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Background: It is well known that circadian rhythms and sleep homeostasis contribute to 
a pronounced trough in sleepiness and behavioral performance at night. However, the 
underlying neuroimaging mechanisms remain unclear. How brain-function connectivity 
is modulated during sleep deprivation (SD) has been rarely examined.
Methods: By increasing the number of scanning sessions during SD, the current study used 
voxel-mirrored homotopic connectivity (VMHC) to investigate dynamic changes in inter-
hemispheric communication during one night of SD. Every 2 hours from 10 pm to 06 am 
(session 1, 10 pm; session 2, 12 am; session 3, 2 am; session 4, 4 am; session 5, 6 am), 
functional magnetic resonance–imaging data and Stanford Sleepiness Scale (SSS) scores 
were collected from 36 healthy participants with intermediate chronotype. Dynamic changes 
in SSS scores and VMHC were determined using one-way repeated-measure ANOVA with 
the false discovery–rate method to correct for multiple comparisons.
Results: Significant time effects for VMHC were found mainly in the bilateral thalamus, 
bilateral superior temporal gyrus, and bilateral precentral gyrus. SSS scores and VMHC in 
these areas were both found to be monotonously increased during SD. Furthermore, sig-
nificant positive associations were found between SSS valu and VMHC values in the left 
superior temporal and right superior gyri.
Conclusion: These findings might represent the dynamic modulation of circadian rhythm 
merely or the interaction effects of both circadian rhythm and sleep homeostasis on inter-
hemispheric connectivity within the thalamus, default-mode network, and sensorimotor net-
work. Our study provides more comprehensive information on how SD regulates brain 
connectivity between hemispheres and adds new evidence of neuroimaging correlates of 
increased sleepiness after SD.
Keywords: sleep deprivation, resting-state functional MRI, voxel-mirrored homotopic 
connectivity, Stanford Sleepiness Scale, dynamic changes

Introduction
Sleep deprivation (SD) is becoming increasingly common in our hectic society.1 

Understanding the consequences of SD and neuroimaging mechanisms is of great 
importance.2,3 Previous task and resting-state functional magnetic resonance imaging 
(rs-fMRI) studies have verified extensive voxel-level and network-level brain-function 
alterations after SD,4,5 largely covering the frontal lobe, thalamus, default-mode net-
work and frontoparietal network. However, SD-related alterations in functional inter-
actions among cerebral hemispheres have been rarely examined. As one of the most 
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salient characteristics of intrinsic brain-function architecture, 
interhemispheric homotopic functional connectivity reflects 
the importance of interhemispheric communication for the 
integration of emotional, cognitive, motor, and sensory 
information.6 Functional homotopy is the high degree of 
synchrony in patterns of spontaneous activity between homo-
topic regions in each brain hemisphere. Voxel-mirrored 
homotopic connectivity (VMHC) is a recently validated reli-
able and reproducible rs-fMRI metric approach. In contrary 
to other rs-fMRI indices, such as amplitude of low-frequency 
fluctuation and regional homogeneity, which are direct mea-
sures of spontaneous local activity, VMHC quantifies the 
resting-state functional connectivity between each voxel in 
one hemisphere and its corresponding voxel in the opposite 
hemisphere.7 Our previous work has demonstrated that 
VMHC is severely affected after SD and suggested that 
increased VMHC might reflect a complementary mechanism 
that allows humans to adaptively increase interhemisphere 
interactions to cope with the reduced alertness induced by 
long-term wakefulness.8

However, higher observed VMHC reflects the outcome 
of SD on between-hemisphere connections, rather than the 
modulation process. Sleep and brain functions are modu-
lated by interactions between circadian and homeostasis 
pressure.9,10 We have indicated that cerebral responses to 
cognitive functions are differently modulated during one 
night of SD. The cerebral response to slowest sustained 
attention was monotonically increased within the default- 
mode network, while the cerebral response to fastest sus-
tained attention showed an inverted-U curve within the 
higher-association cortex,11 but how SD affects the inter-
hemispheric connectivity during one night of SD remains 
unclear. Therefore, in the present study we used repeated 
rs-fMRI scanning (five sessions: 10 pm, 12 am, 2 am, 4 
am, 6 am) to investigate dynamic changes in interhemi-
spheric communication during one night of SD for healthy 
controls with intermediate chronotype (neither morning 
type nor evening type) and to explore possible neuroima-
ging mechanisms of increased sleepiness during SD. It is 
worth noting that this is a further analysis of previously 
analyzed and reported data.11

