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Sleep deprivation have shown its great influence on the default mode network (DMN). The

DMN is a core system in resting state brain activity. Recent studies have focused on its
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subsystems and multiple functions. However, the individual specific organization of the

DMN is rarely investigated. As the effects of sleep deprivation (SD) on mood are well

documented, a more interesting question is whether changes in the processing of

emotional information due to sleep deprivation are related to any specific topological

properties of the DMN. In this study, we proposed an index, module number of DMN

(mnDMN), to measure the specific modular structure of the DMN for each individual. Our

results showed that the DMN was generally split into two modules after SD, and the

decreased functional connectivity between the two modules was related to a worsening of

the participants' self-reported emotional state. Furthermore, the mnDMN was correlated

with participants’ rating scores of high valence pictures in the SD session, indicating that

the mnDMN might reflect mood valuation in the human brain. Overall, our research

reveals the diversity of the DMN, and may contribute towards a better understanding of the

properties and functions of the DMN.

& 2014 Elsevier B.V. All rights reserved.
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1. Introduction

The default mode network (DMN) is possibly the most widely
studied functional network in resting-state functional Mag-
netic Resonance Imaging (rsfMRI) literature (Lei et al., 2013b).
Recent research has focused on its subsystems and multiple
functions during various experimental conditions (Alex
Fornito et al., 2012) and mental disorders (Zhang and
Raichle, 2010). Though the existing literature has indicated
that the DMN consists of approximately 10 widely reported
regions (Andrews-Hanna et al., 2007; Hayes et al., 2012), the
medial prefrontal cortex (mPFC) and the posterior cingulate
cortex (PCC) constitute a midline core subsystem of the DMN
(Greicius et al., 2003; Sheline et al., 2009). The decreased
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activity of the PCC often serves an adaptive function and is
implicated in transitions between focusing on external and
internal environments (Eichele et al., 2008; Raichle et al.,
2001). However, Leech and Sharp recently pointed out this
region was proved to be highly heterogeneous and might
contribute a lot in regulating the focus of attention (Leech and
Sharp, 2013). In contrast, the mPFC has been associated with
social cognition involving the monitoring of one's own
psychological states, and mentalizing about the psychological
states of others (Laird et al., 2009; Lei et al., 2013, 2014).

Recent evidence suggested that the DMN is generally
made up of three subsystems including the aforementioned
midline core subsystem, as well as the dorsal medial pre-
frontal cortex subsystem and the medial temporal lobe
subsystem (Andrews-Hanna et al., 2007; Salomon et al.,
2013). However, the reproducibility of this compartmentaliza-
tion needs to be further tested based on the following recent
findings. Andrews-Hanna, the proposer of these three sub-
systems, has found that an inconsistency exists in the DMN
structure between the rest and task conditions by using
clustering coefficient analysis (Andrews-Hanna et al., 2010).
Besides, by using meta-analysis, Kim found a so-called
“parietal-temporal subsystem”, which partially overlapped
with the medial temporal lobe subsystem (Kim, 2012).
Furthermore, substantial evidence indicated that nodes in
the same subsystem are heterogeneous. For instance, aging
has differential effects on the activity of the mPFC and the
PCC, and thus causes reduced functional connectivity
between them (Andrews-Hanna et al., 2007). Another exam-
ple comes from the research of sleep, which suggests that the
bilateral inferior parietal cortices and the PCC strengthen
their activity during deep sleep, whereas the connections
between the PCC and the mPFC are lost (Horovitz et al., 2009).
Given the controversy, regarding the subsystem organization
of the DMN, we hypothesized that the DMN structure is very
diverse and consequently a quantitative tool should be
developed in order to capture the heterogeneity of the DMN.

