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A B S T R A C T

Life stress has been shown to impact cognitive functions, including inhibitory control. However, the immediate
effects of acute stress on inhibitory control and the underlying neural mechanisms remain unclear. In a behavioral
pilot study (N¼ 30) and a within-subject functional magnetic resonance imaging study (N¼ 30), we examined
how acute stress induced by Trier Social Stress Test influenced inhibitory control in a stop signal task. Behavioral
results across two studies showed that stress consistently improved inhibitory control. Shorter stop signal reaction
time (SSRT) in stress as compared with control condition was associated with stronger connectivity between the
superior/middle frontal gyrus (SFG/MFG) and striatum. Dynamic causal modeling revealed distinct best models
under stress and control condition, with an enhanced interaction between the SFG/MFG and the striatum after
stress exposure. This research identified the SFG/MFG-striatum network as a key circuit underlying acute stress-
elicited enhancement of inhibitory control in a stop signal task.
1. Introduction

Stress is widespread in daily life and can be induced by various
stressors, ranging from small events, such as choosing a restaurant for
lunch, to bigger events, like the death of a loved one. Both acute and
chronic stress affect several brain regions, including the prefrontal cor-
tex, hippocampus, amygdala and striatum (Chang and Yu, 2018a, 2018b;
McEwen et al., 2015; Ulrich-Lai and Herman, 2009). For example,
exposure to a chronic stressor leads to morphological changes of the
prefrontal cortex (PFC), e.g., a significant decrease of dendrites, as well as
impaired PFC dependent cognitive functions (Liston et al., 2006; Well-
man, 2001). The striatum plays an important role in various functions,
like reward processing, response inhibition, and learning. Both human
and rodent studies have shown that the striatum-based habitual system
takes over the learning process after stress, suggesting the sensitivity of
striatum cortex to stress (Quirarte et al., 2009; Schwabe andWolf, 2012).
Taken together, accumulating evidence suggests that stress has a pro-
found impact on the fronto-striatal network and related cognitive func-
tions (Schwabe, 2013; Shields et al., 2016a,b; Yu, 2016).

Response inhibition, the ability to stop an inappropriate action, is a
core process of executive function (Diamond, 2013). The stop signal task
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(SST) is a useful paradigm to study response inhibition, in which a go
signal might be followed by a stop signal to inhibit the have initiated
response (Garrett and Maddock, 2001; Verbruggen and Logan, 2008).
The response inhibition is measured by the length of time of the stop
process (i.e., SSRT). The SSRT has been considered as the most suitable
index for cognitive inhibition (Roos et al., 2017; Verbruggen and Logan,
2008). Previous studies in humans and animals have shown that chronic
life stress impairs cognitive function, including response inhibition (Mika
et al., 2012; Mueller et al., 2010). However, the immediate effects of
acute stress on inhibitory control are far from clear. Using a stop signal
task (SST) and a cold pressor test, Schwabe et al. found that acute stress
promoted inhibitory responses and that stressor-enhanced cortisol level
was negatively correlated with the stop signal reaction time (SSRT).
Furthermore, individuals who received the mineralocorticoid receptors
antagonist spironolactone did not demonstrate these effects (Schwabe
et al., 2013). In addition, recent meta-analyses suggest that acute stress
improved response inhibition (Shields et al., 2016a,b), especially
15–135min after stress exposure (Shields et al., 2015). However, other
studies have reported inconsonant results (McGrath et al., 2016; Roos
et al., 2017; Scholz et al., 2009; Starcke et al., 2016). For example, a
significant SSRT reduction was observed in the control group for
ore, 117570, Singapore.
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post-SST vs. pre-SST, while this significant task practice effect dis-
appeared after Trier Social Stress Test (TSST), indicating the impairment
of inhibitory control under stress (Roos et al., 2017). The discrepancy
may result from differences in the characteristics of stressors (e.g., social
or physical), the intensity of stressor, the cognitive tasks, the time in-
terval between the stress manipulation and task, age and gender of the
subject populations (Jiang and Rau, 2017; Mika et al., 2012; Shields
et al., 2015; Shields et al., 2016a,b). In the present study, a within-subject
design was adopted to mitigate the impact of individual differences. We
used TSST (including both public speaking and mental arithmetic tasks)
to induce acute social stress. The TSST is the gold standard and most
commonly employed paradigm and has been shown to reliably elicit a
high level of cortisol (McRae et al., 2006). Given that the cortisol reaches
its peak level at about 30min after stress manipulation (Schwabe et al.,
2013; Schwabe et al., 2008), the time interval between the TSST and SST
was about 30min in our study.

Previous fMRI studies using the SST showed that the response inhi-
bition was associated with the activation of brain regions in the frontal
cortex and basal ganglia, including the inferior frontal gyrus, middle
frontal gyrus, superior frontal gyrus, anterior cingulate cortex, pre-
supplementary motor area, striatum and subthalamic nucleus (Aron
et al., 2007; Aron and Poldrack, 2006; Li, Huang, Constable and Sinha,
2006; Sharp et al., 2010; Verbruggen and Logan, 2008). Specifically,
successful response inhibition was related to greater activation of the
right inferior frontal gyrus and pre-supplementary motor area, while
unsuccessful inhibition was correlated with the activation in the anterior
cingulate cortex (Aron et al., 2007; Sharp et al., 2010). Many lines of
evidence have consistently implicated the fronto-striatal circuit in
response inhibition (Bari and Robbins, 2013; Courtney et al., 2013). It is
well known that the prefrontal cortex plays an important role in response
selection and inhibition (Adler et al., 2010; Krivoshapkin et al., 2007).
Evidence has also accumulated which supports striatal mechanisms in
the inhibition process (Morein-Zamir and Robbins, 2015; Simmonds
et al., 2008; Swann et al., 2012; Zandbelt and Vink, 2010). For instance, a
previous study of the SST reported increased striatal activity during
successful versus unsuccessful stopping (Zandbelt and Vink, 2010). In
addition, caudate and putamen dopamine D₂/D₃ receptor availability was
negatively correlated with the stop signal reaction time and positively
correlated with inhibition-related activation in the frontostriatal cir-
cuitry, suggesting the important role of dorsal striatum during inhibition
(Ghahremani et al., 2012). Furthermore, the connectivity between the
PFC and striatum is also involved in stopping inappropriate actions, and
the connectivity strength is related to the efficiency of response inhibi-
tion (Courtney et al., 2013; Duann et al., 2009; Jahfari et al., 2011;
Zandbelt and Vink, 2010). A study using psychophysiological interaction
found that during successful suppression of a response in the stop-signal
anticipation task, the activity of striatum had a significantly positive
correlation with the activity in the right inferior frontal cortex (Zandbelt
and Vink, 2010). Given that the frontal and striatal cortex are vulnerable
to stress and also play important roles in the inhibition process, the
fronto-striatal circuits may represent an important target to investigate
the effects of acute stress on response inhibition. Although focusing on
the effect of chronic stress, a study showed that success change (vs.
success go) trials, which engaged motor inhibition involved higher
activation of the PFC and striatum in the early-life stress group as
compared to the control group, suggesting the roles of frontostriatal
circuitry in inhibition under chronic stress (Mueller et al., 2010).

