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Abstract

The effects of sleep deprivation (SD) on the neural substrates of inhibition control are poorly understood. Here we used functional
magnetic resonance imaging to examine the effects of 24 h of SD on cerebral activation during a stop-signal task in 20 normal
young subjects. Behaviorally, subjects showed significantly delayed stop-signal reaction time (SSRT) following SD. In addition,
reduced cerebral activation was found in the “stopping network” (including the inferior frontal gyrus [IFG], supplementary motor
area, subthalamic nucleus [STN] and insula) and vision-related regions (occipital cortex, lingual gyrus and fusiform gyrus) after
SD. These findings support the hypothesis that task-related activation in prefrontal cortex is particularly vulnerable to SD. After
rested wakefulness (RW), significant negative correlations were found between SSRT and cerebral activation in left IFG, right
hippocampus, right lingual gyrus, left STN and bilateral fusiform gyrus, with activation in left IFG making the most contribution.
After SD, significant negative correlations were found between SSRT and activation in right middle frontal cortex, right IFG and
left lingual gyrus, with the activation in right IFG making the most contribution. Furthermore, we observed significant interaction
effects of state (SD or RW) with activation in bilateral IFG, left STN and left lingual gyrus on SSRT. In conclusion, sleep
deprivation is associated with the deficits in inhibition-related neural activation and the altered correlation between SSRT and

cerebral activation, especially in the bilateral IFG, left STN and left lingual gyrus.
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Introduction

Sleep deprivation (SD) for one night can impair the perfor-
mance on many cognitive tasks (Durmer and Dinges 2005;
Killgore 2010). Although the underlying neural substrates of
SD-related cognitive deficits have not been well understood,
numerous neuroimaging studies have suggested that task-
related activation in prefrontal cortex (PFC) is particularly vul-
nerable to SD (Drummond et al. 2000; Basner et al. 2013;
Asplund and Chee 2013; Chee and Choo 2004). While previ-
ous studies have typically focused on executive functions, such
as attention (Tomasi et al. 2009; Ma et al. 2014) and working
memory (Mu et al. 2005a; Lim et al. 2007; Chee et al. 2006;
Mu et al. 2005b), only a few functional imaging studies have
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investigated the effects of SD on inhibitory control in normal
subjects (Chuah et al. 2006; Almklov et al. 2015).

Inhibitory control, also known as response inhibition, is the
process of rapidly canceling planned or ongoing behaviors.
The stop-signal task (SST) (Logan 1994) is a widely used
behavioral paradigm for assessing inhibition control, with
stop-signal reaction time (SSRT) as its primary measure.
Multiple functional magnetic resonance imaging (fMRI) stud-
ies using the SST have shown that the right inferior frontal
gyrus (IFG) is specifically engaged in the process of inhibitory
control (Aron and Poldrack 2006; Aron et al. 2007; Congdon
etal. 2010; Cai et al. 2014; Xue et al. 2008). Lesion studies of
patients with right IFG damage reported that SSRT of these
patients was significantly slower than that of healthy controls,
and the extent of damage to the right IFG was significantly
correlated with SSRT (Aron et al. 2003; Floden and Stuss
2006; Picton et al. 2007). Furthermore, transcranial magnetic
stimulation (TMS) (Christopher D Chambers et al. 2006; C. D.
Chambers et al. 2007) studies have demonstrated that TMS of
the right IFG can impair SSRT. Taken together, these findings
suggest that the right IFG is critical for response inhibition
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(Aron et al. 2014a). Given that the IFG is a sub-region of the
PFC, subjects might exhibit impaired SST performance and
reduced neural activation in PFC (especially in the right IFG)
after SD, compared with rested wakefulness (RW).

In accord with this notion, Chuah et al. investigated the
effects of SD on inhibitory control measured by a Go/No-Go
task, and found decreased inhibitory efficiency and reduced
activation in ventral and anterior PFC after SD (Chuah et al.
2006). Using the same task, Almklov et al. examined the age-
related effects of SD on inhibitory control and found a signif-
icant interaction between age-group and sleep-deprivation sta-
tus in middle frontal gyrus (Almklov et al. 2015). The Go/No-
Go task and SST are both commonly used for measuring in-
hibition control. Although these two tasks have often been
used as interchangeable measures of inhibition control, they
do not engage identical neural circuits (Aron et al. 2014b;
Swick et al. 2011). However, no functional imaging studies
have investigated the altered SST-related activation in inhibi-
tory control after SD.

In the present study, we first measured localized cerebral
activation using the blood oxygen level dependent (BOLD)
fMRI signal during the SST in 20 normal young subjects after
RW and after 24 h of SD, and explored the differences of
BOLD responses between RW and SD. Second, we explored
the correlations between cerebral activation and SSRT under
both SD and RW conditions, and examined the contribution of
cerebral activation in various regions to SSRT using a relative
weight method. Finally, we evaluated the effect of SD on the
correlation between cerebral activation and SSRT using a gen-
eral linear model (GLM).

Methods
Subjects

Twenty-two right-handed healthy subjects were recruited in
this study. All subjects reported no history of medical, psychi-
atric, neurological or sleep disorders, and were free of any
abused alcohol or drugs. Any subjects who presented an ex-
treme morning or extreme evening type, as assessed by a
questionnaire (Horne and Ostberg 1976), were excluded from
the final analysis. Subjects habitually maintained normal sleep
schedules of 7-9 h per night, between 10:00 pm and 8:00 am.