Methods
Subjects
All experimental procedures were carried out in accor-
dance with the Declaration of Helsinki. Heathy partici-
pants were recruited from universities and the local 

community by advertisement. Inclusion criteria wereright- 
handedness, 18–40 years old, normal IQ, and no MRI 
contraindications. Exclusion criteria were alcohol or drug 
abuse, present or past neurological or psychiatric diseases, 
sleep disorders, and claustrophobia. As the study 
was about the circadian process, we used the Munich 
Chronotype Questionnaire to recruit participants with 
intermediate chronotype only.12 Finally, 40 subjects parti-
cipated in the study. Their chronotype was further vali-
dated using core body temperature recorded by a wireless 
integrated physiological monitor (VitalSense; Mini Mitter, 
Bend, OR, USA).13 All participants gave written informed 
consent approved by the local research ethics committee of 
Xijing Hospital.

Sleep-Deprivation Experiment
All participants came to the laboratory twice. During the 
first visit, they were briefed about the experimental proto-
col and signed the informed consent. They were asked to 
keep normal sleep habits for 1 week before the SD and 
provided a wrist Actiwatch (Philips Respironics, Mini 
Mitter) to record their sleep patterns. During the second 
visit, they were asked to report to the laboratory no later 
than 6 pm Afternoon naps were not allowed on the day 
before SD. Two participants in pairs took part in the SD 
experiment each night. During the experiment, they were 
allowed to read, watch TV, and surf the internet. Strenuous 
activities were not allowed and beverages with caffeine 
were not allowed during the entire experiment. Two 
research assistants accompanied and monitored to prevent 
them from falling sleep. Every 2 hours from 10 pm to 6 
am, (session 1, 10 pm; session 2, 12 am; session 3, 2 am; 
session 4, 4 am; session 5, 6 am), participants were 
instructed to lie down in the MR scanner for rs-fMRI 
data collection. After each scan, they completed the 
Stanford Sleepiness Scale (SSS) questionnaire by choosing 
one of seven statements that best described their current 
state of alertness.

MRI Data Collection
All MRI data were collected using a 3 T Discovery 750 
MR scanner (General Electric, Milwaukee, WI, USA). 
During scanning, all participants were instructed to keep 
their eyes open, let the mind wander, and stay awake. 
Parameters for rs-fMRI images were gradient echo–pla-
nar imaging sequence 210 images, echo time 
30 milliseconds, repetition time 2 seconds, data matrix 
64×64, 33 slices, and field of view 240 mm×240 mm. 
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Before the first rs-fMRI scan, a high-resolution T1 image 
was collected for anatomical reference (3-D Bravo T1- 
weighted sequence): repetition time 8.2 milliseconds, 
matrix 256 ×256, slice thickness 1 mm, echo time 
3.2 milliseconds, field of view 256×256 mm2, and 196 
slices.

MRI Data Analysis
Preprocessing analyses of rs-fMRI data and calculation of 
VMHC were similar to our previous study.8 The first ten 
images were discarded for MRI data stability. The remaining 
200 images were then slice timing–corrected and realigned to 
the first image, during which the average frame-wise displa-
cement was obtained and then used as a covariate in subse-
quent statistical analysis. Four participants were excluded 
from further processing, as their head motions exceeded 
either 2° or 2 mm. Therefore, the final sample size of the 
current study was 36 participants. As VMHC is sensitive to 
head motion, Friston 24 parameters were used to regress their 
effects. To further reduce the effects of nuisance factors, 
signals from cerebrospinal fluid and white matter were also 
regressed. Then, a Dartel toolbox was used to normalize the 
data into Montreal Neurological Institute space,14 and the 
resulting images were finally smoothed with a 6 mm (full 
width at half-maximum) Gaussian kernel and band pass– 
filtered (0.01–0.08 Hz). rs-fMRI data preprocessing and 
VMHC computation were all based on DPABI 4.0 (http:// 
rfmri.org/DPABI) software. Before calculation, all prepro-
cessed rs-fMRI data were transformed into the group-specific 
symmetric template, then for each subject VMHC was com-
puted as a Pearson correlation coefficient between each pair 
of mirrored-voxel time series (between each voxel and its 
corresponding voxel in the opposite hemisphere). 
Correlation coefficients were finally Fisher z–transformed 
to improve normality.