Modularity is a popular network measurement to quantify
functional segregation in the brain (Liang et al., 2013). The
network's modular structure, also known as the community
structure, is revealed by subdividing the network into groups
of nodes, with a maximum possible number of within-group
links, and minimal between-group links (Girvan and
Newman, 2002). Two particularly informative early studies
were conducted exploring brain network modularity, sup-
porting a substantial correspondence between structural
connectivity and resting-state functional connectivity mea-
sured in the same participants (Chen et al., 2008; Hagmann
et al., 2008). By using modularity, functional brain networks
Table 1 – Sleepiness, mood state and rating scores of subjects

Behavior performance NS session

Sleepiness 2.3670.85
Positive affect 33.6474.34
Negative affect 17.4575.54
Negative picture rating scores 3.6370.42
Positive picture rating scores 3.2370.52
High valence picture rating scores 3.4370.43
such as sensory-motor, visual, and mnemonic processing
networks are easier to locate in terms of their corresponding
topological modules. It is important to note that the DMNwas
proved to have an intrinsically cohesive modular structure
(He et al., 2009). Most importantly, the characteristics among
modules provide important means for identifying individual
differences in network organization (Sporns, 2013), and help
us to identify groups of regions that perform specific biologi-
cal functions. However, the individual module structure of
the DMN remains largely unknown.

In the present study, sleep deprivation (SD) was utilized to
investigate the specific organization of the DMN in each
individual. SD was chosen because previous studies have
shown its great influence on the DMN. Given De Havas et al.'s
(2012) finding that the functional connectivity between
regions within the DMN was found to decrease after SD, we
were interested to confirm the existence of functional seg-
mentation in the DMN module structure. Moreover, although
the DMN is typically reported as being anti-correlated with
the dorsal attention network (DAN), different relationships
have been observed when considering specific subsystems of
the DMN, which further indicates functional segmentation of
the DMN (Broyd et al., 2009). Two other interesting phenom-
ena are the disturbed mood state after insufficient sleep
(Zohar et al., 2005) and that sleep loss usually interacts with
emotion disturbance, such that nearly all psychiatric and
neurological disorders expressing sleep disruption display
corresponding symptoms of affective imbalance (Benca
et al., 1992). As DMN alterations have been reported in
numerous neuropsychiatric diseases (Zhang and Raichle,
2010), a relevant question is whether changes in the proces-
sing of emotional information due to sleep deprivation are
related to any specific topological properties of the DMN.

According to the above research evidence, we hypothe-
sized that the principle of modularity would characterize the
fundamental organization of the default mode network under
a sleep deprivation condition. This study had three main
objectives. Firstly, to investigate the effect of sleep depriva-
tion on the DMN, a metric named ‘module number of DMN’

(mnDMN) was proposed to compare the individual modular
structure of the DMN between normal sleep (NS) and sleep
deprivation conditions of 22 healthy subjects. Secondly, we
wanted to see whether functional segmentation exists in the
DMN module structure, in other words, weather the DMN
would split into more modules in the SD condition by using a
method of averaging the functional connectivity across par-
ticipants (the grand averaged functional connectivity). So
mnDMN refers to the individual level of modularity analysis
while the grand averaged functional connectivity is group
in both NS and SD sessions.

SD session p

3.1471.13 o0.001
28.0576.22 o0.001
17.2376.1 0.0804
3.4870.49 0.12
3.1270.45 0.2
3.370.45 0.11
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level modularity analysis. Finally, taking into account the
perplexing emotional reactivity people demonstrate after
sleep deprivation, we further explored the relationship of
the individual module number of the DMN and participants’
ratings of high valence pictures.
2. Results

2.1. Behavior results

Sleep deprivation resulted in an increase in the sleepiness of
participants (2.36 vs. 3.14; t21¼2.08, paired t-test, po0.001;
Table 1). At the same time, there was a significant reduction
in their positive affect (33.64 vs. 28.05; t21¼2.08, paired t-test,
po0.001; Table 1). To indicate that participants indeed have
made a choice rather than no response during the emotional
rating task, we further reported the percentage responses at
each valence both in the NS and SD sessions in Fig. 1. We
noticed that the choice of 3 and 4 are relatively more than the
choice of 1, 2 and 5. However, their negative affect and
emotional rating scores of negative pictures, positive pictures
as well as high valence pictures were not significantly
different across conditions (p¼0.0804, p¼0.12, p¼0.2, and
p¼0.11, respectively; Table 1).
2.2. The extracted DMN

