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Abstract: Sleep deprivation leads to reduced inhibitory control in individuals. However, the un-
derlying neural mechanisms are poorly understood. Accordingly, this study aimed to investigate
the effects of total sleep deprivation (TSD) on inhibitory control and their neuroelectrophysiological
mechanisms from the perspective of the time course of cognitive processing and brain network
connectivity, using event-related potential (ERP) and resting-state functional connectivity techniques.
Twenty-five healthy male participants underwent 36 h of TSD (36-h TSD), completing Go/NoGo tasks
and resting-state data acquisition before and after TSD; their behavioral and electroencephalogram
data were recorded. Compared to baseline, participants’ false alarms for NoGo stimuli increased
significantly (t = −4.187, p < 0.001) after 36-h TSD. ERP results indicated that NoGo-N2 negative am-
plitude increased and latency was prolonged (t = 4.850, p < 0.001; t = −3.178, p < 0.01), and NoGo-P3
amplitude significantly decreased and latency was prolonged (t = 5.104, p < 0.001; t = −2.382, p < 0.05)
after 36-h TSD. Functional connectivity analysis showed that the connectivity of the default mode
and visual networks in the high alpha band was significantly reduced after TSD (t = 2.500, p = 0.030).
Overall, the results suggest that the negative amplitude increase in N2 after 36-h TSD may reveal
that more attention and cognitive resources are invested after TSD; the significant decrease in P3
amplitude may indicate the impairment of advanced cognitive processing. Further functional con-
nectivity analysis indicated impairment of the brain’s default mode network and visual information
processing after TSD.

Keywords: sleep deprivation; inhibitory control; event related potential; resting state; functional
connectivity

1. Introduction

Total sleep deprivation (TSD) is defined as occurring when an individual remains
awake for a period of at least one night and generally for at least 24 h [1]. In contemporary
society, TSD has become very common among certain professionals who sometimes have
to work long shifts without breaks, including health workers, long-distance bus drivers,
pilots, and rescue workers. TSD can impair an individual’s cognitive function, leading to
occasionally serious accidents [2]. Studies have shown that TSD leads to declines in a range
of cognitive processes, including attention, alertness, emotion regulation, learning, and
memory [3–6]. The most important of these is the decline in attention; such decline has
the most severe effects. In this regard, Gibbings (2021) [7] suggested that one night of TSD
significantly reduces an individual’s alertness and attention.

In addition, numerous studies have verified that TSD impairs individuals’ inhibitory
control [8], defined as an individual’s efforts to exclude interference from attentional
processing and inhibit inappropriate behaviors or dominant responses, thereby exhibiting
flexibly to change [9]. The Go/NoGo (GNG) task has been widely used to study the
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neurobiological mechanisms of inhibitory control [10]. This task randomly presents two
different letters or patterns alternately, asking participants to respond to one of the stimuli
(called the Go task) and not to the other (called the NoGo task). Incorrect responses to
NoGo stimuli are often considered an indicator of response cessation difficulties.

Previous researchers have identified two important electroencephalogram (EEG) com-
ponents of the GNG paradigm: NoGo-N2 and NoGo-P3. NoGo-N2 is a negative component
engaged approximately 200–400 ms after the NoGo stimulus, reflecting monitored conflict-
ing information and the allocation of attentional resources to facilitate subsequent response
inhibition [11]; it thus represents the early stage of response inhibition [12]. Meanwhile,
NoGo-P3, the positive component engaged approximately 300–500 ms after the NoGo stim-
ulus, reflects conflict resolution and cognitive processing, including stimulus recognition,
evaluation, and suppression of the actual motor response, representing the later stages
of inhibitory control [13]. Potentials for both EEG components are more pronounced in
the central frontal scalp region [14] and are commonly used as an indicator of response
inhibition.

Many studies have shown that TSD has a negative effect on inhibitory control. At
the behavioral level, Liu (2022) [8] found that one night of TSD significantly decreased
individuals’ response inhibition and response execution. In addition, several studies
have used event-related potential (ERP) to investigate the neurophysiological mechanisms
underlying the effects of TSD on inhibitory control. For example, Qi (2010) [15] studied
the effects of 43 h of TSD (43-h TSD) on inhibitory control using a GNG task and found
that the amplitudes of NoGo-N2 and NoGo-P3 were significantly reduced compared to
controls. Gosselin (2019) [16] performed auditory GNG tasks on 11 participants during
36-h TSD and found that NoGo-P3 amplitudes were significantly reduced after 24- and 36-h
TSD. However, Liu (2015) [17] showed that there was no significant difference in NoGo-N2
amplitude after 72-h TSD compared to baseline. Jin et al., (2015) [18] asked participants to
complete the visual GNG task after 12-, 24- and 36-h TSD. The results showed that the N2
latency was prolonged and the P3 amplitude decreased after 24-h TSD, but no significant
change in N2 amplitude was found. In summary, TSD decreased P3 amplitude in inhibitory
control tasks [16,19], but the effect of TSD on the N2 component remains controversial;
some studies have found that N2 amplitude decreases and latency increases [15,20], while
others have found no changes in N2 amplitude or latency [17,18,21]. These different results
are presumably influenced by the duration of sleep deprivation, the type of inhibitory
control task and the participants’ gender and age. Therefore, this study’s first aim was to
measure inhibitory control function using a visual GNG task, to explore the effect of 36 h of
TSD on inhibitory control in terms of time course using the ERP technique.