In the present study, by combining the Trier Social Stress Test (TSST)
and SST, we firstly conducted a pilot behavioral study to explore whether
and how acute psychological social stress affected behavioral perfor-
mance in response inhibition. Subsequently, an fMRI study was per-
formed to replicate the behavioral findings and further examine the
neural mechanisms underlying the impact. Specifically, based on recent
meta-analyses (Shields et al., 2015; Shields et al., 2016a,b), we predicted
that response inhibition could be improved after stress exposure, and the
activation of the prefrontal cortex and striatum as well as
2

prefrontal-striatal connectivity increased during successful stopping.
Further, we employed dynamic causal modeling (DCM) to explore
stress-elicited changes in directed connectivities of the PFC and striatum
during response inhibition.

2. Methods and results

2.1. Experiment 1: a behavioral study

2.1.1. Participants
Thirty right-handed volunteers 21.2� 1.7 (mean� SD; range 19–25)

years of age, including 14 females, participated in this study. All partic-
ipants were healthy and without a history of major medical, psychiatric,
or neurological disease. None of them reported use of illicit substances or
current use of any psychoactive medications. In addition, no female
participants reported use of hormonal contraceptives. Participants were
instructed to refrain from heavy exercise and caffeine for at least 12 h
before the experiments. No participants had previously enrolled in stress-
related research. All participants provided written informed consent ac-
cording to a protocol approved by the South China Normal University
Institutional Review Board.

2.1.2. Experimental design and procedure
In humans, the level of endogenous cortisol has been reported to be

relatively stable and low in the afternoon (Deuschle et al., 1997).
Following previous studies (Qin et al., 2012; Schwabe and Wolf, 2012),
all experiments were conducted between 2 and 6 p.m. Participants were
exposed to acute stress and control conditions with at least 30 days in
between the two sessions. Participants were randomly divided into two
groups, with fourteen of them first exposed to stress and then control
condition and the other sixteen participants exposed to control before
stress task. Participants did not significantly differ in age or gender across
groups (ps> 0.061).

As shown in Fig. 1A, after an acclimation period of 10min following
arrival (T1), affect ratings were collected. Participants were then
informed of the stress or control task (see stress induction) and were given
5min to prepare for it. After preparation (T2), affect ratings were
recorded. Participants went through the stress or control task, with affect
ratings collected again upon task completion (T3). Next, there were 3
sessions of stop signal task (SST; see stop signal task). Affect ratings were
collected at the end of each SST session (T4, T5, and T6).

2.1.3. Stress induction
In the stress condition, participants completed the TSST, a well-

validated task with stressors consisting of an impromptu speech and a
mental arithmetic task (Kirschbaum et al., 1993). Participants were
instructed to prepare an application for a job of their choice and to
introduce themselves to the search committee (investigators) in a free
speech of 5min. They were to convince the committee that they were the
most suitable candidate for this position. To increase task engagement,
participants were asked to write down the speech during the preparation
period and to deliver the speech without notes in front of a video camera
and the committee (one woman and one man) who were trained to
remain emotionally neutral. Without prior knowledge, they were then
asked to subtract the number 13 serially from 1022 in English as fast and
accurately as possible within 5min in front of the same committee. On
any error the committee asked the participant to start again at 1022.
Reporting in a foreign language (i.e. English) should increase the diffi-
culty of the mental arithmetic task in Chinese participants and possibly
further enhance their stress level. In the control condition, to ensure a
comparable cognitive load, participants went through the same tasks
alone in the absence of the committee and video camera. In other words,
there was no social evaluative stress in the control condition.

2.1.4. Stop signal task
We employed a stop signal task (Hu et al., 2016; Hu and Li, 2012).



Fig. 1. Experimental procedure and results of the behavioral study (experiment 1). A, The timeline of the experiment. B, Positive/negative emotional responses under
control and stress conditions (mean and standard error). C, Stop signal reaction time (SSRT) under stress and control conditions for each participant. *p < 0.05,
**p< 0.01, SSRT, stop signal reaction time.
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Two types of trials, “go” and “stop”, were randomly intermixed in pre-
sentation. There was an inter-trial interval of 2 s. A small dot appeared on
the screen to signal the beginning of each trial. After a randomized in-
terval varying from 1 to 5 s, the dot turned into a circle, the go signal,
prompting participants to press a button quickly. The circle vanished at
button press or after 1 s if the participants failed to respond. A premature
button press prior to the appearance of the circle also terminated the
trial. Approximately one quarter of the trials were stop trials, in which
the go signal was followed by an “X” (the stop signal), instructing par-
ticipants to withhold button press. Likewise, a trial terminated at button
press or when 1 s had elapsed after the appearance of the stop signal. The
stop signal delay (SSD), the time interval between the go and stop signals,
started at 200ms and varied from one stop trial to the next according to a
staircase procedure, increasing and decreasing by 67ms each after a
successful and failed stop (Levitt, 1971). With the staircase procedure, we
anticipated that the participants would succeed in withholding their
response in approximately half of the stop trials. Participants were
instructed to respond to the go signal quickly while keeping in mind that
a stop signal might come up, and both accuracy and response speed were
emphasized (Li, Huang, et al., 2008). Prior to the experiments, partici-
pants were trained on the same behavioral task. In the behavioral study,
each participant completed three 10-min runs of the task with 100 trials
in each run.

2.1.5. Psychological measure
In the behavioral experiment, positive and negative affect ratings

(PANAS, including positive emotions: calm, relaxed, peaceful, confident,
and energetic; negative emotions: nervous, anxious, scared, tired, and
upset) were rated on a 5-point scale from 1 (“not at all”) to 5
(“extremely”) (van Marle et al., 2010; Watson et al., 1988) at multiple
time points throughout the procedure. The positive and negative emotion
ratings were analyzed using a repeated-measures ANOVA with treatment
(control vs. stress) and time point (T1, T2, T3, T4, T5, and T6) as two
within-subject factors, respectively. After adding age and gender as
covariates, we found similar results. Hence, we only reported the results
of ANOVA without these covariates in the results section. Further, we
also conducted repeated-measures ANOVAs with task order (stress-first
vs. control-first) as a between-subject factor, treatment and time point as
two within-subject factors. We found the main findings, i.e., the inter-
action between treatment and time point, remained unchanged. For all
reported analyses, Greenhouse-Geisser correction was applied when the
3

assumption of sphericity was violated.

2.1.6. Behavioral data analysis
We computed the stop signal reaction time (SSRT) for each partici-

pant on the basis of the race model (Logan et al., 1984). The SSRT rep-
resents the time one requires to stop the button press after the stop signal
appears. Shorter SSRT indicates better response inhibition. Firstly, we
estimated the critical SSD, the delay that allows a participant to correctly
inhibit response to a stop signal in half of the stop trials. SSDs across stop
trials were grouped into runs (sequences of trials), with each run defined
as a monotonically increasing or decreasing series. We derived a mid-run
estimate by taking the middle SSD of every even run. The critical SSD was
computed by taking the mean of all mid-run SSDs. The mid-run measure
was reported close to the maximum likelihood estimate of 50% stop
success in the SST with enough trails (more than 30) (Duann et al., 2009;
Li, Yan, Sinha and Lee, 2008; Wetherill et al., 1966). Then, the SSRT was
computed by subtracting the critical SSD from the median go trial reac-
tion time (RT) (Hu and Li, 2012).