According to the results of group independent component
analysis (GIFT, http://www.icatb.sourceforge.net/) (Calhoun
et al., 2001), the default mode network was identified with a
0.47 spatial correlation value with the Stanford University
template. Its spatial distributions are shown in Fig. 2 (upper
left). Paired t-tests at the group level of each network revealed
no areas which were significantly changed between NS and
SD sessions (po0.01). The DMN encompassed the medial
prefrontal cortex, bilateral temporal lobe, bilateral angular
cortex, precuneus, posterior cingulate cortex, and bilateral
cerebellum, which are illustrated in the bottom left of Fig. 2.
The specific positions of 13 single spherical regions which
Fig. 1 – The percentage responses at different emotional
ratings in the NS (indicated by blue rectangle) and SD
(indicated by red rectangle) sessions.
were entries for mnDMN analysis are listed in the right table
of Fig. 2.
2.3. Sleep deprivation reconfigures functional networks

According to our results of modularity analysis, the DMN split
into two modules with one consisting of 7 regions and
another consisting of 6 regions in the SD session compared
to the NS session, which is shown in both sides of Fig. 3. The
anterior subsystem of the DMN (DMN1) encompassed the
medial prefrontal cortex, left medial superior frontal area, left
inferior orbital frontal cortex, left middle temporal area and
bilateral cerebellum. The posterior subsystem of the DMN
(DMN2) encompassed the bilateral angular cortex, bilateral
temporal lobe, precuneus, posterior cingulate cortex and
inferior temporal area. We then examined the functional
interaction between modules. Paired t-tests between correla-
tions in the NS and SD sessions indicated a significant
decrease (in the middle of Fig. 3) from 0.35 to 0.24, DMN1
and DMN2 functional connectivity (p¼0.036).

Furthermore, we used Pearson correlations to investigate
whether the individual functional connectivity between
DMN1 and DMN2 was able to predict individual differences
in the rating of mood. As shown in Fig. 4, participants with
more reduced DMN1–DMN2 connectivity were found to have
a much worse emotional state in the SD session (r¼�0.58,
p¼0.0047o0.01).
2.4. MnDMN correlates significantly with participants’
performance

The split DMN in the group average connectivity matrix
further investigates how the modularization of the DMN
varies across subjects. As illustrated in Fig. 5, 22 subjects
were sorted by the number of modules, i.e., mnDMN. From
left to right, the color increases from white to deeper green to
reflect that the mnDMN increased from 2 to 5.

The relationship between participants’ rating scores of
high valence pictures and mnDMN was examined in the SD
session, which is specifically shown in Fig. 6. From this, we
can identify that the more modules the DMN splits into, the
higher the participant's ratings of emotive pictures. For
instance, the subject whose DMN corresponds to two mod-
ules in the SD session, has a rating score of 2.85 (black circle
dotted in Fig. 6), whereas the other subject with a rating score
of 3.33, had a DMN which split into 3 modules in the SD
session (yellow circle dotted in Fig. 6). The subject whose
DMN divided into 4 modules in the SD session had a much
higher rating score equal to 3.63 (blue circle dotted in Fig. 6)
and the most extreme division of the DMN was observed in
the subject whose rating score was 3.88, with his DMN
transformed into 5 modules in the SD session (green circle
dotted in Fig. 6). We further used Pearson correlations to test
whether individual modularity of the DMN in the SD session
could predict participants’ ratings. As illustrated in Fig. 6, we
found individual's DMN modularity was positively correlated
with emotional rating scores to high valence pictures in the
SD session (r¼0.53, po0.01).



Fig. 2 – The spatial pattern of the DMN and its 13 regions of interest (ROIs). The positive and negative activation of group level
DMN extracted by ICA is shown in the upper left. The localizations of 13 ROIs are displayed in the bottom left. Each color
represents a single ROI in axial view. The 13 ROIs were mapped on the cortical surfaces using BrainNet viewer software
(http://www.nitrc.org/projects/bnv/). The specific positions of 13 ROIs are illustrated in the right table.