The brain is in a constant state of activity which persists (and can be recorded using
EEG) even during sleep or when not engaged in any task. The brain regions that show
increased synchronization of activity signals during resting states are called resting-state
networks. The most studied resting-state network is the default mode network (DMN);
it has the highest degree of activation in the resting state. The DMN, mainly including
the posterior cingulate gyrus, medial prefrontal cortex, medial temporal lobe, and inferior
parietal gyrus, plays a key role in the integration of cognitive processes [22]. Verweij
(2014) [23] used high-density resting-state EEG to show that TSD strongly affects the
functional connectivity (FC) of the prefrontal cortex. Previous studies have also used
functional magnetic resonance imaging (fMRI) techniques with high spatial resolution
to explore the effects of TSD on inhibitory control. Gujar et al., (2010) [24] showed that
one night of TSD leads to imbalanced activation of anterior and posterior midline brain
regions associated with the DMN. Yang et al., (2018) [25] analyzed the effect of TSD on
the spontaneous activity of the brain using voxel-based FC density. The results showed
that FC density of the posterior cingulate gyrus, precuneus, inferior parietal lobule, and
dorsomedial prefrontal cortex decreased during mental fatigue, while FC density in the
sensory integration and arousal regulation areas, including the postcentral gyrus, thalamus,
and middle temporal gyrus, increased. These changes suggest that after TSD the brain
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may enhance perceptual activity and weaken advanced cognitive processing activities to
achieve functional balance. However, more studies on DMN during TSD are needed.

To obtain more detailed frequency band information than is possible with fMRI, in
the current study we used the resting-state FC analysis technique to further explore the
effects of TSD on inhibitory control. Its high sampling rate allows us to extract various
electrophysiological features in the frequency band of 0.1–40 Hz. The power of the α band
is a good indicator of EEG vigilance [26], and has a major role in the process of closing
eyes [27]. In addition, the α band is closely related to functions such as inhibition control
and attention [28]. Boonstra (2005) [29] showed reduced alpha activity in the frontal cortex
after 24-h TSD. However, the effect of TSD on alpha activity requires further exploration,
so the present study focused specifically on changes in the alpha band (8–14 Hz) during
TSD. The second purpose of this study was to explore the variations in resting-state brain
network changes before and after TSD in the alpha band (8–14 Hz), using the resting-state
functional connectivity technique, and to correlate the brain network connectivity changes
with the changes in electroencephalogram components to explore the effect of TSD on
inhibitory control, from the perspective of spatial characteristics.

In this study, 25 participants were directed to complete resting-state EEG acquisition
and GNG tasks before and after 36-h TSD. ERP technology was used to explore the changes
of amplitude and latency of EEG components NoGo-N2 and NoGo-P3, and to further
explore FC changes in resting-state brain networks in the alpha band (8–14 Hz), and their
correlation with inhibitory control function. The overall purpose was to reveal the neuro-
electrophysiological mechanism of the effect of TSD on inhibitory control in the time course
of cognitive processing and brain networks. The present study proposes two hypotheses:
(1) 36 h of TSD can impair inhibitory control, as reflected by increased false alarms of NoGo
stimuli in behavioral indicators, decreased amplitude, and prolonged latency of electro-
physiological indicators NoGo-N2 and NoGo-P3 after TSD; and (2) functional connectivity
between resting-state brain networks is reduced, especially in the DMN.

2. Materials and Methods
2.1. Participants

A total of 25 healthy, right-handed male participants aged 18–24 years (21.94 ± 1.73
years) with normal or corrected-to-normal visual acuity were recruited for this trial. Only
male participants were recruited to avoid the effect of any potential gender differences. Par-
ticipants were required not to have previously participated in relevant psychophysiological
tests; not to have taken drugs recently; not to have a habit of smoking or drinking coffee, tea;
no history of alcohol or drug abuse; and no history of mental illness. Before the formal trial,
participants were required to complete the Pittsburgh Sleep Quality Index questionnaire
(PSQI). The PSQI is a self-rated questionnaire that assesses the participant’s sleep quality
during the most recent month. All participants scored less than 5, indicating good sleep
quality [30]. The process and risks of sleep deprivation were completely explained to all
participants, and written informed consent was obtained from them prior to the study’s
initiation. The experiment was approved by the Ethics Committee of Beihang University.
Appropriate payments were made to participants at the end of the experiment.

