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Abstract The mechanism underlying the alteration of neural activity in the human brain and the vigilance level during sleep
deprivation (SD) remains a subject of ongoing investigation, particularly with regard to the sensorimotor and visual systems. Resting-
state functional magnetic resonance imaging (rfMRI), a noninvasive imaging technology reflecting spontaneous activity of the
human brain, is widely used in SD research. In the present study, nine repeated rfMRI sessions followed by a psychomotor vigilance
task (PVT) were used to explore the alteration of neural activity and vigilance level during 36 h of SD in 23 volunteers. Mean
reaction time (MRT) and lapse ratio (LR) based on PVT were measured to assess variation in vigilance level. The sensorimotor
network (SMN) and visual network (VN) are the most vulnerable areas after obtaining SD measures from ReHo (regional
homogeneity) and ALFF (amplitude of low-frequency fluctuation) based on rfMRI. Group-ICA was used to parcellate the visual-
related regions into visual area I, visual area II, and the visual association area. Sensorimotor-related regions, including the bilateral
precentral/postcentral gyrus, the bilateral paracentral lobule, and the supplementary motor area (SMA), were extracted from the
anatomical automatic labeling (AAL) templates. Brain neural activity and vigilance level were deteriorated at 16-30 h of SD. A 2 x
3 repeated-measures ANOVA was used to explore the effects of sleep pressure and circadian rhythm and their interaction on neural
activities of sensorimotor-related and visual-related regions. Significant effects of sleep pressure and interaction on all sensorimotor-
related and visual-related regions were observed. Pearson's correlation coefficients were used to explore the relationships between
variation in vigilance level and alteration in brain neural activities of sensorimotor-related and visual-related regions. Significant
correlations were observed between the neural activities of all sensorimotor-related regions and variation in vigilance during SD. Our
results confirmed that SD alters the vigilance level and neural activity of the SMN and the VN, beginning at 24:00 on the first day,
and sleep pressure and circadian rhythm regulate the neural activity of the SMN and VN during SD. Furthermore, sleep pressure
significantly regulates the effects of circadian rhythm. The enhancement of ReHo in the SMN and VN leads to a weakening of their

remote connections, which may be the cause of the slowing of response time during SD.
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Sleep is a physiological necessity for normal life,
and we spend approximately one-third of our life
sleeping. Sleep disorder, which is widespread in the
current society, exhibits detrimental effects on the
brain function and behavioral performance, such as
sensorimotor activity!?l,  visual  information
emotional regulation!®7),
levell'0-11 and

Sensorimotor

processingl®,
[8-9]
b

working

memory vigilance executive

control  function'?-13], and visual
activities are two important brain functions that are
essential to sustain normal life. Previous research has
shown that the adaptation of sensorimotor coupling is
impaired by sleep deprivation (SD)!"!4, that SD leads
to slower sensorimotor activity and prolonged
response time [, and that the speed of visual
information processing is impaired by SDBJ,
indicating that the functions of the sensorimotor and
visual cortices are substantially affected during SD.
Circadian rhythm signaling is a fundamental property
of the human physiology that is important for
sustaining both brain neural activity and essential
body functions. A large set of cortical areas, which
involves almost the entire cortical mantle, particularly
the sensorimotor and visual cortices, are
simultaneously affected by the sleep pressure and
circadian rhythm signaling during SDU®'8l The
mechanism underlying the alteration of the neural
activity in the human brain and the vigilance level
during SD remains a subject of ongoing investigation.

Resting-state  function —magnetic
imaging (rfMRI), a noninvasive technology that
produces images based on blood oxygen level, can
measure the spontaneous activity level of the brain
and is widely used disease diagnosis and brain
functional mechanism research!!>?%, Several recent
studies have used rfMRI to explore the mechanism via
which spontaneous brain activity and functional
connectivity patterns are altered during SDP!-231, The
results suggested that the internal brain activity and
interconnectivity patterns are disturbed during SD.
Furthermore, the local modulation of human brain
responses was affected by sleep pressure and
circadian rhythms and the interaction between
them('824. These
primarily compared rested waking (RW) status with
SD status after 24 h of SD and assessed the effect of
SD at one

rhythm®21251 ignoring the effects of circadian rhythm

resonance

single-time-point SD  studies

specific moment of the circadian

during SD. One study has evaluated the circadian

modulation of the brain response using task-based
fMRI (psychomotor vigilance task (PVT) and n-back
task) '8l This design may involve only the brain
tasks. The
mechanisms via which the spontaneous activities of

regions associated with  specific
the human brain are affected during the entire SD
and this led us to

investigate the effects of SD procedure at multiple

procedure remain unclear,

moments of the circadian rhythm.

Based on rfMRI, regional homogeneity (ReHo)
and the amplitude of low-frequency fluctuation
(ALFF) methods have been used to analyze the
alterations of neural activity during the SD
procedure?-?7, ReHo measures the local functional
coherence between a given voxel and its neighbors; a
larger ReHo indicates higher local field potential
synchronization of a given voxel?®. ALFF measures
the low-frequency amplitude of the neurons in the
brain that could be employed to evaluate the intensity
of intrinsic or spontaneous neuronal activity of the
brain. ReHo and ALFF can serve as sensitive markers
indicating alterations in brain function. Both ReHo
and ALFF have

neuropsychiatric disorders and cognitive functions

widely been applied to
research. For example, ReHo of the inferior frontal
cortex and the default mode network (DMN) was
significantly correlated with response inhibition
ability®®”), and ALFF was used to investigate the
alterations in regional cortical brain activity in healthy
subjects following SDEY. However, studies exploring
the process underlying the changes observed in ReHo
and ALFF based on rfMRI, which reflect the
spontaneous cerebral activity of the entire brain,
during the entire SD procedure are lacking.