Four performance indexes of the SST, including go success rate, go
trial reaction time, stop success rate and SSRT, were compared between
stress and control condition using paired t tests.

2.1.7. Results
For positive and negative emotion ratings, we carried out treatment

(control vs. stress) by time point (T1, T2, T3, T4, T5, and T6) repeated-
measures ANOVAs (Fig. 1B and Table 1). For positive emotion ratings,
the main effect of time point was significant (F(5, 145)¼ 13.720,
p< 0.001, partial η2¼ 0.321). The main effect of treatment and the
interaction between treatment and time point were not significant (F(1,
29)¼ 0.002, p¼ 0.966, partial η2< 0.001; F(5, 145)¼ 1.957, p¼ 0.117,
partial η2¼ 0.063, respectively). For negative emotion ratings, the re-
sults showed a significant main effect of time point (F (5, 145)¼ 5.879,
p¼ 0.002, partial η2¼ 0.169), and a significant interaction between
treatment and time point (F (5, 145)¼ 4.750, p¼ 0.007, partial
η2¼ 0.141). The main effect of treatment was not significant (F (1,
29)¼ 1.673, p¼ 0.206, partial η2¼ 0.055). Post-hoc t-tests revealed
significantly higher negative emotion ratings in stress than in control
condition at T2 (t(29)¼ 3.167, p¼ 0.004) and T3 (t(29)¼ 2.366,
p¼ 0.025).

We evaluated performance in the SST. For go success rate, a paired t-
test showed no difference between stress (M� SD¼ 95.80� 3.70%) and



Table 1
The results of affect ratings.

T1 T2 T3 T4 T5 T6

Mean(SD) mean(SD) mean(SD) mean(SD) mean(SD) mean(SD)

Behavioral experiment
PA
Stress 2.96(0.77) 2.89(0.94) 2.69(0.89) 2.62(0.83) 2.47(0.80) 2.51(0.83)
Control 2.88(0.86) 2.94(0.87) 2.88(0.89) 2.64(0.95) 2.45(0.92) 2.36(0.91)

NA
Stress 1.44(0.50) 1.60(0.67) 1.58(0.73) 1.31(0.49) 1.26(0.35) 1.22(0.32)
Control 1.37(0.54) 1.36(0.53) 1.28(0.49) 1.28(0.48) 1.30(0.51) 1.28(0.51)

fMRI experiment
PA
Stress 3.09(0.44) 2.71(0.59) 2.52(0.60) 2.66(0.63) 2.69(0.58) 2.93(0.62)
Control 3.07(0.47) 2.96(0.60) 3.05(0.60) 2.85(0.71) 2.67(0.66) 2.91(0.70)

NA
Stress 1.57(0.41) 1.83(0.47) 1.97(0.56) 1.74(0.50) 1.67(0.46) 1.57(0.50)
Control 1.40(0.40) 1.46(0.46) 1.45(0.45) 1.57(0.61) 1.66(0.54) 1.60(0.58)
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control (M� SD¼ 96.10� 2.90%) condition (t(29)¼�0.296,
p¼ 0.770). Across participants, the average go trial reaction time was
597.00� 90.00ms and 601.00� 93.00ms in stress and control condi-
tion, respectively, and there was no significant difference
(t(29)¼�0.399, p¼ 0.693). Analysis of stop success rate showed no
difference between stress and control condition (t(29)¼�1.987,
p¼ 0.056). Notably, participants made errors in roughly half of the stop
trials in both conditions (stress: M� SD¼ 51.60� 2.20%; control:
M� SD¼ 52.70� 3.50%), suggesting that their overall performance was
adequately tracked by the staircase procedure. Further, SSRT under stress
(M� SD¼ 185.00� 31.00ms) was significantly shorter than under
control condition (M� SD¼ 208.00� 38.00ms; t(29)¼�2.773,
p¼ 0.010), suggesting improved response inhibition under stress (Fig. 1C
and Table 3). Compared with the control condition, twenty-three out of
thirty participants required less time after stress exposure to stop the
button press after the stop signal appeared (see Fig. 1C).

2.2. Experiment 2: an fMRI study

2.2.1. Participants
Thirty right-handed volunteers 20.6� 2.0 (mean� SD; range 18–25)

years of age, including 15 females, were recruited from the local com-
munity. None of the participants reported any history of major medical,
psychiatric, or neurological diseases. None reported previous participa-
tion in stress-related research. No female participants reported any use of
hormonal contraceptives. Participants were instructed to refrain from
heavy exercise and caffeine for at least 12 h before the experiment. All
participants provided written informed consent according to the study
protocol approved by the South China Normal University Institutional
Review Board.

2.2.2. Experimental design and procedure
As showed in Fig. 2A, after an acclimation period of 20min following

arrival (T1), baseline saliva samples and affect ratings were collected.
Participants were then informed of the stress or control task (see stress
induction in experiment 1) and were given 5min of preparation time. After
preparation (T2), affect ratings were recorded again. Participants went
through the stress or control task, with saliva samples and affect ratings
collected upon task completion (T3). Next, 8min of resting-state fMRI
data were collected. After completion of resting state fMRI scan, partic-
ipants were engaged in 3 sessions of the SST (see stop signal task in
experiment 1), and saliva samples and affect ratings were collected at the
end of each SST session (T4, T5, and T6). Each session included 120
trials, with approximately 12min to finish it. Then T1 images were
scanned for about 5min. All experiments were conducted between 1 and
4

6 p.m. to ensure a relatively low and stable level of endogenous cortisol.
As with the behavioral study, participants received acute stress and
control exposure in two separate sessions at least 30 days apart, and the
order of exposure was counter-balanced across subjects. Participants
were randomly assigned to two groups based on condition order, such
that half completed the stress condition first and the other half completed
the control condition first. Participants did not significantly differ in age
or gender across groups (ps> 0.5).

2.2.3. Psychological and physiological measures
In the fMRI experiment, the positive and negative affect were recor-

ded in the same way as did in the behavioral study (see psychological
measure in experiment 1). Saliva samples were collected with the Saliv-
ettes (Sarstedt, Germany) and were stored at �15 �C until assayed.
Cortisol concentrations in saliva (in ng/mL) were measured by ELISA
(catalog No. SLV 4635; DRG, Germany).