2.2. Experimental Tasks and Procedures
2.2.1. Visual Go/NoGo Task

The experiment used a visual GNG task to measure the inhibitory control function.
The experimental procedure is shown in Figure 1; a 100 ms fixation point “+” was presented
first, before Go or NoGo stimuli were presented at random (the stimulus signals were “left”
and “right” arrows; size 2.0 cm × 0.5 cm, 1.5◦ wide and 0.4◦ high). Each stimulus was
presented for 100 ms, with Go and NoGo stimuli accounting for 2/3 and 1/3 of all stimuli,
respectively. The time interval between two adjacent stimuli was 800 ms. The task was
divided into two blocks, each containing 200 trials. The first block directed participants to
respond to the “left” arrow (Go stimulus) and not to the “right” arrow (NoGo stimulus); the
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instructions for the second block were the inverse. For the balance test, participants were
required to respond to the “right” arrow (Go stimulus) and not to the “left” arrow (NoGo
stimulus). The order of completion of the two blocks was balanced among participants;
participants were told to respond as quickly and accurately as possible throughout the task.
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Figure 1. Visual Go/NoGo task diagram. The task was divided into two blocks, each containing
200 trials. Go and NoGo stimuli accounted for 2/3 and 1/3 of all stimuli, respectively; the presentation
time of each stimulus was 100 ms and the interval between two adjacent stimuli was 800 ms.

2.2.2. Experimental Procedures

Participants arrived at the laboratory at 20:00 the night before the start of the exper-
iment, and the experimenter informed the participants in detail about the experimental
procedure and the risks of TSD. Participants voluntarily signed the informed consent form,
familiarized themselves with the laboratory environment, and practiced the visual GNG
task. Participants slept in the laboratory on the first day and were guaranteed more than
8 h of sleep. The baseline measurement was performed at 08:00 a.m. (0-h TSD) on the
second day. The three-minute closed-eye resting-state data acquisition and visual GNG
task were completed, and EEG data were recorded. The whole test process was carried out
in a shielded room with moderate sound insulation and lighting. On the third night of the
experiment, after 35.5 ± 1.0 h of sleep deprivation (36-h TSD), the three-minute closed-eye
resting-state data acquisition and visual GNG task were completed again. During the
entire TSD period, participants were supervised by two experimenters and one physician
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to prevent them from sleeping. In each experiment, the participants’ sleep deprivation pre-
and post-test data were collected and recorded by the same experimenter. We provided
participants with three meals, including the necessary staples, vegetables, meat, and fruit,
which was comparable to their regular food intake. Participants were not allowed to leave
the lab during the experiment, were not allowed to engage in high-intensity physical activ-
ity, and were not allowed to eat food or beverages containing stimulants or caffeine. After
the experiment, the experimenter rewarded and thanked the participants. At the same time,
the participants were advised to leave after restorative sleep in the laboratory. We controlled
the ambient temperature between 20 and 26 degrees and the relative humidity between
30% and 60% throughout the experiment, to provide a relatively constant temperature and
humid environment for the participants. The experimental process is shown in Figure 2.
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Figure 2. Flowchart showcasing the sleep deprivation experiment, with 60 h of experimental time.
Participants entered the laboratory at 20:00 on the first night of the experiment and slept normally in
the laboratory. The behavioral and electroencephalogram (EEG) data of the first resting-state and
Go/NoGo task were collected at 08:00 on the second day (TSD: 0 h). On the third night, the behavioral
and EEG data of the second resting-state and Go/NoGo task were collected after 35.5 ± 1.0 h of sleep
deprivation (TSD: 36 h). Participants stayed in the laboratory for restorative sleep on the third night
and left the laboratory at 8:00 a.m. on the fourth day.

2.3. Data Collection

The distance between the participant and the monitor during the test was 75 cm, and
the center of the participant’s visual field was level with the center of the monitor. The
experimental program was written and presented using E-prime 2.0 professional software
(Psychology Software Tools, Inc., Pittsburgh, PA, USA). The Neuroscan 32-channel electrode
caps combined with a SynAmps2 amplifier (Compumedics Neuroscan, Charlotte, NC, USA)
was used to collect EEG signals according to the 10–20 international EEG recording system.
The participants’ vertical and horizontal EEG were recorded during the acquisition, and
the bilateral mastoids were used as online reference electrodes. The EEG was sampled at
a rate of 1000 Hz and the impedance of the electrodes was kept below 5 kΩ. Under both
baseline and 36-h TSD conditions, participants completed resting-state and GNG tasks
while recording EEG.

2.4. Data Analysis
2.4.1. Behavioral Statistical Analysis

The behavioral data indicators included reaction times and hit rates for Go stimuli
and false alarms of NoGo stimuli. False alarms of NoGo stimuli indicate the creation of a
keypress response, when there should not be any keypress response to a NoGo stimulus.
SPSS v26.0 (IBM SPSS Statistics, Armonk, NY, USA) software was used to perform paired
sample t-tests on these indicators.