Two subjects opted out of this study after the total SD ses-
sion. Therefore, the final analysis included 20 subjects (mean
age 19.9 +1.77 years, range 17-23; 11 males, 9 females). All
subjects provided written informed consent prior to participa-
tion and were compensated for their time. All participants de-
clared that they did not smoke or consume any stimulants,
medications, alcohol or caffeine for at least 24 h prior to the
final experiment. All research procedures were conducted in
accordance with the Declaration of Helsinki and approved by

the institutional research ethics committee of the Xijing
Hospital of the Fourth Military Medical University.

The stop-signal task

The SST was adapted from previously published studies
(Logan 1994; Aron and Poldrack 2006), and consisted of a
Go task (75% of trials) and a Stop task (25% of'trials). On each
trial, a left- or right-pointing arrow was displayed on a com-
puter screen. For the Go task, subjects were instructed to press
the left or right button as fast as possible. For the Stop task,
subjects attempted to stop pressing the button when a Stop
signal (the white arrow changed to blue) was presented at a
particular delay (stop-signal delay; SSD) after the arrow stim-
ulus. It should be noted that we didn’t consider the common
auditory stimulus as the Stop signal due to the high noise of
MRI scanner and the uncomfortableness with headphone and
earplugs. The SSD changed depending on inhibition perfor-
mance. Specifically, the SSD was increased by 50 ms after a
successful inhibition response, to make inhibiting the response
more difficult on the subsequent trial, and decreased by 50 ms
after a failed inhibition response, to make inhibiting the re-
sponse easier on the subsequent trial. This procedure (also
named staircase) was designed to produce a successful inhibi-
tion rate of approximately 50%, and to control the difficulty
level across subjects. To reduce participants’ anticipation, two
staircases were used and respectively started with SSD values
0f 250 and 350 ms in each session. Each session consisted of
two runs. Each run included two blocks, with 36 Go trials and
12 Stop trials in each block, and lasted for 4.5 min. Each Stop
trial corresponded to one staircase. Therefore, six Stop trials
corresponded to the first staircase and another six Stop trials
corresponded to the second staircase. Each staircase moved
six times within each block. The order of staircases was ran-
domized trial-by-trial.

Experimental procedure

All subjects underwent two fMRI scanning sessions: after RW
and after 24 h of SD. Subjects performed the SST while being
scanned with fMRI. The two scanning sessions were performed
in a randomized, cross-over fashion with at least one week
apart to minimize possible residual effects of SD on cognition
(Van Dongen et al. 2003). One week before the final experi-
ment, subjects visited the laboratory, were informed of the ex-
perimental procedures and given instructions about the SST.
Directly before each scanning session, each subject performed
an SST training session. Within the scanner, subjects responded
with their right hand using an MR-compatible button box.
For the RW session, subjects reported to the lab at 7:30 am.
fMRI scanning began at 8:00 am and lasted for 9 min. Each
subject completed the SST in the scanner. For the SD session,
subjects were monitored in the lab from 10:00 pm to 8:00 am
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to prevent them from falling asleep. They were allowed to
engage in non-strenuous activities such as reading and
watching videos. The 9-min fMRI scan with the SST began
at 8:00 am.

Behavioral analyses

We used SSRT as the main behavioral measure of this task,
providing an individualized measure of inhibitory control.
SSRT was estimated using a quantile method (Band et al.
2003) which essentially corrects for deviations from 50% suc-
cessful inhibition (Logan 1994). In brief, all reaction times
(RTs) on correct Go trials were arranged in ascending order.
The RT corresponding to the proportion of failed inhibition (1-
StopAcc) was selected as the quantile RT. The StopAcc was
the accuracy of the Stop task. SSRT was estimated by
subtracting the averaged SSD from the quantile RT, with
smaller SSRT values reflecting better inhibitory control.
Additional measurements of interest were 1) the RT on correct
Go trials (GoRT); 2) the accuracy of the Go task (GoAcc); 3)
the percentage of missing Go responses (GoMiss), in which
subjects failed to make a response on a Go trial; 4) the per-
centage of incorrect Go trials (GoError), in which subjects
made an incorrect response on a Go trial (e.g., pressing the
left button in response to a rightward pointing arrow and vice
versa); and 5) the RT on unsuccessful Stop trials
(StopRespond RT).

fMRI data acquisition

Scanning was performed in a 3 T GE MR750 scanner at
Department of Radiology, Xijing Hospital, The Fourth
Military Medical University, Xi’an, China. A standard 8-
channel head coil was used together with a restraining foam
pad to minimize head motion and diminish scanner noise.
BOLD signals were acquired with a single shot gradient echo
planar imaging (EPI) sequence [repetition time (TR), 2 s; echo
time (TE), 30 ms; field of view (FOV), 240 x 240 mm?; ma-
trix, 64 x 64; in-plane resolution: 3.75 x 3.75 mm?; slice thick-
ness, 3.5 mm; 45 axial slices; flip angle, 90°] and 135 volumes
were obtained for each run. Additionally, a high-resolution
scan, T1-weighted magnetization-prepared rapid-acquisition
gradient echo (MPRAGE; TR, 8.2 ms; TE, 3.18 ms; FOV,
256 x 256 mmz; matrix, 512 x 512; in-plane resolution,
0.5%x0.5 mmz; slice thickness, 1 mm; 196 sagittal slices; flip
angle, 9°), was collected for each participant.

fMRI preprocessing
Preprocessing was performed using Statistical Parametric
Mapping software (SPMS, http://www.fil.ion.ucl.ac.uk/spm).

