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Abstract
It is a generally accepted observation that individuals act differently under stress. Recent task-based neuroimaging studies have
shown that individuals under stress favor the intuitive and fast system over the deliberative and reflective system. In the present
study, using a within-subjects design in thirty young adults, we examined whether and how acute social stress impacts regional
neural activity in resting state. The results showed that stress induced lower coherence regional homogeneity (Cohe-ReHo)
values in left hippocampus and right superior frontal gyrus, both of which are regions associated with deliberative decision
making. Stress-induced cortisol change was significantly and positively correlated with the change in Cohe-ReHo value in the
right midbrain, a region involved in habitual decisionmaking. These results extend previous findings by demonstrating that stress
modulates local synchrony in brain regions implicated in deliberative and intuitive decisionmaking. Our findingsmight be useful
in understanding the neural mechanisms underlying stress-related mental disorders.
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Introduction

Stress is ubiquitous in everyday life. Stress could be caused by
various factors, ranging from trivial events, for example, the
time pressure to get up for school, to a fierce change in exter-
nal environment, such as a natural disaster. Stress and the
hormones induced by stress, adrenaline and glucocorticoids
(cortisol in humans), affect a number of cognitive processes,
from basic cognitive function, such as attention, to complex
tasks, like memory and decision making (Sandi 2013; Lars
Schwabe and Wolf 2013; Olver et al. 2015; Yu 2016). Long-
term exposure to stress increases the risk of developing stress-
related mental disorders, such as major depressive disorder
(MDD) and post-traumatic stress disorder (PTSD) (Vinkers
et al. 2014; Sterlemann et al. 2008).

The dual process theory is a widely accepted model in
cognitive psychology (Evans and Frankish 2009). The model
argues that there are two fundamentally different systems to

process information. One system is independent of cognitive
ability, and works in a rapid, automatic, and intuitive way. The
other system supports reflective thinking, which is associated
with control processes, and is hence seemingly more analyti-
cal and rational (Evans and Stanovich 2013). Previous studies
found that stress modulates the engagement of these systems
in various cognitive processes (Youssef et al. 2012; Haeffel et
al. 2007; Simonovic et al. 2017; L. Schwabe and Wolf 2012).
Recent functional imaging studies have also supported the
manipulation effect of stress on the dual systems. Stress has
been documented to promote a shift from the cognition-
demanding deliberative system to the fast habitual system in
a wide variety of tasks (Yu 2016; Vogel et al. 2016).

The prefrontal cortex and hippocampus, the critical brain
regions involved in deliberative and reflective processes, are
the core brain regions responsive to stress (Bruce S. McEwen
et al. 2015; B. S. McEwen et al. 2016; Lars Schwabe and
Bolam 2017; Arnsten 2009). Chronic glucocorticoid adminis-
tration dramatically reorganized the dendritic morphology of
medial prefrontal cortex, possibly due to stress-induced cog-
nitive changes (Wellman 2001; Gray et al. 2014). The hippo-
campus plays an important role in declarative memory and
learning under stress (Lars Schwabe et al. 2008; Sandi
2013). Previous studies have detected that stress induces mor-
phological changes and synaptic strength reduction in whole
hippocampal structure or specific subregions (Lee et al. 2009;
Brunson 2005; Pittenger and Duman 2008). For example, the
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dendrites of hippocampal CA3 and CA1 shrank on exposure
to chronic stress (Brunson 2005; Bruce S McEwen 1999).
Further, Travis et al. found that the mean cortisol level at
multiple time points after waking up in healthy controls was
negatively related with right CA1–3, right hippocampal head
and right total hippocampus volume, and the salivary cortisol
levels measured 8 h after awakening were negatively associ-
ated with the performance in memory task which demanded
cognitive resource (Travis et al. 2016). In addition, accumu-
lating evidence suggests that stress also affects brain regions
related to intuitive and fast system, for example, the dorsal
striatum (including putamen and caudate) and the midbrain
(especially periaqueductal gray) (Lars Schwabe and Wolf
2013; L. Schwabe and Wolf 2012; D. Mobbs et al. 2007). In
studies using artificial predators as a threat, the midbrain re-
gion was activated with more automatic and quick reactions
observed as threat became closer (D. Mobbs et al. 2009; D.
Mobbs et al. 2007). Moreover, recent neuroimaging studies
found that stress favored the striatum-based procedural mem-
ory system over the hippocampus-based cognitive memory
system, displaying a decrease in hippocampal activity but un-
changed striatal cortical activity under stress (L. Schwabe and
Wolf 2012; Lars Schwabe andWolf 2013; Lars Schwabe et al.
2012).

