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Abstract

Total sleep deprivation (TSD) is common in modern society leading to deterioration of

multiple aspects of cognition. Dynamic interaction effect of circadian rhythmicity and

homeostatic sleep pressure on sustained attention have been intensively investigated,

while how this effect was represented on performance and cerebral responses to working

memory, another important element of many neurobehavioral tasks, was not well eluci-

dated. Thirty-six healthy subjects with intermediate chronotype performed the Sternberg

working-memory task (SWMT) while undergoing functional magnetic resonance imaging

every 2 hr from 10:00 p.m. on the first day to 6:00 a.m. on the second day. Using data from

three imaging sessions (10:00 p.m., 04:00 a.m., and 06:00 a.m.), we found that the slowest

SWMT reaction time and weakest cerebral responses were not at the end of TSD (06:00

a.m.) but during the early morning (04:00 a.m.) hours of the TSD. In addition, during this

worst period of TSD, reaction time for the SWMTwere found to be negatively correlated

with task-related activation in the angular gyrus and positively correlated with the degree

of negative correlation between the control and default networks. Our results revealed a

rebound of SWMT reaction time and cerebral responses after the mid-time point of regu-

lar biological sleep night and providedmore evidence that different cognitive tasks are dif-

ferentially affected by sleep loss and circadian rhythmicity.

K E YWORD S

dynamic changes, rebound response, sleep deprivation, working memory

1 | INTRODUCTION

A single night of total sleep deprivation (TSD) produces a range of funda-

mental neurocognitive deficits and is associated with serious outcomes

(Basner, Rao, Goel, & Dinges, 2013; Lim & Dinges, 2010). To understand

the neural underpinnings of TSD-related deterioration within a specific

cognitive domain, most imaging studies typically conduct two imaging

sessions for each participant, one after TSD and the other after rested

wakefulness (RW). The neurocognitive consequences of TSD were

largely explained by comparing the differences in brain activity between

these two sessions (Durmer & Dinges, 2005; Goel, Rao, Durmer, &

Dinges, 2009). However, these types of observations describe modu-

lated cerebral responses rather than the process throughwhich themod-

ulation occurs. A recent study exploring 13 repeated functional magnetic

resonance imaging (fMRI) sessions during 42 hr of TSD found differential

results for cortical and subcortical responses during a psychomotor vigi-

lance task (PVT) and greatly expanded our understanding of how

sustained attention deteriorates during TSD (Muto et al., 2016). Thus, to

better understand how sleep deprivation impairs cognitive performance,

increasing the numbers of sessions and investigating dynamic changes in

behavioral and cerebral responses is critical.Yuanqiang Zhu, Yibin Xi, Jinbo Sun, Fan Guo authors contributed equally to this work.
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Performance on the PVT and neuronal responses in high-order

association cortex have both been found to gradually decrease as TSD

progresses (Muto et al., 2016). Our recent study provided more detailed

information about the process underlying PVT activation during one

night of TSD, that is, for the fastest RTs, a compensatory increased acti-

vation was observed, followed by a rapid decreased activation in the late

night of TSD; For the slowest RTs, gradually decreased segregation of

the default mode network (DMN) from the task (increased DMN activa-

tion) was observed (Zhu et al., 2017).

However, how task performance and cerebral responses related to

working memory (WM) are modulated during TSD is still not well under-

stood (Mu et al., 2005a).WM is another important element of many neu-

robehavioral tasks, brain activity during a WM task typically involves

widespread networks, including prefrontal regions, parietal regions as

well as occipital lobe. The impact of SD on WM performance and its

underlying cerebral correlates has repeatedly been investigated. Com-

pared to RW condition, activity decreases have been extensively

observed in fronto-parietal brain areas and were related to performance

decline after SD (Habeck et al., 2004). Chee and Choo (2004) reported

decreased parietal activation using two WM tasks, their further study

indicated there were comparably reduced activations in bilateral superior

parietal region at two test times (24 hr of SD and 35 hr of SD) when com-

pared with RW (Chee et al., 2006). Furthermore, Chee and Choo (2004)

and Lythe, Williams, Anderson, Libri, and Mehta (2012) indicated that

the changes of frontal and parietal activity after SDwere also dependent

on task difficulty. Interestingly, cerebral task-related deactivation were

also found to be closely related with performance impairment. However,

as suggested by Reichert, Maire, Schmidt, and Cajochen (2016) it is

important to note that the decreases in cerebral correlates do not only

mirror an increase in sleep-pressure, but might be due the influence of

the interaction of circadian and sleep-homeostatic factors.

Studies have indicated that sleep loss and circadian rhythmicity

affect performance differently depending on the cognitive task (Schmidt,

Fabienne, Christian, & Philippe, 2007). Supporting this, recent studies

have indicated that the effect of sleep loss on WM tasks is smaller than

the effect on sustained attention (Lo et al., 2012). Specifically, the maxi-

mum effects of circadian rhythmicity and sleep history on n-back WM

were found at around 4 hr after dim light melatonin onset (DLMO+4 hr;

Lo et al., 2012), which corresponds to the middle of the biological night

(Klerman, Gershengorn, Duffy, & Kronauer, 2002). Therefore, cortical

activity duringWM tasks might also be affected differentially by interac-

tions between homeostatic sleep pressure and circadian rhythmicity.