The first four volumes of each run were discarded to allow for
T1 equilibrium effects. The remaining 131 volumes were
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corrected for interslice timing differences caused by slice
acquisition order, and then were realigned to the first
volume. Subjects were excluded if head motion exhibited
translation of more than 2 mm or rotation of more than 2°
over the course of the four runs. All subjects met these
requirements. Subsequently, individual T1 structural images
were co-registered to the mean of the realigned functional
images. The obtained T1 images were segmented into gray
matter, white matter and cerebrospinal fluid. The functional
images and the segmented T1 images were then spatially nor-
malized to MNI space and resampled with a voxel size of 2 x
2 x 2 mm’. After normalization, functional images were spa-
tially smoothed using a Gaussian kernel with 6 mm full width
at half maximum to decrease spatial noise. The time series
from each voxel was high-pass filtered (1/131-Hz cutoff) to
remove low-frequency noise and signal drift.

fMRI model fitting

For each subject and each voxel, fixed-effects model analyses
were performed on the preprocessed fMRI data using GLM.
Go and Stoplnhibit (Successful Stopping) events were
modeled by convolving with a canonical hemodynamic re-
sponse function (HRF). Events were modeled at the onset time
of the arrow stimulus. Twelve motion-related parameters (six
motion parameters and its derivative) were included as covar-
iates of no interest to improve statistical sensitivity. The base-
line was the null events which were consisted of the interval
between every trail when the screen was blank. The null
events were not modeled and therefore constitute an implicit
baseline. Stoplnhibit trials included an already initiated Go
process with a subsequent Stop process. Therefore, to isolate
the neural correlates specific to successful stopping,
StopInhibit-Go contrast images were computed for each sub-
ject and each session. In this study, we only considered the
StopInhibit-Go contrast because it indexed successful re-
sponse inhibition.

Statistical analysis

For behavioral analysis, behavioral measures were compared
between RW and SD sessions using paired #-test. For fMRI
data analysis, the first level analyses were conducted and sta-
tistical parametric maps for the # statistics (spmT) were gener-
ated. At the second level, the random-effects model analysis
was performed based on the spmT images from the first level
analysis. Age and gender were included as nuisance covari-
ates. To explore the BOLD response evoked by SST, the
group results of the one sample #test were mapped for both
RW and SD sessions. Clusters with at least 10 voxels and
P <0.001 (corrected for false discovery rate, FDR, ¢>4.67
for RW, #>5.25 for SD) were considered to indicate signifi-
cant activation in the group analysis. Before exploring the
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differences of BOLD responses between RW and SD, we re-
stricted the analysis to a priori regions of significant activation
using a mask from the spmT of RW. Significant differences in
activation were then explored using paired #-test with a signif-
icance level of P < 0.05 (FDR corrected, [t >2.34), and a min-
imum cluster size of 10 voxels.

To explore the relationships between cerebral activation
and SSRT in both the RW and SD conditions, the significant
regions of each state were restricted using a mask from the
spmT image of this state. The fMRI model was refitted with
one added condition of SSRT as a regressor for the
StopInhibit-Go contrast. Age and gender were also included
as nuisance covariates. This analysis explored the correlation
between the brain inhibition-related activity and SSRT.
Significant relationships were explored at P <0.05 (FDR
corrected, |t >2.75). Regions’ activation that was correlated
with SSRT was extracted and averaged. To determine how the

[ SSRT [ Activation;
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activation of these regions contributed to SSRT, the relative
weight method was conducted for both RW and SD condi-
tions, to measure the relative importance of these regions
(Johnson 2004; Johnson and Lebreton 2004; Lebreton and
Tonidandel 2008). The relative importance refers to the pro-
portional contribution of each independent variable to the co-
efficient of determination, considering both the unique contri-
bution of each independent variable by itself and its incremen-
tal contribution when combined with the other independent
variables in the regression equation.

Furthermore, to statistically assess the changes in the cor-
relations between SSRT and cerebral activation after SD com-
pared with RW, univariate analysis was performed to examine
whether SSRT showed a linear interaction effect using GLM
(Eqg. (1)) including main effects of State (RW or SD) and
cerebral activation (Activation), and the interaction term
State x Activation (Huang et al. 2014; Suh et al. 2016).
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Here, SSRT;, |, SSRT 5, ..., SSRT;, 5o were the 20 sub-
jects’ SSRTs in RW state. SSRT,_ ;, SSRT;, », ..., SSRT,, 5
were the 20 subjects’ SSRTs in SD state. Activation;, i,
Activation;_,, ..., Activation; o were the 20 subjects’ activa-
tion of a brain region in RW state. Activation, ;, Activation, ,,
..., Activation, o were the 20 subjects’ activation of a brain

