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Introduction: Sleep deprivation (SD) has a detrimental effect on cognitive functions. Numerous studies have indicated the 
mechanisms underlying cognitive impairments after SD in brain networks. However, the findings based on the functional connectivity 
(FC) and topological architecture of brain networks are inconsistent.
Methods: In this study, we recruited 30 healthy participants with regular sleep (aged 25.20 ± 2.20 years). All participants performed the 
repeatable battery for the assessment of neuropsychological status and resting-state fMRI scans twice, during the rested wakefulness (RW) 
state and after 24 h of total SD. Using the Dosenbach atlas, both large-scale FC and topological features of brain networks (ie nodal, global 
and local efficiency) were calculated for the RW and SD states. Furthermore, the correlation analysis was conducted to explore the 
relationship between the changes in FC and topological features of brain networks and cognitive performances.
Results: Compared to the RW state, the large-scale brain network results showed decreased between-network FC in somatomotor 
network (SMN)-default mode network (DMN), SMN-frontoparietal network (FPN), and SMN-ventral attention network (VAN), and 
increased between-network FC in the dorsal attention network (DAN)-VAN, DAN-SMN after SD. The clustering coefficient, 
characteristic path length and local efficiency decreased after SD. Moreover, the decreased attention score positively correlated with 
the decreased topological measures and negatively correlated with the FC of DAN-SMN.
Conclusion: Our results suggested that the increased FC of DAN-SMN and decreased topological features of brain networks may act 
as neural indicators for the decrease in attention after SD.
Clinical Trial Registration: The study was registered at the Chinese Clinical Trial Registry, registration ID: ChiCTR2000039858, 
China.
Keywords: brain network, functional connectivity, sleep deprivation, cognitive impairment, topological feature

Introduction
An increasing number of individuals report insufficient sleep due to multiple factors, such as shift work, stress, and the 
use of electronic devices before sleep.1 Research has shown that 3 in 10 adults slept for less than 7 h per day on average 
in 2010, compared with the 20th century.2 Sleep deprivation (SD) has become a prevailing problem for many individuals 
in modern societies, leading to accidents and increasing the risk of illness.3 Studies on SD have surmounted over recent 
years and shown the critical role of normal sleep in health.4 Notably, SD also interferes with the cognitive function of 
individuals, including sustained attention, executive function, and long-term memory, which affects working 
performance.5,6

The effect of SD on cognitive functions can be reliably probed using functional magnetic resonance imaging (fMRI).7 

Functional brain networks display correlated activities when an individual is awake and at rest.8 Prior fMRI studies have 

Nature and Science of Sleep 2022:14 1285–1297                                                           1285
© 2022 Ning et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php 
and incorporate the Creative Commons Attribution – Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work 

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For 
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

Nature and Science of Sleep                                                                 Dovepress
open access to scientific and medical research

Open Access Full Text Article

Received: 13 March 2022
Accepted: 29 June 2022
Published: 15 July 2022

N
at

ur
e 

an
d 

S
ci

en
ce

 o
f S

le
ep

 d
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.d
ov

ep
re

ss
.c

om
/

F
or

 p
er

so
na

l u
se

 o
nl

y.

http://orcid.org/0000-0002-6439-522X
http://orcid.org/0000-0002-1575-6877
http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com