2.4.2. Data Preprocessing and ERP Statistical Analysis

EEG preprocessing and ERP analysis were performed using EEGLAB R2018b (Math-
Works Inc., Natrick, MA, USA) with EEGLAB v21.1.0 [31] and ERPLAB v8.10 [32]. Prepro-
cessing began by checking for abnormal EEG data, followed by average re-reference and
band-pass filtering from 0.1 to 40 Hz. Next, independent component analysis (ICA) was
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used to remove artifacts such as eye-electricity and electromyography [33]. The sampling
rate was reduced to 250 Hz. Baseline correction was performed from 200 ms before stimulus
presentation to stimulus presentation, and segmentation was performed from −200 ms to
800 ms. Segments with amplitudes exceeding ±100 µV were removed. After completing
the preprocessing, ERPLAB v8.10 was used to average the correct responses.

A combination of previous studies [11,34,35] and the total waveform and topographic
maps of this study helped determine the chosen time windows of N2 and P3 to be 200–300 ms
and 350–450 ms, respectively. The amplitude and latency of the N2 (200–300 ms) and
P3 (350–450 ms) components were calculated by selecting the average of the Fz, F3, F4,
FCz, FC3, and FC4 electrodes. The amplitude and latency of N2 and P3 components were
quantified as the maximum amplitude and corresponding time points between 200 and
300 ms, and 350 and 450 ms.

2.4.3. EEG Source Connectivity Analysis

Resting-state data from all 25 participants were preprocessed using EEGLAB v21.1.0.
EEG data were first browsed to check for abnormal data and resting-state data from
1 participant were removed due to excessive head movement and EEG artifacts, and data
from 24 participants were included in the analysis. Next, the useless electrodes are deleted
for average re-reference and 0.1–40 Hz band-pass filtering. The sampling rate was reduced
to 250 Hz. The data were divided into 2 s segments, based on the previous literature on
resting-state EEG data analysis [36–39].

Using FieldTrip [40] for source localization and FC analysis, we chose the alpha band
of interest (8–14 Hz) for analysis. First, the “ft_freqanalysis” function was used to conduct
a fast Fourier transform based on the Hanning window, then the “ft_sourceanalysis”
function was used for source localization. The head model used the standard custom
boundary element method head volume conduction model in FieldTrip [41] and then used
partial canonical correlation/coherence as the beamformer method to calculate the spatial
filter [42]. Our input was the EEG signal of the remaining 30 electrodes and the output was
the reconstructed time course of 4050 dipoles, constructed for neural activity throughout
the cerebral cortex. We used an anatomical automatic labeling 90 template to divide the
brain into 90 brain regions [43], and then the “ft_connectivityanalysis” function to calculate
the phase locking value (PLV) of 90 brain regions; finally, we obtained a 24 × 90 × 90 FC
matrix.

Commonly used FC metrics for EEG include coherence, Pearson correlation coefficient,
phase lag index, and PLV. Because EEG recordings are susceptible to volume conduction
effects, they are susceptible to interference from sources at other sites when constructing
FC, and therefore pose problems for determining FC between signals using traditional
algorithms such as coherence and synchronization likelihood [44]. Among these metrics,
PLV reflects the phase-synchronous relationship between two signals, has the advantage of
being less computationally intensive and more applicable to non-stationary signals, and
is commonly used in functional brain connectivity analysis [45]. In view of this, PLV was
selected as an important indicator of phase synchronization in this study, by which the
degree of phase change between two signals is measured.

NBS software [46] was used to implement the nonparametric network-based statistic
method, which is commonly used in network analysis. In this study, NBS v1.2 was used
to perform paired sample t-tests for the difference between the 24 × 90 × 90 FC matrix in
both baseline and 36-h TSD conditions with a significance level of 0.05; the nonparametric
network-based statistic method was chosen for multiple correction.

2.4.4. Correlation Analysis

To further explore the relationship between FC changes and EEG component ampli-
tude changes, Pearson correlation analysis was performed using SPSS v26.0 for significantly
different PLV changes (TSD–baseline) and amplitude changes of NoGo-N2 and NoGo-P3
(TSD–baseline).
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3. Results
3.1. Behavioral Performance

The means, standard deviations and t-test results of the hit rates and reaction times
of Go stimuli and the false alarms of NoGo stimuli at baseline and 36-h TSD are shown in
Table 1. The effects of sleep conditions (baseline and 36-h TSD) on behavioral indicators
are shown in Figure 3. The results of paired sample t-tests showed that compared with
baseline, reaction times to Go stimuli after 36-h TSD significantly increased (t = −2.412,
p < 0.05, Cohen’s d = 0.482), hit rates of Go stimuli significantly decreased (t = 3.158, p < 0.01,
Cohen’s d = 0.632), and false alarms for NoGo stimuli significantly increased (t = −4.187,
p < 0.001, Cohen’s d = 0.837).