To date, majority of studies focus on stress-induced chang-
es in brain regions related to deliberative and habitual decision
making during various tasks (L. Schwabe and Wolf 2012; D.
Mobbs et al. 2009; Atsak et al. 2016). However, the observed
intensity of brain activity in response to an external task is
based on the resting state of the brain (Ances et al. 2008;
Fleisher et al. 2009b). For example, Fleisher et al. found that
a group with high risk for Alzheimer’s disease had increased
activity in the medial temporal lobe compared with a low risk
group during a face/name encoding task (Fleisher et al.
2009a). However, this difference between the two groups dis-
appeared when the resting state was considered (Fleisher et al.
2009a). Thus, there is a need to explore whether and how
stress affects deliberative and habitual systems in resting state.
In the present study, using a within-subjects design, we exam-
ined how acute psychological social stress orchestrated re-
gional brain activity in target brain regions associated with
the two systems at rest. Compared with previous studies
adopting between-subject design (Kruse et al. 2017; Maier et
al. 2015), we adopted the within-subject design to avoid any
influence of individual variations on the dependent variable
(i.e. regional brain activity). Being complementary to the tra-
ditional functional connectivity analysis that measures the
connectivity between two remote brain regions, the regional
homogeneity value (ReHo) measures the similarity of the time
series of a given voxel to its nearest 26 voxels within a single
region using Kendall’s coefficient concordance (KCC) and
provides information about local temporal synchrony in the
brain (Zang et al. 2004). KCC is based on temporal

information and it decreases if there are lags in time courses
(F. Liu et al. 2012). To overcome these limitations, coherence
regional homogeneity (Cohe-ReHo) is proposed to measure
regional synchronization in frequency domains. Cohe-ReHo
is considered to be more suitable when there are large random
noises due to phase delay among time series (F. Liu et al.
2012; Y. Liu et al. 2017; D. Liu et al. 2010). A previous study
comparing Cohe-Reho to KCC-Reho found that the former is
more sensitive to the differences in spontaneous activity be-
tween different conditions (eye-open vs. eye-close) and
groups (attention deficit hyperactivity disorder vs. normal
controls) (D. Liu et al. 2010). In this study, based on previous
studies, we focus on the impact of stress on the Cohe-Reho
value in the regions that have been shown to be vulner-
able to stress and involved in dual processing, including
hippocampus, prefrontal cortex, dorsal striatum (puta-
men and caudate) and midbrain (D. Mobbs et al.
2007; Arnsten 2009; Gray et al. 2014; B. S. McEwen
et al. 2016). Previous research used striatum and
periaqueductal gray as seeds to conduct functional con-
nectivity analysis, and found hyper-connectivity of these
seeds with other brain regions in resting state in social
anxiety disorder patients (SAD) relative to controls, and
therefore revealed the active state in the striatum and
periaqueductal gray in the resting state in SAD (Arnold
Anteraper et al. 2014). After injection of hydrocortisone, the
activity of hippocampus decreased in resting subjects com-
pared to the placebo group with the effect reaching its peak
at 25–30min post injection (Lovallo et al. 2010). In addition, a
subdued regional activity in prefrontal cortex was found in
post-traumatic stress disorder patients by using ReHo anal-
ysis, and this finding was believed to be associated with
the unregulated emotion rumination (Zhong et al. 2015).
According to previous studies, we speculate that acute
social stress should depress the Cohe-Reho value in
hippocampus and prefrontal cortex, while improving
the Cohe-Reho value in striatum cortex and midbrain.