-
1
1

region in SD state. For the State vector , 1 represented

0
0
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Brain regions were identified using the Automated
Anatomical Labeling template. All activations are reported

in MNI coordinates. Brain activations were visualized using
MRIcron (www.sph.sc.edu/comd/rorden/mricron/) with the
statistical parametric map overlaid on a standard MRI
template. Because the subthalamic nucleus (STN) is a relative-
ly small structure and whole-brain fMRI has limited spatial
resolution, it is difficult to localize activation in this region.
We defined the STN as a box of size 10 x 10 X 10 mm, cen-
tered at MNI coordinates x =—10/+10, y=—15, z=-5, fol-
lowing the method described by Aron and Poldrack (Aron
and Poldrack 2006). This definition provides full STN cover-
age according to an atlas of subcortical structures (Lucerna
et al. 2002). We then overlaid the spmT with this STN mask
to identify activation in this region.

Results

Behavioral results

For the SST, slower GoRT, more GoMiss and lower GoAcc
were found in Go trials after SD (Table 1), whereas there were

no differences in GoError between RW and SD sessions. In
Stop trials, SD significantly increased StopRespond RT, while

@ Springer


http://www.sph.sc.edu/comd/rorden/mricron

642

Brain Imaging and Behavior (2019) 13:638-650

the StopAcc did not differ between SD and RW conditions.
Furthermore, subjects exhibited significantly poorer perfor-
mance on SSRT when they were sleep-deprived (259.27 +
29.46 ms after RW versus 284.11 £30.93 ms after SD,
P<0.01).

fMRI results
Inhibition-related activation

Our primary contrast of interest was Stoplnhibit-Go, which
isolates the neural correlates specific to the Stop process.
Table 2 and Fig. 1a show that the right hemisphere contained
more activated voxels than the left hemisphere, and exhibited
stronger activation. These results are consistent with previous
studies, demonstrating right-hemisphere dominance in activa-
tion for StopInhibit-Go. Activation was seen in bilateral IFG,
supplementary motor area (SMA), insula, cingulate cortex
(anterior cingulate cortex [ACC], middle cingulate cortex
[MCC]) and parietal cortex (superior parietal lobule, inferior
parietal lobule), as well as subcortical regions including the
caudate nucleus, putamen, thalamus and STN. This pattern of
activation replicates the findings previously reported in stud-
ies using auditory stop-signal tasks (Aron and Poldrack 2006;
Aron et al. 2007; C. D. Chambers et al. 2009; Wager et al.
2005). We also found significant activation in the bilateral
frontal cortex (middle frontal gyrus [MFG], superior frontal
gyrus), hippocampus, parahippocampal gyrus, calcarine sul-
cus, lingual gyrus, occipital cortex, fusiform gyrus,

Table 1  Behavioral data for RW and SD

Behavioral measure RW SD

GoRT(ms) *#s#:* 433.26+46.38 465.52 £55.65
GoAcc(%) ** 97.33+2.29 93.19+6.64
GoError(%) 243+2.08 2.85+2.58
GoMiss(%) ** 0.24+0.94 3.96+5.37
StopAcc(%) 38.13+6.56 37.19+9.45
StopRespond RT(ms) 395.11 +47.34 427.85+50.41
SSRT(ms) ** 259.27+29.46 284.11+30.93

Data are presented as mean + standard deviation. GoRT, the RT on correct
Go trials. GoAcc, the accuracy of the Go task. GoError, the percentage of
incorrect Go trials, in which subjects made an incorrect response on a Go
trial (e.g., pressing the left button in response to a rightward pointing
arrow and vice versa. GoMiss, the percentage of missing Go responses,
in which subjects failed to make a response on a Go trial. StopAcc, the
accuracy of the Stop task. StopRespond RT, the RT on unsuccessful Stop
trials. SSRT, stop-signal reaction time. RW, rested wakefulness. SD, sleep
deprivation

###%Significant difference between RW and SD at P <0.0001 using
paired ¢ test

*#%Sjgnificant difference between RW and SD at P <0.001 using paired ¢
test

**Significant difference between RW and SD at P < 0.01 using paired ¢ test
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supramarginal gyrus and temporal cortex (superior, middle,
inferior) and in right precentral gyrus and angular gyrus.

After 24 h of SD, significant activation was still found in
regions that are critical for response inhibition: the IFG,
SMA, insula, cingulate cortex and inferior parietal lob-
ule (Table 3, Fig. 1b). The activated regions after SD
were also significantly activated after RW. However, we
did not find significant activation in the superior parietal lob-
ule, caudate nucleus, putamen, thalamus or STN after SD. No
new regions of activation were found after SD. All the results
are significant at threshold P < 0.001 with FDR correction (¢ >
4.67 for RW, ¢>5.25 for SD).

Compared with the RW session, the brain regions involved
in response inhibition showed significantly less activation af-
ter SD, when FDR correction (P <0.05, |t >2.34) was ap-
plied: in bilateral IFG, insula, cingulate cortex, parietal cortex,
thalamus, STN, right SMA and temporal cortex (left superior
temporal gyrus, right middle temporal gyrus, bilateral inferior
temporal gyrus). In addition, bilateral MFG, lingual gyrus,
occipital cortex, fusiform gyrus, supramarginal gyrus and
right angular gyrus also showed decreased activation in the
SD session compared with the RW session (Table 4, Fig. 1c).
No regions exhibited significantly increased activation fol-
lowing SD compared with RW.