PVT, which measures the speed of response to a
visual stimulus, is a sustained-attention, reaction-
timed task that is widely used because of its ease of
scoring, simple metrics, and convergent validity!. It
is a high signal-load reaction time test that is
extremely sensitive to SD, thereby making it one of
the leading paradigms used as an assay of vigilant
attention. Several studies have applied PVT to assess
variation in vigilance attention during SDBPZ331

However, there is a lack of evidence for the
relationship between alterations in neural activity and
those in vigilance level during SD.

In the present study, a 36 h SD procedure was
applied in 23 healthy volunteers. Nine repeated rfMRI

sessions followed by a PVT task were used to explore
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alterations of neural activity and those of vigilance
level during the entire 36-h SD procedure. ReHo and
ALFF based on rfMRI were used to investigate
variation in spontaneous cerebral activity throughout
Subjects'
evaluated by their performance in a PVT, including
the mean reaction time (MRT) and lapse ratio (LR).
To understand the mechanisms of the sensorimotor

the entire brain. vigilance level was

and visual cortices in the brain during SD, we
assessed the relative contributions of circadian
rhythms, sleep pressure, and their interaction to
alterations in neural activity of the sensorimotor and
the

physiological evidence for a decline in vigilance level,

visual cortices. Furthermore, to explore
we evaluated the relationship between variation in the
neural activity of the sensorimotor and visual cortices
and variation in vigilance level during SD using

correlation analysis.
1 Materials and methods

1.1 Subjects and materials

The present study included 23 healthy volunteers
[12 males; (mean+ standard deviation) age, (21.7 +
2.4) years] participated in the present study. All
subjects met the following criteria: right-handed; no
history of neurological or psychiatric disorders; good
sleep habits, without any symptoms of sleep disorders
according to the bracelet monitoring of physiological
indicators for 1 month before scanning; bedtime at 23:
00 £ 1 h; and regular dietary habits, with moderate
weight and body shape. Written informed consent was
obtained from each participant, and the study was

S1 S2

approved by the Institutional Review Board of the
Institute of Biophysics. Three subjects were removed
from the study owing to excessive head movements (>
3 mm), and another three subjects were removed
owing to missing behavioral data for some sessions.

The experimental protocol consisted of nine MRI
scanning sessions for each volunteer over a period of
4 days (Figure 1). The volunteers arrived in the
laboratory on the afternoon of the first day, practiced
the experimental paradigm, and rested as usual in a
scheduled hotel that night. The SD procedure lasted
for 36 h from the morning of the second day (8:00) to
the evening of the third day (20:00). The nine MRI
scans occurred over the entire 36-h SD procedure.
After the ninth MRI scan, the volunteers took a 12-h
recovery sleep. The PVT indicators were immediately
measured after each MRI scanB', The PVT is a
simple task, requiring the subject to push a button as
soon as the timer appears in the center of the screen.
The PVT was randomly conducted every few seconds
for 6 min. The reaction time for each trial was
recorded. The volunteers were allowed to rest in a
meeting room when they were not undergoing MRI
and PVT. Food and water were provided during the
SD procedure. The temperature of the room was
maintained between 23°C and 27°C . The volunteers
were allowed to read magazines or play chess to
ensure that they did not fall asleep. Each volunteer
was accompanied by two experimenters during the
entire SD procedure. Vigorous exercise was not
The provided
information about the time during SD.

allowed. volunteers were not

S23

MRI scan procedure (5 weeks)
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Fig.1 Schematic representation of the experimental protocol

All SD data were recorded during 5 weeks in the laboratory. The entire experimental protocol consisted of nine MRI scanning sessions for each

volunteer. After a baseline night (B), the first to the ninth MRI scans were performed over the entire 36 h SD procedure. After the ninth MRI

scan, each volunteer took a 12 h recovery sleep (R) .
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1.2 MRI data acquisition

MRI data were obtained by a 3.0 Tesla Siemens
Prismaf™ scanner (Seimens Healthnieer, Erlagen,
Germany) located at the National Center for MRI
Brain Mapping in the Institute of Biophysics, Beijing.
For each MRI
anatomical image was acquired with T1-weighted
MPRAGE: TR = 2 300 ms, TI = 1 600 ms, TE =
3.05 ms, thickness = 1 mm, gap = 0 mm, acquisition
matrix = 256 x 256, flip angle = §°, field of view =
224 mm x 224 mm; and with T2 SPACE image:
TR =3 000 ms, TI = 1 600 ms, TE = 300 ms,
acquisition matrix = 256 x 256, field of view=
224 mmx224 mm. Thereafter, rffMRI was acquired
using 8min multiband Echo Planar Imaging (EPI):
TR =1 000 ms, TE = 33 ms, thickness = 2.0 mm,
gap = 0 mm, acquisition matrix = 96 x 96, flip angle =
45°, field of view = 192 mm X% 192 mm, and multiband
factor = 4P4, During the resting state, the subjects
were instructed to remain still and awake with their
eyes open and focused on a fixation cross during the
scan.
1.3 Data preprocessing

session, a high-resolution 3D

Preprocessing was performed using the statistical
parametric mapping (SPMS) software (http://www.fil.
ion. ucl. ac. uk/spm/software/spm8/), the Analysis of
Functional Neurolmage technique (AFNI, http://afni.
nimh.nih. gov/afni), and the FMRIB Software Library
(FSL, http://fsl. fmrib. ox. ac. uk/fsl). To facilitate
magnetization equilibrium, the first 10 volumes of the
functional images were discarded. Head motion
correction was performed by realigning all
consecutive volumes to the middle volume
(MCFLIRT). Global 4D mean intensity normalization
was performed. I[CA-AROMA B3 an automated tool
for motion artifact removal that is available from the
FMRIB  Software (FSLv5.0,