Statistical Analysis
Differences in SSS scores were determined using one-way 
repeatedmeasure ANOVA with α=0.05, multiple compari-
sons for posthoc analysis between sessions were carried out 
with α=0.05 with Bonferroni correction. Based on the statis-
tical module in the DPABI software, differences in VMHC 
were also determined with one-way repeated measure 
ANOVA with an α=0.05. The false discovery rate was used 
to correct for multiple comparisons (F-test), with the statis-
tical threshold set at a positive false-discovery rate <0.05 
across the whole brain (bilaterally). In order to elucidate 
possible neuroimaging mechanisms of increased sleepiness 

during SD, we extracted VMHC values in each significant 
region for each patient and examined Pearson associations 
between VMHC and SSS scores using SPSS 18.0. 
Significance was set at p<0.05, Bonferroni-corrected (ie, 
p<0.05/6=0.008).

Results
A total of 36 participants successfully completed the SD 
experiment. Mid-sleep time on free days (corrected by 
sleep debt on work days) obtained from the Munich 
Chronotype Questionnaire and the time of core body– 
temperature minimum showed no differences (4:27 am 
vs 4:14 am, t=0.25; p<0.001), which confirmed that parti-
cipants recruited in the current study were all intermediate 
chronotype. Sleep diaries and the Actiwatch confirmed 
that all participants had good habitual sleep (7.3±1.5 
hours per night, range 6–9 hours). Detailed demographic 
and sleep-pattern information is shown in Table 1. 
A significant time effect for SSS scores was revealed by 
ANOVA (F4,140=44.5, p<0.001). Post-hoc analysis indi-
cated significant pairwise differences: between session 1 
and sessions 2–5, between session 2 and sessions 1, 3, 4, 
and 5, between session 3 and sessions 1, 2, 4, and 5, 
between session 4 and sessions 1–3, and between session 
5 and sessions 1–3. Results are shown in Figure 1. 
Monotonous increasing linearity was found for SSS scores 
(R2=0.94, p<0.005).

A significant time effect for VMHC was also revealed by 
ANOVA: significant differences across sessions were found 
within the bilateral thalamus, bilateral superior temporal 
gyrus, and bilateral precentral gyrus. Results are shown in 
Figure 2A–C. According to the networks brought up by Yeo 
et al15 the bilateral superior temporal gyrus and bilateral 

Table 1 Demographic characteristics, Stanford Sleepiness Scale, 
and objective sleep measures

Males, n (%) 18 (50)

Age (years) 22.3±1.7

Mid-sleep time of MCTQ questionnaire 04:26±0:19
Time of core body-temperature minimum 04:14±0:23

Objective sleep characteristics from Actiwatch
Time of falling asleep 00:06±0:24

Sleep duration all night 6:44±1:15

Sleep efficiency (%) 83±2.4

Average sleep duration by sleep diaries 7.32±1. 52

Note: Values represent mean ± SEM (n=36). 
Abbreviation: MCTQ, Munich Chronotype Questionnaire.
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precentral gyrus were found to be located within the default- 
mode network and sensorimotor network (Figure 2D). To 
investigate the precise time courses of VMHC changes 
across sessions, the mean VMHC value within each region 
was extracted and plotted against session number. The SPSS 
curve-fit function also indicated monotonous increasing lin-
earity for all six regions (thalamus, R2=0.91, p<0.005; super-
ior temporal gyrus, R2=0.91, p<0.005; precentral gyrus, 
R2=0.90, p<0.005). Furthermore, significant positive associa-
tions were found between SSS scores and VMHC in the left 
superior temporal gyrus and right superior gyrus (r=0.41, 
p<0.001; Figure 3).