Experimental procedures

Participants

Thirty volunteers (age: 20.6 ± 2.0 years (18–25 years); 15 fe-
males) were recruited from the local community. None of the
participants reported any history of major medical, psychiat-
ric, or neurological diseases. Participants were instructed to
refrain from heavy exercise and caffeine for at least 12 h be-
fore the experiment. All participants provided written in-
formed consent according to the study protocol approved by
the South China Normal University Institutional Review
Board.

Brain Imaging and Behavior (2019) 13:762–770 763



Experimental design and procedure

Participants were exposed to acute stress and control condi-
tions across two sessions spaced at least 30 days apart, with
the order of exposures counter-balanced across subjects. All
experiments were conducted between 1300 h and 1800 h to
control for diurnal variations of cortisol secretion. As showed
in Fig. 1, after an acclimation period of 20 min following
arrival (T1), baseline saliva samples and affect ratings were
collected. Participants were given 5 min to prepare for the
following stress or control task (see stress induction). After
preparation (T2), affect ratings were recorded again.
Following this, the participants went through the formal stress
or control task, with saliva samples and affect ratings collected
upon task completion (T3). After about 10 min, participants
were required to lie still in the magnetic resonance imaging
(MRI) or functional MRI (fMRI) scanner with their eyes
closed and 8 min of resting-state functional MRI data were
collected. On completion of the resting state fMRI scan, 3
sessions of the stop signal task (SST) were administered (Hu
et al. 2016). After each session of SST (T4, T5, and T6), saliva
samples and affect ratings were collected. The current study
focuses on findings from the resting state fMRI scan.

Stress induction

Participants were required to complete the Trier Social Stress
Test (TSST), a well-validated stressor consisting of an

impromptu speech and a mental arithmetic task (Kirschbaum
et al. 1993). The TSST included a preparation period (of 5
mins), and a formal task period (including a 5-min public
speaking task and 5-min mental arithmetic task). In the stress
condition, participants were instructed to prepare for a job
application of their choice and to introduce themselves with
a free speech of 5 min in front of a committee and a video
camera. They were to convince the committee that they were
the most suitable candidate for this position. Unbeknown to
participants before, on completion of the speech, they were
required to subtract the number 13 serially from 1022 and
respond verbally in English as fast and accurately as possible
for 5 mins. On committing any error the participant was asked
to restart from 1022. Reporting in a foreign language (i.e.
English) should increase the difficulty of the mental arithmetic
task in Chinese college students and possibly further enhance
their stress levels. During the task, the committee, including
one woman and one man, were trained to remain emotionally
neutral. In the control condition, to ensure a comparable cog-
nitive load, participants went through the same tasks without
the committee and video camera. In other words, there was no
social evaluative stress in the control condition.

Physiological and psychological measures

Salivary cortisol was assessed at multiple time points through-
out the experiment (Fig. 1a). Saliva samples were collected
with Salivettes (Sarstedt, Germany) and were stored at -15 °C

Fig. 1 Experimental procedure and manipulation check. a The timeline
of the experiment. After acclimation period of 20 min following arrival,
participants were required to go through the Trier Social Stress Test
(TSST) with (stress condition) or without (control condition) social

evaluative processes. After the formal tasks, resting state data were col-
lected. Saliva samples were collected at T1, T3, T4, T5, and T6. Affective
ratings were collected at T1, T2, T3, T4, T5, and T6. b Cortisol and
positive/negative emotional responses under control and stress condition
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until assayed. Cortisol concentrations in saliva (in ng/mL)
were measured using ELISA (DRG, Germany). Five positive
(calm, relaxed, peaceful, confident, and energetic) and five
negative (nervous, anxious, scared, tired, and upset) emotions
were rated on a four-point scale from 1 Bnot at all^ to 4
Bextremely^ at multiple time points throughout the procedure
(Fig. 1a).