Correlations between SSRT and cerebral activation

To explore where in the brain Stoplnhibit-Go activation in-
creased with faster SSRT, we performed Pearson correlation
analysis between cerebral activation and SSRT, in both the
RW and SD conditions. Across all subjects, SSRT was signif-
icantly negatively correlated with activation in the left IFG
(r=—0.648, p=0.002), right hippocampus (r=-0.549, p =
0.014), right lingual gyrus (»=—-0.562, p =0.01), bilateral fu-
siform gyrus (r=—0.617, p=0.004 for left fusiform gyrus;
r=—0.524, p =0.018 for right fusiform gyrus) and left STN
(r=-0.573, p=0.008) in the RW condition. The relative im-
portance of these regions is summarized in Fig. 2a: the relative
weights of these regions were 24.81%, 10.51%, 21.09%,
10.78%, 16.18% and 16.63%, respectively.

After SD, SSRT was negatively correlated with acti-
vation in the right MFG (r=-0.588, p=0.006), right
IFG (r=-0.716, p=0.0004) and left lingual gyrus
(r=-0.538, p=0.015). The relative weights of these re-
gions were 25.62%, 48.84% and 25.54%, respectively
(Fig. 2b). There were no positive correlations between neural
activation and SSRT after either RW or SD. The results indi-
cated that the regions in which activation was correlated with
SSRT were different between RW and SD states. These results
suggest that SD altered the correlation between cerebral acti-
vation and SSRT.

To further explore the changes in correlations between ce-
rebral activation and SSRT in a statistical sense, we examined
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Table 2 Regions of significant
activation for StopInhibit-Go after Regions Hemisphere Max T X Y 4 Voxels
rested wakefulness
Precentral gyrus R 9.93 48 8 28 289
Superior frontal gyrus L 7.18 -8 30 32 65
R 7.31 18 12 68 260
Middle frontal gyrus L 7.99 —46 34 26 556
R 12.76 40 48 32 1577
Inferior frontal gyrus L 15.75 52 20 2 805
R 11.58 =32 20 -14 1830
Supplementary motor area L 6.70 0 18 48 75
R 7.08 16 12 70 366
Insula L 16.39 —34 18 -16 624
R 10.59 30 22 -14 594
Anterior cingulate cortex L 11.75 -6 32 22 663
R 11.91 8 34 24 591
Middle cingulate cortex L 11.08 0 24 36 165
R 10.58 26 34 326
Hippocampus L 9.84 —20 =30 -10 111
R 15.11 24 —26 -10 166
ParaHippocampal gyrus L 8.89 -20 -32 —-12 46
R 11.39 22 -34 -12 114
Calcarine sulcus L 10.14 —22 —98 —4 79
R 9.48 22 —98 —4 124
Lingual gyrus L 13.37 =36 -82 -16 157
R 17.70 28 —86 -8 335
Occipital cortex L 18.51 -36 —82 -12 1444
R 23.64 32 —88 —4 1452
Fusiform gyrus L 16.44 -38 —80 -14 912
R 18.35 28 —88 —6 820
Superior parietal lobule L 7.21 -16 =72 44 220
R 7.23 30 =72 50 64
Inferior parietal lobule L 8.98 =50 —40 48 776
R 9.83 50 -34 52 751
SupraMarginal gyrus L 7.47 -58 —44 28 124
R 9.29 54 —40 38 573
Angular gyrus R 9.00 30 —66 50 475
Caudate nucleus L 6.09 —14 14 0 35
R 6.22 14 14 6 50
Putamen L 5.84 -14 14 -2 29
R 5.51 16 16 -8 13
Thalamus L 7.75 —6 -8 -2 37
R 7.98 12 —28 0 216
Superior temporal gyrus L 9.35 —38 18 —18 102
R 7.48 40 20 -16 70
Middle temporal gyrus L 6.42 —44 —64 -2 69
R 7.14 56 —44 0 439
Inferior temporal gyrus L 9.02 —52 —60 -8 323
R 8.44 50 —58 —-14 510
Subthalamic nucleus L 12.29 -8 -8 -6 130
R 7.61 18 -28 -14 194

Results were set at p < 0.001, FDR corrected (t>4.67)
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Y=36
Rested wakefulness