Table 1. Means and standard deviations of reaction times (RT) and hit rates in Go trials and false
alarms (FA) in NoGo trials at baseline and 36-h total sleep deprivation (TSD) and t-test results.

Behavioral Variables Baseline 36 h-TSD t p

Go-RT (ms) 347.83 ± 55.55 377.13 ± 75.95 −2.412 * 0.0240
Go-Hit Rates (%) 0.968 ± 0.041 0.919 ± 0.091 3.158 ** 0.0040

NoGo-FA (%) 0.125 ± 0.085 0.220 ± 0.124 −4.187 *** 0.0003
*: p < 0.05; **: p < 0.01; ***: p < 0.001.
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Figure 3. The differences in reaction times (RT) and hit rates in Go trials and false alarms (FA) in
NoGo trials at baseline and 36-h total sleep deprivation (TSD). (A): Go-RTs: Go stimulus reaction
times at baseline and 36-h TSD; (B): Go-Hit Rates: Go stimulus hit rates at baseline and 36-h TSD;
(C): NoGo-FA: NoGo stimulation false alarms at baseline and 36-h TSD. Error bars represent standard
deviation. *: p < 0.05, **: p < 0.01, ***: p < 0.001.

3.2. ERP Results

The means and standard deviations of NoGo-N2 and NoGo-P3 amplitudes and la-
tencies during TSD are shown in Table 2. The waveforms of NoGo stimulation and the
topographic maps of NoGo-N2 (200–300 ms) and NoGo-P3 (350–450 ms) are shown in
Figure 4.

3.2.1. NoGo-N2

Paired sample t-tests were performed on the amplitude and latency of NoGo-N2. The
results showed that compared with the baseline, NoGo-N2 showed a larger negative peak
and a longer latency after 36-h TSD (t = 4.850, p < 0.001, Cohen’s d = 0.970; t = −3.178,
p < 0.01, Cohen’s d = 0.636).
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Table 2. Amplitude and latency (mean ± standard deviation) of NoGo-N2 and NoGo-P3 at baseline
and 36-h total sleep deprivation (TSD) and t-test results.

Baseline 36 h-TSD t p

NoGo-N2
Amplitude

(µV) −2.03 ± 2.20 −3.15 ± 1.76 4.85 *** <0.001

Latency (ms) 257.28 ± 22.19 267.76 ± 21.72 −3.178 ** 0.004

NoGo-P3
Amplitude

(µV) 4.80 ± 2.25 2.84 ± 2.62 5.104 *** <0.001

Latency (ms) 386.48 ± 21.32 398.96 ± 27.10 −2.382 * 0.025
*: p < 0.05; **: p < 0.01; ***: p < 0.001.
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Figure 4. Event-related potential (ERP) and topographic maps of NoGo-N2 (200–300 ms) and NoGo-
P3 (350–450 ms) at baseline and 36-h total sleep deprivation (TSD). ERP was calculated by averaging
the data at Fz, F3, F4, FCz, FC3, and FC4 electrodes. The red and blue curves represent the ERP for
the baseline and 36-h TSD conditions, respectively; the shaded area around each line represents the
standard deviation of the signal divided by the square root of the number of channels.

3.2.2. NoGo-P3

Paired sample t-tests showed a significant decrease in NoGo-P3 amplitude and pro-
longed latency after 36-h TSD compared to baseline (t = 5.104, p < 0.001, Cohen’s d = 1.021;
t = −2.382, p < 0.05, Cohen’s d = 0.476).

3.3. Functional Connectivity Results

FC between 90 brain regions was tested for significance. The results showed that 101
brain regions were significantly related to FC in the high α band (11–14 Hz) (t = 2.500,
p = 0.030). No significant FC was found in the 8–11 Hz (p > 0.05). The results are shown in
Figure 5 (See Supplementary Materials for details). Brainnet Viewer v1.63 [47] and Circos
v0.69–6 [48] were used to visualize the results.
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Figure 5. Whole brain functional connectivity results. The squares represent 90 brain regions. The
yellow squares represent sensorimotor networks, the green squares represent default mode networks,
the purple squares represent attention networks, the pink squares represent subcortical networks,
and the blue squares represent visual networks. The connection is a significant functional connection.

3.4. Correlation Results

The correlation results showed that ∆N2 amplitude (TSD–baseline) was significantly
negatively correlated with ∆PLV (TSD–baseline) of the right orbital middle frontal gyrus
and the right deltoid inferior frontal gyrus (IFGtriang.R; r = −0.409, p = 0.047), IFGtriang.R
and the left gyrus rectus (r = −0.434, p = 0.034), the left posterior cingulate gyrus (PCG.L)
and the left parahippocampal gyrus (r = −0.503, p = 0.012), left middle occipital gyrus
(MOG.L) and right inferior occipital gyrus (IOG.R) (r = −0.483, p = 0.017), PCG.L and right
fusiform gyrus (FFG.R) (r = −0.471, p = 0.020), left cuneus (CUN.L) and FFG.R (r = −0.458,
p = 0.024), PCG.L and right postcentral gyrus (r = −0.436, p = 0.033), PCG.L and right
inferior temporal gyrus (r = −0.498, p = 0.013).