In the present study, we used repeated fMRI to investigate the

changes in cerebral responses to the Sternberg working-memory task

(SWMT) during a whole night of TSD (Cui et al., 2015; Mu, Mishory,

et al., 2005a). As characteristics of the responses might be influenced by

individual differences in sleep and wake preferences (known as chro-

notype; Roenneberg, Wirz-Justice, & Merrow, 2003), only subjects with

intermediate chronotypes were recruited. We postulated that by scan-

ning subjects repeatedly and evenly during TSD, we would be able to

identify any dynamic changes in neuronal responses to the SWMT. Spe-

cifically, we hypothesized that (a) the worst performance and lowest

levels of activation would be found at around the middle of biological

sleep night, (b) cerebral responses in Session 4would be characterized by

extensive deactivation, and (c) significant performance improvement and

activation increase would be found in Session 5 compared with Session

4. To obtain further evidence for the functional relevance of activation

patterns, we computed the correlation between SWMT performance

and task-related cerebral responses in the different sessions.

2 | METHODS

2.1 | Participants

All research procedureswere carried out in accordance with theDeclara-

tion of Helsinki and were approved by the Ethics Committee of Xijing

Hospital, Fourth Military Medical University. All participants provided

written informed consent prior to participation and were recruited from

a group of college students. The basic recruitment criteria were similar to

those that were used in our previous studies (Xu et al., 2015; Zhu et al.,

2015). The inclusion criteria were as follows: (a) right-handed and (b) 18–

35 years of age. The exclusion criteria were as follows: (a) a history of

alcohol or drug abuse, (b) a present or past history of any psychiatric or

neurological disorders according to the Structured Clinical Interview for

Diagnostic and Statistical Manual of Mental Disorder-IV, (c) a history of

sleep disorders according to International Classification of Sleep Disor-

ders version 3 (Sateia, 2014), and (d) work that required shift hours. Indi-

vidual chronotype was assessed by Munich Chronotype Questionnaire

(MCTQ; Roenneberg et al., 2003; Roenneberg & Merrow, 2016), each

participant was determined to be one of the seven potential types:

extreme early, moderate early, light early, intermediate, light late, moder-

ate late, and extreme late. The validity ofMCTQ as a tool for chronotype

classification has been verified by previous studies and is freely available

at http://www.thewep.org/chronotype-study. Revised Chinese version

of the MCTQ was used to classify the subjects (Chen et al., 2015).

Hereby, Chronotype was estimated as the mid-sleep time on free days

(MSF = (sleep onset on free day + [sleep duration on free day]/2)),

Significance Statement

Repeated fMRI was employed in our study to investigate

the dynamic changes in performance and cerebral responses

to Sternberg working-memory task (SWMT) during one

night of total sleep deprivation (TSD). The slowest reaction

time (RT) and weakest cerebral responses were found

around the mid-time point of regular biological sleep (04:00

a.m.) which indicated a clear rebound at the end of TSD.

These findings strengthen the fact that different cognitive

task was differentially modulated by interactions between

homeostatic sleep pressure and circadian rhythmicity. Previ-

ous TSD studies might miss critical information because the

typical TSD condition occurs after the rebound of SWMT

performance and response.

3266 ZHU ET AL.

http://www.thewep.org/chronotype-study


corrected for sleep debt on work days (MSFSC = MSF − [sleep duration

on free day − sleep duration on aworking day]/2).

A total of 220 participants were screened for inclusion and exclu-

sion criteria. Forty-five participants could not be included into the study

as they did not meet the basic inclusion criteria, for example, history of

alcohol disorders or sleep disorders, left handed. One hundred and

thirty nine participants were excluded as they were not classified as

intermediate chronotype. Hence, the final sample comprised 36 partici-

pants. Each person was provided a wrist actiwatch (Actiwatch; Philips

Respironics; Mini Mitter, Bend, Oregon, USA) to monitor their sleep

pattern (i.e., bed time, clock time falling asleep, clock time waking up,

clock time getting up) 1 week before the fMRI experiment.

2.2 | Study procedure

Participants made two visits to the laboratory. During the first visit,

they were briefed about the study protocol and were given an

actiwatch. A week later, they returned to the laboratory for the whole

night of TSD. They were required to report to the laboratory no later

than 6:00 p.m. on the test night, having stayed awake the whole day.

