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Sleep deprivation decreases an individual's cognitive function. When cognitive impairment reaches a certain level,
human errors occur and may even result in accidents. Previous research has shown that sensory gating is a basic
mechanism in cognitive function, but only limited studies have so far reported how it is affected by sleep
deprivation. This study aimed to analyze the effects of sleep deprivation on sensory gating and its cognitive and
neural mechanisms. Thirty-six healthy subjects participated in our study. The resting-state, auditory P50-task
electroencephalography (EEG) recordings and the psychomotor vigilance task (PVT) were performed at resting
wakefulness (RW) and after 36 h of total sleep deprivation (TSD). Changes in P50 suppression before and after
sleep deprivation were recorded, and the isolated effective coherence (iCoh) was employed for analyzing effective
connectivity based on EEG data during the resting-state and P50 tasks. Subjects demonstrated reduced P50
suppression and prolonged PVT reaction time after TSD compared with RW. Effective connectivity analysis of
resting-state EEG data showed that sleep deprivation decreased the connectivity from the right middle occipital
gyrus (RMOG)/Rcuneus to left inferior/middle temporal gyrus (LITG/LMTG) and left parahippocampal/fusiform
gyrus (LPH/LFG). EEG data analysis during the P50 task showed that, in addition to the aforementioned con-
nectivity changes, the directed high-frequency effective connectivity from the left precuneus to the left superior/
middle frontal gyrus (LSFG/LMFG), LITG/LMTG, LPH/LFG, and left middle occipital gyrus (LMOG)/Lcuneus
increased. P50 suppression in Cz positively correlated with PVT reaction time. This study reveals that the pre-
cuneus is a key brain region in neural network correlates of sensory gating, and that changes in its effective
connectivity with other regions (including LSFG/LMFG, LPH/LFG, LMOG/LCuneus, and LITG/LMTG) are
important for decreasing sensory gating after TSD.

1. Introduction constitutes a fundamental cognitive mechanism for attention and is

important for memory, reasoning, and other higher cognitive functions,

Sensory gating is a basic cognitive function, mainly characterized by
reduced evoked responses to repeated stimulation (Boutros and Belger,
1999; Freedman et al., 1996; Ringel et al., 2004). This automatic
mechanism can protect higher-level cognitive networks from sensory
information overload (Adler et al., 1982; Freedman et al., 1983). It

as it enables an individual to focus his/her attention on oddball stimuli,
thereby saving attention resources (Morales-Munoz et al., 2016).

The most common measuring methods for sensory gating include the
two event-related potentials (ERPs) in electroencephalography (EEG):
P50 (Bramon et al., 2004; Clementz et al., 1997; Nagamoto et al., 1989)

Abbreviations: EEG, electroencephalography; RW, resting wakefulness; TSD, total sleep deprivation; iCoh, isolated effective coherence; MOG, middle occipital
gyrus; ITG/MTG, inferior/middle temporal gyrus; PH/FG, parahippocampal/fusiform gyrus; SFG/MFG, superior/middle frontal gyrus; ERPs, event-related potentials;
PPI, prepulse inhibition; EOG, electrooculogram; eLORETA, low-resolution electromagnetic tomography.
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and prepulse inhibition (PPI) (Petrovsky, 2014). P50 suppression is
measured during the period when two identical auditory stimuli are
presented. Sensory gating is defined as the reduction in ERP amplitude
between the P50 produced by the first and that produced by the second
stimulus (Anokhin et al., 2007). Hamilton et al. (2018) found that P50 is
closely associated with working memory and the speed of information
processing, which are often measured by the psychomotor vigilance task
(PVT) (Price et al., 2017). PPI is calculated as the percentage decrement
in the startle amplitude in the presence versus absence of a prepulse
stimulus, i.e., 100 [prepulse amplitude/pulse amplitude]*100
(Morales-Munoz et al., 2016). Functional magnetic resonance imaging
studies have shown that brain regions associated with sensory gating are
mainly concentrated in the frontal, temporal, and occipital lobes (Bak
et al., 2011; Mayer et al., 2009).

Sleep deprivation is a phenomenon that many modern people expe-
rience. Many studies have shown that sleep deprivation causes a signif-
icant decline in cognitive function, including deficits in attention,
working memory, and decision-making (Choo et al., 2005; Havekes et al.,
2016; Lim and Dinges, 2010). Moreover, sleep deprivation significantly
reduces the N2 and P3 amplitudes of ERPs but increases their latencies,
suggesting significant impairments in the brain's alerting function (Cote
et al., 2008; Jin et al., 2015). Recently, a study demonstrated that one
night of sleep deprivation leads to decreased effective connectivity from
the posterior to the anterior cingulate gyrus, indicating that sleep
deprivation disrupts this directed information flow (Piantoni et al.,
2013). In addition, sleep deprivation also causes significant changes in
brain network connectivity (Verweij et al., 2014).