Rested wakefulness > Sleep deprivation

& &8

Fig. 1 Significant brain activation of StopInhibition-Go after rested wake-
fulness and sleep deprivation. a After rested wakefulness (RW). Map was
thresholded at P <0.001 (corrected for false discovery rate, FDR, #>4.67).
Significant activation was found in bilateral inferior frontal gyrus (IFG),
supplementary motor area (SMA), insula, cingulate cortex, lingual gyrus,
occipital cortex, fusiform gyrus and subcortical regions including the sub-
thalamic nucleus (STN). b After 24 h of sleep deprivation (SD). Map was
thresholded at P <0.001 (FDR correction, ¢#>5.25). Significant activation
was found in IFG, insula, SMA occipital cortex and fusiform gyrus, similar

the interaction effect between state and cerebral activation
using GLM. The results revealed that the correlation between
SSRT and cerebral activation in the RW condition was differ-
ent from that in the SD condition in bilateral IFG (t3 = 2.084,
p=0.044 for left [FG; t36=-2.052, p =0.047 for right IFG),
left STN (t35=2.603, p=0.013) and left lingual gyrus (t36=
—2.13, p=0.04, Fig. 3). After SD, subjects exhibited stronger
negative correlations between SSRT and activation in right
IFG and left lingual gyrus, while these associations were not
present in the RW condition. However, subjects in the RW
condition showed stronger negative correlations between
SSRT and activation in left IFG and left STN, while subjects
after SD did not show these relationships. These results sug-
gest that SD is associated with the altered correlations between
cerebral activation and SSRT, especially in bilateral IFG, left
STN, and left lingual gyrus.

Discussion

In the present study, we examined the effects of SD on the
pattern of neural activation associated with response inhibition
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to RW. However, significant activation in STN was not found. No new
activated regions were found after SD. ¢ Differences in StopInhibition-Go
activation between RW and SD conditions. Map was thresholded at P < 0.05
(FDR correction, ¢>2.34). Significant reduced activation after SD was
found in bilateral IFG, insula, cingulate cortex, lingual gyrus, occipital cor-
tex, fusiform gyrus, STN and right SMA. There were no regions that had
significantly more activation after SD compared with RW. The Y coordinate
in MNI space is shown above each coronal slice. The color scale represents t
value. R, Right. L, Left

in a sample of 20 young healthy subjects. Response inhibition
was measured using the SST, a task requiring participants to
inhibit an already-initiated response. As expected, sleep-
deprived subjects showed poorer inhibitory control. In accord
with our hypothesis, the IFG was less activated following SD
compared with RW. Decreased activation in STN, SMA,
ACC, insula, parietal cortex, temporal cortex and visual-
related regions (lingual gyrus, fusiform gyrus and occipital
cortex) was also found after SD. No regions showed signifi-
cantly increased activation after SD. After RW, we found sig-
nificant negative correlations between SSRT and cerebral ac-
tivation in left IFG, right hippocampus, right lingual gyrus,
left STN and bilateral fusiform gyrus. Left IFG activa-
tion contributed the most to SSRT. After SD, significant
negative correlations were found between SSRT and ac-
tivation in right MFG, right IFG and left lingual gyrus.
Right IFG activation contributed the most to SSRT.
Further interaction analysis indicated that the correlation
between SSRT and the activation of bilateral IFG, left
lingual gyrus and left STN was state-dependent. To our
knowledge, this is the first evidence of altered activation of
IFG after SD using the SST.
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Table 3 Regions of significant
activation for StopInhibit-Go after Regions Hemisphere Max T X Y 4 Voxels
sleep deprivation
Precentral gyrus R 9.56 46 10 26 261
Superior frontal gyrus L 6.52 —18 8 68 17
R 6.45 18 14 70 51
Middle frontal gyrus L 7.95 —46 42 18 845
R 11.28 42 26 28 159
Inferior frontal gyrus L 11.27 =30 22 —-12 168
R 12.26 32 26 —4 1039
Supplementary motor area L 6.68 -2 18 52 19
R 9.79 8 16 52 220
Insula L 11.92 =32 22 0 296
R 13.47 34 24 -2 404
Anterior cingulate cortex L 6.33 -4 30 34 24
R 7.33 6 28 34 29
Middle cingulate cortex L 6.26 2 24 40 24
R 7.19 6 28 36 91
Hippocampus L 6.49 -18 =32 -8 15
R 8.35 18 =30 -8 51
ParaHippocampal gyrus R 727 18 -28 -10 13
Calcarine sulcus L 7.28 —22 -98 -6 22
R 7.16 20 -94 -6 40
Lingual gyrus L 10.89 =30 -84 -14 73
R 8.14 26 —88 -10 98
Occipital cortex L 9.44 —28 -84 -12 595
R 8.80 36 =76 -10 538
Fusiform gyrus L 8.04 —26 -84 -12 153
R 9.15 34 =76 —-12 176
Inferior parietal lobule L 9.30 —42 —54 50 336
R 10.56 42 —46 40 477
SupraMarginal gyrus L 7.47 —62 —44 34 114
R 7.54 46 —42 42 238
Angular gyrus R 8.83 30 —68 48 276
Superior temporal gyrus R 7.14 40 18 -16 19
Middle temporal gyrus R 6.40 56 —54 8 20
Inferior temporal gyrus R 6.23 46 -60 -6 29

Results were set at p<0.001, FDR corrected (t> 5.25)

Effects of sleep deprivation on inhibition-related
activation

Confirming our hypothesis, after 24 h of SD, subjects exhib-
ited significantly reduced activation in bilateral IFG. This
finding is in accord with Horne’s hypothesis that the PFC is
vulnerable to SD (Horne 1993). In addition to the reduced
activation in IFG following SD, we observed decreased acti-
vation in SMA, STN, ACC and insula, which are the core
regions of the response inhibition system (Aron and
Poldrack 2006; Li et al. 2006; Swick et al. 2011). These results
indicate that SD is associated with deficits of activation in the
“stopping network”.