illustrated that SD most strongly impairs brain network connectivity in prefrontal cortical regions which affect cognitive 
function, such as working memory.9 Functional connectivity (FC) is a direct approach to calculate connectivity across 
seed areas or brain networks.10 FC was altered in the default mode network (DMN), salience network (SN), dorsal 
attention network (DAN), and frontoparietal network (FPN) during SD.11,12 DMN is preferentially activated when people 
are engaged in internally oriented tasks, such as daydreaming and retrieving memories.13 SN can direct the individuals’ 
attention by identifying factors crucial to biological and cognitive functions.14 DAN contributes to the voluntary, top- 
down deployment of attention,15 and FPN regulates cognitive control and executive control.16 Specifically, 24 h of SD 
decreases FC between the left junction of the anterior and anterolateral hippocampal area and the DMN, potentially 
damaging somatosensory processes.17 SD also increases FC between the dorsal DMN and the ventral DMN, which 
correlates with the performance of working memory.18 Other fMRI studies have revealed that SD reduces the intrinsic 
connectivity within DMN and the correlation between DMN and anti-correlated network (ACN).11,19 The reduced 
connectivity between these brain networks is associated with decreased vigilance of SD participants.19 Task-state 
fMRI studies showed that sleep loss reduces the connectivity between DMN and attentional networks, in association 
with the decline in vigilance and attention.20 Although numerous studies have revealed the mechanisms underlying 
cognitive impairments after SD in brain networks, the results on whether the cause is hyper-connectivity or hypo- 
connectivity are inconsistent.

Graph theory is a branch of mathematics dating back to the 18th century. Graph theory is used to model pairwise 
relations between participants. A graph consists of vertices/nodes and edges.21 Graph theory approaches are perfect for 
the brain since the brain can be visualized as a network of nodes and edges.22 The use of graph theory can provide new 
insights into the structure and function of brain network systems.23 The elements (nodes and vertices) and their pairwise 
links (edges and connections) collected in a matrix define the graph’s topology, providing a comprehensive map of all the 
relations across the different brain regions and their interactions. The small-world network is generated using graph 
theory in the whole brain networks.24 The human brain can be modeled as a complex network with the “small-world 
features”, which are characterized by a high clustering coefficient and a short path of anatomical and functional 
connectivities.25,26 Also, the small-worldness is considered an ideal organizational architecture for integrating global 
and local information.27 Previous electroencephalogram (EEG) magnetoencephalography (MEG) studies on topological 
features of brain networks have revealed that SD leads to widespread disrupted networks.28,29 However, to date, there is 
only one graph theory-based fMRI study on SD showed the enhanced small-world properties after 34 h SD and 
negatively correlated emotional instability.30 It remains to be validated using other durations of SD. The relationship 
between the altered topological properties and cognitive impairments after 24 h SD remains unexplored.

In this study, we recruited 30 healthy participants with regular sleep and performed resting-state fMRI scans during 
the rested wakefulness (RW) state and after 24 h of total SD. After surface-based preprocessing, both large-scale network 
FC and topological properties were calculated for RW and SD states and compared to indicate mechanisms underlying 
cognitive impairments. Based on the cognitive impairments after SD, we speculated that the FC between brain networks 
disrupts and the small-worldness decreases after SD. Moreover, the changes in FC and topological features of brain 
networks might be significantly correlated with cognitive performances.

Materials and Methods
Participants
Thirty healthy participants (14 females) studying in college, aged 20–30 years (25.20 ± 2.20 years) with an education 
duration of 18.10 ± 2.45 years, were recruited between November 2020 and August 2021. All participants met the 
following criteria: 1) they had no symptoms associated with sleep disorders and Pittsburgh Sleep Quality Index (PSQI) 
score <5; 2) they had normal sleep patterns and not extreme morning or evening types according to the Horne-Ostberg 
Morningness-Eveningness Questionnaire; 3) they were right-handed; 4) they had no history of neurologic or psychiatric 
disorders; 5) they had no history of trauma stimuli for the latest 1 year; 6) they had no habitual caffeine, smoking, 
alcohol, or other substance addiction; 7) they had no MRI contraindications. Our study protocol had been approved by 
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the Ethics Committee of Beijing Anding Hospital Affiliated with Capital Medical University. All enrolled participants 
signed the informed consent before the study in accordance with the Declaration of Helsinki.