Discussion
Sleepiness and behavioral performance at night are modu-
lated by the interactions of circadian and sleep-homeosta 
sis mechanisms. Few studies have focused on the cerebral 
correlates of this phenomenon. Identifying how intrinsic 
brain-function connectivity is affected during SD at night 
is not only of great interest for sleep–wake research but 
also in the context of shiftwork and sleep restriction. In the 
present study, monotonically increased interhemisphere 
interactions were found during one night of SD, with 
mainly the thalamus, default-mode network, and sensori-
motor network implicated. Furthermore, significant 

positive correlations were found between sleepiness and 
VMHC in the superior temporal cortex. To our knowledge, 
this is the first study to investigate the dynamic modulation 
of SD on VMHC.

VMHC has been broadly used to reveal aberrant inter-
hemispheric functional connectivity in various brain dis-
orders, such as insomnia,16 schizophrenia,17 and nicotine 
addiction.6 Using repeated fMRI scanning, we found sig-
nificant alterations in VMHC during one night of SD, 
which indicated that functional interhemispheric commu-
nication was severely affected by SD. This is reasonable, 
as interhemispheric interaction relies on white-matter com-
missural fibers, such as corpus callosum and interthalamus 
adhesions. The integrity of these fibers has been demon-
strated in our previous study to be associated with resi-
lience to SD-induced cognitive declines,18 ie, the higher 
the fractional anisotropy, the better the cognitive perfor-
mance after SD. Most imaging studies of SD typically 
conduct two imaging sessions in each subject. One session 
is performed after rested wakefulness and the other after 
SD. By comparing the differences in neural activation 
between these two sessions, researchers have proposed 
many explanations, expanding our understanding of the 
neurocognitive consequences of SD. However, the 
observed alterations in VMHC after SD in our previous 
study described modulated interhemispheric connectivity, 
rather than the process of modulation.8 A clearer and more 
complete understanding of neural changes associated with 
the process of SD can be obtained by increasing observa-
tion sessions during SD. In comparison with our previous 
finding, the present study has greatly enriched and 
expanded our understanding of the influences of SD on 
interhemispheric interactions in that a gradually ascending 
curve was found for VMHC. By increasing the number of 
observations, we provide more comprehensive information 
on the dynamic modulation of SD on between-hemisphere 
functional connectivity.

Increased thalamic responses were frequently observed 
after SD, and most studies have indicated that enhanced 
responses reflect a compensation for the detrimental 
effects of accumulating sleep debt.19,20 However, as indi-
cated by Muto et al, subcortical responses within the 
thalamus and head of the caudate nucleus show strong 
circadian modulation, but no significant influence 
on sleep debt. Therefore, the rise in VMHC observed 
within the thalamus might reflect the effect of circadian 
rhythm more than the effect of sleep homeostasis. Muto 
et al indicated that dynamic increased activation within the 

Figure 1 Significant time effects for Stanford Sleepiness Scale scores. *Significant 
difference between labeled session and session 1 (eg, session 4 with asterisk 
indicates a significant difference in Stanford Sleepiness Scale scores between ses-
sions 4 and 1); +significant difference between labeled session and session 2; 
^significant difference between labeled session and session 3; ○significant difference 
between labeled session and session 4; □significant difference between labeled 
session and session 5.
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thalamus during SD showed a highly positive correlation 
with mean melatonin levels, which ascended linearly dur-
ing the night.9 This is consistent with our study: activation 
in the thalamus was monotonically increased during the 
whole night, in contrast to several cortical areas that were 
affected by the interaction effects of circadian rhythm and 
sleep homeostasis, ie, a fast increase during the early night 
with dramatic decrease during the late night.11 

Consistently with previous studies, the current study 
found no correlation between thalamus activation and 
SSS scores, which suggested that sleep debt might show 

little effect on subcortical brain structures.6 Therefore, the 
thalamus could serve as a foci of interest when investigat-
ing disorders with abnormal circadian rhythms.