Moreover, we found significantly reduced activation in
vision-related regions includingthe occipital cortex, lingual gy-
rus and fusiform gyrus following SD. The lingual gyrus and
fusiform gyrus play a role in visual memory (Bogousslavsky
et al. 1987), face perception (Kanwisher et al. 1997) and color
vision processing. During SST in the current study, participants
were instructed to make simple decisions about a visual stimu-
lus. On Stop trials, a Stop signal (the white arrow changed to
blue) was presented after the visual stimulus, indicating that the
response should be withheld. In a study by Bell-McGinty et al.,
the researchers found that activation in right fusiform gyrus and
left lingual gyrus was decreased after SD during non-verbal
recognition memory (Bell-McGinty et al. 2004). Kong et al.
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Table 4 Regions exhibiting

activity differences for Regions Hemisphere Max T X Y V4 Voxels
StopInhibit-Go between
RW and SD Middle frontal gyrus L 3.65 —44 26 32 74
R 2.74 24 48 42 38
Inferior frontal gyrus L 4.26 —40 22 26 238
R 3.42 42 32 -14 145
Supplementary motor area L 3.09 -10 10 70 10
R 423 6 10 72 71
Insula L 322 =36 28 2 59
R 3.19 38 6 4 54
Anterior cingulate cortex L 3.54 -4 16 24 396
R 3.54 2 26 24 154
Middle cingulate cortex L 3.25 -2 16 34 19
R 3.19 0 18 34 45
Lingual gyrus L 4.76 —26 =76 -14 35
R 438 32 —82 -18 170
Occipital cortex L 4.37 =54 —62 -12 482
R 5.71 44 =78 -6 662
Fusiform gyrus L 6.76 —40 —60 —22 790
R 5.11 28 =50 -18 675
Superior parietal lobule L 491 —26 —68 54 145
R 3.56 30 —64 56 22
Inferior parietal lobule L 4.65 -26 =72 48 137
R 3.37 46 —34 52 70
SupraMarginal gyrus L 3.57 —54 —46 28 41
R 3.32 44 -38 42 19
Angular gyrus R 3.77 30 =50 40 152
Thalamus L 421 -6 -22 0 23
R 4.73 6 -22 141
Superior temporal gyrus L 4.11 =54 —44 24 37
Middle temporal gyrus R 435 58 —58 0 177
Inferior temporal gyrus L 542 —56 —60 —-12 192
R 5.00 58 =58 -2 250
Subthalamic nucleus L 421 —4 -26 -16 54
R 4.08 4 -26 -16 26

Results were set at p < 0.05, FDR corrected (t>2.34). RW, rested wakefulness. SD, sleep deprivation

(Kong et al. 2011) reported that SD reduced visual processing
capacity and fusiform face area activation. These findings are in
accord with the reduced activation of lingual gyrus and fusi-
form gyrus after SD revealed in the current study. Furthermore,
these findings suggest that SD may impair the color vision
processing capability. Further studies are required to verify
the effects of SD on color vision processing.

Two previous studies had investigated the effects of SD on
inhibitory control using fMRI (Chuah et al. 2006; Almklov
et al. 2015). They assessed the response inhibition using the
Go/No-Go task. Chauh et al. found reduced activation in bi-
lateral ventral and anterior PFC and right anterior insula after
SD (Chuah et al. 2006). However, our present study assessed
the response inhibition using the SST, another task commonly

@ Springer

used for measuring inhibition control. On one hand, we found
that bilateral MFG, IFG and right insula showed significantly
less activation after SD, confirmed the results of Chuah et al.
On the other hand, we also found decreased activation in thal-
amus, SMA, parietal cortex, temporal cortex and visual-
related regions, which was not reported by Chuah et al.
These results suggest that different effects of SD on inhibition
control were obtained by using different inhibition tasks. This
discrepancy may be due to the distinct neural circuits of these
two tasks (Swick et al. 2011), or may result from the individ-
ual difference that these two studies were two independent
samples. Further studies are required to test these hypotheses
using the self-control experiment. Almklov et al. found that
the deactivation in left posterior cingulate was reduced after
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Fig. 2 The relative weights of regions were summarized to determine
how these regions’ activation contributed to SSRT. After RW, the
activation of left IFG, right lingual gyrus, left STN, bilateral fusiform
gyrus and right hippocampus was associated with SSRT. The relative
weights of these regions were showed in (a). After SD, the activation of

SD in young normal subjects during response inhibition trial
(Almklov et al. 2015). However, we did not analyze deactiva-
tion in this study. In future work, we will include analysis of
deactivation to further explore the underlying mechanisms of
cognitive deficits after SD.