First, high-resolution T1 MR images were obtained for each partici-

pant. All participants then performed the SWMT 10 times to exclude

any effects related to practice. Consistent with previous studies, per-

formance on this task showed a significant learning curve during the

first five practices (F[4,140] = 13.06, p < 0.001), but reaching a stable

level thereafter (p > 0.2, Figure 1c). Participants completed five

SWMT sessions in the MR scanner, one every 2 hr, starting at 10:00

p.m. and ending at 6:00 a.m. (Session 1, 10:00 p.m.; Session

2, 12:00 a.m.; Session 3, 2:00 a.m.; Session 4, 4:00 a.m.; Session

5, 6:00 a.m.). Immediately after each scan, participants were

instructed to complete 10 min of a PVT in the MR scanner. Following

the PVT, they completed the Stanford sleepiness scale (SSS) by choos-

ing one of seven statements that best described their current state of

alertness. For the remaining time until the next scan, they were

F IGURE 1 Figure 1a showed the raw core body temperature curves for the participants. Round symbols show 15-min averages with
standard error bars. Figure 1b showed the correlation between individual MSFSC and individual time of core body temperature minimum.
Figure 1c Indicated the training effects for SWMT RT. repeated measures ANOVA showed significant training effects during the first five
practices, the SWMT RT reached a stable level after five times of practice. Figure 1d indicated the behavioral results for the SSS. Repeated
measures ANOVA showed a main effect of session for the SSS. Posthoc t tests were also performed to test for changes between sessions. *
indicate a significant difference between the labeled session and Session 1 (e.g., Session 4 labeled by an asterisk indicates a significant difference
in SSS between Sessions 4 and 1); + indicate a significant difference between the labeled session and Session 2; ^indicate a significant difference
between the labeled session and Session 3; ○ indicate a significant difference between the labeled session and Session 4; □ indicate a significant
difference between the labeled session and Session 5. Abbreviation: MSFSC, mid-sleep time on free days, corrected for sleep debt on work days
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allowed to engage in nonstrenuous activities, such as watching videos

and reading. Research assistants remained with the participants

throughout the night to prevent them from falling asleep.

Core body temperature (CBT) is a reliable marker of endogenous

circadian rhythmicity, and CBT minimum occurs at approximately the

mid-point of sleep (Baehr, Revelle, & Eastman, 2000). Therefore, indi-

vidual chronotypes were identified by the timing of the minimum

CBT. From 6:00 p.m. on the first day to 8:00 a.m. on the second day,

CBT was monitored continuously every 60 s using a wireless inte-

grated physiological monitor (VitalSense®, Mini Mitter, Bend, OR;

Darwent, Zhou, Heuvel, Sargent, & Roach, 2011). The VitalSense®

monitor receives radio signals from temperature-sensitive ingestible

capsules with a sensing range of 25–50�C and generates a valid index

of the CBT. The time of the CBT minimum was calculated using a pre-

viously described method by fitting a cosine function comprising the

fundamental oscillation and its first harmonic (Taillard, Philip, Coste,

Sagaspe, & Bioulac, 2003).

2.3 | Sternberg working-memory task

The SWMT used in this study was similar to a task that has been used

in other imaging studies (Cui et al., 2015; Mu, Mishory, et al., 2005a).

Stimuli were projected onto a screen using an LCD projector and

viewed by participants through a mirror positioned above them on a

head coil. The entire functional scan lasted for 12 min, 58 s, and con-

sisted of an initial 10-s fixation cross followed by twelve 64-s stimulus

blocks. Each block included a 32-s control task followed by a 32-s

Sternberg task. Each task contained two 16-s trials. The control trial

consisted of a 3-s viewing of six asterisks in two rows (2 × 3),

followed by a 7-s delay and then a 3-s viewing of the word YES or

NO presented at the center of the screen. Participants were asked to

press the button corresponding to the word displayed on the screen

and they were instructed to respond as fast as possible. During the

WM trials, a row of 1, 3, or 6 randomized digits was presented on the

screen. Participants viewed the set of digits for 3 s (encoding), and

then maintained them memory during a 7-s delay period (retention)

during which the screen was blank. Subsequently, a digit was pres-

ented on the screen for 3 s, and participants responded YES or NO

according to whether the digit had been included in the initial digit set

(recall). Each trial began and ended with a 1.5-s rest period. The RT

was defined as the time from test-letter onset to the button response.

The accuracy (percentage of correct trials) for a mean overall condi-

tions (1 digit, 3 digit, and 6 digit) was also calculated for each partici-

pant in each session.

2.4 | MRI data acquisition

The imaging datawere collected using a 3-TeslaMRI system (EXCITE;Gen-

eral Electric, Milwaukee,WI) at theDepartment of Radiology of Xijing Hos-

pital, Fourth Military Medical University, Xi'an, China. Standard birdcage

head coil and foam pads were used to minimize head motion and to dimin-

ish scanner noise. Functional images were obtained using a gradient-echo

planar imaging (EPI) sequence with the following parameters: echo time

(TE) = 30 ms, repetition time (TR) = 2000 ms, datamatrix = 64 × 64, field

of view (FOV) = 240 mm × 240 mm, flip angle = 90�, and slices = 36.

High-resolution, T1-weighted, three-dimensional (3D) anatomical data

were also acquired using a 3Dmagnetization-prepared rapid gradient-echo

sequence with the following parameters: TE = 3.18 ms, TR = 8.2 ms,

data matrix = 256 × 256, FOV = 256 mm × 256 mm, flip angle = 9�,

thickness = 1mm, and sliceswith no gap = 196.

2.5 | MRI data analysis

Preprocessing and statistical analyses at individual and group levels were

performed using Statistical Parametric Mapping software (SPM8;

Wellcome Trust Centre for Neuroimaging, University College London,

http://www.fil.ion.ucl.ac.uk/spm), implemented in MATLAB (MathWorks,

Natick, MA). To eliminate the nonequilibrium effects of magnetization, the

first five fMRI volumes were discarded. The remaining images were

corrected for the acquisition delay between slices and then realigned to

the first volume. Individual T1-weighted images were co-registered to the

mean of the realigned functional echo-planar images. The Diffeomorphic

Anatomical Registration through Exponentiated Lie Algebra (DARTEL) tool

was used to compute the transformation from individual space to Mon-

treal Neurological Institute (MNI) space (Ashburner, 2007). The fMRI

images were normalized at a resolution of 3 × 3 × 3 mm3 using the same

transformation information as the T1 images. These images were then

smoothed with an 8-mm full-width-at-half-maximum isotropic Gaussian

kernel.