available athttp:/fsl. fmrib. ox. ac. uk/fsl/), was used to

Library package

enhance the sensitivity and specificity of rfMRI
activation and connectivity analyses. In the first step,
a probabilistic independent component analysis was
run using MELODIC with automatic dimensionality
estimation to determine a set of components for each
subject per session and per individual recording.
Subsequently, components that represented motion-
related artifacts were identified (by assessing each
component for its high-frequency temporal content,
correlation with realignment parameters, and spatial

content in the cerebrospinal fluid and edge voxels).
Finally, motion-related components were regressed
out of the data. To obtain results at the group level, the
single-subject images were nonlinearly normalized to
Montreal Neurological Institute space using DARTEL
of SPM8 and resampled to 3 x 3 x 3 mm?® voxels.
Then, temporal bandpass filtering (0.01 Hz< f <
0.08 Hz) was performed to reduce low-frequency drift
and physiological high-frequency respiratory and
cardiac noise.

MRT and LR were extracted from each PVT run
to assess the subject's vigilance level. MRT in a single
PVT run was defined as the mean response time for
all reaction trials. LR in a single PVT run was defined
as the number of trials with reaction time >500 ms
divided by the total number of reaction trials. In the
subsequent analysis, to assess variation in vigilance
level during SD, the average variation of MRT and
LR across three contrasts of the 24 h SD procedure
(8: 00 contrast, comparing the seventh with the first
session; 14:00 contrast, comparing the eighth with the
second session; and 20: 00 contrast, comparing the
ninth with the third session) was calculated.

1.4 Calculation of ReHo and ALFF

ReHo and ALFF based on rfMRI were applied to
explore variation in spontaneous cerebral activity
throughout the entire brain during the 36 h SD
procedure. The ReHo map and ALFF map were
calculated for each individual within a gray matter
mask. ReHo was defined by Kendall's coefficient of
concordance, which was used to measure ReHo of the
time series of a given voxel with the neighbor
voxelsi??l. A larger ReHo value for a given voxel
indicates a higher local synchronization of rfMRI
signals among neighboring voxels. The ReHo maps
were smoothed using an 8 mm full width at half
maximum (FWHM) Gaussian kernel.

ALFF evaluates the amplitude of spontaneous
fluctuations of certain voxels in the resting-state
brain?’3¢l, First, the time series of each voxel were
converted to a frequency domain using a Fast Fourier
Transform. The ALFF map was defined by the square
root of the power spectrum within the frequency range
between 0.01 Hz and 0.08 Hz of each voxel. A greater
ALFF value for a particular voxel indicates that this
voxel exhibits a higher neuron activity level. The
ALFF maps were smoothed using an § mm FWHM
Gaussian kernel.
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Calculation of ReHo and ALFF was performed
with AFNI (http://afni. nimh. nih. gov/afni). In the
subsequent correlation analysis, to assess variation in
brain neural activity during SD, variation in ReHo and
ALFF was defined as the average variation of ReHo
and ALFF across three contrasts of the 24 h SD
procedure, which was similar to the previous
calculation of the variation of vigilance level during
SD.

1.5 Definitions of visual-related regions and
sensorimotor—related regions

The visual network (VN) regions were extracted
by multisession temporal concatenation ICA (TICA)
with MELODIC (FSL, http://fsl. fmrib. ox. ac. uk/fsl).
All rfMRI data were concatenated through the time
dimension, represented as a 2D time X space matrix.
Further, MELODIC decomposed this matrix into pairs
of time courses and spatial maps. Three space
components (visual I, visual II, and visual association
area) of the VNs were extracted by artificial check

20

586 &

60>

(Figure 2). The visual association area plays a primary
role in the recognition of complex patterns, such as
images of objects, abstract forms, hands, faces, or
even specific faces, whereas the primary visual cortex
(visual I and visual II) is essential for detecting basic
visual features: light and dark, location, etc.l*”]
network (SMN)

include somatosensory (postcentral gyrus) and motor

gyrus)
supplementary motor areas %, These sensorimotor

The sensorimotor regions

(precentral regions and extends to the
subregions may be involved in a premediated state

that prepares the brain for performing and
coordinating a motor task . The paracentral lobule
(PCL) is the continuation of the precentral and
postcentral gyri and controls motor and sensory
innervations of the contralateral lower extremity.
Hence, the SMN regions include the precentral gyrus,
the postcentral gyrus, the PCL, and the supplementary
motor area (SMA) that were extracted from the

anatomical automatic labeling (AAL) template.
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Fig. 2 Axial sections show visual networks based on TICA

(a) Visuall area, (b) visualll area,

1.6 Statistical analysis

The first to the ninth MRI sessions were included
in the analysis to assess the effects of SD on vigilance
level and spontaneous cerebral activity during the
entire 36-h SD procedure. A one-way repeated-
measures ANOVA was applied to behavioral data
(MRT and LR) from the first to the ninth MRI

(¢) visual association area. Color bar indicates the Z-statistic value.

sessions to assess the alteration of vigilance level. To
explore the alteration of neural activity throughout the
entire brain, a one-way repeated-measures ANOVA
was performed to investigate the effect of SD on
ReHo and ALFF maps of the first to the ninth MRI
sessions (P < 0.05, FWE corrected). A post hoc paired
t-test with Bonferroni correction was performed to
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test differences between the levels. ReHo and ALFF
statistical maps were overlapped to extract the brain
regions with effects on both local
functional coherence and low-frequency amplitude.
All statistical maps were mapped to the T1-weighted

significant

images to facilitate visualization.