Image data acquisition

Images were obtained with a 3-Tesla MRI scanner (Siemens)
in the Brain Imaging Center at South China Normal
University. T1-weighted images were acquired with the fol-
lowing parameters: repetition time = 1900 ms, echo time =
2.52 ms, field of view = 256 × 256 mm2, flip angle = 9°, and
matrix size = 256 × 256. T2*-weighted echo-planar images
(EPI) were obtained with blood oxygenation level-dependent
(BOLD) contrast. Thirty-two axial slices covering the whole
brain were acquired with TR = 2000 ms, TE = 25 ms, flip
angle = 85o, field of view = 220 × 220 mm, matrix = 64 × 64,
32 slices with slice thickness = 4 mm and no gap. Slices were
scanned in an ascending and interleaved order. Two hundred
and forty images were acquired for the resting state scan.

Imaging processing

The fMRI data were preprocessed and analyzed using
Statistical Parametric Mapping version 8 (SPM8, Wellcome
Department of Imaging Neuroscience, University College
London, U.K.), and Data Processing & Analysis for
(Resting-State) Brain Imaging (DPABI; http://rfmri.org/
DPABI) (Yan et al. 2016). After discarding the first 10 vol-
umes, the remaining 230 fMRI volumes were first slice-time
corrected and later motion corrected using a least squares ap-
proach and a 24-parameter autoregressive model (Friston 24-
parameter model) (Friston et al. 1996). No participant’s head
motion exceeded 2.0 mm in translation or 2° in rotation. We
further calculated frame-wise displacement (FD), which in-
dexes volume-to-volume changes in head position (Power et
al. 2014). Themean FD in stress and control groups were 0.11
± 0.03 and 0.12 ± 0.03, respectively. One-sample t-test
showed that they were significantly less than 0.2 mm (both
p < 0.001). Furthermore, paired t-test showed no significant
differences in FD between the two conditions (p = 0.43).

Motion-corrected functional data were next co-registered
to the subject’s own structural T1-weighted images, and seg-
mented into grey matter, white matter, and cerebrospinal fluid.
We created an average structural brain template from all par-
ticipants’ T1 images (Ashburner 2007) using the DARTEL
(Diffeomorphic Anatomical Registration Through
Exponentiated Lie Algebra) technique. The segmented
BOLD volumes were normalized into standardized MNI
space using the DARTEL template, re-sampled to 3 mm ×

3 mm × 4 mm voxel, spatially smoothed with a 6 mm full
width at half maximum (FWHM) Gaussian filter, and tempo-
rally band-pass filtered into 0.01–0.1 Hz to reduce the effect of
very low frequency drift and high frequency physiological
noise. Nuisance signal corrections were performed on the 24
head-motion parameters, cerebrospinal fluid (CSF), and white
matter.

Preprocessed resting state fMRI data were analyzed using
the REST toolkit (Song et al. 2011). The algorithm for calcu-
lating Cohe-ReHo involved the following three steps. The first
step involved power spectrum and cross spectrum estimation.
For any two time series in a given cluster, we used Welch’s
modified periodogram averaging methods to estimate their
power- and cross-spectrums. The second step was the estima-
tion of coherence across low-frequency bands (0.01–0.1 Hz).
For any two series in the first step, we estimated coherence
with their band-averaged estimates of the cross spectrum and
power spectra. The last step was the calculation of Cohe-
ReHo within a given cluster. In the present study, we used a
cluster size of 27 voxels to include all the neighboring voxels
adjacent to a given voxel. We assigned the averaged band-
averaged coherence estimated in Step 2 across all pairs of
voxels in the cluster to its center voxel to represent the
Cohe-ReHo value of the cluster. An individual Cohe-ReHo
map was obtained in a voxel-wisemanner. The resulting fMRI
data were then spatially smoothed with a Gaussian kernel of
6 × 6 × 6 mm3 full-width at half-maximum (D. Liu et al. 2010;
Y. Liu et al. 2017).