Fig. 3 – DMN split into two sub-networks after sleep deprivation. The middle panel shows the functional connectivity between
DMN1 and DMN2 during NS and SD sessions, with the corresponding spatial patterns in the left and right panels. In the NS
session, there is only one module (all nodes are plotted in magenta, all the edges are plotted in black). In contrast, there are
two modules in the SD session, the anterior DMN (magenta regions and edges) and the posterior DMN (blue regions and
edges), and the edges between the two modules are black. The nodes and connections were mapped on the cortical surface
using BrainNet viewer software (http://www.nitrc.org/projects/bnv/).
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3. Discussion

In the present study, we found SD induced the DMN splitting
into two modules and reduced the interaction between
modules across subjects on the group level of modularity
analysis, which suggested functional segmentation existed in
the DMN module structure. The decreased functional
connectivity between modules was negatively correlated
with the change in participants’ rating of their negative
mood. To quantitatively describe the influence of SD, we
proposed an index, the module number of DMN (mnDMN), to
measure the inter-subject variability in the structure of the
DMN. Our data suggested the mnDMN in SD sessions was
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correlated with participants’ rating scores of high valence
pictures in SD sessions on the individual level of modularity
analysis, which uncovered SD effects on the interaction
between DMN organization and the mood variation of
participants.

3.1. Sleep deprivation reconfigures default mode network

Altered functional connectivity within the DMN was observed
with increased subsystems corresponding to DMN1 and
DMN2. As illustrated in Fig. 3, DMN1 mainly encompassed
the mPFC and bilateral cerebellum and DMN2 consisted of the
bilateral parietal lobule and bilateral temporal lobes as well
as the PCC. Though rarely reported in previous literature, our
findings linking the bilateral cerebellum to the DMN are
supported by some related research (Filippini et al., 2009;
Habas et al., 2009). Moreover, the cerebellum is involved in
past and future event elaboration in conjunction with the
mPFC (Addis et al., 2007). The latter reflects the neural
substrates of some components of social cognition (Buckner
r = -0.58
p = 0.0047
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Fig. 4 – The functional connectivity between DMN1 and
DMN2 and its relationship with participants’ state of mood.
Participants who have more decreased functional
connectivity between DMN1 and DMN2 were found to have
a worse mood in the SD session compared to NS session
(r¼�0.58, p¼0.0047o0.01). Each magenta diamond
represents a single subject.

Fig. 5 – The modularity of 13 DMN regions across 22 subjects in
DMN, and the X axis is labeled with 22 participants. Notably, the
The deeper color for the latter subject (especially s22) represent
et al., 2008). Therefore we deduced that DMN1 is mainly
responsible for monitoring of one's own psychological states
and social cognitions. Correspondingly, the PCC, part of
DMN2, supports transitions between external and internal
environments (Leech and Sharp, 2013). Meanwhile the bilat-
eral parietal lobule and bilateral temporal lobes were proved
to constitute a medial temporal lobe sub-system and mainly
support memory retrieval processes (Andrews-Hanna et al.,
2010; Kim, 2012). Hence DMN2 supports the cognition of not
engaging in the external environment. In conclusion, our
results suggest modularity is a promising tool to identify
functional subsystems of the DMN.

Compared with normal sleep, a significantly decreased
functional connectivity between DMN1 and DMN2 was
observed in sleep deprivation. Basically, the altered integrity
within the DMN supports previously reported aberrant func-
tional connectivity between the anterior and posterior com-
ponents of the DMN under a wide range of experimental
conditions, such as deep sleep (Horovitz et al., 2009) and
working memory tasks (Castellanos et al., 2008). Moreover, as
Broyd and his colleague pointed out in their review, the
reduced anti-correlations may arise from the abnormal
DMN activity (Broyd et al., 2009). We also observed the
decreased DMN-DAN anti-correlation (from �0.4337 to
�0.2442, p¼0.0014), which may partially be attributed to the
decreased DMN1–DMN2 functional connectivity.