To investigate alterations of neural activity
within the SMN and VN regions during the entire
36-h SD procedure, the average ReHo and ALFF were
calculated for each MRI scan session for each region,
which was defined as the average value of ReHo and
ALFF among all voxels within the given region. To
determine the effects of sleep pressure, circadian
rhythm, and their interaction on alterations in neural
activity of the SMN and VN regions, 2 x 3 repeated-
measures ANOVA was performed on the average
values of ReHo and ALFF obtained from each region
(sleep pressure state: RW, SD x circadian rhythm:
8:00, 14:00, 20:00) corresponding to the first, second,
third, seventh, eighth, and ninth MRI sessions.

To investigate the associations between variation
in vigilance level and variation in spontaneous neural
activity of the SMN and VN regions during SD,
Pearson's correlation coefficients were calculated
between MRT and LR variation and ReHo and ALFF
variation for each region. MRT and LR variation and
ReHo and ALFF variation during SD were defined as
the average variation across three contrasts of the 24-h
SD procedure (8:00 contrast, comparing the seventh
with the first session; 14:00 contrast, comparing the
eighth with the second session; and 20: 00 contrast,
comparing the ninth with the third session).

2 Results

2.1 Effect of SD on vigilance level

A one-way repeated-measures ANOVA was
applied to investigate the alteration of vigilance level
in PVT. MRT (F(8,128) = 12.928, P <0.0001) and LR
(F(8, 128) = 14.078, P < 0.0001) were both
significantly affected during the entire 36-h SD
procedure. We considered the first session as the
baseline level. For MRT, the fifth (¢(16) = 4.26, P <
0.03), seventh (¢#(16) = 4.07, P < 0.05), and eighth
(#(16) = 4.14, P < 0.03) sessions showed significant
increases compared with the first session. For LR, the
fifth (¢(16) = 3.91, P < 0.05), sixth (¢#(16) = 4.15, P <
0.03), seventh (¢(16) = 5.24, P < 0.003), and eighth
(#(16) = 4.51, P < 0.02) sessions showed significant

increases compared with the first session (Figure 3).
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Fig. 3 Boxplot of PVT behavior measurements

(a) The PVT lapse ratio (LR) significantly varied across the nine
rfMRI sessions (F (8, 128) = 14.08, P <0.0001) . (b) The
PVT mean reaction time (MRT) also significantly varied across
the nine rfMRI sessions (F (8, 128) =12.93, P<0.0001) . The
paired #-test results for the comparison between the second to the
ninth sessions and baseline (first session) are shown. *P < 0.05,
**P<0.01.

2.2 Effect of SD on ReHo

The results of one-way repeated-measures
ANOVA on the ReHo map are shown in Figure 4a.
The ReHo map was significantly affected (P < 0.05,
FWE corrected) during the entire 36 h SD procedure
in widespread brain regions, including sensorimotor-
related regions (the bilateral precentral gyrus, bilateral
postcentral gyrus, bilateral PCL, and bilateral SMA),
visual-related regions (the bilateral calcarine gyrus,
occipital, bilateral fusiform, and bilateral lingual),
round cingulate cortex (the bilateral median cingulate
and paracingulate gyrus (PCG), bilateral cuneus, and
bilateral precuneus), and other regions (the bilateral
rolandic operculum (ROL), bilateral insula, bilateral
heschl's gyrus, temporal lobule, and thalamus)
(summarized in Table 1). In this study, later region of
interest analysis focused on the SMN and VN.
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Table 1 Summary of the brain regions significantly affected by SD on ReHo

Brain region Cluster size Peak MNI coordinate Peak
x, 3 2) F-value
Precentral L 132 (=21, -15, 69) 8.54
Precentral R 102 (45,-12, 39) 8.21
Rolandic_Oper_L 101 (=39, -30, 12) 9.52
Rolandic_Oper R 107 (36, -24, 18) 11.33
Supp_Motor_Area L 48 (-3,-18,54) 8.33
Supp_Motor_Area R 83 (3,24, 54) 8.85
Insula L 58 (=33, -24,12) 9.44
Insula_R 49 (33,24, 15) 11.60
Cingulum_Mid_L 51 (=12, -42, 54) 7.15
Cingulum_Mid R 33 (3,-24,51) 8.51
Calcarine_L 341 (=18, -69, 18) 9.12
Calcarine_ R 267 (12, -84, 3) 9.21
Cuneus_L 133 (-18,-69, 21) 8.67
Cuneus_R 99 (6, -84, 15) 8.02
Lingual L 326 (=6, -69, 0) 9.66
Lingual R 350 9,-75,0) 9.23
Occipital Sup L 29 (=12, -90, 3) 7.86
Occipital Mid L 113 (-45, =69, 6) 7.94
Fusiform L 189 (=30, -63,-12) 8.49
Fusiform R 250 (27,-72, -6) 9.12
Postcentral L 188 (=57,-9, 39) 7.76
Postcentral R 198 (48,-12, 39) 8.42
Precuneus_L 70 (=12, -42,57) 8.46
Precuneus_R 60 (12,-54,9) 7.98
Paracentral Lobule L 77 (-3, -30, 66) 8.49
Paracentral_Lobule R 36 (6, =30, 57) 8.19
Thalamus_L 54 (-9,-21,9) 791
Thalamus_R 34 9,-18,9) 6.39
Heschl L 57 (=36,-27,12) 10.12
Heschl R 52 (33,-27, 15) 11.54
Temporal Sup L 218 (-48,-21,9) 9.31
Temporal Sup R 177 (42, -30, 15) 8.89
Temporal Mid L 174 (-48, —66, 6) 8.11
Temporal_Mid R 160 (45,-57,9) 9.14
Temporal Inf R 32 (45,-51,-24) 6.88
2.3 Effect of SD on ALFF VN (bilateral lingual, bilateral fusiform, and bilateral
The results of one-way repeated-measures calcarine gyrus) and other regions (right ROL, right