Study Procedure
All recruited participants were required to visit our laboratory twice. A brief introduction to the study protocol was 
provided and informed consent was signed during the first visit. During the second visit after a week, the participants 
were required to wake up at 7:00 am and reach the laboratory before 8:00 am for the 24 h SD from 7:00 am on that day to 
7:00 am on the next day. During the SD, all participants were required to stay awake all the time and not consume tea, 
coffee, or alcohol. The research group members monitored the participants in turns, to prevent the participants from 
falling asleep. The participants were woken up immediately, if they showed any signs of falling asleep. All participants 
were required to complete the MRI scans at the beginning of the study and after 24 h of SD. The first MRI scan was 
a 490-s resting-state and 250-s T1 scan, and the second 490-s resting-state scan was performed at 7:00 am the next day. 
The participants were reminded not to fall asleep during scanning before each scan, and the participants who reported 
falling asleep during the fMRI scan were excluded.

Cognitive Assessments
In the current study, the Chinese version of the Repeatable Battery for the Assessment of Neuropsychological Status 
(RBANS) with relatively good reliability and validity was employed to measure global cognition.31 The RBANS 
comprises 12 subtests to assess five cognitive abilities: visuospatial/constructional ability, immediate and delayed 
memory, language, and attention. The 12 subtests include story memory, list learning, line orientation, figure copy, 
photo naming, semantic fluency, digit span, coding, list recall, story recall, list recognition, and figure recall subtests. 
Each of the components is based on two subtests, except for delayed memory, which is based on four subtests. The five 
domain-specific index scores were calculated according to the Chinese norm. A higher RBANS score was associated 
with better cognitive functions. The entire test lasted for about 30 minutes. A trained neuropsychologist performed the 
test for all the recruited participants according to standardized procedures.

MRI Acquisition
The MRI scan was acquired using a 3.0 Tesla Prisma MRI scanner (Siemens, Germany) at the Beijing Anding Hospital, 
Beijing, China. Participants were required to stay still, keep their eyes closed, and refrain from falling asleep during the 
scan. The foam head holders were immobilized to reduce head movements, and earplugs were worn to reduce the noise 
from the MRI machine.

The high-resolution structural information for anatomical localization was obtained by applying 3D MRI sequences 
before the functional scanning. The resting-state fMRI data were collected with a single-shot, gradient-recalled echo-planar 
imaging sequence with the following parameters: echotime = 30 ms, repetition time = 2000 ms, flip angle = 90°, matrix = 64 
× 64, gap = 1 mm, field of view = 225 mm × 225 mm, slice thickness = 3.5 mm, 32 interleaved axial slices and 180 volumes.

Data Processing
Data were processed using DPABI32 following the methods published by Yan et al.33

Anatomical Data Preprocessing
The T1 images were converted into the BIDS dataset. They were then corrected for intensity non-uniformity using 
N4BiasFieldCorrection34 which was provided by ANTs 2.3.3. The derived images were skull-stripped using 
OASIS30ANTs as the target template. The remaining brain tissues were segmented into the cerebrospinal fluid (CSF), white- 
matter (WM) and gray-matter (GM) using BET (FSL 5.0.9). A classic method, which reconciles ANTs-derived and 
FreeSurfer-derived segmentations of the cortical gray-matter of Mindboggle,35 was applied to refine the brain mask estimated 
previously. Volume-based spatial normalization to one standard space (MNI152NLin2009cAsym) was performed through 
nonlinear registration with antsRegistration (ANTs 2.3.3), using brain-extracted versions of both T1 reference and the T1 
template. Meanwhile, ICBM 152 Nonlinear Asymmetrical template version 2009c was used for spatial normalization.
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Functional Data Preprocessing
First, the custom methodology of fMRIPrep36 was used to generate the reference volume and its skull-stripped version. 
Susceptibility distortion correction (SDC) was omitted. Bbregister (FreeSurfer), which implements boundary-based registra-
tion, was applied for co-registering the fMRI reference and T1 reference. Moreover, slice-time was corrected using 3dTshift 
from AFNI and spatiotemporal filtering was conducted using mcflirt (FSL). The BOLD time series were resampled into 
standard space and a preprocessed BOLD run was generated in the MNI 152 NLin2009c Asym space. Framewise 
displacement (FD), DVARS, and three region-wise global signals were calculated using the preprocessed BOLD. 
Additionally, a set of physiological regressors were extracted to allow for component-based noise correction (CompCor). 
The above components were dropped from the BOLD and frames that exceeded a threshold of 0.5 mm FD or 1.5 
standardized DVARS were annotated as motion outliers. Gridded (volumetric) resampling was performed using ants 
Apply Transforms (ANTs), configured with Lanczos interpolation to minimize the smoothing effects of other kernels.