A mixed-effects model was implemented using a two-stage process

(first and second level). First-level analyses were modeled using the

respective conditions (Sternberg task and control task) as regressors. The

six head-motion parameters that were obtained during realignmentwere

applied to take all head motion into account, and a high pass filter with a

128-s cutoff was used to remove effects related to low-frequency

TABLE 1 Demographic characteristics, mid-sleep times, and
objective sleep measures

Males: N (%) 18 (50)

Age (years) 22.3 ± 1.7

Body mass index 23.4 ± 2.6

MCTQ questionnaire

MSFSC 04:26 ± 0:19

Objective sleep characteristics from actiwatch

Time of falling asleep 00:06 ± 0:24

Number of wakening each night 27.3 ± 6.5

Sleep duration all night 6:44 ± 1:15

Sleep duration on nights before work days 6:26 ± 0:54

Sleep durations on nights before free days 7:03 ± 1:03

Sleep efficiency in % 83 ± 2.4

Sleep latency in minutes 15.6 ± 14.2

Values represent mean ± SEM (n = 36). Abbreviations: MCTQ, Munich

Chronotype Questionnaire; MSFSC, mid-sleep on free days, corrected for

sleep debt on work days.
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changes such as heart beating. Contrast images between the Sternberg

two task conditionswere generated and then entered into a second-level

model using the Sandwich Estimator method (SwE) to account for the

within-subject correlation existing in our longitudinal data (Guillaume,

et al., 2014). First, for each imaging session, a one-sample t contrast was

specified in the SwE contrast manager to examine the overall SWMT

activation patterns. Second, an F contrast was specified in the SwE con-

trast manager to examine whether there were significant differences in

SWMT activation patterns across sessions. Posthoc t comparison images

between sessions were also calculated in the SwE contrastmanager.

F IGURE 2 Behavioral results for the one-digit, three-digit, six-digit, and PVT lapse, PVT mean RT and PVT fastest RT. repeated measures
ANOVA showed a main effect of session for these outcomes. Posthoc t tests were also performed to test for changes between sessions. *
indicate a significant difference between the labeled session and Session 1; + indicate a significant difference between the labeled session and

Session 2; ^indicate a significant difference between the labeled session and Session 3; ○ indicate a significant difference between the labeled
session and Session 4; □ indicate a significant difference between the labeled session and Session 5. Abbreviations: PVT, psychomotor vigilance
task; RT, reaction time; SWMT, Sternberg working-memory task. The error bars represent standard deviations

ZHU ET AL. 3269



2.6 | Statistical inferences

Differences in mean RT were determined using a one-way repeated-

measures ANOVA with an alpha of 0.05. Posthoc analysis used

the Bonferroni–Holm method to correct for multiple comparisons

between sessions (Holm, 1979). For other behavioral outcomes (accu-

racy, SSS, mean RT for 1, 3, and 6 digit sets, mean RT for the PVT,

mean RT of the fastest PVT, and mean number of PVT lapses), one-

way repeated-measures ANOVAs were carried out with an alpha of

0.01 to account for multiple comparisons. For posthoc comparisons,

the alpha was set to 0.05 with Bonferroni correction. Correcting for

multiple comparisons in the fMRI data analysis was accomplished

using the false discovery rate (FDR) method (Guillaume, et al., 2014).

For SWMT activation during different sessions, for F comparisons

across different sessions, and for posthoc t comparisons between ses-

sions, the statistical threshold was set to pFDR <0.05. This corrected

for multiple comparisons across the whole brain.

3 | RESULTS

Thirty-six participants successfully completed this study. All partici-

pants declared that they had not smoked or consumed any stimulants,

medications, alcohol, or caffeine for at least 24 hr before scanning.

General characteristics are shown in Table 1. CBT rhythms are plotted

in Figure 1a. The mean mid-sleep on free days, corrected for over-

sleep during the week (MSFSC) obtained from Munich Chronotype

Questionnaire (MCTQ) was 4:27 a.m. and the time of CBT minimum

was 4:14 a.m.; significant positive correlations were found between

MSFSC and the time of CBT minimum (Figure 1b).

3.1 | Behavioral results

One-way repeated-measures ANOVA (rANOVA) revealed significant time

effects for SSS (Figure 1d), mean RT for 1, 3, and 6 digit sets, mean RT for

the PVT, mean RT of the fastest PVT, and mean number of PVT lapses

(Figure 2). The rANOVA revealed that mean RT for the SWMT differed

across sessions (Figure 3a; F[4,140] = 7.02, p = 0.000), and posthoc t-tests

indicated significant differences between Sessions 1 and 4 (p = 0.007,

Bonferroni corrected) and between Sessions 1 and 5 (p = 0.048). No other

significant differences were found. Thus, only these three Sessions (1, 4,

and 5) were evaluated in the following analysis. This rANOVA revealed a

significant time effect (Figure 3b; F[2,70] = 10.04, p = 0.000), and posthoc

tests indicated significant differences between Sessions 1 and 4 (p = 0.002),

Sessions 1 and 5 (p = 0.014), and Sessions 4 and 5 (p = 0.041). A significant

time effect was also found for the mean RT of Control (Table 2, F[2,70] =

8.532, p = 0.000), posthoc tests indicated significant differences between

Sessions 1 and 4 (p = 0.004) and between Sessions 1 and 5 (p = 0.002).