ANOVA on ALFF maps are shown in Figure 4b. The insula, right cuneus, left superior temporal gyrus
ALFF map was significantly affected (P < 0.05, FWE  (STG), and thalamus) (summarized in Table 2).
corrected) in widespread brain regions, including the
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m : Significantly affected on both ReHo and ALFF

: Significantly affected on ReHo only
: Significantly affected on ALFF

Fig.4 Axial sections show one—way repeated—measures ANOVA results for ReHo (a), ALFF (b),

and their overlapping map (c)

Color bar indicates F-values. Blue indicates areas significantly affected on ReHo only, red indicates areas significantly affected on ALFF only, and

green indicates areas significantly affected on ReHo and ALFF simultaneously (P < 0.05, FWE corrected) . All maps were overlapped on the

anatomical template for visualization.

Table 2 Summary of the brain regions significantly affected

by SD on ALFF
Brainregion  Cluster size Peak MNI coordinate Peak
(MNI space) F-value

Rolandic_Oper R 23 (36,24, 18) 7.39
Insula_R 21 (33,-24,18) 7.44
Calcarine L 268 (0, =90, 0) 8.40
Calcarine R 169 (6,90, 3) 7.88
Cuneus R 21 (6,-93,15) 7.11
Lingual L 112 (-6, -84, —6) 7.13
Lingual R 88 (12, -87,-3) 7.41
Fusiform_L 48 (=33, -66, -15) 6.51
Fusiform_R 36 (42, -69, -18) 6.57
Thalamus L 31 (-6,-21,9) 7.27
Thalamus_R 21 (6,-18,12) 6.80
Temporal Sup L 18 (=60, -15, 12) 6.14

2.4 Brain regions with both ReHo and ALFF
affected

The overlapping map of one-way repeated-
measures ANOVA results on ReHo and ALFF is
shown in Figure 4c. ReHo and ALFF of visual-related
regions (the calcarine gyrus, cuneus, lingual gyrus,
and fusiform) were both significantly affected during
the entire 36 h SD procedure. However, only ReHo in

sensorimotor-related regions (the precentral gyrus,
postcentral gyrus, PCL, and SMA) was significantly
affected during the entire 36 h SD procedure. In
summary, ReHo and ALFF were both affected in the
VN (the bilateral lingual, bilateral fusiform, and
bilateral calcarine gyri) and other regions (the right
ROL, right insula, right cuneus, left STG, and
thalamus) during the entire 36 h SD procedure.
2.5 Pattern of alteration of neural activities in
SMN and VN regions

The average ReHo and ALFF of each SMN and
VN region during the entire 36 h SD procedure are
shown in Figure 5. The one-way repeated-measures
ANOVA results of average values of ReHo and ALFF
in each SMN and VN region and the paired #-test
results between the second to the ninth sessions and
baseline (first session) are shown in Tables 3 and 4.
All SMN and VN regions were significantly affected
(P < 0.05) during the entire 36 h SD procedure.
Significant variation in ReHo and ALFF mainly
occurred in the fifth (24:00, 16 h of SD), sixth (3:00,
19 h of SD), seventh (8:00, 24 h of SD), and eighth
(14:00, 30 h of SD) sessions compared with baseline
(#(16) > 3.845, P <0.05).
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Fig. 5 Spontaneous neural activity of SMN and VN areas during SD procedure
(a)Mean ReHo of each SMN area; (b) Mean ALFF of each SMN area;(c) Mean ReHo of each VN area;and (d) Mean ALFF of each VN
area. SMN areas include the precentral gyrus(PreCG),postcentral gyrus(PoCG),paracentral lobule(PCL),and SMA extracted from the

AAL template. VN areas include the visuall,visual II,and visual association areas extracted from TICA results based on resting state data.

Table 3 F-values of one-way repeated—measures ANOVA on mean ReHo of the first to ninth sessions and 7—values of

paired r—test for the difference between the second to ninth sessions and baseline (first session) for each SMN and VN

regions
Brain region Fovalue t-value of paired #-test

2nd-1st  3rd-1st  4th-1st Sth-1st 6th-1st 7th-1st 8th-1st 9th-1st
Precentral L 13.25%*x* 3.39 2.61 2.32 3.93% 6.15%** 5.72%%* 4.91%* 3.83
Precentral R 12.31%%* 4.11%* 3.47 2.43 4.07* 6.47%%* 5.74%%* 5.21%* 3.64
Postcentral_L 11.26%** 4.70%* 3.76 2.08 3.44 6.39%* 5.53%%* 5.44%* 4.12%
Postcentral R 11.95%** 4.29% 3.31 2.17 3.74 6.68%** 5.77%* 5.63%%* 3.85%
Paracentral_Lobule_ L 11.99%** 4.15% 3.56 1.64 5.04%%* 6.56%%* 5.65%%* 5.30%* 4.02%
Paracentral_Lobule R 11.03%%* 3.86* 1.62 0.80 3.47 6.24%%% 5.39%%* 4.63%* 3.45
Supp_Motor_Area L 12.35%** 4.50* 3.84 2.20 5.99%** 6.10%** 5.83%%* 5.40%* 3.87*
Supp_Motor_Area_R 12.92%** 4.48* 2.92 1.71 4.85% 6.117%%* 5.99%* 4.83%* 3.43
Visual 1 12.86%** 3.69 2.47 0.68 3.36 7.03%** 5.94%* 6.51%** 3.28
Visual II 13.01%** 3.19 2.90 1.25 4.06* 8.1 5%** 6.14%** 6.57%** 3.82
Visual associate 9.48%*** 2.46 3.03 2.02 3.39 7.16%** 6.05%** 5.60** 3.95%