To explore the Cohe-ReHo differences between the condi-
tions, a paired-samples t-test was performed on the individual
normalized Cohe-ReHo maps in a voxel-by-voxel manner. In
order to examine further whether the Cohe-ReHo value
changes between the two conditions varied with individual
difference in stress response (i.e., the amount of salivary cor-
tisol), we conducted a whole brain multiple regression using
the stress-induced Cohe-ReHo value changes (stress condition
minus control condition) as the dependent variable, and stress-
induced changes in salivary cortisol (stress(t3-t1)- control(t3-t1))
as the independent variable. To exclude the influence of order
of conditions (whether the participant was administered the
stress condition or the control condition first), we conducted
the second level analyses again, including group-level analy-
sis and multiple regression analysis, adding order as a covar-
iate. Small volume correction (svc) was performed on a priori
regions of interest. The putamen, caudate and midbrain, which
are involved in the habit system, are defined using the corre-
sponding AALmask (Tzourio-Mazoyer et al. 2007). The sub-
regions of the prefrontal cortex, including right and left supe-
rior frontal gyrus, middle frontal gyrus, and inferior frontal
gyrus, were also defined using the corresponding AAL mask.
Further, we used the maximum probabilistic map of five hip-
pocampus subregions derived by Amount et al., using SPM
Anatomy Toolbox v2.2 (Amunts et al. 2005). These five
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subregions of the hippocampus were the cornu ammonis
(CA1-CA3), dentate gyrus (DG), and subicular complex
(Subc). Each ROI was separately used in svc. Activations in
other areas are reported if they meet the P < 0.001 criteria in
the paired t-test uncorrected, cluster size k > 10. For display
purposes, all images are depicted at P < 0.005.

Results

Physiological responses to acute stress

For salivary cortisol, we carried out a repeated-measures
ANOVA on cortisol volumes with treatment (stress vs. con-
trol) and time points (T1, T3, T4, T5, and T6) as independent
variables (Fig. 1b). For all reported analysis, Greenhouse-
Geisser correction was applied when the assumption of sphe-
ricity was violated. 3 participants were excluded from the
analysis due to insufficient or no saliva at few time points,
leaving data from 27 participants. Results of the ANOVA
showed that the main effect of treatment, (F(1, 26) = 16.258,
p < 0.001, η2 = 0.385), and time point (F(4, 104) = 4.159, p =
0.010, η2 = 0.138) as well as the interaction between treatment
and time point were significant (F(4, 104) = 4.453, p = 0.006,
η2 = 0.146). Post-hoc t-tests showed that stress condition in-
duced higher cortisol than control condition at T3 (t(26) =
2.677, p = 0.013), T4 (t(26) = 4.503, p < 0.001), T5 (t(26) =
4.112, p < 0.001) and T6 (t(26) = 3.947, p = 0.001).

For positive and negative emotion ratings, treatment (con-
trol vs. stress) by Time point (T1, T2, T3, T4, T5, and T6)
repeated-measures ANOVAs was conducted (Fig. 1b). For
positive emotions ratings, the main effect of treatment (F(1,
29) = 4.355, p = 0.046, η2 = 0.131) and time point (F(5,
145) = 6.556, p < 0.001, η2 = 0.184) and the interaction be-
tween the two were significant (F(5, 145) = 7.505, p < 0.001,
η2 = 0.206). Post-hoc t-tests showed that positive affect was
lower in the stress condition than the control condition at T2
(t(29) = −2.801, p = 0.009), and T3 (t(29) = −4.817, p <
0.001). For negative emotion ratings, results revealed a signif-
icant main effect of treatment (F (1, 29) = 8.553, p = 0.007,
η2 = 0.228), and a significant main effect of time (F (5, 145) =
3.354, p = 0.015, η2 = 0.104). The interaction between treat-
ment and time was also significant (F (5, 145) = 7.495, p <
0.001, η2 = 0.205). Post-hoc t-tests revealed significantly
higher negative emotion ratings in the stress condition than
in the control condition at T2 (t(29) = 4.413, p < 0.001) and T3
(t(29) = 4.763, p < 0.001). All these findings suggest that our
manipulation to induce acute stress was successful.