Sleep deprivation reduces sensory gating, which is important for
filtering out irrelevant information, rationally distributing cognitive re-
sources, and basic cognitive functioning (Monica et al., 2006). Many
studies have shown that P50 occurs before attention, is not affected by
attention regulation (Braff and Light, 2004; Boutros et al., 2004; Jerger
et al., 1992), and is the basis of alerting function. Several studies have
shown that sensory gating deficits due to sleep deprivation are similar to
those of schizophrenia (de Gelder et al., 2003; Petrovsky et al., 2014;
Ross et al., 2007). In schizophrenia, researchers found that the temporal
and prefrontal lobes were connected intimately with sensory gating
functions (Tregellas et al., 2007). This suggests that changes in network
connectivity are intimately associated with impairments in behavioral
responses. Although sensory gating is significantly impaired by PPI after
sleep deprivation (Petrovsky et al., 2014; Gumenyuk et al., 2013), only
one study has explored P50 suppression changes and found that it de-
creases after TSD, compared with RW (Wu et al., 2013).

An essential characteristic of the healthy brain is the efficient
communication between distant cortical areas, which is necessary for
proper cognitive functioning (Deco and Corbetta, 2011; Deco et al.,
2011). Functional connectivity indicates the long-distance communica-
tion by depicting the degree of correlation between region-specific ac-
tivity (Deco et al., 2011). Converging evidence indicates that functional
connectivity fluctuations have neurobehavioral significance (Chang
et al., 2016; Rosenberg et al., 2016), particularly in relation to shifts in
attention or arousal, including falling asleep (Chang et al., 2016; Wang
etal., 2016). In the past, EEG could not reflect the functional connectivity
among brain regions, thus making cognitive and neural mechanisms hard
to explain. In recent years, functional connectivity methods, such as
Granger causality, orthogonalized partial directed coherence, dynamic
causal modeling, and isolated effective coherence (iCoh) have attracted
the attention of several researchers. Currently, iCoh is the main method
used for analyzing spectral information of effective connectivity, as it
allows the in-depth analysis of the directionality of effective connectivity
among brain regions of interest, assessment of whether connectivity is
direct or indirect, and investigation of its spectral characteristics (Pas-
cual-Marqui et al., 2014a).

In this study, we employed iCoh to analyze changes in effective
connectivity among brain regions associated with sensory gating before
and after sleep deprivation, in order to examine the neural mechanisms
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of sensory gating deficits after sleep deprivation. We hypothesized that
(1) sleep deprivation would result in reduced sensory gating, which
would be correlated with the decreased RT of the PVT task; and (2) that a
significant decrease in effective connectivity associated with sensory
gating would occur after sleep deprivation. We recorded resting-state and
P50 task EEGs under resting wakefulness (RW) and after 36 h of total
sleep deprivation (TSD) and compared the changes in P50 marker.

2. Materials and methods
2.1. Subjects

Thirty-six healthy male adult volunteers participated in the current
study. All subjects (age range 22-29 years, mean age = 25 + 3.5 years)
were right-handed, had a normal or corrected-to-normal vision, and
normal hearing. A doctor confirmed that subjects had no psychiatric
disorder. They all had good sleeping habits, slept 7-9h a day, and no
subject reported a history of insomnia.

This study was conducted according to the principles of the 1964
Declaration of Helsinki and obtained approval by the ethics committee of
the Beihang University and Chinese People's Liberation Army Naval
General Hospital. Before formal testing, subjects fully understood the
test's content and rules and provided written informed consent. All sub-
jects were given a monetary ($510) reward after the test.

2.2. PVT

We chose the PVT to test subjects' alertness level. Red dots (diameter
= 3 cm, viewing angle 1.5 x 1.5°) were displayed in the center of a white
background on an LCD screen (1024 x 768; refresh rate 60 Hz). At the
beginning of each trial, subjects looked at the '+' focus in the center of the
screen for 400 ms. After that, the red dots appeared in the center of the
screen, and the red dot disappeared immediately after the subject
responded. The red dots lasted for 1000 ms at most. The interval between
trials was 8-12 s (mean = 10 s, pseudo-random change of stimulus in-
terval). Subjects were asked to respond as soon as possible after the
stimulus appeared, but no early response was allowed. Participants
completed 30 trials of the PVT. When the RT was > 100 ms, a response
was defined as a valid PVT response. Errors included false alarm (RT <
100 ms), lapses (>1000 ms), and pressing the wrong button.