*P<0.05, **P<0.01, ***P<0.001 (Bonferroni multiple comparison correction) .
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Table 4 F-values of one—way repeated—measures ANOVA on mean ALFF of the first to ninth sessions and 7—values of
paired r—test for the difference between the second to ninth sessions and baseline (first session) for each SMN and VN
regions

t-value of paired #-test
Brain region F-value
2nd-1st  3rd-1st  4th-Ist 5th-1st 6th-1st 7th-1st 8th-1st 9th-1st

Precentral L 8.667*** 2.15 1.11 1.93 3.90* 5.28%%* 4.33% 4.45% 2.73
Precentral R 8.959%*%* 2.86 2.19 1.50 3.76 4.86** 4.96** 4.07* 2.82
Postcentral L 9.439%%* 3.19 1.71 2.22 3.65 5.42%* 4.98%** 4.64%* 3.05
Postcentral R 8.592%** 3.30 2.74 1.81 3.64 5.22%* 5.21%%* 4.37* 3.02
Paracentral Lobule L 7.652%%%* 2.49 1.73 0.84 5.10%* 5.17%* 4.33% 4.05* 2.67
Paracentral_Lobule R 8.333%** 3.33 2.38 1.22 3.65 5.44%%* 4.59% 4.41%* 2.92
Supp_Motor_Area L 8.445%** 2.60 242 1.83 6.49%** 5.32%* 4.56* 4.00* 3.02
Supp Motor Area R 8.994%** 3.04 1.92 1.53 4.44% 5.91%* 4.79%* 3.60 2.37
Visual 1 11.051%** 291 1.55 0.69 3.07 5.62%* 5.44%* 5.14%* 3.00
Visual 1T 12.809%*** 2.77 2.02 1.39 3.89* 6.88*** 6.00%* 5.42%* 3.57
Visual associate 9.973%%* 2.01 1.49 1.87 3.25 6.28%** 5.66%** 5.10%* 3.63
*P<0.05, **P<0.01, ***P<0.001 (Bonferroni multiple comparison correction) .

2.6 Effects of sleep pressure, circadian rhythm
and their interaction

A significant main effect of sleep pressure on
ReHo and ALFF was observed for all SMN and VN
regions (P < 0.001). A significant effect of circadian

rhythm on ReHo was observed for the left precentral

gyrus, bilateral postcentral gyrus, right SMA, and left
visual 1, whereas a significant effect of circadian
rhythm on ALFF was observed for the right SMA and
left visual T (P < 0.05). A significant effect of
interaction between sleep pressure and circadian
rhythm on ReHo and ALFF was found for all SMN
and visual-related areas (P < 0.05) (Table 5).

Table 5 F-values of two 2 x 3 repeated—measures ANOVA (sleep pressure x circadian rhythm) on the mean ReHo and
ALFF for each SMN and VN regions

ReHo ALFF
Brain region
Sleep pressure Circadian rhythm Interaction Sleep pressure Circadian rhythm Interaction
Precentral L 33.496%** 4.363* 9.636%** 22.937%** 3.279 4.588*
Precentral R 26.296** 3.322 9.778** 18.231%%* 2.348 9.607%*
Postcentral L 22.438%%* 3.988%* 10.289%%* 20.402%** 2.978 7.270%*
Postcentral R 28.642%** 3.849* 7.993%** 19.060%** 2.35 10.637%*
Paracentral Lobule L 24.7712%** 2.456 8.900%** 18.185%*%* 2.347 5.288*
Paracentral Lobule R 28.301%** 3.243 6.975%* 20.9171%%** 3.096 7.511%*
Supp_Motor Area L 26.301%* 2.739 12.325%%* 19.187%#%%* 2.480 6.428%*
Supp_Motor Area R 22.917%** 4.433* 12.495%%* 16.003%** 5.067* 9.426%*
Visual | 28.599%** 3.828* 7.878%** 25.603%** 3.816* 6.112*
Visual IT 31.593%%* 2.131 9.078** 30.132%%* 3.063 7.321%*
Visual associate 25.381%*** 0.867 10.289%%* 24.100%** 2.305 5.507*
*P<0.05, **P<0.01, ***P<0.001.

2.7 Results of correlation analysis

ReHo variations were significantly positively
correlated with MRT and LR variations in brain
regions for all SMN regions: the bilateral precentral
gyrus (MRT: L/R, r = 0.51/0.59, P < 0.04/0.02; LR:
L/R, r = 0.61/0.57, P < 0.01/0.02), bilateral
postcentral gyrus (MRT: L/R, » = 0.61/0.57, P < 0.01/
0.02; LR: L/R, r = 0.67/0.58, P < 0.01/0.02), bilateral
PCL (MRT: L/R, r = 0.54/0.60, P < 0.03/0.02; LR:
L/R, r=0.66/0.72, P < 0.01/0.01), and bilateral SMA

(MRT: L/R, »=10.61/0.58, P <0.01/0.02; LR: L/R, r =
0.67/0.65, P < 0.01/0.01). Visual I (MRT: r = 0.34,
P=0.18; LR: r=0.45, P = 0.07), visual I (MRT: r =
0.27, P=10.30; LR: »=0.33, P =0.19), and the visual
association area (MRT: r = 0.44, P = 0.08; LR: » =
0.43, P = 0.09) did not show significant correlations
between ReHo variations and MRT and LR variations
(details in Table 6). Scatter diagrams of all SMN
regions between ReHo and MRT and LR were drawn
for MRT and LR, respectively (Figure 6).
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paracentral lobule, and SMA. In each scatter diagram, blue indicates left hemisphere results and green indicates right
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Fig. 6 Scatter diagrams between ReHo variation and vigilance level variation in SMN areas

hemisphere results.