∆P3 amplitude (TSD–baseline) was significantly positively correlated with ∆PLV (TSD–
baseline) of the right cuneus and right calcarine fissure and surrounding cortex (r = 0.443,
p = 0.030), CUN.L and right lingual gyrus (r = 0.415, p = 0.044), CUN.L and IOG.R (r = 0.443,
p = 0.003), MOG.L and IOG.R (r = 0.432, p = 0.035), and left inferior occipital gyrus and
IOG.R (r = 0.548, p = 0.006). The FC of brain regions that correlated significantly with ∆N2
and ∆P3 amplitudes are shown in Figures 6–8, showing the results of significant correlation
between ∆FC and ∆N2 amplitudes, and ∆FC and ∆P3 amplitudes, respectively.
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Figure 6. Results of functional connectivity of brain regions with significant correlation to N2
and P3 amplitude changes. (A): Single view: Sagittal; (B): Single view: Axial; (C): Single view:
Coronal. Yellow is sensorimotor network, green is default mode network, purple is attention network,
pink is subcortical network, and blue is visual network. ORBmid.R: right orbital middle frontal
gyrus; IFGtriang.R: right triangle inferior frontal gyrus; REC.L: left gyrus rectus; PCG.L: left posterior
cingulate gyrus; PHG.L: left parahippocampal gyrus; MOG.L: left middle occipital gyrus; IOG.R: right
inferior occipital gyrus; FFG.R: right fusiform gyrus; CUN.L: left cuneus; PoCG.R: right postcentral
gyrus; ITG.R: right inferior temporal gyrus; CUN.R: right cuneus; CAL.R: right calcarine fissure
surrounding cortex; LING.R: right lingual gyrus; IOG.L: left inferior occipital gyrus.
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Figure 7. Significant correlation between functional connectivity (FC) changes and N2 amplitude
changes. ORBmid.R: right orbital middle frontal gyrus; IFGtriang.R: right triangle inferior frontal
gyrus; REC.L: left gyrus rectus; PCG.L: left posterior cingulate gyrus; PHG.L: left parahippocampal
gyrus; MOG.L: left middle occipital gyrus; IOG.R: right inferior occipital gyrus; FFG.R: right fusiform
gyrus; CUN.L: left cuneus; PoCG.R: right postcentral gyrus; ITG.R: right inferior temporal gyrus.
(A): Correlation between ∆FC of ORBmid.R and IFGtriang.R and ∆N2 amplitude; (B): Correlation
between ∆FC of IFGtriang.R and REC.L and ∆N2 amplitude; (C): Correlation between ∆FC of PCG.L
and PHG.L and ∆N2 amplitude; (D): Correlation between ∆FC of MOG.L and IOG.R and ∆N2
amplitude; (E): Correlation between ∆FC of PCG.L and FFG.R and ∆N2 amplitude; (F): Correlation
between ∆FC of CUN.L and FFG.R and ∆N2 amplitude; (G): Correlation between ∆FC of PCG.L and
PoCG.R and ∆N2 amplitude; (H): Correlation between ∆FC of PCG.L and ITG.R and ∆N2 amplitude.
*: p < 0.05.
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Figure 8. Significant correlation between functional connectivity (FC) changes and P3 amplitude
changes. MOG.L: left middle occipital gyrus; IOG.R: right inferior occipital gyrus; CUN.L: left cuneus;
CUN.R: right cuneus; CAL.R: right calcarine fissure surrounding cortex; LING.R: right lingual gyrus;
IOG.L: left inferior occipital gyrus. (A): Correlation between ∆FC of CUN.R and CAL.R and ∆P3
amplitude; (B): Correlation between ∆FC of CUN.L and LING.R and ∆P3 amplitude; (C): Correlation
between ∆FC of CUN.L and IOG.R and ∆P3 amplitude; (D): Correlation between ∆FC of MOG.L and
IOG.R and ∆P3 amplitude; (E): Correlation between ∆FC of IOG.L and IOG.R and ∆P3 amplitude.
*: p < 0.05; **: p < 0.01.