2.3. Resting-state and P50-task EEG

The experiments were conducted in a sound-proof and electromag-
netically shielded room. The subject was seated comfortably in the room.
First, a 3-min resting-state EEG acquisition task was completed under a
resting wakeful state. During the acquisition process, the subject was
asked to keep his eyes open. Next, the subject completed the P50 task,
while EEG was recorded. The P50 task was carried out using foam-tipped
earphones that presented auditory stimuli. The subject passively listened
to a pair of pure-tone stimuli, which were recorded as stimulus 1 (S1) and
S2, with both ears. The two stimuli lasted for 5 ms, with an inter-stimulus
interval of 500 ms, a sound pressure level of 80 dB, and a frequency of
500 Hz. During the experiment, subjects were not required to respond to
the auditory stimuli. Each trial comprised of a pair of auditory stimuli,
and the P50 task comprised 30 trials. The interval between S2 and S1 of
the next trial was 10 s. A visual fixation cross “+” (visual angle = 2.8°)
was present during the entire experimental process, to minimize eye
movements.

2.4. EEG recording

EEG data were recorded during the resting-state and P50 tasks. EEG
acquisition was carried out using the 10-20 standard system. The 32-
channel Quik-Cap was used for continuous recording of EEG data. The
SynAmps2 amplifier (Neuroscan Products), including a 0.01-100-Hz
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band filter and 50-Hz notch filter, was used for sampling at 1000 Hz. The
impedance was kept below 5 kQ for all electrodes during the experiment.
A bilateral mastoid was used as a reference electrode. Horizontal elec-
trooculogram (EOG) was recorded at the outer corner of the eyes and
vertical EOG at the upper and lower corner of the right eye.

2.5. Procedure

On the day before the test, the subjects completed a hearing test to
verify that their hearing was within the normal range. Subjects who
passed the test were informed of the experimental content and rules.
Then, subjects were instructed to obtain approximately 8 h of sleep. At
the beginning of the formal experiment, at 8:00 in the morning, subjects
completed the two tasks (resting state and P50) in an order. Thirty-six
hours after the initial testing, subjects repeated the two tasks in the
same order (Fig. 1). Importantly, over the 36-h period between the first
and second test, subjects were monitored continuously and were not
allowed to sleep. During the experiment, subjects were always accom-
panied by the experimenters, who made sure the subject did not fall
asleep during the sleep deprivation paradigm by using an inquiry before
and a retrospective verbal report after each session. Subjects were only
allowed to perform nonstrenuous activities, such as conversing, reading,
and working on a computer. Moreover, subjects were not permitted to
smoke, or drink coffee, chocolate, and alcohol.

2.6. Data analysis

2.6.1. EEG and ERP data processing

The raw EEG data of the resting-state and P50 tasks were analyzed
offline using Scan 4.5 (Neuroscan Products). The reference electrode was
converted from a bilateral mastoid to a common average reference. Next,
eye movement artifacts in the EEG were corrected using time-domain
regression analysis (Kenemans et al., 1991). Artifacts in electromyo-
gram were rejected using a voltage monitor, with parameters set to block
intervals ranging from —100 ms, pre-artifact, to 100 ms, post-artifact, and
the amplitude set between —100 and 100 pV. After raw data artifact
reduction, a 0.5-40-Hz band-pass filter was used to filter the data. The
frequency slope of the filter was 24 dB/oct. EEG data from six subjects
were excluded from further analysis due to an insufficient number of
acceptable trials on the 36-h TSD, after excluding trials contaminated
with EEG artifacts.

For the P50 task, stimuli-locked epochs with a length of 500 ms,
including 100 ms before the onset of the stimuli, were used. Stimuli-
locked amplitude averages were computed separately for each partici-
pant and each auditory stimulus. Then, stimuli-locked ERPs were base-
line corrected for the interval of —100 to 0 ms prior to the stimuli. The
ERP-component P50 was defined as the max positive peak occurring at
30-100 ms after the stimulus. P50 peaks were extracted at channel Cz.