Significant positive correlations between variation of mean reaction time variation (MRT)/lapse ratio (LR) and ReHo

variation during SD were observed among eight SMN areas, including the bilateral precentral, postcentral gyrus,
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Table 6 Correlation analysis results between ReHo variation and variation in MRT and LR of each SMN and VN regions

Brain region Correlation with MRT P-value Correlation with LR P-value
Precentral L 0.51 0.037* 0.61 0.009%*
Precentral R 0.59 0.016* 0.57 0.018*
Postcentral L 0.61 0.009%* 0.67 0.003**
Postcentral R 0.57 0.016* 0.58 0.015*
Paracentral Lobule L 0.54 0.026* 0.66 0.004**
Paracentral Lobule R 0.60 0.011* 0.72 0.001%**
Supp_Motor Area L 0.61 0.010* 0.67 0.003%*
Supp_Motor Area R 0.58 0.015* 0.65 0.005%*
Visual I 0.34 0.182 0.45 0.070
Visual I 0.27 0.302 0.33 0.190
Visual associate 0.44 0.081 0.43 0.088

*P<0.05, **P<0.01.

ALFF variations showed significant positive
correlation with MRT and LR variations in brain
regions for all SMN regions: the bilateral precentral
gyrus (MRT: L/R, r = 0.55/0.53, P < 0.03/0.03; LR:
L/R, r = 0.56/0.57, P < 0.02/0.02), bilateral
postcentral gyrus (MRT: L/R, r = 0.55/0.52, P < 0.03/
0.04; LR: L/R, »=0.57/0.52, P < 0.02/0.03), bilateral
PCL (MRT: L/R, r = 0.52/0.54, P < 0.04/0.03; LR:
L/R, r=10.63/0.62, P < 0.01/0.02), and bilateral SMA
(MRT: L/R, »=10.57/0.52, P < 0.02/0.04; LR: L/R, r =

0.62/0.58, P < 0.01/0.02. Visual I (MRT: »=0.38, P =
0.13; LR: »=0.51, P < 0.04) and visual II (MRT: left,
r =045, P=0.07; LR: r = 0.52, P < 0.04) showed
significant correlations between ALFF variation and
LR variation. The visual association area (MRT: left,
r=0.60, P<0.11; LR: » = 0.58, P < 0.02) showed a
significant correlation between ALFF variation and
MRT and LR variation (Table 7). Scatter diagrams of
all SMN regions between ALFF and MRT and LR
were drawn for MRT and LR, respectively (Figure 7).

Table 7 Correlation analysis results between ALFF variation and variation in MRT and LR for each SMN and VN regions

Brain region Correlation with MRT P-value Correlation with LR P-value
Precentral L 0.55 0.021%* 0.56 0.019*
Precentral R 0.53 0.027* 0.57 0.018*
Postcentral L 0.55 0.023* 0.57 0.016*
Postcentral R 0.52 0.032%* 0.52 0.032%*
Paracentral_Lobule L 0.52 0.032* 0.63 0.006%**
Paracentral_Lobule R 0.54 0.026* 0.62 0.008**
Supp_Motor Area L 0.57 0.016* 0.62 0.008%**
Supp_Motor Area R 0.52 0.031%* 0.58 0.014*
Visual 1 0.38 0.126 0.51 0.035%
Visual II 0.45 0.070 0.52 0.032%*
Visual associate 0.60 0.011* 0.58 0.015%

*P<0.05, **P<0.01.
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Fig. 7 Scatter diagrams between ALFF variation and vigilance level variation in SMN areas

Significant positive correlations between variation of mean reaction time variation (MRT)/lapse ratio (LR) and ALFF
variation during SD were found among eight SMN areas, including the bilateral precentral, postcentral gyrus,

paracentral lobule, and SMA. In each scatter diagram, blue indicates left hemisphere results and green indicates right

hemisphere results.

1000

1000



*152- EYUFSEMYELR

Prog. Biochem. Biophys. 2020; 47 (2)

For each significant result in the correlation
ReHo and ALFF variation exhibited
significant positive correlations with MRT and LR

analysis,

variation; similar to the increase in ReHo and ALFF
after SD, there was an increase in MRT and LR.

3 Discussion

In the present study, we used MRT and LR to
measure vigilance level, used ReHo and ALFF to
measure spontaneous cerebral activity, and applied
one-way repeated-measures ANOVA to explore the
alteration of neural activity throughout the entire brain
and variations in vigilance level during the entire 36-h
SD procedure. The ReHo and ALFF maps were
significantly affected in widespread brain regions
during SD, particularly in the SMN and VN regions.
To elucidate the mechanism of modulation of the
sensorimotor and visual cortices during SD, we used
2 x 3 repeated-measures ANOVA (sleep pressure
state: RW, SD x circadian rhythm: 8:00, 14:00, 20:00)
to assess the effect of circadian rhythm, sleep
pressure, and their interaction on the alteration of
neural activity of each SMN and VN region.
Significant effects of sleep pressure and interaction
were observed. To investigate the physiological
evidence for decline in vigilance level, we evaluated
Pearson's correlation coefficient between MRT and
LR variation and ReHo and ALFF variation for each
SMN and VN region during SD. All SMN regions
exhibited significant correlations between MRT and
LR variation and ReHo and ALFF variation.

In the behavioral data, there was a strong effect
of SD on MRT (P < 0.0001) and LR (P < 0.0001),
which indicated that vigilance level was highly
affected during the entire 36-h SD procedure. As the
time progressed, the first significant variations in
MRT and LR were observed in the fifth session
(24:00, 16 h of SD) and continued until the eighth
session (14:00, 30 h of SD). Interestingly, this
significant variation did not last to the ninth session
(20:00, 36 h of SD). These behavioral results were
consistent with the spontaneous neural activity of the
SMN and VN regions; significant variation compared
with baseline occurred primarily in the fifth, sixth,
seventh, and eighth sessions, but not in the ninth
session. These results suggest that brain neural
activity and vigilance level deteriorated mainly during
the period from 16 (24:00) h to 30 (14:00) h of SD.