Interestingly, significantly decreased DMN1–DMN2 func-
tional connectivity was found to be negatively correlated with
participants’ negative emotional state in our study. This
relationship demonstrates participants would have a much
worse mood after SD. Our result therefore provides additional
evidence about the role of the DMN in emotion regulation.
Furthermore, given that decreased connectivity between the
anterior and posterior components of the DMN has been
shown to underlie deficits in self-referential processing,
attention control and working memory (Castellanos et al.,
2008; Sheline et al., 2009), it is not surprising to find that SD
also bring about decreased connectivity between these two
components. In fact, many previous studies have reported
the negative effects of SD (Zohar et al., 2005). This further
illustrates that functional segregation of the DMN may serve
to worsen emotion state, though participants did not report
the SD session. The Y axis is labeled with 13 regions of the
number of DMN modules (mnDMN) is increased from 2 to 5.
that they required more modules during rest state.



r = 0.53
p < 0.01

0        1        2        3         4         5         6         7

5

4 

3 

2 

1 

0

mnDMN in the SD session

R
at

in
g 

sc
or

es
 in

 th
e 

SD
se

ss
io

n

Fig. 6 – Module number of DMN (mnDMN) was correlated with participants’ behavior performance during SD session. A
positive correlation was obtained between mnDMN and the emotional rating scores of high valence pictures (r¼0.53, p¼0.01).
Each magenta diamond represents a single subject. We chose 4 subjects, whose mnDMN corresponded to 2, 3, 4 and 5 along
the fitted line, to illustrate their module structure in the bottom. Note only the largest 30% of links were shown in each
network.
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worse mood in our behavior results (note the marginally
decreased value in Table 1, though it was not-significant).

3.2. MnDMN is correlated with behavior performance

Although by utilizing the modularity analysis, we found the
DMN split into two subsystems at the group level, this finding
was constrained by our special experimental condition, sleep
deprivation. As mentioned in our review of the previous
research about subsystems of the DMN, some researchers
have attempted to distinguish that some of the nodes belong
to a specific module. As a result, it was clear that the division
of the DMN subsystems couldn't obtain a unified result,
because the function and the underlying structure of each
node in the DMN may alter in different experimental condi-
tions, different consciousness levels and different partici-
pants. In addition, clustering a specific node to a module is
sensitive to the noises and nuisance variances related to the
node. We consequently decided against attempting to sub-
divide the DMN according to specific groups with certain
nodes. Since the module number could reflect the dynamic
change of the default mode network in different situations
(Tagliazucchi et al., 2013), we adopted a more summarized
index, the mnDMN, which reflects the module number of the
DMN, to abstractly describe the diversity of the DMN. What's
more, the mnDMN only considers the number of modules
rather than the specific composition within modules, thus it
can be easily computed and more robust. We should
emphasize that the mnDMN is specially defined to describe
the individual specific properties of the DMN. Our present
study revealed its relevance to worse emotional states during
sleep deprivation.

In our study, the individual mnDMN was correlated to
subjects’ rating scores of high valence pictures. Most pertinent
to this finding, recent evidence suggests that other measures of
inter-subjective variability of modularity can characterize other
areas of participants’ behavioral performance such as working
memory and skill learning (Bassett et al., 2011; Stevens et al.,
2012). Using a simple motor learning task, Bassett et al. found
the allegiance of nodes to modules in each participant could be
used to predict that participants' learning in a following
experimental session (Bassett et al., 2011). Later on, Stevens
et al. found another property of module networks: the mod-
ularity value that reflects how well an entire network is
organized into modules can predict the change in working
memory capacity. This further suggested organizational char-
acteristics of module structures contain information about
latent cognitive functions (Stevens et al., 2012). Combined with
these two studies, our results intuitively suggest the importance
of quantifying the module structure of the DMN in order to
understand the emotional function of DMN. Future investiga-
tions should reveal the relationship among the allegiance of
nodes to modules, the modularity value and mnDMN.

Participants with more subsystems of the DMN reported
higher rating scores of high valence pictures in the SD session
(see Fig. 6). This behavior performance was to be expected as
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previous research has established that participants provide
exaggerated rating of emotional materials after SD (Gujar et al.,
2011; Kahn-Greene et al., 2006). Combined with the above result
of decreased DMN1–DMN2 integrity after SD, an intuitive infer-
ence is that there is a linear relationship between the ratings of
emotional pictures and the module number of DMN. What's
more, this relationship is also relevant to a number of the
aforementioned psychiatric disorders. These disorders are
usually characterized by a deficit in emotional processing
(Harrison et al., 2008) and a dysfunction in the DMN (Broyd
et al., 2009). In fact, Gujar has suggested an interaction between
sleep deprivation, emotion and mental disease in anxiety
disorders (Goldstein et al., 2013). The increased module number
of DMN may quantify this dysfunction, and further predict the
deficit in emotional processing. Future application of mnDMN in
mental disease may extend our knowledge of the underlying
psychopathology mechanism of neuropsychiatric disorders.