Large-Scale Network Calculation
The Dosenbach atlas,37 which contains 142 regions of interests (ROIs) (except 18 ROIs in the cerebellum), was selected 
to extract the BOLD signals which were averaged across all voxels in the ROIs. Each node of the atlas was a sphere with 
a radius of 5 mm. Pearson’s correlation coefficient of the BOLD signals was calculated to define the functional 
connectivity (FC) for a pair of ROIs. The values of FC were transformed to z-scores using Fisher’s r-to-z formula. To 
explore the relationship of each large-scale network, we also classified suprathreshold edges by their membership in the 
networks defined by Yeo et al and Yan et al.33,38 The seven networks were the visual network (VN, 22 ROIs located in 
the occipital lobe and posterior fusiform gyrus), somatosensory-motor network (SMN, 29 ROIs located in the precentral 
and postcentral gyrus and auditory cortex), DAN (14 ROIs located in the temporo-occipital cortex, angular gyrus, 
superior parietal lobule, and premotor cortex), ventral attention network (VAN, 16 ROIs located in the supramarginal 
gyrus, insula, middle frontal gyrus, and supplementary motor area), subcortical network (SCN, seven ROIs located in the 
putamen and thalamus), FPN (21 ROIs located in the superior parietal lobule, precuneus, lateral frontal cortex, and dorsal 
cingulate cortex), and DMN (33 ROIs located in the inferior parietal lobule, posterior cingulate cortex, lateral temporal 
cortex, and ventral and medial prefrontal cortex). The location of the seven large-scale networks is shown in Figure 1. 
The average of the FC z-scores of all the involved edges was used to evaluate the FC among the seven networks. The 
paired t-test was used to compare the FC within and between groups (p < 0.05, False Discovery Rate Correction).

Small-World Network Analysis
In this study, the correlation coefficient matrix derived from the Dosenbach atlas was processed into an undirected binary 
matrix using the sparsity threshold method. The range of sparsity was from 0.05 to 0.5, and the step of sparsity was 0.05. 
The topological organizational changes in the whole brain functional network were described by analyzing small-world 
metrics, network efficiency and nodal efficiency. The small-world metrics mainly included the clustering coefficient (Cp) 
and characteristic path length (Lp), which represented the mean clustering coefficient and characteristic path length of 
100 random networks. The network efficiency included global efficiency (Eg) and the local efficiency (Eloc). The Eloc is 
the mean local efficiency over all nodes in the network, and the Eg is defined as the measure of the global efficiency of 
parallel information transfer in the network. Small-world metrics and network efficiency between the two states were 
compared using paired t-tests (p < 0.05). The paired t-test of nodal efficiency between the two states utilized multiple 
corrections (p < 0.05, False Discovery Rate Correction).

Results
Demographic and Clinical Information
Thirty healthy participants (14 females) were recruited in the current study. Tests for five cognitive abilities from RBANS 
were performed in SD and RW states and compared using the paired t-test or a non-parametric test. We observed 
a significant decline in attention (t = −7.79, p < 0.001) after SD. No significant differences were observed between the SD 
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and RW states in immediate memory (t = 1.81, p = 0.08), visuospatial/constructional (z = −1.55, p = 0.12), language (t = 
1.02, p = 0.31), and delayed memory (t = 0.65, p = 0.52). Detailed results are shown in Table 1.

Large-Scale Network FC
Large-scale within- and between-network FC were calculated between the SD and RW states. The participants showed 
a significant decrease in between-network FC in SMN-DMN, SMN-FPN, and SMN-VAN, and an increase in between- 
network FC in DAN-VAN and DAN-SMN. No abnormal within-network FC was observed after SD. This finding 
suggested extensive abnormal between-network FCs after SD. The details are shown in Table 2 and Figure 2.