2.6.2. Effective connectivity extraction

As scalp signals themselves cannot be used to study cortical connec-
tions, we used low-resolution electromagnetic tomography (eLORETA)
(Pascual -Marqui, 2007; Pascual-Marqui et al., 2011) to generate
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estimated cortical signals, to calculate the strength of connections. We
chose eLORETA, because it can accurately estimate neuronal current
density, effectively reduce the effects of volume conduction, and is
verified by many experiments (Pascual-Marqui et al., 2014b). It has been
shown that eLORETA is an effective tool for functional mapping, because
it is consistent with physiology, can provide correct locations (Pascual--
Marqui, 2002), and reproduces the independent verification of locali-
zation properties (Wagner et al., 2004). In addition, previous studies
have shown that eLORETA can be used to precisely locate deep brain
structures, such as the subgenual anterior cingulate cortex (Pizzagalli
et al., 2004) and medial temporal lobe (Zumsteg et al., 2006a, b, Pas-
cual-Marqui et al., 2014b, Ridder et al., 2015). Another study showed
that despite the small number of electrodes (e.g., 19) that are used in
eLORETA to estimate signals and the relatively high levels of biological
and measurement noise damage, from a qualitative point of view, good
results can still be obtained (Pascual-Marqui et al., 2014b). Following
that, we employed iCoh to quantify the intensity and direction of effec-
tive connectivity (Pascual-Marqui et al., 2014a), as an effective measure
to correctly assess direct connections that causally transmit oscillatory
information between nodes, under the assumption of a multivariate
autoregressive model. iCoh was calculated by formula (1).

o )i (A,
i—j@) =
A@),[* + [5);'

sy

(€Y

[A(o)],

where, o is the frequency, whichis 0,1 ...Nr — 1; kij(@) is the iCoh value
from the jth to the ith brain region (range of 0-1); A(»)|A(w)]; is the
discrete Fourier transform matrix with a causal relationship with regions
j and i; and s, is the covariance matrix.

In both RW and TSD conditions, the same estimated multivariate
autoregressive model of p = 7 order was used to estimate iCoh values for
the regions of interest.

We confirmed the cortical points associated with sensory gating by
referring to brain regions associated with the P50 sensory gating function
(Mayer et al., 2009) (Table 1). The electrical activity from eight cortical
points was entered into the forward equation that was solved using EEG
signals from 30 cortical electrodes. In order to calculate iCoh, EEG data
were loaded into an inverse solver (i.e. the solution space composed of
6239 cortical gray matter voxels at 5-mm spatial resolution in eLORETA)
to generate estimated cortical signals. iCoh analysis was further con-
ducted using the following six frequency segments: delta (0.5-4 Hz),
theta (4-7 Hz), alpha (8-13 Hz), betal (14-20 Hz), beta2 (20-30 Hz),
and gamma (30-40 Hz).

2.6.3. Statistical analyses

Before and after sleep deprivation, we computed (TSD - RW) the PVT
reaction time, P50 suppression (S1-S2 amplitude), and connectivity
strength suppression (S1 (iCoh)-S2 (iCoh)) and used paired t-tests to
compare the differences between conditions (RW and TSD). The number
of errors on the PVT task, before and after TSD, were compared using the
Wilcoxon test. Differences were considered significant at a probability of
0.05. We calculated the differences among P50-iCoh values before and

36h total sleep deprivation

Clock time 20 24 16

Continuous wakefulness (h)

Tasks: Resting-state;
P50;
PVT

- O =]

Tasks: Resting-state;
P50;
PVT

Fig. 1. Study protocol. Subjects underwent a 36-h period of total sleep deprivation. The black arrows indicate the time points of the resting-state and P50 tasks.
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Table 1
Talairach coordinates of the centroid voxel for the frontal, temporal, parietal, and
occipital.
Regions of Structure Brodmann Side X Y z
interest area
Frontal Superior and middle 10/11 R 22 52 -10
lobe frontal gyrus
Frontal Superior and middle ~ 9/46 L -39 37 26
lobe frontal gyrus
Temporal Inferior and middle 37 L -50 -63 5
lobe temporal gyrus
Temporal Parahippocampal 19/37 L -26 -50 -8
lobe and fusiform gyrus
Temporal Parahippocampal 19/37 R 29 -53 -3
lobe and fusiform gyrus
Parietal Precuneus 7 L -25 —45 41
lobe
Occipital Middle occipital 18/37 L —28 -85 13
lobe gyrus, cuneus
Occipital Middle occipital 18/37 R 29 -80 11
lobe gyrus, cuneus

NOTE: Side refers to the hemisphere showing activation, where L =1left, and
R =right hemisphere. X, Y, Z refer to Talairach coordinates from the center of

mass.

after TSD. For connectivity analyses, we employed the multiple-
comparisons correction procedure implemented in the LORETA statisti-
cal package, a nonparametric permutation test based on voxel intensity
(Nichols and Holmes, 2001). We also performed Pearson correlation
analysis of changes in PVT reaction time and P50 suppression, before and
after TSD.
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3. Results
3.1. PVT reaction time

There was significant difference in PVT reaction time and number of
errors between RW and TSD (t =7.685, p < 0.001; Table 2).