These results indicate that both the baseline performance and task

F IGURE 3 Behavioral results for RT of SWMT. Figure 3a indicated the results for all five sessions, Figure 3b indicated the results for three
sessions (i.e., Sessions 1, 4, and 5). * indicate a significant difference between the labeled session and Session 1; ○ indicate a significant
difference between the labeled session and Session 4; □ indicate a significant difference between the labeled session and Session
5. Abbreviations: RT, reaction time; SWMT, Sternberg working memory task. The error bars represent standard deviations

TABLE 2 Behavioral means (and standard deviations) for RT and accuracy of SWMT during sleep deprivation

Session 1 Session 4 Session 5 P-value

Reaction time (ms)

WM 724.58 (33.88) 866.85 (47.49) 801.32 (47.21) 0.0003

Control 571.15 (31.95) 673.19 (44.59) 657.91 (43.67) 0.0005

Accuracy (%)

WM 93.40 (8.85) 90.97 (7.73) 91.62 (10.52) 0.47

Control 96.53 (4.86) 96.18 (6.49) 95.13 (6.91) 0.66

Values for WM represent a mean overall conditions (1 digit,3 digit, and 6 digit), p-value indicated the one-way repeated-means ANOVAs carried out across

three sessions.
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performance were modulated by circadian and sleep-homeostatic factors.

Interestingly, the accuracy forWM task trial and for Control trial showed no

difference across the three sessions.

3.2 | Imaging results

3.2.1 | SWMT activation in different sessions

One-sample t-test results for brain activation during the three SWMT

sessions are shown in Figure 4. Statistical maps were projected onto the

flattened population-average landmark and surface-based atlases using

CARET software (Van Essen, 2005). SWMT in Session 1 elicited exten-

sive activation in brain regions related to cognitive control, such as the

frontoparietal network and visual network, and some deactivation in

brain regions within DMN. SWMT in Session 5 (6:00 a.m.) elicited little

activation, indicating a pattern of decreased brain activation after a

whole night of TSD. However, SWMT in Session 4 (4:00 a.m.) elicited

extensive deactivation in temporal, visual, and frontal lobes, and a

small amount of activation in the parietal lobe. Thus as a whole, we

did not observe a continuous decrease in activation during the night

of TSD. In contrast, the SWMT in Session 4 was associated with the

weakest activation (strongest deactivation), while SWMT activation in

Session 5 had returned to a more active pattern that was character-

ized by increased activation in brain regions within the cognitive con-

trol network.

3.3 | ANOVA and posthoc results for the SWMT
activation

To investigate significant changes in brain activation across the three

sessions, one-way repeated ANOVA contrast was performed using the

F IGURE 4 One-sample imaging results
for the SWMT in different sessions. One-
sample t contrast was specified using the
SwE contrast manager. The threshold was
set at pFDR <0.05 corrected for multiple
comparisons. Statistical maps were
projected onto the flattened left and right
hemisphere of the population average
landmark- and surface-based atlas in
CARET software. Anterior, posterior,
medial, and lateral directions are noted.
Blue color refers to some deactivations in

brain regions within default mode network.
Abbreviation: SWMT, Sternberg working
memory task [Color figure can be viewed at
wileyonlinelibrary.com]
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SwE method (FDR corrected). Posthoc contrasts were also performed

using t tests to investigate the pairwise differences between sessions

(FDR corrected). SWMT-specific activation is shown in Figure 5, Table 3,

and Table 4. Activity in several regions changed significantly across ses-

sions (ANOVA results), including the right superior frontal gyrus, right

middle frontal gyrus, right medial frontal gyrus, right inferior frontal

gyrus, right supplementary motor area, right inferior parietal gyrus, right

precuneus, right putamen, bilateral supramarginal gyrus, bilateral insula,

bilateral caudate and bilateral thalamus. Pairwise posthoc comparisons

showed significant differences between Sessions 1 and 4, Sessions 1 and

5, and especially between Sessions 4 and 5 (Figure 5 and Table 4). The

significant difference observed between Sessions 4 and 5 indicated a dis-

tinct increase in cerebral activation during the SWMT in the early morn-

ing of the TSD.

3.4 | Correlation of SWMT RT and cerebral
activation

To investigate the functional relevance of these cerebral responses, we

computed the correlations between RT during the SWMT and task-

related cerebral responses in the three sessions. This was done in two

steps: first, Conjunction analysis was used to calculate the overlapping

brain regions across the three sessions, which are the regions that were

activated (or deactivated) in all the three sessions. As shown in Figure 6a,

overlapping regions of activation were found within the angular gyrus and

overlapping regions of deactivation were found within the precuneus. For

each participant, the mean parameter estimate obtained in the first-level

statistical analysis for each area (angular gyrus and precuneus) in each

session was computed and correlated with the respective SWMT

RT. Figure 6b shows the correlation results. For the precuneus, no signifi-

cant correlationswere found between SWMTRT and themean parameter

estimate in any session. For the angular gyrus, significant negative correla-

tionswere found between SWMTRT and themean parameter estimate in

Session 4 (r = −0.58, p < 0.001, blue line in Figure 6b), meaning that

stronger activity in the angular gyrus was associated with shorter RT dur-

ing the SWMT task. A significant negative correlation was also found

when analyzing all three sessions together (r = −0.41, p < 0.001, black line

in Figure 6b). No significant correlations were found in Session 1 or Ses-

sion 5.