3.3. Limitation

It should be noted that this study has some limitations. First,
there is a lack of an objective monitoring of sleep, which is a
flaw of our experimental design. Simultaneous EEG or other
means during the resting state scan is a better way to confirm
participants’ wakefulness. Future sleep deprivation related
studies should pay attention to the objective monitoring of
sleep. Second, participants could only give their ratings by a
moving curser during the emotional rating task, which might
make them less willing to move the cursor multiple steps,
especially after sleep deprivation. A better and easier way to
collect participants’ ratings of emotional pictures will be
needed in future studies. Third, nuisance variables in the
BOLD signal, containing the mean signals from a ventricular
region, the white matter region, the cerebrospinal fluid and
the global brain signal were not removed in our modularity
analysis. One consideration is that regressing out those
covariates in the research area of brain functional connectiv-
ity is controversial (Murphy et al., 2009; Nair et al., 2014);
another consideration is that nuisance variables might be
affected by SD in sleep deprivation studies (Gujar et al., 2010,
2011), so nuisance variables might be related to participants’
emotional experience in our SD paradigm. However, for the
sake of caution, all data were reanalyzed after regressing out
the nuisance effects. There were some minor changes with
the correlation between mnDMN and participants’ rating
scores to high valence pictures in SD session. The correlation
after moving out nuisance variables is 0.38 (p¼0.08, that is
marginally significant). Though this minor change may
caused by nuisance variables, the whole trends remained.
4. Conclusions

In summary, we have investigated the functional segregation
and diversity of the default mode network in sleep depriva-
tion using modular analysis. Sleep deprivation induced the
DMN splitting into two subsystems, DMN1 and DMN2. The
decreased connectivity of these two subsystems was nega-
tively correlated with participants’ emotional state. Most
importantly, the module number of DMN (mnDMN) was
correlated with subjects’ evaluations of emotive pictures in
a sleep deprived state. Overall, the proposed mnDMN may be
a useful index to depict the diversity of the DMN and its inter-
subject variability, and enable other researchers to further
explore the role of the DMN in related neuropsychiatric
diseases.
5. Materials and methods

5.1. Participants

Twenty-three healthy right-handed volunteers participated
in the experiment after giving informed consent. They were
without any history of psychiatric or neurological illness as
confirmed by a psychiatric clinical assessment. All had
normal or corrected to normal vision. All of them had a good
sleep habit and a normal sleep-wake rhythm with sleep
duration of no less than 7 h each night in the past one month
according to the Pittsburgh Sleep Quality Index (PSQI). Sub-
jects abstained from caffeine and alcohol for 72 h prior to and
during the entire course of the study. The study was
approved by the Ethics Committee of Southwest University,
and all procedures involved were in accordance with the
sixth revision of the Declaration of Helsinki. One participant
was excluded in our data analysis due to his fallen asleep in
the scanner after sleep deprivation when he was performing
the emotional rating task, then 22 participants (13 males, age:
21.0971.95) were remained for our further analysis.

5.2. Study procedure

All volunteers visited the laboratory at Southwest University
3 times. During their first visit, they were informed of the
whole study procedure, and completed questionnaires about
their mental health and sleep habits. Then they were asked
to adhere to their normal sleep habit until the end of the
experiment, which was verified by a sleep dairy. All of the
participants needed to keep a sleep diary beginning one week
before the formal experiment. This enabled volunteers to
form a psychological contract relationship with our experi-
ment. Volunteers returned to the laboratory weekly for two
fMRI scan sessions, one after normal sleep (NS session) and
one after sleep deprivation (SD session). The order of the two
sessions was counterbalanced across participants.