3.2. ERP-component P50 amplitude

The results for the grand average ERP waveforms for each condition
are shown in Fig. 2. P50 mean amplitudes and suppression differences
are presented in Table 3. P50 suppression was lower after TSD compared
with RW (t=2.793, p = 0.019; Table 3). P50 amplitude in response to S1
showed no difference between the two conditions (t=0.53, p = 0.606).
Although the magnitude of the S2 amplitude response was larger after
TSD compared with RW, the difference was not statistically significant
(p=0.25).

3.3. Effective connectivity during the P50 task

Statistical comparison of iCoh values of connectivity strength sup-
pression between the RW and TSD conditions was carried out for each
pair of regions of interest and for each connectivity direction. The grand
averages for the connectivity strength suppression for each condition are
shown in Fig. 3. Fig. 4 summarizes the main statistically significant re-
sults. In high frequency bands, we obtained significant results for the
connection from the precuneus to several regions, including the left

Table 3
P50 amplitude in channel Cz obtained under resting wakefulness (RW) or total

Table 2 sleep deprivation (TSD).
Changes in PVT parameters (mean + SEM).
RWMean (SEM)  TSDMean (SEM) T (paired t-test) P (paired t-test)
RW TSD T(Z) P
S1 1.25(0.18) 1.08 (0.27) 0.530 0.606
RT (ms) 333.84 +£6.27 383.66 + 9.54 7.685 <0.001 s2 1.12 (0.38) 1.83 (0.6) -1.187 0.250
Number of Errors 0.27 +£0.17 0.77 £0.22 2.054 0.04 S1- 1.63 (0.33) —0.59 (0.79) 2.793 0.019*
NOTE: PVT, psychomotor vigilance task; RW, resting wakefulness; TSD, total 52
sleep deprivation; RT, reaction time; SEM, Standard Error of Mean. NOTE: *, P < 0.05. SEM, Standard Error of Mean; S, stimulus.
0.9 094 gp
A bl B
061 -0.61
-0.34
-0.34
N . 00
= 0.0 = 0.34
0.34 0.6 Pio/'
0.9
06 J
09/ P50 12 Ps0—Y
40 20 0 20 40 60 80 100 T 4o 20 0 20 40 60 80 100
ms ms
C Resting wakefulness
4 ] Total Sleep deprivation
1 S2
5 S1
o
3 0
2
4 -
6 T T T T : T T T T T r T . T r T 3 T . \
-100 0 100 200 300 400 500 600 700 800 900
ms

Fig. 2. A. Grand average of P50 waveforms corresponding to S1 and S2 obtained under resting wakefulness (blue line) or total sleep deprivation (red line). B. Grand

average of S1-P50 waveforms. C. Grand average of S2-P50 waveforms.
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Fig. 3. Paired t-statistics comparing isolated effective coherence (iCoh) values after total sleep deprivation (TSD) and at resting wakefulness in the P50 task, in eight
regions of interest: left superior and middle frontal gyrus (LSFG/LMFG), right superior and middle frontal gyrus (RSFG/RMFG), left inferior and middle temporal gyrus
(LITG/LMTG), left parahippocampal and fusiform gyrus (LPH/LFG), right parahippocampal and fusiform gyrus (RPH/RFG), left precuneus (LPrecuneus), left middle
occipital gyrus and cuneus (LMOG/LCuneus), and right middle occipital gyrus and cuneus (RMOG/RCuneus). Frequency axis: 0.5-40 Hz. Corrected p = 0.05 at t-
threshold = 2; vertical axis, —3.5 to +3.5. Blue color denotes significantly stronger suppression of the connectivity strength during RW compared with TSD; red color
denotes significantly stronger suppression after TSD compared with RW. The three numbers in the figure represent the frequency (Hz) where significant results were
obtained: the beginning, the most significant oscillation represented by the superscript "*", and the end. Columns are “sender” regions (prefix “s”), and rows are

“receiver” regions (prefix “r”).

L

LSFG/LMFG
<

LPrecuneus ¥
LSFG/LMFG

LITG/LMTG

\
LITG/LMTG

op
LMOG/LCuneus

superior and middle frontal gyrus (LSFG/LMFG), left parahippocampal
and fusiform gyrus (LPH/LFG), left middle occipital gyrus and cuneus
(LMOG/LCuneus), and left inferior and middle temporal gyrus (LITG/
LMTG).

3.4. Correlations between changes in cortical connectivity and changes in
sensory gating

Table 4 shows the correlations between changes in cortical connec-
tivity and changes in sensory gating (see the last page). Changes in
effective connectivity from the LPC to the LSFG/LMFG, LPH/LFG,
LMOG/LCuneus, LITG/LMTG, and RMOG/RCuneus, and from the
RMOG/RCuneus to the LITG/LMTG and LPH/LFG significantly corre-
lated with changes in the SG in many channels, and frequency bands. All
significant correlations between changes in effective connectivity from
the LPC to the LPH/LFG, LMOG/LCuneus, LITG/LMTG, and RMOG/
RCuneus significantly negatively correlated with changes in the SG on
the gamma band.

