aimed to investigate the effects of a 30-minute daytime nap on brain activation patterns and cognitive 
performance following sleep deprivation. We used task-based functional magnetic resonance imaging (fMRI) to examine how naps 
modulate brain regions involved in inhibitory control.
Methods: Forty-five participants completed a dual-choice Oddball task under three conditions: Resting Wakefulness (RW), Sleep 
Deprivation (SD), and Post-Nap (Nap). Reaction times (RT), accuracy, and brain activation patterns were measured and analyzed 
across these states. Task-related brain activation was examined using fMRI, focusing on regions involved in the frontoparietal and 
default mode networks (DMN).
Results: Sleep deprivation significantly impaired inhibitory control, as reflected by slower RTs and reduced accuracy. A 30-minute 
nap partially restored cognitive performance, with RTs and accuracy showing intermediate improvement between RW and SD. 
Neuroimaging data revealed that the nap restored positive activation in the prefrontal cortex, occipital lobes, and middle frontal 
regions, which had been significantly reduced during SD. Furthermore, the nap enhanced negative activation in the middle temporal 
gyrus and cingulate gyrus, regions associated with the DMN, reducing cognitive interference from irrelevant stimuli.
Conclusion: Daytime naps significantly mitigate the cognitive deficits induced by SD through two primary mechanisms: (1) 
enhancing positive activation in task-relevant brain regions and (2) increasing negative activation in areas involved in the DMN. 
These findings provide novel insights into the neural basis of nap-induced cognitive recovery, underscoring the value of naps as an 
effective intervention to restore inhibitory control following SD.
Keywords: sleep deprivation, inhibitory control, daytime nap, functional MRI, fMRI

Introduction
Insufficient sleep has become a growing concern in modern society, impacting not only specialized sectors such as 
military operations but also various areas of public life.1,2 Studies have shown that a significant proportion of the global 
population consistently fails to meet the recommended seven to nine hours of sleep per night, leading to detrimental 
effects on health, cognition, and daily performance.3,4 Sleep deprivation (SD) has been extensively demonstrated to 
impair cognitive functions across various domains, including reduced attention, impaired working memory, and wea-
kened inhibitory control.5–7 These deficits are especially concerning for individuals in high-stakes professions that 
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require sustained attention, such as healthcare, transportation, and emergency services, where even brief lapses in 
cognitive performance can have serious consequences.

While extended recovery sleep is ideal for mitigating the effects of SD,8 modern lifestyles often make it difficult for 
individuals to get sufficient rest.9 Consequently, short daytime naps have emerged as a practical countermeasure to 
alleviate some of the cognitive deficits caused by SD.10,11 Nap duration is known to influence cognitive recovery, with 
30-minute naps showing particular promise. Research suggests that 30-minute naps are effective in reducing fatigue and 
enhancing alertness, without the grogginess often associated with longer naps.12 This makes 30 minutes an ideal duration 
for studying the effects of naps on cognitive functions, as it provides a feasible and efficient intervention without 
inducing sleep inertia.13,14

Despite the known benefits of naps, the specific mechanisms through which naps restore cognitive function— 
particularly inhibitory control—remain underexplored.5,15 Inhibitory control is supported by complex neural mechanisms 
involving both positive and negative activation pathways.16–18 Positive activation refers to the engagement of task- 
relevant brain regions, such as the prefrontal cortex,17 while negative activation involves the suppression of the default 
mode network (DMN), which is active during rest.18,19 Most studies have focused on positive activation in task-related 
brain areas, while the role of negative activation, especially in the context of post-nap recovery, has received less 
attention. This gap in understanding limits our ability to fully comprehend how naps restore cognitive function.