Correlations between SSRT and cerebral activation

After RW, faster SSRT was correlated with more activation in
the left IFG, right hippocampus, right lingual gyrus, bilateral
fusiform gyrus and left STN. These results suggest that stron-
ger recruitment of these regions may be required for better
inhibitory control. Negative correlations between right IFG
activation and SSRT have been reported in many studies
(Aron and Poldrack 2006; Congdon et al. 2010; Galvan et al.
2011; White et al. 2014). In addition, previous studies have
reported that right STN activation is negatively correlated with
SSRT (Aron and Poldrack 2006; Cohen et al. 2010). Howeyver,
a study by Ghahremani et al. reported that left IFG activation is
greater for subjects with faster SSRT (Ghahremani et al. 2012).
Few studies have reported negative correlations between SSRT
and activation of the hippocampus, lingual gyrus and fusiform
gyrus during response inhibition. These discrepancies may be
caused by substantial individual differences in response inhi-
bition. Cohen et al. (Cohen et al. 2010) reported that adult
subjects (ages 25-30 years) exhibited faster SSRT than youn-
ger subjects (ages 9—19 years) and that age was negatively
correlated with neural activity in left medial prefrontal cortex
during successful response inhibition. Lee and Hsieh found
that SSRT did not change significantly with age, among sub-
jects 40-77 years of age (Lee and Hsieh 2017). These findings
suggest that SSRT and SST-related activation might change

right IFG, right MFG and left lingual gyrus was associated with SSRT.
The relative weights of these regions were showed in (b). I[FG, inferior
frontal gyrus. STN, subthalamic nucleus. MFG, middle frontal gyrus.
RW, rested wakefulness. SD, sleep deprivation

across the lifespan. Therefore, age differences of subjects
(Rubia et al. 2006; Bunge et al. 2002) may have contributed
to the discrepancies described above. Furthermore, as in the
current study, several previous studies explored the relation-
ship between SSRT and cerebral activation using voxelwise
analyses, while Congdon et al. (Congdon et al. 2010) utilized
independent components analysis. Methodological differences
may have also contributed to discrepancies among previous
findings. Further studies are required to examine the relation-
ship between activation and behavioral performance during
response inhibition in more detail, with larger sample sizes
and age-matched subjects using different methods.

In the SD condition, reduced brain activation in the right
MFG, right IFG and left lingual gyrus was related to slower
SSRT. These results suggest that less engagement of these
regions may result in poorer inhibition performance for
sleep-deprived individuals. The regions in which activation
was correlated with SSRT differed in the SD and RW condi-
tions. This finding indicated that SD may change the relation-
ship between behavioral performance and cerebral activation.
To statistically explore the effects of SD on the correlation
between SSRT and cerebral activation, we used GLM to ex-
amine whether SSRT exhibited a linear interaction effect of
state with cerebral activation. The results indicated that SD
enhanced the correlation between SSRT and cerebral activa-
tion in right IFG and left lingual gyrus, and weakened the
correlation in left IFG and left STN. These findings suggest
that SD has a substantial effect on the correlation between
SSRT and cerebral activation, especially in bilateral IFG, left
STN and left lingual gyrus.

The results also revealed the relative importance of the
regions in which activation was correlated with SSRT,
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Fig. 3 Significant linear interaction of cerebral activation by state on
SSRT. Significant interaction effects of state (RW or SD) with the
activation of left IFG (a) and left STN (b) in SSRT were found, where
the increasing activation in these regions was associated with faster SSRT
after RW, while these associations were not present in the SD condition.

showing that the IFG had contributed the most to SSRT in
both the RW and SD conditions. Left IFG activation contrib-
uted the most to SSRT in the RW condition, while right IFG
activation contributed the most to SSRT in the SD condition.
These results indicate that IFG activation contributed the most
to SSRT, independent of state (RW or SD). These findings are
consistent with the conventional view that IFG is a critical
node for inhibition. To our knowledge, few studies have ex-
plored the relative weights of each region in which activation
is correlated with behavioral performance, to measure the con-
tribution of region’s activation to behavioral performance.

Limitations
The present study involved several limitations that should be

considered. First, the sample size was relatively small. Thus,
the findings should be replicated in a larger sample in future
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Significant interaction effects were also found in right IFG (¢) and left
lingual gyrus (d), where the decreasing activation in these regions was
associated with slower SSRT after SD, while these associations were not
present in the RW condition. IFG, inferior frontal gyrus. STN,
subthalamic nucleus. RW, rested wakefulness. SD, sleep deprivation

studies. Second, we did not analyze deactivation in this study.
Deactivation refers to a reduction of the BOLD signal during
task performance relative to baseline (Gusnard et al. 2001). In
future work, we will also include analysis of deactivation to
further explore the underlying mechanisms of cognitive
deficits after SD. Third, we did not use electroencepha-
lographic measures, which could have confirmed that
subjects did not fall asleep during the total sleep depri-
vation condition. However, a research assistant remained by
the side of each subject to ensure they stayed awake and kept
their eyes open.

Conclusions

In accord with previous behavioral and functional imaging
studies reporting that SD in humans causes performance
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decrements, the current finding revealed that SD caused sig-
nificant declines in performance while subjects performed the
SST in the scanner. Deficits in inhibition-related neural acti-
vation were found in the “stopping network™” and vision-
related regions after SD. The correlation we observed between
SSRT and cerebral activation in bilateral IFG, left STN and
left lingual gyrus was state-dependent. However, the activa-
tion of IFG contributed the most to SSRT, independent of
state, supporting the conventional view that IFG is a critical
node for inhibition. Our findings may provide insight into the
neural substrate of the neurofunctional changes in response
inhibition in individuals who are sleep deprived. Further stud-
ies with larger samples are required to confirm the current
findings and further elucidate the neurobiological mechanisms
involved.
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