LPrecuﬂeus

Fig. 4. Network properties comparison between
resting wakefulness and total sleep deprivation (TSD)
in the P50 task. Summary of the main statistically
,{ significant results. Blue color denotes significantly
| stronger suppression of the connectivity strength
during RW compared with TSD; red color denotes
significantly stronger suppression after TSD compared
with RW. High-frequency oscillations are sent from
the left precuneus to several regions, including the left
‘ ) superior and middle frontal gyrus (LSFG/LMFG), left
parahippocampal and fusiform gyrus (LPH/LFG), left
middle occipital gyrus and cuneus (LMOG/LCuneus),
and left inferior and middle temporal gyrus (LITG/
LMTG). right superior and middle frontal gyrus
(RSFG/RMFG); right parahippocampal and fusiform
gyrus (RPH/RFG); right middle occipital gyrus and
cuneus (RMOG/RCuneus). Frequency bands: §,
0.5-4Hz; 6, 4-7 Hz; o, 8-13Hz; p1, 14-20 Hz; 2,
20-30 Hz; v, 30-40 Hz.

RSFG/RMFG
[

)|

;lg’ﬁ/RFG

RMOCIRCuneus

3.5. Effective connectivity during the resting-state task

Fig. 5 shows the connections among the eight brain regions of interest
at 0.5-40 Hz. Fig. 6 shows a schematic summary of the main statistically
significant results. In the low-frequency band, the connections from the
right MOG/cuneus (RMOG/RCuneous) to the LITG/LMTG and LPH/LFG,
as well as the connection from the LPH/LFG to the RMOG/RCuneus were
statistically significant.

3.6. Correlation between changes in P50 suppression and in PVT reaction
time

The results from the Pearson correlation analysis between changes in
P50 measures and PVT performance are presented in Fig. 7 (r=0.618,
p=0.004).

4. Discussion

In this study, we analyzed and compared changes in auditory ERP-
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Table 4
Correlation between changes in cortical connectivity and changes in SG.
Connectivity Delta Theta Alpha Betal Beta2 Gamma
channel  r(p) channel  r(p) channel  r(p) channel  r(p) channel  r(p) channel  r(p)
LPC—LSFG/LMFG P3 0.387
(0.034)
LPC—LPH/LFG P7 0.606 F7 —0.365 F7 —0.391 T8 —0.444 F8 —0.458 T7 —0.409
(0.000) (0.048) (0.033) (0.014) (0.011) (0.025)
P3 0.452 P7 0.596 P7 0.521 T7 —0.364 C4 —0.399
(0.012) (0.001) (0.003) (0.048) (0.029)
o1 0.436 P3 0.429 T8 —0.453
(0.016) (0.018) (0.012)
o1 0.412
(0.024)
LPC—-LMOG/ FP2 —0.481 FP1 —0.378 pP7 0.416 T8 —0.397 C4 —0.509
LCuneus (0.007) (0.039) (0.022) (0.03) (0.004)
P7 0.417 FpP2 —0.425 P8 —0.374
(0.022) (0.019) (0.042)
T8 —0.367
(0.046)
P7 0.432
(0.017)
LPC—LITG/LMTG F7 —0.370 F7 —0.428 F7 —0.486 F7 —0.486 F8 —0.458 F8 —0.385
(0.044) (0.018) (0.006) (0.006) (0.011) (0.036)
P7 0.474 P7 0.502 P7 0.431 T7 —0.387 T7 —0.440
(0.008) (0.005) (0.017) (0.035) (0.015)
RMOG/ FpP2 0.377
RCuneus—LITG/ (0.040)
LMTG F3 0.391
(0.033)
F4 0.431
(0.017)
P7 —0.370
(0.044)
RMOG/ F3 0.389 P3 0.379 T8 —0.410 T8 —0.384 F7 0.389
RCuneus—LPH/ (0.034) (0.039) (0.025) (0.036) (0.034)
LFG
LPC—RMOG/ Fz 0.364 T8 —0.408
RCuneus (0.048) (0.025)