Resting state fMRI results

As hypothesized, a small volume correction analysis showed
significantly higher Cohe-ReHo values in the left CA1 ([−30–9

− 20], voxel = 4, p = 0.014, svc), CA2 ([−30–12 − 20], voxel =
1, p = 0.018, svc) and right SFG ([24–3 48], voxel = 20, p =
0.008, svc) in the control condition compared to the stress con-
dition (see Fig. 2a). Since the voxels that showed a significant
difference in CA1 and CA2 ROIs were neighboring voxels, we
combined the left CA1 and CA2 ROIs to CA1/CA2 ROI and
carried out small volume correction again. The results showed
that Cohe-ReHo values in the left CA1/CA2 ([−30–9 − 20],
voxel = 5) were significantly different across both conditions
(p = 0.017, svc). No significant differences were found for the
stress condition minus control condition comparison in a priori
regions of interest. Furthermore, a whole brain multiple regres-
sion analysis, using stress-induced changes in salivary cortisol
(stress(t3-t1)- control(t3-t1)) as the independent variable, showed a
positive association in the right midbrain ([6–33 − 4], voxel =
12, p = 0.016, svc) (Fig. 2b), i.e., the higher the salivary cortisol
change induced by stress was for an individual, the higher the
change in Cohe-ReHo value in the right midbrain for stress
minus control condition. There was no significant activation
in the striatum for both group comparison and whole brain
multiple regression analyses. Adding order of conditions as a
covariate yielded similar results.

Discussion

In the present study, we used resting-state fMRI and coherence
regional homogeneity (Cohe-ReHo) to detect whether and
how acute stress affects local synchronization in brain regions
related to deliberative and habitual systems. Our results indi-
cate that stress suppressed Cohe-ReHo values in left hippo-
campus CA1/CA2 and right SFG, the core brain regions as-
sociated with the deliberative and analytic system, whereas
stress-induced cortisol change was significantly and positively
correlated with Cohe-ReHo value changes in the right mid-
brain, a brain region involved in fast and habitual responses.

Hippocampus is highly concentrated with mineralocorti-
coid receptors (MR) and glucocorticoid receptors (GR), both
of which are targeted by glucocorticoid. They play key roles in
modulating the effects of glucocorticoid on brain functions (de
Kloet et al. 2005; Sandi 2013; Travis et al. 2016). A resting-
state fMRI study found a decrease in hippocambal activity
15–18 min after hydrocortisone injection, with the highest
suppression at 25–30 min post injection (Lovallo et al.
2010). In addition, previous human and rodent studies found
that acute and chronic stress could induce morphological
changes, reduce synaptic strength and suppress neuronal prop-
agation in hippocampus (Diamond et al. 2007; Lee et al.
2009). For example, after being exposed to psychosocial
stress, the synaptic plasticity in the CA1 area was reduced in
mouse (Alfarez et al. 2002). Furthermore, it has been shown
that the decrease in hippocambal activity under stress is neg-
atively correlated with behavioral performance in cognitively
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demanding tasks, e.g. probabilistic classification learning
(PCL) (L. Schwabe and Wolf 2012). In addition to the studies
on whole hippocambal area, more recent studies in humans
and rodents have begun to examine the effects of stress and
stress hormones on hippocampal subfields, including cornu
ammonis (CA1–3) and dentate gyrus (Travis et al. 2016;
Nguyen et al. 2017). For example, after injection of MR/GR
modulator, the central stress response (c-Fos) was reduced
only in the CA1 subfield of the hippocampus (Nguyen et al.
2017). Additionally, cortisol levels were negatively correlated
with the CA1, CA2 and CA3 volumes in both major depres-
sive disorder patients and healthy subjects (Travis et al. 2016).
CA3 has been documented to bemost susceptible to stress and
stress hormones, however, CA1 has been found to be more
sensitive to acute stressors (Sapolsky 2000; Alfarez et al.
2002). Our results showing that the local synchronization in
hippocampus, the core region of the deliberative system, was
disrupted by acute stress are consistent with these previous
findings and complement them.