The second step was to investigate how the interactions between

functional brain networks were related to the SWMT RT. As shown in

Figures 4 and 5, increased brain activity wasmainly foundwithin the cog-

nitive control network and decreased brain activity was mainly found in

the DMN. Anti-correlation between these two networks might be part

of the neural basis underlying SWMT RT during TSD. Recent reports

have indicated that each sub-networkmaking up a certain functional net-

work has a specialty (Yeo et al., 2011). Therefore, we sought to find sub-

networks within the 17-region network described by a recent study that

were the most representative of our findings (Yeo et al., 2011). The

17-network parcellation of the cerebral cortex were brought up by Yeo,

Tandi, and Chee (2015). The 17 networks were divided into eight groups

(Default, Control, Limbic, Salience/Ventral Attention, Dorsal Attention,

Somatomotor, Visual, and TempPar), which broadly correspond to major

networks discussed in the literature. The 17 networks are referred to as

“Default A,” “Default B,” and so on. The Default A is the “core” sub-

network of DMN which comprises posterior cingulate cortex (PCC) and

medial prefrontal cortex (mPFC), The Control A is sub-network of

frontal-parietal control network which comprises dorsal PFC, lateral

F IGURE 5 ANOVA and posthoc imaging results for the SWMT.

F contrast and posthoc t contrast were specified in the SwE contrast
manager. The threshold was set at pFDR <0.05 corrected for multiple
comparisons. Statistical maps were projected onto the flattened left
and right hemisphere of the population average landmark- and
surface-based atlas in CARET software. Abbreviations: IFG, inferior
frontal gyrus; IOG, inferior occipital gyrus; IPL, inferior parietal lobule;
ITG, inferior temporal gyrus; L, left; MFG, medial frontal gyrus; MOG,
middle occipital gyrus; MTG, middle temporal gyrus; R, right; SFG,
Superior frontal gyrus; SM, supramarginal gyrus; SMA, supplementary
motor area; SOG, superior occipital gyrus; SPL, superior parietal
lobule; STG, superior temporal gyrus; SWMT, Sternberg working-
memory task [Color figure can be viewed at wileyonlinelibrary.com]
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PFC, ventro-lateral PFC, anterior cingulate cortex, intraparietalsulcus

(IPS), and temporal lobe. As shown in Figure 7, the sub-networks Control

A and Default A are the closest to our findings, and we thus selected

them to investigate the functional relevance of their interactions. Using

the aforementioned Default A network and Control A network as masks,

the time-course of each mask for each participant was obtained. For

each participant, the time-courses of control A and default A in each ses-

sionwere computed and anti-correlations during each sessionwere then

assessed by computing pair-wise correlations between the time-courses

of control A and default A. We removed the effects of spurious signal

variations, including head-movement parameters, average signals in the

ventricles, and white matter and whole-brain global signals before com-

puting the correlations between time-courses, bymeans of linear regres-

sion (Lei, Wang, Yuan, & Mantini, 2014). The individual anti-correlation

in each session was then correlated with their respective SWMT RTs. An

rANOVA for the three sessions revealed significant that anti-correlations

between control A and default A differed significantly across sessions

(Figure 6c; F[2,70] = 8.78, p = 0.000). Posthoc tests indicated significant

differences between Sessions 1 and 4 (p = 0.007), Sessions 1 and

5 (p = 0.026), and Sessions 4 and 5 (p = 0.039). Significant positive cor-

relations were found between SWMT RT and the anti-correlations in

Session 4 (Figure 6d, blue line; r = 0.54, p < 0.001). A significant positive

correlation was also found when combining the three sessions together

(Figure 6d, black line; r = 0.37, p < 0.001). No significant correlations

were found between Session 1 and Session 5.

4 | DISCUSSION

The present study investigated dynamic changes in SWMT perfor-

mance and the accompanying cerebral responses by obtaining

repeated fMRI measurements during one night of TSD. Unlike the

PVT outcomes that showed gradual deteriorations, RTs for the SWMT

in participants with intermediate chronotypes improved in Session

5 (6:00 a.m.) compared with Session 4 (4:00 a.m.). Cerebral responses

during the SWMT showed distinct differences across the three

sessions, indicating a clear modulation of circadian rhythm and

homeostatic sleep pressure on WM brain responses. Finally, RTs for

the SWMT were found to be strongly correlated with task-related

activation in the angular gyrus and with the degree of negative corre-

lation between the control and default networks.