The ratings for positive and negative emotion were fed to a repeated-
measures ANOVA with treatment (control vs. stress) and time point (T1,
T2, T3, T4, T5, and T6) as two factors, respectively. For saliva cortisol
level, three participants’ cortisol samples could not be assayed due to
insufficient saliva, leaving data from 27 participants for a treatment
(control vs. stress) by time point (T1, T3, T4, T5, and T6) repeated-
measures ANOVA analysis. After adding age and gender as covariates,
we found similar results, thus we only reported the analyses without
these covariates in the results section. Further, we also conducted
repeated-measures ANOVAs with task order (stress-first vs. control-first)
as between-subject factor, treatment and time point as twowithin-subject
factors on cortisol level, positive and negative emotion data. We found
that the main findings, i.e., the interaction between treatment and time
point, remained unchanged. For all reported analyses, Greenhouse-
Geisser correction was applied when the assumption of sphericity was
violated.

2.2.4. Behavioral data analysis
As in the behavioral study, we measured the SSRT as the index of

response inhibition performance (see behavioral data analysis 1). Paired t
tests were conducted to compare SSRT, go success rate, go trial reaction
time, and stop success rate between stress and control condition.

2.2.5. Imaging protocol
Images were obtained with a 3-Tesla MRI scanner (Siemens) at the

Brain Imaging Center at South China Normal University. The scanner was
equipped with a 12-channel head coil. Anatomical images of the func-
tional slice locations were obtained with spin echo imaging in the axial
plane parallel to the AC-PC line with repetition time (TR)¼ 1900ms,



Fig. 2. Experimental procedure and behavioral results of the fMRI study (experiment 2). A, The timeline of the experiment. B, Cortisol and positive/negative
emotional responses under control and stress conditions (mean and standard error). C, Stop signal reaction time (SSRT) under stress and control conditions for each
participant. *p < 0.05, **p < 0.01, ***p< 0.001, SSRT, stop signal reaction time.
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echo time (TE)¼ 2.52ms, field of view¼ 256� 256mm2, flip
angle¼ 9�, matrix size¼ 256� 256, and 1mm3 isotropic voxel. Func-
tional, blood oxygenation level dependent (BOLD) signals were acquired
with a single-shot gradient echo echo-planar imaging (EPI) sequence.
Thirty-two axial slices parallel to the AC-PC line covering the whole brain
were acquired with TR¼ 2000ms, TE¼ 25ms, flip angle¼ 85�, field of
view¼ 220� 220mm, matrix¼ 64� 64, in-plane voxel
size¼ 3� 3mm, and slice thickness¼ 4mm with no gap. Slice scanning
order was ascending interleaved. Three hundred and sixty images were
acquired in each run for three runs.

2.2.6. Imaging data processing
The fMRI data was preprocessed and analyzed using Statistical

Parametric Mapping version 8 (SPM8, Wellcome Department of Imaging
Neuroscience, University College London, U.K.). To allow for equilibra-
tion effects, the first five volumes were discarded. The remaining images
were firstly corrected for slice timing and realigned (motion-corrected).
A mean functional image volume was constructed for each participant for
each run from the realigned image volumes. These mean images were co-
registered with the high-resolution structural image and segmented for
normalized to an MNI (Montreal Neurological Institute) EPI template
with affine registration followed by nonlinear transformation (Ashburner
and Friston, 1999; Friston et al., 1995). Finally, images were smoothed
with a Gaussian kernel of 8mm at full width at half maximum. The data
was high-pass filtered (1/128Hz cutoff) to remove low-frequency signal
drifts.

2.2.7. General linear model (GLM)
In GLM of the BOLD signals, four events – go success (GS), go error

(GE), stop success (SS), and stop error (SE) – were modeled and the go
signal onsets were convolved with a canonical hemodynamic response
function (HRF) and the temporal derivative of the canonical HRF (Friston
et al., 1994). GS trials were parametrically modulated by the reaction
time and its temporal derivative. SS and SE trials were parametrically
modulated by the SSD and its temporal derivative (Büchel et al., 1998;
Hu and Li, 2012; Li et al., 2006). Previous studies found that including
these parametric modulators could improve model fit (Cohen, 1997; Hu,
Ide, Zhang, Sinha, & Chiang-shan, 2015; Hu and Li, 2012). Six
head-motion parameters defined by the realignment were added to the
model as regressors of no interest and serial auto-correlation was cor-
rected by a first-degree autoregressive or AR(1) model (Della-Maggiore
5

et al., 2002; Friston et al., 2000).
In the first-level analysis, we contrasted SS versus SE (SS> SE) for

each participant to identify the neural correlates of response inhibition.
The SS and SE trials were identical in stimulus condition, with each
involving inhibition success and failure, respectively. The contrast
SS> SE thus engaged the processes related to response inhibition (Duann
et al., 2009; Farr, Hu, Zhang, & Chiang-shan, 2012; Li, Yan, et al., 2008).
A random effects analysis (one-sample t-test) was performed to identify
regional activations for SS versus SE contrast at group level each during
stress and control condition. A conjunction analysis of SS - SE contrasts
under both stress and control conditions was conducted to identify ac-
tivations shared across these two conditions. A paired t-test of the con or
contrast (difference in β) images of SS minus SE was employed to
compare regional activations between stress and control condition.

In addition to exploring stress-induced changes in independent re-
gions of the network related with response inhibition, we also examined
whether different connectivity flows were involved in stress and control
condition during inhibition process by conducting a psychophysiological
interaction (PPI) analysis. The PPI analysis identified how functional
connectivity between pairs of brain regions modulated by psychological
context (i.e. SS and SE in the present study) (Friston et al., 1997). The
source regions used in the PPI analysis were defined as 6mm spheres
centered at the peak voxel of the group-level conjunction results of SS vs.
SE under stress and control condition. Participant-specific PPI models
were performed for each source region with 3 regressors of (1) the main
effect of seed region activity (physiological), (2) the main effect of
response inhibition motivation (SS-SE, psychological), and (3) the
interaction effect of seed region activity by the response inhibition
motivation (PPI), each corresponding to PPI.Y, PPI.P, and PPI.ppi in the
design matrix. Six head-motion parameters were also added to the model
as regressors of no interest. Contrast images were generated for positive
and negative PPIs, which indicated the identified regions had greater or
lesser coupling with the source regions according to the context of SS
versus SE condition.

The PPI first-level contrast (positive and negative PPIs) for each
source region in stress and control condition were fed into 2 s-level GLM
analyses: (1) exploring the brain regions whose connectivity with source
regions for SS versus SE context varied under stress and control condition
(paired t-test); (2) identifying regions of which the stress-related changes
in connectivity with the source regions in SS – SE context varied as a
function of individual differences in SSRT between stress and control



Table 2
The results of cortisol level in fMRI experiment.

T1 T3 T4 T5 T6

Mean(SD) mean(SD) mean(SD) mean(SD) mean(SD)

Stress 4.87(3.96) 6.01(4.38) 6.80(5.30) 5.55(4.27) 4.61(3.36)
Control 3.84(3.04) 3.61(2.32) 2.43(1.80) 2.38(1.94) 2.04(1.68)

Table 3
The results of SSRT.

Stress Control

Mean(SD) Mean(SD)

Behavioral experiment 185.15(30.78) 208.41(38.42)
fMRI experiment 209.00(33.20) 224.77(29.56)
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condition (“higher-order” PPI). For higher-order PPI analysis, we per-
formed a whole-brain regression with “SSRT under stress – SSRT under
control” as the independent variable and stress-induced changes in PPI
(positive PPI contrast under stress-positive PPI contrast under control) in
SS – SE context as the dependent variable (Passamonti et al., 2008,
2009).