Topological Properties of Brain Networks
The sparsity range of 0.05 ≤ sparsity ≤ 0.5 was selected to construct the matrices. We compared the small-world 
parameters between the SD and RW states. The Cp and Lp of the brain networks showed significant reductions in the SD 
state compared to the RW state (Cp, 0.05 ≤ sparsity ≤ 0.5; Lp, 0.1 ≤ sparsity ≤ 0.2). Regarding network efficiency, Eloc (t 
= −2.42, p = 0.0185) significantly decreased after SD. This finding suggested decreased small-world properties after SD. 
Detailed results are shown in Figure 3.

Figure 1 The seven large-scale networks screened in the brain map. 
Abbreviations: DAN, dorsal attention network; DMN, default mode network; FPN, frontoparietal network; L, left; R, right; SCN, subcortical network; SMN, 
somatosensory network; VAN, ventral attention network; VN, visual network.

Table 1 The Results of RBANS Between SD and RW States

RBANS Index Score RW SD t/z p

Immediate memory 94.80±12.26 99.30±16.26 1.81# 0.08

Visuospatial/Constructional 96.97±17.88 92.33±17.87 −1.55* 0.12

Language 95.43±17.54 98.20±17.14 1.02# 0.31
Attention 120.53±9.73 109.33±10.32 −7.79# <0.001

Delayed memory 95.50±7.57 96.20±8.26 0.65# 0.52

Notes: #Results from paired t-test of the comparison between two groups; *paired non-parametric test of the comparison 
between two groups. 
Abbreviations: RBANS, Repeatable Battery for the Assessment of Neuropsychological Status; RW, rested wakefulness; SD, sleep 
deprivation.
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We also observed decreased nodal efficiency in the SMN (right parietal lobe, right precentral gyrus and left temporal 
lobe), DMN (left ventral prefrontal cortex, left anterior prefrontal cortex, left precuneus, and right anterior cingulate 
cortex), and VAN (right post insula) after SD. Detailed results are shown in Figure 4 and Table 3.

Correlation Analysis
To explore the relationship between the altered FC and topological features of brain networks and attention, we first 
conducted a correlation analysis between changes in FC (ΔX = XSD-XRW) and changes in attention score. The change 
in FC in DAN-SMN change was negatively correlated with the change in attention score (R = −0.39, p = 0.032). We then 
conducted the correlation analysis between changes in the attention score and changes in the topological measure. The 
changes in Cp, Lp and Elocal s were positively correlated with the change in attention score (Cp, R = 0.42, p = 0.02; Lp, 
R = 0.48, p = 0.0069; Eloc, R = 0.40, p = 0.027). Detailed results are shown in Figure 5.

Table 2 Large-Scale Between-Network 
FC Changes

Between Networks t p

SD > RW
VAN-SMN −2.18 0.04

SMN-DAN 2.15 0.04
SMN-VAN −2.18 0.04

DAN-VAN 2.32 0.03

SMN-FPN −2.36 0.03
SMN-DMN −2.05 0.05

Notes: The paired-t tests were used to compare 
the FC within and between groups (p < 0.05, False 
Discovery Rate Correction). 
Abbreviations: DAN, dorsal attention network; 
DMN, default mode network; FC, functional con-
nectivity; FPN, frontoparietal network; RW, rested 
wakefulness; SD, sleep deprivation; SMN, somato-
sensory network; VAN, ventral attention network.