Note: r(p) is Correlation coefficients(probability); LPC, left Precuneus; LSFG/LMFG, left superior and middle frontal gyrus; LPH/LFG, left parahippocampal and fusiform
gyrus; LMOG/LCuneus, left middle occipital gyrus and cuneus; LITG/LMTG, left inferior and middle temporal gyrus; RMOG/RCuneus, right middle occipital gyrus and

cuneus.
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Fig. 5. Paired t-statistics comparing iCoh values after total sleep deprivation (TSD) and resting wakefulness in the resting-state task, in eight regions of interest: LSFG/
LMFG, left superior and middle frontal gyrus, RSFG/RMFG, right superior and middle frontal gyrus, LITG/LMTG, left inferior and middle temporal gyrus, LPH/LFG,
left parahippocampal and fusiform gyrus, RPH/RFG, right parahippocampal and fusiform gyrus, LMOG/LCuneus, left middle occipital gyrus and cuneus, RMOG/
RCuneus, right middle occipital gyrus and cuneus. Frequency axis: 0.5-40 Hz. Corrected p = 0.05 at t-threshold = 2; vertical axis, —3.5 to +3.5. Blue color denotes
stronger connectivity during RW compared with TSD; red color denotes stronger connectivity after TSD compared with RW. The three numbers in the figure represent
the frequency (Hz) where significant results were obtained: the beginning, the most significant oscillation represented by the superscript "*", and the end. Columns are
“sender” regions (prefix “s”), rows are “receiver” regions (prefix “r”).
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Fig. 7. Pearson correlation coefficient between P50 suppression and psycho-
motor vigilance task reaction time after total sleep deprivation (TSD) minus that
at resting wakefulness (RW) at channel Cz (r=0.618, p = 0.004).

component P50 amplitude values before and after sleep deprivation. We
found that sleep deprivation impairs sensory gating. Specifically, alter-
ations in P50 suppression positively correlated with changes in PVT re-
action time, while disturbances in the effective connectivity among brain
regions associated with the P50 task were found before and after TSD.
TSD decreased the connectivity from the RMOG/RCuneus to the LITG/
LMTG and LPH/FG, both during the resting-state and P50 tasks. More-
over, we found that the high-frequency oscillations from the precuneus to
other brain regions (LSFG/LMFG, LITG/LMTG, LPH/LFG, LMOG/LCu-
neus) were strengthened during the P50 than during the resting-state
task, indicating the impact of sleep deprivation on sensory gating. This
is consistent with the left hemisphere P50 gating deficits observed in
schizophrenia (Hanlon et al., 2005). Furthermore, correlations between
changes in effective connectivity from the LPC to the LPH/LFG,
LMOG/LCuneus, LITG/LMTG, and RMOG/RCuneus significantly nega-
tively correlated with changes in the SG on the gamma band. These re-
sults indicate that the effective connectivity from the LPC to other brain
regions is important for decreasing sensory gating after TSD. To our
knowledge, our study is the first to employ effective connectivity to
analyze the effects of sleep deprivation on sensory gating.

P50 suppression was significantly reduced after sleep deprivation.
Moreover, changes in P50 suppression positively correlated with PVT
changes. Further analysis showed that S2 amplitude increased, while S1
amplitude decreased, indicating that effective control of S2 by the brain
is decreased after sleep deprivation. Consistently, Petrovsky et al. (2014)
used PPI to study the effects of sleep deprivation on sensory gating and
found that PPI markers were decreased. Several studies have shown that
the allocation of attention resources changes after sleep deprivation
(Alfarra et al., 2015; Lei et al., 2015; Massar et al., 2018). For example,
Lei et al. (2015) found that salience networks allocate more attention

.
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Fig. 6. Comparison of network properties between
resting wakefulness and total sleep deprivation (TSD)
in the resting-state task. Summary of the main statis-
i tically significant results. Blue color denotes stronger
connectivity during RW compared with TSD; red color
denotes stronger connectivity after TSD compared
with RW. LSFG/LMFG, left superior and middle
frontal gyrus; RSFG/RMFG, right superior and middle
frontal gyrus; LITG/LMTG, left inferior and middle
temporal gyrus; LPH/LFG, left parahippocampal and
fusiform gyrus; RPH/RFG, right parahippocampal and
1 fusiform gyrus; LMOG/LCuneus, left middle occipital
gyrus and cuneus; RMOG/RCuneus, right middle oc-
cipital gyrus and cuneus. Frequency bands: 8,
0.5-4Hz; 0, 4-7Hz; a, 8-13Hz; p1, 14-20 Hz; B2,
20-30 Hz; v, 3040 Hz.

RSFG/RMFG
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resources to the default mode network to maintain alertness after TSD
compared with RW. Although sensory gating is an adaptive strategy to
save attention resources by reducing their allocation when
re-encountering the same type of stimulus, this process seems to also
involve higher cognitive function control (Krause et al., 2017). After
sleep deprivation, an individual's sensory gating function is decreased,
suggesting a deficit in higher control functions associated with cognitive
resource allocation. The observed positive correlation between changes
in P50 suppression and those in PVT reaction time before and after TSD
suggest that this resource reallocation affects the individual's perfor-
mance. These changes are expected to cause a greater wastage of the
already reduced attention resources, further aggravating cognitive
impairment in sleep-deprived individuals. As available attention re-
sources decrease with longer sleep deprivation (Jin et al., 2015), this may
result in P50 suppression.