Although previous research has explored the general cognitive benefits of naps, few studies have specifically 
examined the recovery of inhibitory control. Moreover, the neural mechanisms underlying nap-induced recovery of 
inhibitory control have not been fully elucidated, particularly with the use of functional magnetic resonance imaging 
(fMRI). In this study, we aim to address these gaps by investigating how daytime naps influence inhibitory control and 
the corresponding neural mechanisms following 24 hours of sleep deprivation. Using fMRI and a dual-choice Oddball 
task, we will examine brain activation patterns across three conditions: Resting Wakefulness, Sleep Deprivation, and 
Post-Nap. We hypothesize that naps will not only enhance positive activation in brain regions associated with cognitive 
control, such as the prefrontal cortex, but also restore negative activation in the DMN, including regions like the middle 
temporal gyrus and cingulate gyrus.

Methods
The study was carried out in line with the Declaration of Helsinki and received approval from the Ethics Committee of 
Xijing Hospital. Fifty participants gave written informed consent before the study. The sample consisted of cadets from 
the Air Force Military Medical University. The inclusion criteria required participants to be (1) right-handed and (2) aged 
between 18 and 30. Exclusion criteria included (1) a history or presence of any medical condition, (2) a history or 
presence of sleep disorders, (3) a history or presence of psychiatric conditions, (4) shift work, (5) any history of 
substance abuse or dependency, and (6) contraindications to MRI scanning. In addition, all participants completed the 
Pittsburgh Sleep Quality Index (PSQI) to assess their sleep quality. Only participants with PSQI scores of 5 or lower, 
indicating normal sleep quality, were included in the study. This helped ensure that none of the participants had 
significant sleep disturbances or disorders that could affect the study results.

Study Procedure
This study utilized a within-subjects design, where each participant experienced all three experimental conditions: 
Resting Wakefulness (RW), Sleep Deprivation (SD), and Post-Nap (Nap). The within-subjects design allowed for 
comparisons of brain activation patterns and cognitive performance within the same individual across these conditions, 
minimizing between-subject variability. Each participant visited the laboratory three times. During the first visit, 
participants were briefed on the study procedures and given a wrist-mounted Actiwatch (Philips Respironics, Mini 
Mitter) to monitor their sleep patterns for at least one week.20 This monitoring allowed us to collect data on their sleep 
durations before work days and sleep durations before free days, providing baseline information on their typical sleep- 
wake patterns prior to the experimental sessions. They also signed an informed consent form at this time. For the second 
and third visits, participants either underwent a 24-hour sleep deprivation (SD) period followed by MRI scanning or 
completed the protocol after a normal night of sleep. The order of these last two sessions was pseudo-randomized to 
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control for order effects, and a minimum interval of one week was maintained between the visits to prevent any lingering 
effects from the SD condition.

The SD phase began at 8:00 a.m. and continued until 8:00 a.m. the following day. During this period, participants 
were allowed to engage in passive activities such as reading, watching television, or using the internet, but strenuous 
physical activities were prohibited, and participants were instructed to avoid caffeine. The environment was maintained 
at a stable temperature (approximately 23°C) with standard lighting conditions (340 lux). Two researchers remained with 
each participant to ensure they did not fall asleep during the sleep deprivation period.

For the RW and SD conditions, MRI scans were scheduled between 8:00 a.m. and 9:00 a.m. Upon completing the 
MRI scans following the SD session, participants were allowed to take a 30-minute nap, during which polysomnography 
(PSG) was recorded using six electroencephalography (EEG) channels (F3, F4, C3, C4, O1, O2), two electrooculography 
(EOG) channels, and bipolar electromyography (EMG) from the submental region. EEG impedance levels were kept 
below 5 kΩ, while EOG and EMG impedances were kept under 10 kΩ. After the nap, participants were awakened for 
a final MRI scan. To reduce the effects of sleep inertia,21 participants were given a 20-minute rest period before the final 
scan. This detailed experimental procedure is illustrated in Figure 1.