4. Discussion

In this study, the visual GNG task was used to explore the effect of 36-h TSD on
inhibitory control and its neuroelectrophysiological mechanism through ERP and FC
analysis methods. These effects were manifested as behavioral indicators (reaction times
and hit rates for Go stimuli, false alarms for NoGo stimuli), amplitude and latency of
NoGo-N2 and NoGo-P3, and changes in the FC of brain regions. Previous studies have
shown that biological rhythms can have important effects on cognitive function [49]; we
chose to avoid biological lows and measured participants’ behavioral indicators and EEG
data at 08:00 and 20:00. The results showed that, participants had impaired inhibitory
control after 36-h TSD, with a significant increase in response times to Go stimuli and false
alarms for NoGo stimuli, and a significant decrease in hit rates for Go stimuli. The ERP
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and FC results showed that the amplitudes of NoGo-N2 and NoGo-P3 separated, and the
FC of the DMN and the visual network decreased significantly after TSD.

Behavioral results suggest that 36-h TSD resulted in participants becoming more
impulsive and experiencing greater difficulty inhibiting inappropriate responses due to
lack of sleep [50]; their inhibitory control was impaired. In this study, ERP technology
was used to further explore the neuroelectrophysiological mechanism of the effect of TSD
on inhibitory control. The results with respect to NoGo-P3 were consistent with previous
studies [15,18]. Compared with the baseline, participants’ NoGo-P3 amplitude after 36-h
TSD was significantly reduced, the latency was prolonged, and the energy in the central
frontal region was reduced (Figure 4). A study by Gosselin (2019) [16] using an auditory
GNG task found a significant reduction in NoGo-P3 amplitude after 24- and 36-h TSD.
In addition, the results of a meta-analysis showed that sleep restriction can have a more
significant negative effect on behavioral inhibition [51]. Most researchers believe that
NoGo-P3 represents the time required for the inhibition of actual motor responses and
the classification and evaluation of stimuli. It may be related to the completion of the
psychological process [52], and it is usually used as an indicator of response inhibition. In
our study, compared with the baseline, the significant decrease of NoGo-P3 amplitude and
the significant prolongation of latency after 36-h TSD reflected that participants’ decision-
making process gradually became more uncertain during TSD, and the late task-related
advanced cognitive processing process was damaged to a certain extent after TSD; that is,
TSD significantly reduced participants’ ability to classify and evaluate stimuli.

While the results of NoGo-P3 were similar to previous studies, the situation is more
complicated with respect to NoGo-N2, about which previous studies have found mixed
results: some found a decrease in NoGo-N2 amplitude and prolonged latency after
TSD [15,20], while others found no changes [17,18]. Fueggle (2018) [53] conducted a study
of 60 young adults over 7 days of sleep monitoring and did not find significant differences
in N2 amplitude and latency between the longer and shorter sleep groups. A study by
Kusztor (2019) [21] used the stop-signal paradigm to separate the different processes of
task execution and found that TSD led to impaired top-down cognitive control in the late
stages, but had insignificant effects on early automatic control. Yang et al., (2018) [25]
showed that FC in the posterior cingulate gyrus, precuneus, inferior parietal lobule, and
dorsomedial prefrontal cortex was reduced during fatigue, whereas FC in sensory inte-
gration and arousal regulation areas was enhanced; this may represent the possibility that
the brain enhances perceptual activity and attenuates higher cognitive processing activity
to achieve functional balance after TSD. NoGo-N2 typically reflects early monitoring of
conflict and the allocation of attentional resources, indicating pre-motor inhibition pro-
cesses [11]. The present study found a significant increase in the negative amplitude of
NoGo-N2 after 36-h TSD, with a prolonged latency and increased energy in the central
frontal region (Figure 4). This result is not entirely consistent with our hypothesis. The
alertness hypothesis suggests that only individuals with a certain level of alertness are able
to excel in subsequent tasks [54]. We speculate that the significant increase in the negative
amplitude may represent an increase in the degree of sleepiness of the participants after
36 h of TSD compared to the baseline. Therefore, more sustained attention and vigilance
may be required to focus on the current task, so as to ensure smooth progress, and the brain
also enhances perceptual activity. The increased energy in the center of the forehead also
suggests that participants invested more attention and cognitive resources in completing
tasks after TSD.

This study found that FC between brain networks was significantly reduced after
36-h TSD in the high alpha band; FC between the DMN and the visual network was
especially greatly affected after TSD. Further, this study did not identify significant FC
changes in the low alpha band. Some studies have suggested that high alpha activity may
indicate inhibited task-irrelevant brain areas or an overall reduction in brain activity [55,56].
We speculate the reason for this result to be the reduced FC between resting-state brain
networks, primarily in the high alpha band after TSD. Some studies have shown that FC
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within the DMN is significantly reduced and compromised after TSD [24]. Kaufmann
(2015) [57] found that TSD dynamically altered the connectivity of the dorsal attention
network, DMN, and the hippocampal network. This study found that FC within the visual
network and between the DMN and the visual network was significantly reduced after
TSD, which may indicate that after 36-h TSD, the early automatic attention and alertness of
the participants were impaired to some extent and the spontaneous activity of the DMN
brain region was impaired [58].