In this study, only participants with intermediate chronotypes were

recruited. Chronotype-specificity refers to individual preferences in

sleep and wakefulness that reflect endogenous, self-sustained genetic

dispositions (Roenneberg & Merrow, 2016). Chronotypes have been

found to be associated with differences in white matter integrity and

gray matter density (Rosenberg, Maximov, Reske, Grinberg, & Shah,

2014; Takeuchi et al., 2015). Additionally, chronotype-specific cerebral

responses to language processing and attention also have been found

(Reske, Rosenberg, Plapp, Kellermann, & Shah, 2015; Rosenberg, Reske,

Warbrick, & Shah, 2015). Those findings highlight the importance of con-

sidering sleep preferences in neuroimaging studies. Most importantly,

TABLE 3 Peak coordinates of significant brain regions in ANOVA results for the activation of SWMT

Regions-(ANOVA) Number of voxels

Peak coordinates (MNI)

F-valuex y z

Right precentral gyrus 37 51 3 48 9.4

Right middle frontal gyrus 30 27 39 14 10.4

Left superior occipital gyrus 47 −24 −75 24 12.7

Right superior occipital gyrus 91 21 −66 48 11.9

Left middle occipital gyrus 177 −45 −75 18 12.1

Right middle occipital gyrus 152 39 −69 18 14.3

Left inferior occipital gyrus 76 −45 −60 −12 12.1

Left fusiform 77 −42 −60 −15 13.7

Left postcentral gyrus 45 −24 −36 66 10.8

Left superior parietal gyrus 222 −24 −60 57 17.6

Right superior parietal gyrus 101 18 −66 51 12.4

Right inferior parietal gyrus 46 27 −48 51 12.9

Left supramarginal gyrus 35 −54 −42 33 10.6

Left precuneus 149 −12 −57 66 13.9

Right precuneus 156 12 −42 54 14.7

Right superior temporal gyrus 35 54 3 −12 11.2

Left middle temporal gyrus 198 −63 −24 0 11.1

Right middle temporal gyrus 247 39 −66 18 13.4

Right inferior temporal gyrus 52 51 −72 −3 9.8

Significance was set at p < 0.05 (false discovery rate corrected).

ZHU ET AL. 3273



participants with different chronotypes have different optimal times of

day (maximal circadian wake promotion), which are generally 10–12 hr

after each individual wakes up. As participants with morning chro-

notypes sleep early and wake up early while participants with evening

chronotypes sleep late and wake up late, when behavioral tasks are

administered at a certain time of night, the observed cerebral responses

might be contaminated by the individual differences in chronotype.

Therefore, we only recruited participantswith intermediate chronotypes,

and further verified the MSFSC obtained from the MCTQ using the time

of CBTminimum.

Performance on the PVT deteriorated monotonically over time

while the RT of the SMWT showed a biphasic curve with an early

gradual deterioration before Session 4 and later recovery in Session

5. This is consistent with current literature indicating that different

cognitive tasks are differentially affected by sleep loss and circadian

rhythmicity (Lo et al., 2012). The finding that the slowest RT of the

SWMT occurred at 4:00 a.m. is consistent with a previous study in

which the maximum effects of circadian rhythmicity and sleep history

on n-back WM were found to be at around 4 hr DLMO, which, in that

study, corresponded to 4:00 a.m. of clock time (Chen et al., 2015). In

particular, for participants with the clock gene PER34/5 heterozygotes,

the performance on 3-back WM was also found to be improved after

4:00 a.m. (Guillaume et al., 2014). Previous studies have shown that

the chronotype of participants with heterozygous PER34/5 are more

likely to show an intermediate chronotype (Dijk & Archer, 2010; Lázár

et al., 2012), their habitual bedtime, wake time, and MSFSC recorded

by actigraphy are located between the two homozygous versions of

PER (PER34/4 and PER35/5), and were largely consistent with our

results for participants with intermediate chronotypes (Table 1). Col-

lectively, this evidence supports our findings that WM performance

during TSD in participants with intermediate chronotype showed an

improvement after the morning hours at around the mid-time point of

their regular biological night.

We also investigated the cerebral responses underlying the

dynamic characteristics of SWMT RT. During Session 1 (10:00 p.m.)

and Session 5 (6:00 a.m.) we identified bilateral frontal–parietal net-

work of WM similar to that observed in previous studies after RW

and TSD, respectively (Chee & Choo, 2004; Cui et al., 2015; Mu et al.,

2005b; Reichert et al., 2016). In keeping with the existing literature

(Choo, Lee, Venkatraman, Sheu, & Chee, 2005; Lythe et al., 2012), sig-

nificant differences between Sessions 1 and 5 were primarily found in

the frontoparietal and attentional networks, which included frontal

TABLE 4 Peak coordinates of significant brain regions in posthoc results for the activation of SWMT