The Dual-Choice Oddball Task
To assess inhibitory control, participants completed a dual-choice Oddball task during each scanning session. The dual- 
choice Oddball task is a well-established paradigm in cognitive neuroscience for probing inhibitory control, especially in 
the context of attentional shifts and the need to suppress habitual responses.22 This task involved the presentation of two 
types of visual stimuli: a frequent standard stimulus (the letter “W”), which appeared in 85% of trials, and an infrequent 
deviant stimulus (the letter “M”), presented in 15% of the trials. Participants were instructed to respond to each stimulus 
by pressing a specific key: pressing the left button in response to the frequent “W” and the right button when the 
infrequent “M” appeared.

The stimuli were presented in a randomized sequence to ensure that participants could not predict the appearance of 
the deviant stimulus. The task was designed to probe inhibitory control by measuring participants’ reaction times (RT) 
and accuracy. In particular, the task assesses how participants suppress automatic responses to the frequent standard 
stimulus and instead respond to the less frequent deviant stimulus. RT and accuracy were recorded for each stimulus type. 
The task specifically measured participants’ ability to inhibit prepotent responses to the frequent standard stimulus and 
correctly respond to the less frequent deviant stimulus. Performance on the task is expected to decline under conditions of 
cognitive fatigue, such as sleep deprivation.

Figure 1 Overview of the experimental procedure.
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Task-Based fMRI Data Acquisition and Preprocessing
Functional MRI data were collected during the dual-choice Oddball task using a Philips 3-Tesla MRI scanner with a 32- 
channel head coil. Blood-oxygen-level-dependent (BOLD) signals were acquired using an echo-planar imaging (EPI) 
sequence with the following parameters: repetition time (TR) = 2000 ms, echo time (TE) = 30 ms, flip angle = 90°, field 
of view (FOV) = 220 mm × 220 mm, slice thickness = 3 mm, and 45 axial slices covering the entire brain. Each scanning 
session corresponded to one of the three experimental conditions: Resting Wakefulness (RW), Sleep Deprivation (SD), 
and Post-Nap (Nap).

The task-fMRI data preprocessing was conducted using SPM12 (Statistical Parametric Mapping), beginning with the 
discarding of the first 10 time points to allow for signal stabilization. Subsequent steps included slice timing correction to 
account for temporal differences in slice acquisition, realignment to correct for head motion, and normalization to the 
Montreal Neurological Institute (MNI) template to standardize brain images. Finally, spatial smoothing was applied using 
a Gaussian kernel of 6 mm full width at half maximum (FWHM) to enhance the signal-to-noise ratio.23

Task-Based fMRI Data Analysis
The analysis of fMRI data followed a two-stage mixed-effects model approach to investigate neural activity across the 
different experimental conditions. In the first stage, an event-related design was implemented to precisely isolate the 
neural correlates of task performance. For each condition (RW, SD, Nap), a general linear model (GLM) was applied to 
the stimulus sequence, convolved with the hemodynamic response function (HRF). This model identified brain regions 
exhibiting significantly higher or lower activity in response to the deviant stimulus (“M“) compared to the standard 
stimulus (“W”). To control for head motion artifacts, six motion parameters from the preprocessing stage were included 
in the model.

In the second stage, brain activation patterns were examined using a one-sample t-test for each condition during the 
dual-choice Oddball task. Specifically, we calculated the difference in brain activation between the two stimulus 
conditions (Deviant vs Standard) for each participant, and a one-way ANOVA was then conducted to compare activation 
differences across the three experimental conditions. Post-hoc pairwise comparisons were employed to explore differ-
ences between RW vs SD, RW vs Nap, and SD vs Nap. Finally, brain activation values were extracted from regions 
showing significant differences, and visual representations of these findings were generated to facilitate interpretation.

Statistical Analysis
In the dual-choice Oddball task, behavioral performance was assessed using two primary measures: reaction times (RT) 
and accuracy for both standard stimuli (“W”) and deviant stimuli (“M”). Reaction times and accuracy were calculated 
separately for standard and deviant stimuli under each of the three conditions: Resting Wakefulness (RW), Sleep 
Deprivation (SD), and Post-Nap (Nap). Reaction times were reported as the average time taken to respond to each 
stimulus type, while accuracy was expressed as the percentage of correct responses for both standard and deviant stimuli.