In this study, the significant FC results were correlated with the amplitude changes
of N2. The results showed that the amplitude changes of N2 were significantly nega-
tively correlated with the FC changes of posterior cingulate gyrus and parahippocampal
gyrus, fusiform gyrus, postcentral gyrus, inferior temporal gyrus, inferior frontal gyrus
and middle frontal gyrus, rectus gyrus, middle occipital gyrus and inferior occipital gyrus,
cuneus, and fusiform gyrus. In the DMN, the cingulate cortex is the backbone of the brain
network involved in cognitive processes such as sleep and executive control [59–61]. In
addition, the posterior cingulate gyrus is widely considered to be the central node of the
network [62] and has particularly strong FC between DMN regions. A study by Coito
(2019) [63] suggests that the posterior cingulate gyrus is the main driver of spontaneous
brain activity. Previous studies have shown that the hippocampus contributes to conflict
resolution and control of behavioral inhibition and is specifically sensitive to sleep depri-
vation [64]; the right inferior frontal gyrus also plays a key role in cognitive control and
is specifically involved in inhibiting [65–67]; the inferior temporal gyrus is also closely
related to visual information processing and is responsible for the early processing of
a wide range of perceptual information; and the fusiform gyrus is positively activated
in cognitive behaviors such as object recognition, facial recognition, limb and character
recognition. The postcentral cortex is the primary somatosensory area of the brain, which is
responsible for processing of within-the-body perceptual information. The occipital visual
cortex is mainly responsible for visual information collection, processing and conversion.
Bosch’s (2013) [68] fMRI study showed that TSD reduced the resting-state FC between the
posterior cingulate gyrus and bilateral anterior cingulate cortex in patients with depression.
Dai (2015) [58] found that, compared with normal sleep, the resting-state FC of the right
inferior parietal lobule and the left precuneus and posterior cingulate cortex decreased
after TSD, and the resting-state FC of the left fusiform gyrus and inferior temporal gyrus
increased. Therefore, we speculate that the decrease in FC may represent a decrease in
visual information processing and processing functions after 36-h TSD, and the impairment
of the DMN. There was a significant negative correlation between the amplitude change of
N2 and the change of FC. That is to say, as sleep deprivation advanced, the N2 amplitude
gradually increased while the FC changes gradually decreased, which may indicate that
although the connection between the visual and default mode networks was damaged after
sleep deprivation, the brain may attempt to mitigate this damage to provide participants
with more attention to and recognition of task information, so as to ensure that participants
can carry out tasks smoothly and perform appropriately.

In addition, this study also analyzed the correlation between significant FC results
and P3 amplitude changes. The results showed that the amplitude changes of P3 were
significantly positively correlated with the FC changes of the cuneus and calcarine cortex,
lingual gyrus, suboccipital gyrus, middle occipital gyrus, and suboccipital gyrus. The
cuneus is an important brain region for higher visual cortex, visual information processing,
spatial orientation, somatosensory integration, and self-awareness [69]. The cortex around
the talus fissure, the lingual gyrus and the inferior occipital gyrus are all located in the
occipital lobe, of which the function is to perceive and process visual information and
participate in the complex visual perception process. Kong (2011) [70] showed that TSD
reduced visual processing capacity and activation of the cingulate gyrus region. In addition,
Zhao (2018) [71] found that brain activation in visual-related areas (occipital cortex, lingual
gyrus, and cingulate gyrus) was reduced after TSD. These findings suggest that TSD has
the potential to impair visual processing abilities. The present study found that FC between
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the cuneate and occipital regions (calcarine fissure and surrounding cortex, lingual gyrus,
and inferior occipital gyrus) was significantly reduced after sleep deprivation and was
significantly and positively correlated with P3 amplitude change. In other words, during
sleep deprivation, the amplitude of P3 decreased gradually, and the functional connection
between the cuneus and occipital lobe also decreased, which may represent the impairment
of participants’ advanced visual information processing ability, which in turn reduced their
ability to classify and evaluate stimuli, resulting in the decrease of individuals’ inhibitory
control ability when completing tasks.

Although our study has made contributions to the literature, it presents some limita-
tions. First, no female participants were recruited to mitigate any effect of sex differences,
so there may be limitations in generalizing the findings to different populations. Second,
circadian factors have also been shown to affect FC outcomes [72], so the results may
include the effect of circadian rhythms. Third, the current study examined only the alpha
band’s resting-state EEG changes, while changes in other frequency bands were not taken
into account. Future studies could incorporate fMRI techniques to provide more insight
into the neurophysiological mechanisms underlying the effects of sleep deprivation on
inhibitory control.

5. Conclusions

This study used the visual GNG task to explore the effect of 36 h sleep deprivation
on inhibitory control from the perspective of neuroelectrophysiology and brain networks.
Participants may have invested more attention and cognitive resources after 36-h TSD,
while advanced cognitive processing, the DMN, and visual information processing were
impaired to some extent, explaining the observed changes in ERP components.
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