For all reported analyses, we included age, gender and the order of
conditions (stress or control first) as covariates. The results were evalu-
ated at a threshold of voxel-level family-wise error (FWE) corrected
p< 0.05 using small volume correction (SVC) on images with an un-
corrected voxel threshold of p< 0.001. Based on previous studies, there
were 10 ROIs for SVC, including bilateral inferior frontal gyrus (IFG),
superior frontal gyrus (SFG), middle frontal gyrus (MFG), putamen and
caudate (Bari and Robbins, 2013; Courtney et al., 2013; Ghahremani
et al., 2012), all defined using the corresponding AAL mask (Tzour-
io-Mazoyer et al., 2007). Each ROI was tested separately in SVC, and the
results were examined with Bonferroni correction for multiple compar-
isons, i.e., p< 0.005 (0.05/10).

2.2.8. Dynamic causal modelling (DCM) analysis
To test the direction of information flow in the brain network found

by PPI analyses, we conducted a DCM analysis (Friston, Harrison and
Penny, 2003). The DCM is a hypothesis-driven approach to assess
effective connectivity among brain regions and their context-dependent
modulation (Friston et al., 2003; Seghier et al., 2010).

The nodes as identified from brain network found using PPI analyses
included the right SFG/MFG, and the left putamen and caudate (see
Results). Firstly, we made masks for these nodes by overlapping peak
activation voxels (left putamen and caudate from PPI; and right SFG/
MFG from conjunction; radius¼ 6mm) and the corresponding masks
from the AAL template to ensure the anatomical locations of the nodes.
Secondly, considering inter-subject variability, VOIs in spheres of 5mm
radius were defined centered on participant-specific maxima in these
masks. For the stop success (i.e., SS) condition, we specified a three-area
DCM using the VOIs as defined above (Fig. 4A). To identify the best
family of model fits, we conducted a random effects family inference
analysis. The signals of SS entered the network (driving inputs) though
the striatum node (i.e., putamen and caudate), or the PFC (right SFG/
MFG) node, or both. Based on the driving inputs, we had three families of
models, including both striatum and PFC inputs (model 1-model 6), PFC-
only inputs (model 7–12), and striatum-only inputs (the model 13–18)
(Nicholson et al., 2017) (see Fig. 4). Further, we assumed that the SS
condition modulated 1) only the connectivity from striatum to PFC
without the internal connectivity between caudate and putamen; 2) only
the connectivity from PFC to striatum without the internal connectivity
between caudate and putamen; 3) both connectivity from PFC to striatum
and from striatum to PFC without the internal connectivity between
caudate and putamen; 4) only the connectivity from striatum to PFC with
the internal connectivity between caudate and putamen; 5) only the
connectivity from PFC to striatumwith the internal connectivity between
caudate and putamen; 6) both connectivity from PFC to striatum and
from striatum to PFC with the internal connectivity between caudate and
putamen.

The Bayesian model selection (BMS) procedure was used to deter-
mine the best model at the group level; that is, we compared the model
evidence for all 18 predefined models. We applied a random-effects BMS
approach, which was found to be robust in coping with potential outliers
(Stephan et al., 2009). The model evidence represents the probability of
generating the observed data by a specific model (Penny et al., 2004). A
common method to compare evidence among different models is given
by the exceedance probability (EP); i.e., given the group data, the
probability that a specific model is more likely than any other tested
models (Schmidt et al., 2016). The EP is intuitive as all EPs sum to one
over all tested model. The model with the highest EP is considered as the
best model (Nicholson et al., 2017; Penny et al., 2010; Seghier and Price,
2009). We also used the random-effects BMS to determine the best
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family. The EP of a family is sum of the EPs of all models included in this
family. Likewise, the family with the highest EP was the most likely one
according to the data from all subjects (Penny et al., 2010).

2.2.9. Brain-behavior correlation analysis
Correlations between the cortisol level or affect ratings and brain

activation or effective connectivity were examined. Significant correla-
tions were reported at p< 0.05 Bonferroni-corrected.

3. Results

3.1. Physiological and behavioral responses to acute stress

We carried out treatment (control vs. stress) by time point (T1, T3, T4,
T5, and T6) repeated-measures ANOVA on cortisol level (Fig. 2B and
Table 2). Results showed that the main effects of treatment (F (1,
26)¼ 16.258, p< 0.001, partial η2¼ 0.385) and time point (F(4,
104)¼ 4.159, p¼ 0.010, partial η2¼ 0.138) were significant. The
interaction between treatment and time point was also significant (F(4,
104)¼ 4.453, p¼ 0.006, partial η2¼ 0.146). Post-hoc t-tests showed that
stress as compared to control condition induced higher cortisol at T3
(t(26)¼ 2.677, p¼ 0.013), T4 (t(26)¼ 4.503, p< 0.001), T5
(t(26)¼ 4.112, p< 0.001) and T6 (t(26)¼ 3.947, p¼ 0.001).

For positive and negative emotion ratings, we also carried out treat-
ment (control vs. stress) by time point (T1, T2, T3, T4, T5, and T6)
repeated-measures ANOVAs (Fig. 2B and Table 1). For positive emotion
ratings, the main effects of treatment (F(1, 29)¼ 4.355, p¼ 0.046, partial
η2¼ 0.131) and time point (F(5, 145)¼ 6.556, p< 0.001, partial
η2¼ 0.184) were significant; and the interaction between treatment and
time point was also significant (F(5, 145)¼ 7.505, p< 0.001, partial
η2¼ 0.206). Post-hoc t-tests showed that positive affect was lower in the
stress than control condition at T2 (t(29)¼�2.801, p¼ 0.009), and T3
(t(29)¼�4.817, p< 0.001). For negative emotion ratings, the results
revealed significant main effects of treatment (F (1, 29)¼ 8.553,
p¼ 0.007, partial η2¼ 0.228) and time (F (5, 145)¼ 3.354, p¼ 0.015,
partial η2¼ 0.104). The interaction between treatment and time was also
significant (F (5, 145)¼ 7.495, p< 0.001, partial η2¼ 0.205). Post-hoc t-
tests revealed significantly higher negative emotion ratings in stress than
in control condition at T2 (t(29)¼ 4.413, p< 0.001) and T3
(t(29)¼ 4.763, p< 0.001). Taken together, these findings confirmed that
acute stress enhanced cortisol level andmodulated emotional experience.