The differences in performance between deviant and standard stimuli were calculated for both reaction times and 
accuracy. For reaction times, the difference was computed by subtracting the mean RT for standard stimuli from the mean 
RT for deviant stimuli (RT: deviant - standard). Similarly, accuracy differences were calculated by subtracting the 
accuracy for standard stimuli from that of deviant stimuli (Accuracy: deviant - standard). These difference scores 
provided insights into participants’ inhibitory control, specifically how their performance changed when responding to 
infrequent, unexpected stimuli compared to frequent, expected stimuli.

To assess the effects of the different conditions (RW, SD, Nap) on both the raw scores and the differences (deviant - 
standard) for reaction times and accuracy, a one-way repeated measures ANOVA was conducted. This analysis examined 
whether sleep deprivation or post-nap recovery influenced participants’ ability to respond to deviant versus standard 
stimuli. Post-hoc Tukey’s HSD tests were applied to explore significant pairwise differences between conditions for both 
reaction time and accuracy measures, including the calculated differences. The significance level was set at p < 0.05, and 
multiple comparisons were corrected using the false discovery rate (FDR). Additionally, for neuroimaging data, FDR 
corrections were applied to both F-tests comparing activation across conditions and post-hoc comparisons, with the 
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threshold set at pFDR < 0.05. Correlation analysis was conducted to examine the relationship between changes in brain 
activation and improvements in cognitive performance (accuracy and reaction time) specifically between the Sleep 
Deprivation (SD) and Post-Nap (Nap) conditions. Pearson’s correlation coefficient was used to calculate the strength and 
direction of these associations. To control for multiple comparisons, all correlation results were corrected using the FDR 
method at a threshold of p < 0.05.

Results
Due to the head motion, data from five participants were excluded from the analysis, Therefore, 45 participants were included in 
the final analysis, and each participant completed the dual-choice Oddball task under all three conditions (Resting Wakefulness, 
Sleep Deprivation, and Post-Nap). The demographic details of the remaining participants are provided in Table 1.

Table 1 Demographic Characteristics, Objective Sleep Measures and Oddball 
Performances