Volunteers got up in the morning as usual on the day of
their sessions. For the NS session, scans took place at 15:00 p.
m. For the SD session, participants were monitored in the lab
from 8:00 a.m. on Day 1 until 17:00 p.m. on Day 2 to ensure
approximately 33.54 h (72.5) total sleep deprivation before
scanning. They were allowed only to engage in non-
strenuous activities such as reading and watching videos.
What's more, we have arranged a few experimenters to take
turns to vigil in the lab. These strategies were useful to make
sure the participants stay awake before their resting state
scan. Volunteers had the right to quit the experiment at any
time if they felt uncomfortable. Volunteers were asked to
complete the Stanford Sleepiness Questionnaire (SPQ;
(Hoddes et al., 1972) and the Positive and Negative Affect
Scale (PANAS; (Watson et al., 1988) to estimate their state of
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consciousness and mood before two fMRI scans. After a 5 min
resting-state fMRI scan, they continued to perform an emo-
tional picture rating experiment in the scanner (van der Helm
et al., 2011), which contains 5 runs with a duration of 4 min
30 s in each run.

During the emotional rating task, participants viewed and
rated the emotional intensity of 150 standardized affective
pictures (International Affective Pictures System, IAPS, valence
8.19�1.66, mean and std: 4.9871.38, arousal 6.99�2.6, mean
and std: 4.9971.1) on a scale from 1 to 5, corresponding to the
increasing intensity of their subjective emotional reaction to the
pictures. Each event-related trial began with a fixation cross
(500–1000ms jittered), followed by a picture stimulus presenta-
tion (2000ms). Participants rated the emotional intensity of the
stimulus by a moving curser. At the beginning of each trial, the
curser was stayed at the rating score of “3”. Since participants
may move the cursor multiple steps to the target score, we
couldn't collect their reaction time when they were rating the
pictures. In extreme case, the participants may give no
response if their target was “3”. Each trial was completed by a
2000–2500ms fixation (jittered). The average rating scores of
negative and positive pictures in both sessions were calculated
respectively. We also calculated the participants’ rating scores
of high valence emotional pictures (according to the standard
valence scores in the IAPS).

To ensure that participants stay awake in the scanner,
they were instructed to stay awake and avoid sleeping.
Participants were immediately addressed after each fMRI
run via the intercom to ensure they stay awake and not to
move their head. If a participant fallen asleep in the scanner,
he/she couldn't hear our voice through the intercom. All the
remained 22 participants answered us immediately after
each run. After the complete fMRI scan, we further required
participants to accomplish a Flanker task. According to our
behavior analysis, though sleep deprivation resulted in an
decrease in the congruency effect of participants (0.34 vs.
0.30; t21¼2.08, paired t-test, po0.05), it didn't affect partici-
pants’ reaction time (267.81 vs. 266.41; t21¼2.08, paired t-test,
p40.05) and accuracy rate (0.97 vs. 0.97; t21¼2.08, paired t-
test, p40.05 ).Thus the alertness of participants didn't
affected by sleep deprivation, which further indicated that
they could be able to stay awake in the scanner.
5.3. fMRI scan and data recording

A high-resolution T1-weighted structural volume was
acquired using a 3T Siemens Trio scanner. The 3D spoiled
gradient recalled (SPGR) sequence used the following para-
meters: thickness of 1 mm (no gap); TR of 8.5 ms; TE of 3.4 ms;
FOV of 240�240 mm2; flip angle of 121; and a matrix of
512�512. The high-resolution T1-weighted structural volume
provided an anatomical reference for the functional scan.
Subsequently, the fMRI machine scanned 200 functional
volumes, using an EPI sequence with the following para-
meters: TR of 1500 ms; TE of 29 ms; flip angle of 901; acquisi-
tion matrix of 64�64; in-plane resolution of 3.0�3.0 mm2;
FOV of 192�192 mm2; axial slices of 25; thickness/gap of 5/
0.5 mm. The first six volumes were discarded to ensure
steady-state longitudinal magnetization.
5.4. fMRI data pre-processing and DMN extraction

All the data were mainly preprocessed with the spm8 (http://
www.fil.ion.ucl.ac.uk/spm/, Welcome Department of Cogni-
tive Neurology, UK). This included slice timing, head motion
correction, spatial normalization, smoothing, filtering and the
linear trend removal. No subject was excluded because all the
head motion during scanning was less than 2 mm or 21.