Regions-(S1–S5) Number of voxels

Peak coordinates (MNI)

t-valuex y z

Right superior frontal gyrus 53 18 3 72 5.5

Right middle frontal gyrus 105 39 45 36 5.5

Right inferior frontal gyrus 34 39 9 15 6.5

Right supplemental motor area 102 15 3 72 5.4

Left insula 30 −30 18 12 4.9

Right insula 120 36 9 15 6.2

Right inferior parietal gyrus 42 57 −48 51 4.9

Left supramarginal gyrus 50 −54 −42 33 6.1

Right supramarginal gyrus 189 66 −36 36 5.7

Right precuneus 44 15 −45 51 6.3

Left caudate 94 −21 6 21 6.8

Right caudate 88 18 −6 21 5.9

Right putamen 73 27 18 9 5.6

Left thalamus 90 −9 −9 18 5.2

Right thalamus 74 15 −9 18 5.4

Regions-(S5–S4) Number of voxels

Peak coordinates (MNI)

t-valuex y z

Left middle occipital gyrus 53 -48 -75 15 5.8

Right middle occipital gyrus 32 45 -81 18 5.7

Left superior parietal gyrus 35 -24 -60 57 6.1

Right superior temporal gyrus 40 54 3 -12 5.9

Left middle temporal gyrus 144 -63 -27 0 5.9

Right middle temporal gyrus 110 48 3 -27 5.8

Significance was set at p < 0.05 (false discovery rate corrected).
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(superior, middle, and inferior frontal gyrus), parietal (inferior parietal

gyrus, supplementary motor area, and supramarginal gyrus), and sub-

cortical areas (caudate, putamen, and thalamus). However, activation

patterns in Session 4 showed distinguishing cerebral responses char-

acterized by extensive deactivation and little activation. Most impor-

tantly, the deactivation was not confined within the DMN, but also

occurred within higher-order brain regions. This suggested a nearly

unresponsive pattern during Session 4. Among these three sessions,

the slowest SWMT RT and weakest cerebral responses were found

during the early morning (4:00 a.m.) hours of the TSD. Therefore, pre-

vious studies missed critical information because the typical TSD con-

dition occurs after the rebound of SWMT performance and the

rebound of SWMT activation. These findings also provided evidence

supporting the idea that simple tasks (such as the PVT) were more

affected by TSD than complex tasks (such as the SWMT task; Balkin

et al., 2004; Lim & Dinges, 2010). As indicated by a recent study

(Muto et al., 2016), cerebral responses during PVT in higher-order

frontal, parietal, visual, and sensorimotor cortices gradually decreased

during TSD. Therefore, the differential effects of TSD on brain activity

related to complex and simple cognitive tasks might depend on the

typical circadian phase at which performance is assessed.

Significant negative correlations were found between SWMT RT

and activation in the overlapping angular gyrus, which was also the

only region activated by the task during Session 4. This unique activa-

tion and the significant correlation suggest that although Session

4 was characterized by low levels of activity and poor task perfor-

mance, the angular gyrus stands an important role in supporting the

remaining ability for WM. However, reduced activity within the

precuneus showed no significant correlations, suggesting that task-

related suppression of activity in the DMN alone was not associated

the SWMT RT (Kelly, Uddin, Biswal, Castellanos, & Milham, 2008; Lei

et al., 2014), the competitive relationship between the default and

control networks, as found in our study, might underlie SWMT perfor-

mance during TSD. The time of session significantly affected the anti-

F IGURE 6 Correlation results for RT of SWMT. Figure 5a indicated the overlapping regions for one-sample imaging results in different
sessions. Figure 5b indicated the correlation results between the parameter estimates in angular and SWMT RT in three sessions, the correlation
result was only significant in Session 4. Figure 5c indicated the ANOVA result for anti-correlation between control A and default A. Figure 5d
indicated the correlation results between the anti-correlation coefficient and SWMT RT in three sessions, the correlation result was only
significant in Session 4. * indicate a significant difference between the labeled session and Session 1; ○ indicate a significant difference between
the labeled session and Session 4; □ indicate a significant difference between the labeled session and Session 5. Abbreviations: RT, reaction time;
SWMT, Sternberg working memory task [Color figure can be viewed at wileyonlinelibrary.com]
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correlations between control and default sub-networks, which sug-

gests that circadian rhythm and homeostatic sleep pressure can mod-

ulate interactions between functional networks. This finding was

consistent with a recent study in which the intrinsic connectivity pat-

tern of two DMN sub-networks was clearly modulated by daily

rhythms (Blautzik et al., 2013). However, in the current study, the cor-

relations were only evident during Session 4, while neither positive

nor negative correlations reached significance during Session 1 or Ses-

sion 5. This supports the idea that the surviving activity in the angular

gyrus and interactions between the control and default networks are

functionally significant in maintaining performance during the worst

period of TSD. Because the activation patterns during relatively nor-

mal periods were characterized by widespread activation, maintaining

performance during these periods might not rely solely on these two

cerebral mechanisms. One limitation of our current study is that we

did not set a control condition in which participants did not accumu-

late sleep debt (using nap technique). The comparison between the

sleep deprived and nonsleep deprived conditions could be a direct

way to know the effect of sleep deprivation.

To conclude, by increasing the number of fMRI examinations dur-

ing TSD, we were able to investigate the dynamic changes in SWMT

RT and the underlying cerebral responses during one night of TSD.

The clear rebound of performance and response found in our study

constitutes direct evidence for the fact that different cognitive task

was differentially modulated by interactions between homeostatic

sleep pressure and circadian rhythmicity. It is therefore important to

consider the circadian phase at which performance is assessed when

investigating the effects of TSD on cognitive function and brain activ-

ity. However, it is important to note that all studies investigating cere-

bral responses (and/or cognitive performance) during TSD cannot

disentangle sleep homeostatic and circadian effects but can only

investigate the impact of the interaction of these two processes. To

disentangle circadian from sleep homeostatic effects, forced

desynchrony studies are further needed to be conducted.
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