Demographic characteristics

Gender (male/female) 24/21

Age (years) 23.08 ± 1.65
Education (years) 15.5±1.9

Handedness (right/left) 45/0

Frame-wise displacement 0.26±0.33
Body mass index 22.90 ± 0.78

Pittsburgh Sleep Quality Index 3.78 ± 2.02

Objective sleep characteristics from Actiwatch

Number of wakening each night 27.20 ± 6.11
Sleep duration all night 6.81 ± 1.37

Sleep durations before work days 6.78 ± 1.28

Sleep durations before free days 7.38 ± 1.64
Sleep efficiency in % 85.11 ± 4.80

Sleep latency in minutes 15.45 ± 5.92

Polysomnography Results of 30-Minute Nap

Total sleep time in minutes 28.48 ± 0.44
Sleep latency in minutes 2.29 ± 0.71

Sleep efficiency (%) 94.92 ± 1.48

Stage 1 sleep in minutes 2.47 ± 0.36
Stage 2 sleep in minutes 3.89 ± 0.50

Slow wave sleep in minutes 18.43 ± 0.62

Rapid Eye Movement sleep in minutes 1.40 ± 0.28

Oddball performances RW SD Nap P value

Reaction Time

Standard (W) 475.12 ± 31.64 600.24 ± 37.29 497.68 ± 34.78 <0.001 a

Deviant (M) 514.80 ± 32.97 722.79 ± 40.42 566.76 ± 35.61 <0.001 a

Differences (M-W) 39.68 ± 33.21 122.55 ± 38.21 69.08 ± 36.11 <0.001 a

Accuracy RW SD Nap P value

Standard (W) 92.3% ± 3.1% 71.5% ± 4.9% 86.4% ± 3.9% <0.001 a

Deviant (M) 89.8% ± 3.7% 53.3% ± 5.3% 79.7% ± 4.3% <0.001 a

Differences (M-W) −2.5% ± 3.7% −18.2% ± 4.8% −6.7% ± 4.2% <0.001 a

Notes: a. p value obtained by using the one-way repeated ANOVA.
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Dual-Choice Oddball Behavioral Performance
Participants’ performance in the dual-choice Oddball task was evaluated through reaction times (RT) and accuracy for 
both standard and deviant stimuli across three experimental conditions In terms of reaction times, participants in the RW 
condition showed the fastest responses, with an average RT of 475.12 ± 31.64 ms for standard stimuli and 514.80 ± 32.97 
ms for deviant stimuli, resulting in the smallest RT difference of 39.68 ± 33.21 ms. In contrast, participants in the SD 
condition had the slowest reaction times, with 600.24 ± 37.29 ms for standard stimuli and 722.79 ± 40.42 ms for deviant 
stimuli, leading to the largest RT difference of 122.55 ± 38.21 ms. Participants in the Nap condition demonstrated 
intermediate RTs, averaging 497.68 ± 34.78 ms for standard stimuli and 566.76 ± 35.61 ms for deviant stimuli, with an 
RT difference of 69.08 ± 36.11 ms. A one-way ANOVA revealed a significant variation in RT differences across the three 
conditions (F(2, 132) = 286.53, p < 0.0001). Post-hoc Tukey’s HSD tests indicated significant differences between all pairs 
of conditions: SD vs RW (Mean difference = 82.87 ms, p < 0.0001), SD vs Nap (Mean difference = 53.47 ms, p < 
0.0001), and Nap vs RW (Mean difference = 29.39 ms, p < 0.0001).

In terms of accuracy, participants in the RW condition achieved an average accuracy of 92.3% ± 3.1% for standard 
stimuli and 89.8% ± 3.7% for deviant stimuli, resulting in the smallest accuracy difference (−0.025 ± 0.037). In contrast, 
participants in the SD condition had much lower accuracy, with 71.5% ± 4.9% for standard stimuli and 53.3% ± 5.3% for 
deviant stimuli, producing the largest accuracy discrepancy (−0.182 ± 0.048). Participants in the Nap condition 
performed better than the SD group but worse than the RW group, with an accuracy of 86.4% ± 3.9% for standard 
stimuli and 79.7% ± 4.3% for deviant stimuli, resulting in an accuracy difference of −0.067 ± 0.042. A one-way ANOVA 
confirmed a highly significant effect of condition on accuracy differences (F(2, 132) = 477.06, p < 0.0001). Post-hoc 
Tukey’s HSD tests again showed significant differences between all groups: SD vs RW (Mean difference = −0.157, p < 
0.0001), SD vs Nap (Mean difference = −0.115, p < 0.0001), and Nap vs RW (Mean difference = −0.042, p < 0.0001). 
The results are summarized in Table 1 and illustrated in Figure 2.

Task-Based fMRI Activation Patterns
Figure 3A–C presents the results of the one-sample t-test, illustrating the brain activation patterns in response to deviant 
stimuli compared to standard stimuli. The activation patterns were consistent across all three conditions, with key regions 
of activation including the right and left middle frontal gyri, right and left supplementary motor areas, right and left 
inferior frontal gyri, right insula, left cingulate gyrus, and the right and left inferior parietal gyri.

Figure 3D and Table 2 summarize the ANOVA results, which reveal significant differences in brain activation across 
the three conditions. These differences were observed in regions such as the bilateral occipital lobes, middle temporal 
gyrus, middle cingulate gyrus, medial frontal lobes, and dorsolateral prefrontal cortex. The distinct activation patterns 
among the three groups suggest that task performance was influenced by the specific condition participants were in.