In SST performance, a paired t-test analysis showed no difference
between stress (M� SD¼ 94.47� 4.80%) and control conditions
(M� SD¼ 93.89� 4.21%) in go success rate (t(29)¼ 0.532, p¼ 0.599).
Across participants, the average go trial reaction time did not differ be-
tween stress (619.04� 108.36ms) and control (620.23� 86.73ms)
conditions (t(29)¼�0.071, p¼ 0.944). Analysis of success stop rate
showed that participants made errors in roughly half of the stop trials in
both stress (M� SD¼ 50.95� 3.59%) and control conditions
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(M� SD¼ 51.53� 2.08%; t(29)¼�0.921, p¼ 0.365), suggesting that
their overall performance was adequately tracked by the staircase pro-
cedure. Further, as with the behavioral study, SSRT under stress
(M� SD¼ 209.00� 33.20ms) was significantly shorter than under
control (M� SD¼ 224.77� 29.56ms; t(29)¼�2.141, p¼ 0.041), sug-
gesting more efficient response inhibition after stress exposure (Fig. 2C
and Table 3). After the stop signal appeared, twenty-one of all partici-
pants (i.e., 30) required less time in the aftermath of stress to stop the
button press compared with the control condition (see Fig. 2C).
3.2. Imaging GLM results

As hypothesized, in the stress condition, one-sample t-test showed
that SS as compared to SE involved higher activities in the left SFG ([-24
35 46], voxel¼ 227, p< 0.001, SVC), right SFG ([27 44 40], voxel¼ 153,
p< 0.001, SVC), left MFG ([-30 41 31], voxel¼ 247, p< 0.001, SVC),
right MFG ([27 44 43], voxel¼ 257, p< 0.001, SVC) and other regions
(Fig. 3A, left panel). In the control condition, one-sample t-test of SS
minus SE engaged the left SFG ([-24 35 46], voxel¼ 134, p< 0.001,
SVC), right SFG ([24 38 52], voxel¼ 90, p¼ 0.001, SVC), left MFG ([-24
32 52], voxel¼ 112, p< 0.001, SVC), right MFG ([33 38 40],
voxel¼ 197, p< 0.001, SVC) and other regions (Fig. 3A, right panel).
Since the voxels that showed significant differences in ipsilateral SFG and
MFG were neighboring voxels, we combined the left SFG and MFG to left
SFG/MFG ROI, right SFG and MFG to right SFG/MFG ROI, and carried
out small volume correction again. The results showed that the activities
of left and right SFG/MFG were significantly higher for SS vs. SE in stress
([-30 41 31], voxel¼ 466, p< 0.001, SVC; [27 44 43], voxel¼ 319,
p< 0.001, SVC) and in control ([-24 32 52], voxel¼ 240, p< 0.001, SVC;
[33 38 40], voxel¼ 197, p< 0.001, SVC) condition (Table 4). Conjunc-
tion analysis for contrasts of SS vs. SE under stress and control conditions
revealed activations in left and right SFG/MFG ([-27 35 46], voxel¼ 284,
p< 0.001, SVC; [30 41 40], voxel¼ 210, p< 0.001, SVC) (Fig. 3B and
Table 4). Further, paired t-test showed no significant differences for the
stress minus control and control minus stress contrast in the regions of
interest, suggesting a similar involvement of the SFG/MFG (Table 4). No
significant correlations between brain activity under stress and stress-
induced salivary cortisol level (stress(T4-T1), stress(T5-T1) and stress(T6-
Fig. 3. A, Regional responses to SS vs. SE under both stress and control conditions
condition; C, The results of higher-order PPI. Participants with shorter SSRT (stress co
MFG seed and left caudate ([-12 14–2], voxel¼ 3, p¼ 0.035, SVC), and between rig
voxel¼ 20, p¼ 0.005, SVC; right caudate: [12 20–2], voxel¼ 4, p¼ 0.044, SVC; left c
SE, stop error; SFG/MFG, superior/middle frontal cortex; PPI, psychophysiological i
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T1)) and emotion ratings (NA(T4-T1), NA(T5-T1), NA(T6-T1), PA(T4-T1), PA(T5-

T1) and PA(T6-T1)) were found (all ps> 0.05).
Using the left and right SFG/MFG as seeds, we conducted PPI analyses

in stress and control group, respectively. The pair t tests showed that no
region of interest showed significantly different connectivity with the PPI
seeds in SS minus SE context between stress and control conditions
(Table 4). The higher-order PPI results showed that stress-induced
changes in response inhibition (SSRT under stress – SSRT under con-
trol) was negatively correlated with stress-induced changes (stress minus
control) in connectivity between the left SFG/MFG seed and left caudate
([-12 14–2], voxel¼ 3, p¼ 0.035, SVC) (Fig. 3C, left; Table 4). For the
right SFG/MFG seed, the stress-related changes in the connectivity be-
tween right SFG/MFG and left putamen and bilateral caudate (left pu-
tamen: [-18 17–2], voxel¼ 20, p¼ 0.005, SVC; right caudate: [12 20–2],
voxel¼ 4, p¼ 0.044, SVC; left caudate: [-15 20 1], voxel¼ 37, p¼ 0.002,
SVC) were negatively correlated with stress-induced changes in response
inhibition (Fig. 3C, middle and right panels; Table 4). These high-order
PPI findings show that shorter SSRT in stress as compared with control
condition was associated with stronger connectivity between SFG/MFG
seeds and the striatum.We focused on the connectivity findings surviving
Bonferroni correction for multiple SVC analyses (p< 0.05/10) in the
DCM analysis; i.e., the connectivity between right SFG/MFG and left
caudate and putamen.
3.3. DCM results

After identifying the SFG/MFG and SFG/MFG – striatal connectivity
as critical to the inhibition process, we applied DCM to test causal con-
nectivities within the network. As shown in Fig. 4B, the second family
fitted the data best under both stress and control conditions, in which SS
signals entered the models (model 7–12) through right SFG/MFG. Spe-
cifically, the second family yielded an exceedance probability (xP)¼ 1 in
stress, and xP¼ 0.998 in control condition (Fig. 4B). Further, in stress,
model 12 outperformed all other models with an exceedance probability
of 58%, where experimental context (i.e., SS) entered the network
though the right SFG/MFG node and modulated all modeled connectiv-
ities, including connectivity from left caudate to right SFG/MFG, from
left putamen to right SFG/MFG, from left caudate to left putamen, from
; B, Conjunction analysis for contrasts of SS versus SE under stress and control
ndition minus control condition) showed stronger connectivity between left SFG/
ht SFG/MFG and left putamen and bilateral caudate (left putamen: [-18 17–2],
audate: [-15 20 1], voxel¼ 37, p¼ 0.002, SVC). L, left; R, right; SS, stop success;
nteraction.



Fig. 4. A, The 18 models tested in the dynamic causal model (DCM) analysis. Using Bayesian model selection procedure, model 11 was the best model under control
condition, while model 12 fit the data best under stress condition. The 18 models were derived from different combinations of signal input (either in SFG/MFG, in
striatum, or in both) and causal information flow. The solid line with arrows indicated the information flow, while the dotted line represented the effective con-
nectivity that was not included in the models. Models were grouped in families based on their driving inputs (1) models with both striatum and SFG/MFG inputs
(model 1 to 6), (2) models with only SFG/MFG inputs (model 7 to 12), (3) models with only striatum inputs (model 13 to 18). The second family highlighted in a red
box fit the data best under both stress and control conditions. B, The exceedance probability of each family/model under stress and control conditions. The second
family yielded an exceedance probability (xP) ¼ 1 under stress and an xP ¼ 0.998 in control condition. Model 12 outperformed all other models with an exceedance
probability of 58% under stress condition. For the control condition, the model 11 fit the data best with an exceedance probability of 35%. R, right; SS, stop success;
SFG/MFG, superior/middle frontal cortex; *best model for control condition; #best model for stress condition.