Prefrontal cortex plays an important role in working mem-
ory and goal-directed behaviors, and its structure and func-
tional activity are affected dramatically by chronic and acute
stress (Oei et al. 2007; Hermans et al. 2014; Rubin et al. 2016;
Buckner and Wheeler 2001; Stokes et al. 2013; Arnsten
2009). On exposure to stress for one week or even once, the
dendrites in the PFC showed a reduction in length and spine
density, with the changes reversing when the stress weakened

or disappeared (Radley et al. 2005; Brown et al. 2005; Arnsten
2009). Furthermore, previous fMRI studies found that acute
stressors (for e.g. the Trier social stress test) impaired func-
tions associated with the PFC, such as working memory and
cognitive control (Alexander et al. 2007; Luethi et al. 2009). A
recent study reported that HIV-infected women with high
stress performed worse than HIV-infected women with low
stress in verbal memory task, with the volumes of prefrontal
cortex, including middle frontal gyrus, superior frontal gryus
and inferior frontal gyrus, being reduced (Rubin et al. 2016).
In accordance with previous findings, our results showed that
stress suppressed the Cohe-ReHo values in left superior fron-
tal gyrus in resting state.

We also demonstrated that stress-induced changes in sali-
vary cortisol (stress(t3-t1)- control(t3-t1)) showed a signifi-
cant and positive correlation with Cohe-ReHo value change
in right midbrain, mainly in the periaqueductal gray (PAG, see
Fig. 2b). These findings are consistent with previous studies,
suggesting a stress-driven promotion in intuitive processes
(Lars Schwabe and Wolf 2013; D. Mobbs et al. 2009; Yu
2016; Dean Mobbs et al. 2015). Previous studies showed that
midbrain PAG became predominant over high-order cortical
areas and triggered defense responses when threat was immi-
nent (D. Mobbs et al. 2007; D. Mobbs et al. 2009). For in-
stance, using a computer game in which subjects were pursued
by a predator, Dean et al. found that the midbrain, but not the
forebrain areas (e.g. ventromedial prefrontal cortex), were

Fig. 2 a Cohe-Reho decreases in
response to stress in left CA1/
CA2 and right superior frontal
gyrus; b Significant correlations
between stress-induced changes
in salivary cortisol (stress(t3-t1)-
control(t3-t1)) and Cohe-Reho val-
ue changes in right midbrain
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activated in subjects (prey) when the predator approached (D.
Mobbs et al. 2007; D. Mobbs et al. 2009). This shift to the
habitual system under stress is also detected in memory domain.
For example, after acute or chronic stress, subjects favored
stimulus-response strategy over cognitively-demanding spatial
strategy to resolve the ‘win-card’ task (Lars Schwabe et al. 2008;
Lars Schwabe et al. 2009). Our finding extends previous find-
ings showing that acute social stress promoted the local temporal
synchrony in midbrain cortex by displaying enhanced Cohe-
ReHo in the midbrain in the task-free resting state.

To the best of our knowledge, this is the first study using
resting-state functional magnetic resonance imaging (fMRI)
and the Cohe-ReHo method to examine whether and how
stress impacts regional activity in brain regions associated
with deliberative and habitual systems. Our results showed
that after exposure to acute social stress, the Cohe-ReHo
values in left hippocampus CA1, CA2 and right SFG de-
creased, whereas stress-induced cortisol change was signifi-
cantly and positively correlatedwith Cohe-ReHo value chang-
es in the right midbrain. These findings are consistent with
previous studies and complement them; stress depressed the
local synchronization in brain regions related to the flexible
and analytic system, and promoted the local synchronization
in brain regions associated with the habitual system in resting
state (Lars Schwabe et al. 2013; D. Mobbs et al. 2009). Our
results might be helpful to understand the neural mechanisms
underlying the symptoms of stress-related disorders (e.G.
major depressive disorder and post-traumatic stress disorder),
for example, negative emotion rumination and automatic re-
action, from the perspective of the local synchronization
changes in brain structures (Hamilton et al. 2011; Roley et
al. 2015; Bomyea and Lang 2016).
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