Post-hoc analyses, as depicted in Figure 4A, identified specific group differences in the medial frontal cortex, 
prefrontal cortex, and bilateral occipital lobes. The SD group exhibited significantly reduced activity in these regions 
compared to the RW group (medial frontal cortex: t = −7.00, p < 0.001, FDR corrected; prefrontal cortex: t = −7.70, 
p < 0.001, FDR corrected; left occipital lobe: t = −12.67, p < 0.001, FDR corrected; right occipital lobe: t = −7.70, p < 
0.001, FDR corrected) whereas the Nap group showed a recovery in activation compared to the SD group (medial 
frontal cortex: t = 6.86, p < 0.001, FDR corrected; prefrontal cortex: t = 6.82, p < 0.001, FDR corrected; left occipital 
lobe: t = 6.40, p < 0.001, FDR corrected; right occipital lobe: t = 5.86, p < 0.001, FDR corrected), approaching the 
levels seen in the RW group (Nap vs RW, all p > 0.05, FDR corrected). These results suggest that a nap may help 
restore normal brain activity in regions associated with cognitive control and visual attention.

A different pattern was observed in the middle temporal gyrus and cingulate gyrus, as shown in Figure 4B. Under normal 
conditions (RW), these areas typically display negative activation during the task. However, the SD condition showed 
reduced negative activation in these regions compared to RW (middle temporal gyrus: t = 3.00, p < 0.01, FDR corrected; 
cingulate gyrus: t = 3.00, p < 0.01, FDR corrected). The Nap condition, on the other hand, restored the negative activation in 
these regions compared to the SD condition (middle temporal gyrus: t = −3.50, p < 0.01, FDR corrected; cingulate gyrus: t = 
−3.50, p < 0.01, FDR corrected). However, the SD condition showed reduced negative activation in these regions compared 
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to RW (middle temporal gyrus: t = 3.00, p < 0.01, FDR corrected; cingulate gyrus: t = 3.00, p < 0.01, FDR corrected). The 
Nap condition, on the other hand, restored the negative activation in these regions compared to the SD condition (middle 
temporal gyrus: t = −3.50, p < 0.01, FDR corrected; cingulate gyrus: t = −3.50, p < 0.01, FDR corrected).

Correlation Analysis
A significant positive correlation was found between increased activation in the prefrontal cortex and improvements in 
accuracy in the Nap condition (r = 0.38, p < 0.01, Figure 4C). Additionally, a positive correlation was observed between 
increased deactivation in the middle temporal gyrus and improvements in reaction time in the Nap condition (r = 0.32, 
p < 0.05, Figure 4C). These findings suggest that naps may promote both enhanced task performance and more effective 
neural deactivation, contributing to improved cognitive control.

Figure 2 Behavioral Results of the dual-choice oddball task (eg, reaction time, accuracy, and the difference between deviant and standard stimuli) across different time 
points. The graphs illustrate the effects of sleep deprivation and the subsequent nap on participants’ cognitive function, highlighting comparisons between pre- and post- 
intervention conditions. Significant differences between groups and conditions are marked with statistical annotations (*). Error bars represent the standard error of the 
mean, and asterisks indicate levels of significance.
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Discussion
This study provides preliminary evidence supporting the effectiveness of brief daytime naps in improving inhibitory 
control performance following sleep deprivation. By analyzing brain activity dynamics during a dual-choice Oddball task 
under three conditions (RW, SD, and Nap). We observed that a brief nap enhanced positive activation in the prefrontal 
and occipital regions and increased negative activation in the middle temporal gyrus and cingulate cortex. These changes 
contributed to improved conflict control performance, offering insights into how sleep deprivation impairs cognitive 
function and highlighting the potential of naps as a recovery strategy.