Table 4
fMRI results.

Contrast Brain Regions Peak
Z

Peak Coordinate MNI (X,
Y, Z)

Volume
(voxel)

One sample t-test Stress SS vs. SE L SFG/MFG*b

R SFG/MFG*b
6.650
6.900

�30, 41, 31
27, 44, 43

466
319

Control SS vs. SE L SFG/MFG*b

RSFG/MFG*b
6.890
5.470

�24, 32, 52
33, 38, 40

240
197

Two sample t-test Stress-control
Control-stress

Stress (SS vs. SE) –Control (SS
vs. SE)
Control (SS vs. SE) –Stress (SS
vs. SE)

No significant
activation
No significant
activation

Conjunction analysis Stress \ Control Stress (SS vs. SE) \ Control (SS
vs. SE)

LSFG/MFG*b

RSFG/MFG*b
6.110
6.420

�27, 35, 46
30, 41, 40

284
210

PPI analysis using L SFG/MFG as
seed

Stress-Control
Control-Stress

Stress (PPI.ppi) –Control
(PPI.ppi)
Control (PPI.ppi) –Stress
(PPI.ppi)

No significant
activation
No significant
activation

PPI analysis using R SFG/MFG as
seed

Stress-Control
Control-Stress

Stress (PPI.ppi) –Control
(PPI.ppi)
Control (PPI.ppi) –Stress
(PPI.ppi)

No significant
activation
No significant
activation

Higher-order PPI using L SFG/MFG
as seed

Whole-brain
regression

Positive
Negative

No significant
activation
L caudate*

3.370 �12, 14, �2 3

Higher-order PPI using R SFG/MFG
as seed

Whole-brain
regression

Positive
Negative

No significant
activation
L putamen*b

R caudate*
L caudate*b

4.010
3.290
4.190

�18, 17, �2
12, 20, �2
�15, 20, 1

20
4
37

*b survived for small volume correction p< 0.001 and Bonferroni correction p< 0.005; *small volume correction p< 0.001; SS, stop success; SE, stop error; L, left; R,
right; SFG, superior frontal gyrus; MFG, middle frontal gyrus; PPI, psychophysiological interaction.
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left putamen to left caudate, and from right SFG/MFG to left caudate and
to left putamen. For the control condition, model 11 fitted the data best
with an exceedance probability of 35%, which was characterized by in-
formation input to the right SFG/MFG with SS modulating most of
modeled connectivities, except the connectivity from left caudate and
putamen to right SFG/MFG (Fig. 4). The best models under stress and
control conditions were not identical, which might suggest that the
activation and connectivity patterns of the fronto-striatal circuit during
successful stopping was altered after stress exposure (Seghier and Price,
2009). We found no significant correlations between the stress-related
DCM connectivity parameters and stress-induced salivary cortisol level
(stress(T4-T1), stress(T5-T1) and stress(T6-T1)) and emotion ratings (NA(T4-T1),
NA(T5-T1), NA(T6-T1), PA(T4-T1), PA(T5-T1) and PA(T6-T1)) (all ps> 0.05).

4. Discussion

The present study examined the effect of acute psychosocial stress on
response inhibition and its underlying neural mechanisms. The behav-
ioral results of both studies showed that the SSRT was shorter in stress
than in control condition, suggesting that acute stress improves response
inhibition. The fMRI results indicated that prefrontal cortical (i.e.,
bilateral SFG/MFG) activations increased during successful versus un-
successful stopping under both stress and control conditions. Further-
more, the high-order PPI results showed that stress-induced changes in
response inhibition (SSRT under stress – SSRT under control) was
negatively correlated with stress-induced changes (stress minus control)
in connectivity between the PFC and striatum (i.e., left SFG/MFG and left
caudate; right SFG/MFG and bilateral caudate, right SFG/MFG and left
putamen), indicating that shorter SSRT in stress compared with control
condition was associated with stronger connectivity between the SFG/
MFG and dorsal striatum across individuals. Finally, DCM showed that
the best models under stress and control condition were different, such
that the effective connectivity between the SFG/MFG and striatum was
more intense after stress exposure.

Consistent with the hypothesis, both the behavioral and fMRI ex-
periments found stress-induced improvement in response inhibition, as
reflected in shorter SSRT under stress in comparison with control con-
dition. These findings are consistent with previous behavioral and elec-
trophysiological findings of stress-related enhancement of response
inhibition (Dierolf et al., 2017; Dierolf et al., 2018; Qi et al., 2017;
Schlosser et al., 2013; Schwabe et al., 2013; Shields et al., 2016a,b). For
example, healthy participants receiving hydrocortisone as compared to
placebo demonstrated better performance in an emotional go/no-go task
(Schlosser et al., 2013). In electroencephalography, inhibition-related
ERP components (i.e., N2 and P3) were enlarged under stress, suggest-
ing improvement of inhibition function after acute stress exposure
(Dierolf et al., 2017, 2018; Qi et al., 2017). For instance, in a recent ERP
study combining the TSST and a go/no-go task, acute stress improved
response inhibition, as reflected in higher accuracy in compatible trials
and enhanced N2/N2d and P3/P3d components in no-go vs. go trials
(Dierolf et al., 2018). The enhanced inhibition of inappropriate behaviors
after acute stress exposure may help individuals reallocate the cognitive
resources and manage the stressors (Shields et al., 2016a,b). However,
some studies reported no or deleterious effects of stress on response in-
hibition (Jiang and Rau, 2017; McGrath et al., 2016; Roos et al., 2017;
Scholz et al., 2009; Starcke et al., 2016). For example, McGrath et al.
found that the acute stress had no effects on the SST performance in
heavy drinkers (McGrath et al., 2016). Using TSST, a previous study
found the significant task practice effect observed in the control group for
post-SST vs. pre-SST disappeared after stress exposure, suggesting that
acute stress impairs the inhibition control (Roos et al., 2017). However,
their TSST only involved the public speaking task. The additional mental
arithmetic task in our study may induce stronger stress than that in Roos
et al. study. Further, the authors explored the immediate effects of stress
on inhibition by conducting SST immediately after TSST. The 30min
between the TSST and SST in the present study may allow the cortisol
9

level to build up and reach the peak when the cognitive task was
implemented. More works are clearly needed to fully understand the
effects of acute stress on cognitive control under various influence
factors.