As the superior temporal gyrus is a core region of the 
default mode network, the rise of VMHC observed within it 
might reflect disrupted disengagement in the default-mode 
network when sleepiness increased. Previous studies using 
independent-component analysis and seed-based 
approaches have identified abnormal functional connectiv-
ity within the default-mode network and between the 
default-mode network and other brain networks.15,21 Our 

Figure 2 Significant time effects for VMHC (ANOVA). (A) ANOVA results for bilateral thalamus and time course during sleep deprivation. (B) ANOVA results for bilateral 
superior temporal gyrus and time course during sleep deprivation. (C) ANOVA results for bilateral precentral gyrus and time course during sleep deprivation. (D) Default- 
mode network and sensorimotor network marked green and blue, respectively. 
Abbreviation: VMHC, voxel-mirrored homotopic connectivity.
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previous study found that the activation pattern to slowest 
sustained attention within the default-mode network 
increased linearly, which indicated increasingly poor effi-
ciency of task disengagement during SD.11 Furthermore, 
significant positive correlations were found between 
VMHC within the superior temporal gyrus and SSS scores. 
This can partially explain the neuroimaging mechanism of 
increased sleepiness during SD. Consistently with the cur-
rent findings, our previous study suggested that the higher 
negative correlation with the default-mode network, the 
better the working memory maintained during SD.10 

Therefore, the activation pattern within the default-mode 
network could serve as a biomarker of sleepiness degree 
during SD, and participants who maintain stable default- 
mode activation during SD might show little cognitive 
vulnerability after SD.

As the precentral gyrus is an important part of the sensor-
imotor network, the increased VMHC found in itmight 
indeed reflect a compensatory role during SD. Basic sensory 
and motor functions require coordination of the left and right 
sides of the brain. However, when higher-order cortex 
regions activate poorly after SD,22 brain regions within the 
sensorimotor network needs to strengthen the connectivity 
between the two hemispheres to cope with the decreased 
whole-brain efficiency induced by sleepiness. However, 

increased activity accounting for compensation needs to 
meet at least two prerequisites.23 Firstly, there should be 
available evidence that enhanced activation is related to the 
supply–demand gap. Secondly, there should be beneficial 
effects of enhanced activation on cognitive function. In the 
current study, no negative correlation was found between 
increased VMHC in the precentral gyrus and increased slee-
piness during SD; therefore, the neuroimaging correlates 
underlying the compensatory mechanism after SD need 
further exploration.

The present study has several limitations. First, the sam-
ple was relatively small and the age distribution too young. 
This is because participants were hard to recruit. Second, 
microsleep was not easy to avoid during the entire experi-
ment, but two research assistants were on hand to prevent 
participants from falling asleep. Furthermore, before scan-
ning, participants were urged repeatedly to stay awake, dur-
ing scanning they were asked to keep their eyes open, and 
after the scanning they all confirmed no sleep. In addition, 
during scanning, heart rate and breathing frequency were 
collected at the same time, which verify they were not asleep. 
Finally, as most participants’ sleep-onset time was around 
midnight (6±24 minutes), the first scanning session (10 pm) 
might not be accounted as SD; therefore, observations at this 
session should be interpreted with caution.

Figure 3 Positive correlation between VMHC in bilateral superior temporal gyrus and Stanford Sleepiness Scale score.
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Conclusion
By increasing the number of scans, our study comprehen-
sively described the dynamic regulation of SD on func-
tional connection between the left and right hemispheres. 
Monotonically increased VMHC was within the thalamus, 
default-mode network, and sensorimotor network, which 
represents the modulation of circadian rhythm only or the 
interaction effects of both circadian rhythm and sleep 
homeostasis. We provide new information on how SD 
regulates brain connectivity between the hemispheres dur-
ing SD and add new evidence of neuroimaging correlates 
of increased sleepiness after SD.
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