Figure 2 Altered large-scale network functional connectivity between the SD and RW states. For T value color bar, blue indicates functional connectivity decrease while red 
indicates functional connectivity increase. The result was corrected by FDR-corrected p < 0.05 (two-tailed). 
Abbreviations: DAN, dorsal attention network; DMN, default mode network; FC, functional connectivity; FPN, frontoparietal network; L, left; R, right; SCN, subcortical 
network; SMN, somatosensory network; VAN, ventral attention network; VN, visual network; RW, rested wakefulness; SD, sleep deprivation.
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Figure 3 Altered network topological properties between the SD and RW states. (A) The clustering coefficient (Cp), characteristic path length (Lp) and local efficiency (Eloc) across a sparsity range between 0.05 and 0.5. Asterisks 
indicate a significant difference at this sparsity threshold. (B) Violin plots illustrating the area under the curve (AUC) parameters of the Cp, Lp and Eloc for SD and RW states. *p < 0.05. 
Abbreviations: RW, rested wakefulness; SD, sleep deprivation.
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Discussion
To the best of our knowledge, this is the first study to utilize both large-scale network FC and topological properties 
based on surface to explore the mechanisms underlying cognitive impairments after 24 h of SD. We observed 
a significant decline in attention after SD. Compared to the RW state, the large-scale brain network results showed 
decreased between-network FC in SMN-DMN, SMN-FPN, and SMN-VAN and increased between-network FC in DAN- 
VAN and DAN-SMN after 24 h of SD. The Cp, Lp and Elocal decreased after SD. Moreover, the decreased attention 
score was positively correlated with the decreased topological measures, and negatively correlated with the increased FC 
of DAN-SMN. Our findings demonstrated that SD altered the FC in extensive brain networks and decreased small-world 
properties of resting-state networks.

Abnormal Large-Scale Network FC After SD
In the large-scale brain network, we found decreased between-network FC in SMN-DMN, SMN-FPN, and SMN-VAN and 
increased between-network FC in DAN -VAN, DAN-SMN after SD. In line with our results, the MEG study revealed large-scale 
rearrangements in the functional network after 24 h of SD.29 Previous fMRI studies also demonstrated that abnormalities in the 
functional brain networks in SD involve SMN, DMN, Salience Network (SN), DAN, and FPN.11,12,39 DMN is an internally 
directed network, which was reported to show a decrease in FC after SD.11 DMN can impact the rest–stimulus interactions in the 

Figure 4 Group differences in efficiency at the nodal level. Insignificant nodes are shown as yellow spheres, whereas red (RW > SD) spheres denote significant differences 
after FDR correction. The size of the significant nodes reflects the effect sizes of group differences. 
Abbreviations: RW, rested wakefulness; SD, sleep deprivation.
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corresponding sensory cortices,40 which may explain the decreased FC in DMN-SMN after SD. It was also shown that SD 
affected DAN which is associated with the top-down deployment of attention.41,42 Several fMRI studies showed that SD changed 
the intrinsic connectivity within the DAN and the related anti-correlated network (ie DMN).11,19 FPN, which mainly supports the 
control of information processing, contributes to verbal expression, memory, and cognitive control.43 SD lead to a decrease in FC 
in FPN-DMN, which is associated with working-memory performance.12 The SMN was found to be more affected (more pairs of 

Table 3 Brain Regions in Decreased Nodal Efficiency 
Between SD and RW States

Brain Region Hemisphere t p

aPFC L −3.20 0.0022

Ventral PFC L −2.86 0.006

ACC R −3.46 0.001
Precuneus L −3.30 0.0024

Precentral gyrus R −4.83 0.0002

Parietal lobe R −3.64 0.0006
Postinsula R −3.16 0.0024

Temporal lobe L −3.07 0.0028
Occipital lobe L −3.31 0.0028

Occipital lobe R −3.17 0.0024

Postoccipital R −3.36 0.0016

Abbreviations: ACC, anterior cingulate cortex; aPFC, anterior prefron-
tal cortex; L, left; R, right.