Both stress and control conditions engaged the SFG/MFG during
response inhibition, in accord with earlier reports of the roles of these
prefrontal regions in the SST and go/no-go tasks (Duann et al., 2009;
Zheng et al., 2008). We further found no condition difference in these
regional activities, suggesting that the SFG/MFG were engaged in the
task to a comparable degree at the group level. However, the high-order
PPI results indicated that stress-induced improvement in SSRT was
associated with the stress-induced changes in the strength of connectivity
between the SFG/MFG and dorsal striatum (including caudate and pu-
tamen). These findings suggest that the acute stress-elicited enhancement
in response inhibition might be associated with alteration of
fronto-striatal connectivity, though not averaged changes in activation in
individual brain regions. These findings are broadly consistent with
previous work supporting a role of the fronto-striatal pathway in
response inhibition (Courtney et al., 2013; Jahfari et al., 2011; Zandbelt
and Vink, 2010). For example, a previous study of PPI found that the
striatum was more strongly correlated with the right IFG in activation
during successful as compared with unsuccessful inhibitions (Zandbelt
and Vink, 2010). Individuals with alcohol misuse are considered to have
poor response inhibition (Hu et al., 2016; Lawrence et al., 2009; Li, Luo,
Yan, Bergquist and Sinha, 2009). A study found that the alcohol depen-
dence severity was negatively correlated with the functional connectivity
between putamen and prefrontal cortex during the SST, suggesting that
fronto-striatal pathways may be compromised by alcohol abuse during
response inhibition (Courtney et al., 2013). Along with these earlier
studies, the current findings support a critical role of the PFC-striatal
circuit in response inhibition and extend the literature by showing that
the enhancement effects of acute stress on response inhibition are asso-
ciated with frontostriatal connectivity.

We further conducted a DCM analysis to test stress-induced changes
of directional information flow between the PFC and striatum, i.e., the
right SFG/MFG, left caudate and left putamen, as identified by higher
order PPI analysis. The DCM results showed that the family in which SS
signals entered the models through right SFG/MFG fitted the data best
under both stress and control conditions, suggesting the top-down
regulation during successful stopping. Further, the DCM results high-
lighted different “best” models for stress and control condition, which
would mean the pattern of fMRI activations under these two conditions
were fitted by two different model structures (Seghier et al., 2010).
Specifically, other than modulating the connectivity from left caudate to
left putamen, from left putamen to left caudate, from right SFG/MFG to
both left caudate and left putamen, stop success (SS) also modulated the
connectivity from left caudate and left putamen to right SFG/MFG in
stress but not in the control condition. These results are in line with the
PPI results that the communication between SFG/MFG and striatum was
enhanced after stress exposure, and provide additional support that stress
improved the interaction between frontal cortex and striatum by facili-
tating the information flow from striatum to the PFC during successful
inhibition. Also in accord, Jahfari et al. found that the model with
effective connectivity between right IFG and right caudate fit the brain
activation patterns better than the model without this pathway, and the
strength of this effective connectivity was negatively associated with
SSRT (Jahfari et al., 2011). To our knowledge, this is the first study to
demonstrate that stress enhanced effective connectivity of fronto-striatal
pathway during successful stopping. As DCM is a model-driven approach
(Friston et al., 2003), it is worth noting that there might be other neural
interconnections related to response inhibition under stress. It would be
beyond the scope of this research to examine all possible connectivities,
thus we focused on the effective connectivity between the brain regions
identified in group analyses.

The enhanced response inhibition after acute stress exposure is
consistent with the effect of acute stress on other areas, particularly on
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memory and decision-making. For example, recent neuroimaging studies
found that stress has favored the striatum-based procedural memory
system over the hippocampus-based cognitive memory system, with a
decrease in hippocampus activity and intact striatum cortex activity
under stress (Schwabe et al., 2012; Schwabe and Wolf, 2012). The
habitual behavior is not necessary to be bad, for it could improve
response efficiency and thus be conductive to coping with current stress,
especially in healthy individuals (Schwabe and Wolf, 2011). In social
situations, people under stress also tend to make habitual decisions
instead of engaging in goal-directed behaviors, being less likely to
examine and rethink intuitive responses (Yu, 2016). It was found that
individuals after acute stress showed more cooperation and generosity,
which might be adaptive for survival under stress (Rand et al., 2012;
Takahashi et al., 2007; Von Dawans, Fischbacher, Kirschbaum, Fehr and
Heinrichs, 2012). All these lines of evidences suggested that acute stress
could improve the ability of individuals to adapt to threaten surround-
ings. However, chronic stress could impair various cognitive functions,
like inhibition andmemory, and lead to psychopathological diseases such
as post-traumatic stress disorder (PTSD) or major depressive disorder
(MDD) in extreme circumstances (Mani et al., 2013; Mizoguchi et al.,
2000).

Dysfunctional inhibition control has been commonly found in mul-
tiple pathological states, including obsessive compulsive disorder (OCD),
attention deficit hyperactivity disorder (ADHD) and substance use dis-
order. Stress is considered as an important factor in the development and
maintenance of these disorders (Courtney et al., 2013; Liston et al., 2006;
Quirarte et al., 2009; Schwabe et al., 2013). A study found that after the
TSST, ADHD patients reported feeling more intense stress than the con-
trol group, indicating they were more sensitive to stressors (Liston et al.,
2006). As far as we know, our study is the first one to explore the neural
mechanisms underlying the effect of acute stress on response inhibition
and may pave the way for future research on cognitive control in patients
with stress-related psychiatry disorders.

It is worth noting that there are some limitations in the present study.
Firstly, there were only 30 healthy participants in both behavioral and
fMRI experiments. Future studies are recommended to employ larger
sample sizes to explore the effect of stress on response inhibition. Sec-
ondly, more comprehensive indexes for assessing stress level are needed.
We found that the significant differences of emotional responses between
stress and control condition disappeared during the SST (see Figs. 1B and
2B), possibly due to the fast decline of mood (74–80% decline after 16 s)
(Garrett and Maddock, 2001). However, the cortisol level was signifi-
cantly higher under stress condition throughout the scanning process,
possibly due to the slow change in cortisol levels. Other stress indexes,
such as heart rate and blood pressure, should be used in future studies to
better understand the dynamic stress-induced physiological changes.
Thirdly, we did not control the menstrual status of female participants.
Although there are many studies showing the influences of menstrual
cycle-related hormonal on cortisol level (Andreano et al., 2008; Duch-
esne and Pruessner, 2013), Kuhlmann and Wolf found that cortisol level
was not significantly different between the mensis phase group and luteal
phase group after the female participants receiving stress treatment
(Kuhlmann andWolf, 2005). Future studies are needed to further explore
the effect of the menstrual cycle on the cortisol level. Finally, we found no
significant correlations between stress-induced salivary cortisol levels or
emotion ratings and brain activation or DCM parameters. This might be
due to the relatively small sample size in our study. It is also possible that
stress impacts cognition through more biological mechanisms (Shields
et al., 2016a,b), including the hypothalamo-pituitary-adrenal (HPA) axis
as well as the immune system (Steptoe et al., 2007) and parasympathetic
nervous system (Roos et al., 2017).

In conclusion, the study demonstrated that acute stress improved
response inhibition in the SST. Acute stress enhanced functional and
effective connectivity between the SFG/MFG and striatum to support
improvement in response inhibition. These findings may have broad
implications for the research of frontostriatal circuit dysfunction in
10
stress-related neuropsychiatric disorders (Courtney et al., 2013; Li and
Sinha, 2008; Schwabe et al., 2013).
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