Our results from one-sample t-tests revealed that task-related brain activation involved multiple key networks, 
including the default mode network (DMN), the frontoparietal network, and the salience network. Consistent with 
previous studies,24,25 the middle frontal gyrus, inferior frontal gyrus, supplementary motor areas, insula, and cingulate 
cortex were activated during task performance. As illustrated in Figure 3A–C, positive activation was most prominent 
during resting wakefulness, decreased significantly during sleep deprivation, and was partially restored after the post-nap 

Figure 3 (A–C) One-sample t test result for the three conditions (RW, SD and Nap). (D) One-way repeated ANOVA results across the three conditions.
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condition. The ANOVA results identified significant differences in brain activation across the three conditions, particu-
larly in the occipital lobes, middle temporal gyrus, cingulate cortex, medial frontal lobes, and dorsolateral prefrontal 
cortex. Post-hoc analyses revealed that the improvements in conflict control following a nap were driven by two key 
neuroimaging mechanisms.

Table 2 Significant Differences in Brain Responses Among the Three Groups

Regions- (ANOVA) Number of Voxels Peak Coordinates (MNI) F-Value

x y z

Occipital Lobes
Left 361 −33 −90 −3 13.37
Right 418 39 −87 0 15.29

Middle Temporal Gyrus
Right 298 39 −9 −18 8.45

Middle Cingulate Gyrus
Right 281 0 −18 24 12.46

Middle Frontal Gyrus
Right 83 51 21 39 7.71

Superior Frontal Gyrus
Left 70 −3 42 54 6.77

Notes: Significance was set at P< 0.05 (false discovery rate corrected).

Figure 4 (A) Post-hoc analysis of brain activity in the medial frontal cortex, prefrontal cortex, and bilateral occipital lobes. Significant differences between groups and 
conditions are marked with statistical annotations (*). The SD group showed significantly reduced activation in these regions, while the Nap group exhibited recovery of 
activation, approaching RW levels. These regions are implicated in cognitive control and visual attention. (B) Analysis of the middle temporal gyrus and cingulate gyrus. 
Significant differences between groups and conditions are marked with statistical annotations (*). In normal conditions (RW), these areas typically exhibit negative activation 
during the task. However, the SD group demonstrated reduced negative activation, while the Nap condition restored and even enhanced negative activation, suggesting 
a role in regulating cognitive interference from irrelevant stimuli. (C) Correlation analysis between brain activation and task performance. A significant positive correlation 
was observed between increased activation in the prefrontal cortex and improved accuracy (r = 0.38, p < 0.01), as well as between deactivation in the middle temporal gyrus 
and improved reaction time (r = 0.32, p < 0.05) in the Nap condition.
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Firstly, there was a partial restoration of positive activation in regions such as the dorsolateral prefrontal cortex, 
occipital lobes, and medial frontal lobes. These areas showed a significant reduction in activation during sleep depriva-
tion compared to resting wakefulness, but this activation was partially recovered after the nap, suggesting that naps help 
to restore functions critical for cognitive control and visual processing, reducing the deficits caused by sleep deprivation.9 

Secondly, naps contributed to the restoration of negative activation, particularly in the middle temporal gyrus and 
cingulate cortex, which are part of the default mode network (DMN). Sleep deprivation was associated with reduced 
deactivation in these regions, indicating difficulties in disengaging from task-irrelevant processes and a decline in 
cognitive efficiency. After a nap, however, negative activation was restored, surpassing even the levels observed during 
resting wakefulness. This suggests that naps enhance the brain’s ability to allocate cognitive resources more efficiently by 
modulating DMN activity, helping to filter out irrelevant stimuli, which is similar with our previous studies.26,27 Overall, 
these findings suggest that naps improve inhibitory control through a dual mechanism: enhancing positive activation in 
task-relevant regions and increasing negative activation in the DMN, both of which play a crucial role in restoring 
efficient cognitive processing after sleep deprivation.