Previous studies have reported that the sensorimotor
and visual cortices were simultaneously affected by
sleep debt as well as by circadian rhythm and their
interaction!!'®!8] which is consistent with our result.
Melatonin plays an important role in the regulation of
sleep-wake cycles 41, Tt is typically secreted 2 h
before the person's regular bedtime and reaches a
maximum plasma level around 3 to 4 a.m. ™. The
secretion of melatonin is associated with a person's
willingness to sleep and urges the person to enter the
normal sleep state. This secretion of melatonin and the
disruption of normal sleep may cause alterations of
brain neural activity and vigilance level, which were
first observed at 24:00.

SD exhibited a significant effect on ReHo and
ALFF in widespread brain regions, including the
sensorimotor-related regions (the bilateral precentral/
postcentral gyrus, PCL, and SMA), the visual-related
(the bilateral
fusiform, lingual), the round cingulate cortex (the

regions calcarine gyrus, occipital,
bilateral DCG, cuneus, precuneus), and other regions
(bilateral ROL, insula, heschl's gyrus, STG, and
thalamus). These results were consistent with those of
previous research '8, Previous research has indicated
that visual information processing and sensorimotor
function become less stable and accurate following
SD U4, which is consistent with the significant
alteration of neural activity in sensorimotor-related
and visual-related regions in our study. The DCG,
cuneus, and precuneus are nodes in the DMNM®I,
which plays a pivotal role in higher cognitive
processing!*-4¢1, thereby presenting stronger activation
in the resting state than in the task state”). Our results
showed a significant alteration of neural activity in
DMN areas. Previous research has reported that the
spontaneous activity and connectivity pattern of the
DMN were altered following
Heschl's gyrus is the first cortical structure to process
incoming auditory information™, and the ROL is an
area associated with speech function that is
responsible for speech pronunciation and planningl.

long-term  SDIM3],

Moreover, our results have indicated that auditory-
and speech-related brain neural activity was affected
during SDB!21, The insula plays an important role in
diverse functions that are typically linked to emotion
or regulation of the body's homeostasisP?l, the
thalamus plays an important role in the transitions
between sleep and wakefulness®, which were both
significantly affected during the SD procedurel!®!.
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ReHo and ALFF in the SMN and VN both
increased during SD. These increases could be
considered a manifestation of physiological
compensation for brain function during SDP5-3¢1. The
increase of ReHo in the SMN and VN reduced long-
range functional connections, resulting in slower
response time and more missed trials. The increase of
ALFF in the SMN resulted in difficulties in limb
control and impulsive behavior. The increase of ALFF
in the VN indicated a physiological mechanism to
maintain visual fixation tasks during SD. These ReHo
and ALFF increase in SMN and VN provide
physiological evidence of the slowing of response
time during SD.

We found that all SMN and VN regions were
affected by

interactions between sleep pressure and circadian

significantly sleep pressure and
rhythm. The SMN and VN regions are typically
considered to be simultaneously affected by sleep
pressure and circadian rhythm ¥, Our results showed
the dominant effect of sleep pressure on the SMN and
VN regions rather than a circadian rhythm effect
during SD. The significant interaction effect during
SD indicates that the circadian rhythm signal was
significantly modulated by the sleep pressure.

The SMN regions (the precentral and postcentral
gyri, PCL, and SMA) showed significant correlations
between MRT and LR variation and ReHo and ALFF
variation. This could be attributed to the significant
effect of SD on function that
complicated the accurate completion of the PVT
response in a timely fashion; this finding is consistent
with that of a previous study showing that a lesion in
the sensorimotor cortex increased the reaction time

sensorimotor

for the detection of stimulus movementsP’%. No
significant correlations between variation of ReHo
and variation of MRT and LR were detected in the
visual I, visual II, and visual association areas. Only
the wvisual association area showed a significant
correlation between ALFF variation and MRT and LR
variation. Previous research has reported that the
behavioral response time to a stimulus change can be
predicted by neural activity in the advanced visual
area (V4) rather than the primary visual area B,
which confirms our results. Our results may imply
that the dominance of SMN neural activity variation is
confirmed by the decline in vigilance level during SD
and that among these three VN regions, the visual
association area is responsible for more advanced

recognition functions compared with the visual I and
I areas, which may be more responsible for the
decline in vigilance level. The significant correlation
between variation in vigilance level and variation in
the neural activity of the SMN may provide
physiological evidence for the alteration of vigilance

level during SD.
4 Conclusion

ReHo and ALFF are useful indices for exploring
the alteration of spontaneous cerebral activity during
the entire 36 h SD procedure. ReHo and ALFF were
significantly affected during the entire 36 h SD
procedure in widespread brain regions, particularly in
the SMN and VN regions. We observed that brain
neural activity and vigilance level deteriorated
primarily from 16 to 30 h of the SD procedure, which
confirmed the specific time of the occurrence of the
SD effect. Moreover, we found a dominant role of the
effect of sleep pressure on the SMN and VN regions
compared with the circadian rhythm effect during SD
and a significant interaction between the effects of
sleep pressure and circadian rhythm on neural activity.
Our results confirm the dominant role of the effect of
SD on the sensorimotor and visual cortices and help
us understand the modulatory effect of sleep pressure
on the circadian rhythm. Furthermore, we found a
significant correlation between variation in the neural
activity of the SMN regions and variation in vigilance
level during SD, which may provide physiological
evidence for the alteration of vigilance level during
SD.
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