Figure 5 Correlation analysis between the altered FC and topological features of brain networks and attention. 
Abbreviations: ΔX=XSD-XRW; Cp, clustering coefficient; Eloc, local efficiency; Lp, characteristic path length; RW, rested wakefulness; SD, sleep deprivation.
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large-scale networks) than other networks in the current study. Brain regions of the SMN control motor, somatosensory and 
auditory processing, and are responsible for external stimuli and internally generated movement. It was demonstrated that the 
brain networks related to sleep and wakefulness are modulated by sensory inputs, and both sensory information and deprivation 
may induce changes in the brain networks related to sleep and wakefulness.44 One previous study also illustrated that the altered 
FC in SMN is associated with the vulnerability of objective vigilance after SD.45 Thus, our results may support the notion that the 
SMN is the core network of altered large-scale networks due to sleep loss. The DAN controls goal-oriented top-down deployment 
of attention,46 and the VAN, partly overlapping with SN mediates stimulus-driven bottom-up attentional reorienting.47 The 
interaction between the two networks is competitive among multiple stimuli in the visual cortex and mediated the selection of 
behaviorally relevant information.48 A previous study on healthy participants demonstrated that granger causal influences from 
VAN to DAN are negatively associated with attention.49 Regions of the SMN are spatially adjacent to regions of the DAN and 
VAN in the brain, and cooperate with DAN and VAN during the external tasks.38 Furthermore, it was reported that SD affects only 
the top-down processing of attention.50 In the current study, we observed that the increased FC in DAN-SMN negatively 
correlated with the decreased attention score. Hence, we speculated that the increased FC in DAN-SMN might be served as 
a biomarker for the abnormal top-down processing of attention after SD. In short, the abnormal between-network FC after SD 
might explain the SD-induced impairments in cognition.

Decreased Small-World Properties After SD
We conducted the graph theory analysis following the construction of the resting-state networks, and observed that 
the Cp, Lp and Elocal decreased after SD. The topological result revealed that functional brain networks underwent 
rearrangements at the global level. In line with our results, the decreased topological features in functional and 
structural brain networks were reported in numerous neurological and psychiatric disorders, such as major depression, 
primary insomnia, and shift work disorder.51–53 A recent EEG study showed a significant decrease of small-worldness 
in delta and theta bands after 24 h of SD.28 Nevertheless, a published graph theory-based study on the whole brain 
networks revealed that the small-world property of resting-state networks is significantly enhanced after 34 h of SD.30 

We speculated that this contradictory result was due to the difference in the duration of SD and circadian influences. 
Cognitive performances, including vigilant attention, during the morning hours following a sleepless night, are 
partially restored until the afternoon despite continuing SD.54 Moreover, our results revealed that the decreased 
attention scores positively correlated with the decreased topological measures. Hence, we speculated that the worse 
attention performance after 24 h of SD than 34 h of SD led to the decreased small-world property of brain networks.

To demonstrate the strength of analysis method in our study, we used the surface-based preprocessing method, which 
was better than the volume-based method for registration, reproducibility of algorithms and surface reconstructions.55 

Moreover, we utilized a different approach for large-scale brain network analysis from the previous approach to explore 
SD-related abnormalities in intrinsic FC in all pairs of brain networks.

Limitations and Future Directions
However, there were certain limitations. First, the recruited participants were not monitored in the lab and simply 
reported their sleep duration the night before the RW scan, which probably had some effect on the results. Secondly, 
several studies have suggested that longer resting-state scans improve reliability and replicability.56,57 In the current 
study, we collected 490-s resting-state data. Future studies with longer resting-state scans are needed to validate our 
results. Thirdly, our results showed higher scores for immediate and delayed memory and language after SD, which 
could not be used to interpret the mechanisms underlying memory decline. We think that certain RBANS tasks have 
practice effects, especially when the test is repeated within 24 h. It may be necessary to set up a separate rested control 
group to compare performance changes in future studies. Finally, only young participants were recruited, and other 
factors (eg body composition and physical fitness) were not controlled in the current study. Therefore, the results could 
not be extrapolated to individuals in other age groups. Participants from a broader age range should be recruited in the 
future.
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Conclusion
Our results revealed the abnormal FC in extensive brain networks and decreased small-world property of resting-state 
networks after 24 h of SD. Furthermore, our results suggested that the increased FC of DAN-SMN and decreased 
topological features of brain networks may act as neural indicators for attention decline after SD.
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