A shift in response strategy following the nap could also explain the changes observed in performance. Specifically, 
while reaction time (RT) in the Nap condition was slower than during resting wakefulness, accuracy (ACC) was 
significantly improved. This pattern suggests that participants may have adjusted their responding strategy after the 
nap, prioritizing accuracy over speed. Such a shift could be viewed as a compensatory mechanism, where participants 
took more time to process information carefully, resulting in more accurate responses but slower reaction times. This 
strategy shift is consistent with findings from previous studies indicating that sleep, particularly naps, can enhance 
cognitive control, such as response inhibition and attention regulation.11,12,28 The increase in accuracy after the nap may 
reflect enhanced decision-making, possibly supported by greater activation in the prefrontal cortex, a region critical for 
cognitive control. Meanwhile, the slower reaction time could be related to increased inhibition of impulsive responses, 
potentially reflecting activity in the anterior cingulate cortex, which is involved in conflict monitoring and response 
control. Overall, the observed slower RT but higher ACC after the nap may indicate that participants adopted a more 
cautious and deliberate approach to the task, likely aided by improvements in cognitive control and neural efficiency 
following the nap. These findings suggest that naps may promote both more accurate decision-making and better control 
of cognitive interference, enhancing performance after sleep deprivation.

In recent years, studies using functional magnetic resonance imaging (fMRI) have highlighted the central role of the 
prefrontal cortex and anterior cingulate cortex in inhibitory control.29,30 The prefrontal cortex plays a crucial role in 
cognitive regulation through top-down control, and its connectivity with other cortical and subcortical areas is positively 
correlated with inhibitory performance. When individuals experience sleep deprivation, activity in the prefrontal cortex is 
significantly reduced, undermining its regulatory functions across a range of cognitive processes. Similarly, the anterior 
cingulate cortex, which monitors cognitive conflicts and integrates information from motor and limbic circuits,31 shows 
reduced activation under SD, limiting its ability to detect and resolve conflicts in task performance.

Previous research has demonstrated the high sensitivity of inhibitory control to sleep deprivation. For example, 
Drummond et al (2006) found that after 55 hours of sleep deprivation, participants exhibited reduced accuracy and 
increased reaction times in a Go/No-Go task, indicating a diminished ability to inhibit inappropriate responses.32 

Similarly, Slama et al (2018) reported that a single night of sleep deprivation impaired response inhibition and prolonged 
reaction times during a No-Go task.33 While most research has focused on interventions such as transcranial stimulation 
to mitigate these effects, few studies have explored the role of naps. Our study, which used task-based fMRI, 
demonstrated that daytime naps partially restore inhibitory control performance by both enhancing positive activation 
in the prefrontal cortex and occipital lobes and increasing negative activation in DMN-related regions. These findings 
offer new insights into the role of naps in cognitive function, particularly in restoring inhibitory control after sleep 
deprivation.

The primary limitation of this study is the homogeneity of the participants, as all were cadets from the Air Force 
Military Medical University. This restricts the generalizability of the findings to non-military populations. The challen-
ging nature of the sleep deprivation task necessitated the use of this specific group, but future studies should aim to 
include a more diverse participant pool to confirm the findings across different demographics. While the sample size of 
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45 participants is standard for studies involving complex methodologies such as sleep deprivation and fMRI scanning, 
a larger and more diverse sample could help increase the external validity of the findings. Although our findings suggest 
that a nap after SD improved cognitive function, as indicated by changes in oddball task performance, this conclusion 
needs validation using other cognitive tasks. Another key aspect of the study involves the role of naps, and future 
research should explore whether shorter naps (less than 30 minutes) have a reduced effect on cognitive recovery, as well 
as how factors like dreaming before waking impact cognitive function.

In conclusion, this study demonstrates that sleep deprivation and daytime naps primarily affect brain regions involved 
in the frontoparietal network, default mode network, and occipital lobes. These results provide a foundation for future 
investigations into the neuroimaging mechanisms underlying the cognitive effects of sleep deprivation and naps. While 
task-based fMRI effectively captures brain region activity during specific tasks, it has limitations in characterizing the 
broader impact of sleep and naps on cognitive functions. Future research utilizing resting-state fMRI will help uncover 
how sleep deprivation and naps affect brain network connectivity, providing a more comprehensive understanding of 
their role in cognitive processes.
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