Effective connectivity analysis of resting-state EEG data showed that
sleep deprivation decreases the connection from the RMOG/RCuneus to
the LITG/LMTG and LPH/LFG. The cuneus is mainly responsible for
processing visual received information, while the temporal lobe is mainly
responsible for processing auditory information (Crockford et al., 2005).
The parahippocampal place area is a sub-region of the parahippocampal
cortex that lies medially in the inferior temporo-occipital cortex and is
important for the encoding and recognition of environmental scenes
(rather than faces). Thus, the decline in these functional connections may
be associated with an impairment in audiovisual information processing
after sleep deprivation.

Effective connectivity analysis of P50-task EEG data confirmed that
sleep deprivation decreases the connectivity from the RMOG/RCuneus to
the LITG/LMTG and LPH/LFG, but also showed that it increased the high-
frequency oscillations from the precuneus to the LITG/LMTG and LPH/
LFG. The latter is more likely to be the mechanism underlying the
changes in P50-task performance. Further correlation analysis indicated
that, in the high frequency band, the increased effective connectivity
between the LPC and LPH/LFG, LMOG/LCuneus, and LITG/LMTG before
and after TSD negatively correlated with the change in P50 before and
after sleep deprivation. These results also support the conclusion that
effective connectivity from the LPC to other brain regions is important
role for decreasing sensory gating after TSD. The precuneus is intimately
associated with processing of individual feature information and has a
different involvement when judging their familiarity, as it decides
whether processing of perceptual features would be more useful (Bor-
uchow, 1991). The LMTG, as an advanced center of auditory processing,
is closely associated with processing of auditory information (Zaehle
et al., 2004). In contrast, the FG and PH gyrus are both associated with
neural pathways of identification (Calder and Young, 2005). Thus,
increased effective connectivity between the precuneus and these regions
(MTG, FG, and PH gyrus) after sleep deprivation reflects an increase in
information exchange between the precuneus and temporal cortex,
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indicating that the brain requires more cognitive resources to process
auditory information after sleep deprivation. This could, in turn, lead to
the decreased P50.

Previous studies have demonstrated enhanced activity in the pre-
frontal cortex when an individual completes a word task after sleep
deprivation, which is believed to be a compensatory response by the
brain for completing tasks (Drummond, 2000). We found that effective
connectivity from the precuneus to the MFG was significantly higher
after TSD compared with RW. However, there were no significant
changes in the effective connectivity from the MFG to the precuneus and
other brain regions, suggesting that the MFG might requires a higher
information flow from the precuneus to maintain its function. This
further implies that the brain needs to invest more energy to maintain
sensory gating function under excessive mental fatigue. This may be a
form of compensatory mechanism used by the brain to handle the
negative effects of sleep deprivation.

There are several major limitations in this study. First, we did not
control for circadian factors (time of the day), which have been shown to
influence effective connectivity measures (Hodkinson et al., 2014). Thus,
our results may indicate both the effects of circadian factors and of the
36-h TSD. Although we acquired the baseline data at 8 a.m., when sub-
jects were well rested, it was hard to distinguish the effect of circadian
factors from those of sustained wakefulness (36-h TSD). Second, the
sample size was small, including only men, which may have affected the
robustness of the results. Third, although subjects included in our anal-
ysis reported no sleep during the resting-state EEG recording, our results
regarding the effective connectivity reduction under EEG monitoring
need to be reproduced to exclude any intrusion of sleep. Fourth, during
the PVT task, EEG analysis for micro-sleep would have been useful for
ensuring that the subjects did not fall asleep, which should have been
done in our research. Fifth, we only analyzed certain brain regions, but
other regions may be involved in P50 suppression changes. However, we
identified the related mechanism underlying the P50-suppression decline
after TSD, which cannot be explained as a causal effect. In future studies,
additional cognitive function tests should be performed, such as tests
assessing the correlation between working memory, executive control,
and effective connectivity changes before and after sleep deprivation, in
order to further enrich the conclusions regarding the effects of sleep
deprivation on cognition.

5. Conclusions

The current study used effective connectivity methods to examine
how TSD impacts on brain sensory gating. We provide new evidence
supporting a reduced integrity communication within sensory gating-
related networks after TSD. Our results suggest that sleep deprivation
could impair an individual's subconscious process.
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