To define the regions of interest (ROIs) of the DMN, a data-
driven method was employed: the group independent com-
ponent analysis (GIFT, http://www.icatb.sourceforge.net/)
(Calhoun et al., 2001). The optimal number of components
was set to 20, which was calculated using the GIFT dimen-
sionality estimation tool. Firstly, data from each subject were
reduced using principal component analysis (PCA), according
to the selected number of components. Then the data were
separated by independent component analysis (ICA) using
the Extended Infomax algorithm. After that, spatial maps and
time courses for each subject were back-reconstructed, and
the spatial maps for each subject were entered into a one-
sample t-test to identify voxels with activities that were
significantly different from zero. The threshold for signifi-
cance was set using a false discovery rate correction (FDR
procedure, Po0.001, cluster extent of 80voxels). The spatial
patterns that best matched the DMN template developed by
Stanford University (Shirer et al., 2012) was selected. The
selected DMN networks must have the largest spatial correla-
tions with the templates and with correlation values at least
double that of all other networks. Finally 13 clusters (or
nodes) were identified in the DMN, and they became the
entry for the following modular analysis. The same procedure
described above was applied to extract the DAN and resulted
in 9 clusters (or nodes).
5.5. Grand averaged modularity of DMN

The 22 regions in the DMN and the DAN were spherical
regions of interest (ROIs, diameter 10 mm). The time courses
of these ROIs were extracted from the data after smoothing
(Bassett et al., 2011). The Pearson correlation coefficients were
calculated for each pair of 22 regions to measure the func-
tional connectivity between the given pair of regions, and
then a 22�22 correlation matrix was obtained for each
subject in both the NS and SD sessions. The correlation
matrix was further grand averaged across subjects in each
session, and two weighted graphs (one for the NS session and
another for the SD session) were obtained.

We then used BCT (brain connectivity toolbox) (http://
www.brain-connectivity-toolbox.net), a widespread measure-
ment introduced by Sporns to explore SD's effects on the
modularization of brain networks. The procedure for the
network measures followed their recently published paper
(Rubinov and Sporns, 2010). The modular structure was
compared between the NS session and the SD session, and
the only altered structure was observed in the DMN, where
one module in the NS session was split into two modules in
the SD session. The DMN specific modular alteration at the
group level may add insight into the module structure of the
DMN in individuals.
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5.6. Individual module number of DMN (mnDMN)

To further investigate the functional segmentation of the DMN
in single subjects, 13�13 correlation matrices between pairs of
DMN regions in each subject was input into modular analysis. A
community structure was obtained for each subject in each
session. Modularity captures an important organizational prin-
ciple critical to biological systems: integration within sub-
systems allows efficient local processing, while sparse connec-
tions between sub-systems reduce the propagation of noise
(Rubinov and Sporns, 2010). As modularity represents evolu-
tionary and developmental optimization of multiple or chan-
ging selection criteria (Meunier et al., 2009), a modular network
can evolve or grow into more modules and may vary across
subjects under some specific conditions like sleep deprivation.
So only the number of modules was considered in this study to
estimate the SD related effects on the default mode network.
We define this subject-specific number of DMN module as
mnDMN. We presumed the mnDMN may reflect the diversity
of the DMN, which may vary among subjects.
5.7. Statistical and correlation analysis

For the grand averaged DMN, we computed the correlation
coefficient between the two subsystems of the DMN, and
then used a paired t-test to explore the functional connectiv-
ity difference between the NS and the SD session. Further-
more, Pearson correlation coefficients were utilized to
investigate whether individual differences in functional con-
nectivity changes were related to individual differences in
sleepiness and mood state.

For each participant, the number of DMN modules
(mnDMN) was obtained both in the NS session and the SD
session. Pearson correlation coefficients were used to explore
whether the mnDMN was related to individual differences in
rating scores of emotive pictures. The age and gender were
included as covariates before Pearson correlation analysis to
obtain comparable results.
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