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A B S T R A C T

Active adaptation to acute stress is essential for coping with daily life challenges. The stress hormone cortisol, as
well as large scale re-allocations of brain resources have been implicated in this adaptation. Stress-induced shifts
between large-scale brain networks, including salience (SN), central executive (CEN) and default mode networks
(DMN), have however been demonstrated mainly under task-conditions. It remains unclear whether such network
shifts also occur in the absence of ongoing task-demands, and most critically, whether these network shifts are
predictive of individual variation in the magnitude of cortisol stress-responses.

In a sample of 335 healthy participants, we investigated stress-induced functional connectivity changes (delta-
FC) of the SN, CEN and DMN, using resting-state fMRI data acquired before and after a socially evaluated cold-
pressor test and a mental arithmetic task. To investigate which network changes are associated with acute stress,
we evaluated the association between cortisol increase and delta-FC of each network.

Stress-induced cortisol increase was associated with increased connectivity within the SN, but with decreased
coupling of DMN at both local (within network) and global (synchronization with brain regions also outside the
network) levels.

These findings indicate that acute stress prompts immediate connectivity changes in large-scale resting-state
networks, including the SN and DMN in the absence of explicit ongoing task-demands. Most interestingly, this
brain reorganization is coupled with individuals’ cortisol stress-responsiveness. These results suggest that the
observed stress-induced network reorganization might function as a neural mechanism determining individual
stress reactivity and, therefore, it could serve as a promising marker for future studies on stress resilience and
vulnerability.

1. Introduction

Beyond traditional group-level analyses, recent investigations have
moved towards characterizing individual profiles of functional connec-
tivity (FC), which predict cognitive and behavioral performance at the
single-subject level (Finn et al., 2017; Marquand et al., 2017). FC fin-
gerprints, derived from resting-state fMRI (rs-fMRI) data in particular,
have been widely used in studies examining the abnormalities of con-
nectivity profiles in patients with stress-related psychiatric disorders
(Koch et al., 2016; Nicholson et al., 2015; Oathes et al., 2015). However,
it remains unclear how stress induction leads to changes in resting-state
FC (rs-FC) profiles and how those changes may be linked to central

stress-response systems, the major of which is the hypothalamic pituitary
adrenal (HPA) axis.

Stress-related disorders like post-traumatic stress disorder (PTSD)
have been suggested to be characterized by abnormal organization and
functioning of three major large-scale brain networks, namely the
salience network (SN), central executive network (CEN) and default
model network (DMN; Menon, 2011). The interpretability of these
findings however, hinges on whether they can be linked to quantitative
biological markers of acute stress states such as the HPA-axis activity and
its end product cortisol, which have extensively been linked to stress
adaptation (De Kloet et al, 2005; McEwen, 1998). To understand the
functional implications of neural network shifts in relation to stress
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adaptation, a number of recent investigations directly manipulated acute
stress states and found that exposure to stress-induction helps reveal the
fundamental neural origins of individual stress responsiveness (Cousijn
et al., 2010; Henckens et al., 2012; van Oort et al., 2017). At the network
level, a small number of promising studies have revealed a stress-induced
re-allocation of neural resources entailing increases in SN connectivity at
the cost of decreases in CEN connectivity (Hermans et al. 2011, 2014).
This dynamic re-prioritization can generally be beneficial as it allows for
adaptive responses to changing environmental conditions.

Importantly, these large-scale network shifts after stress induction
have mainly been identified under task conditions so far (Hermans et al.,
2011, 2014; McMenamin and Pessoa, 2015; Young et al., 2016). Due to
the dominant roles of the SN and CEN to meet ongoing task-demands
(Dosenbach et al., 2007; Seeley et al., 2007), this potentially biases the
observed network shifts towards states involving SN and CEN func-
tioning, and reduces variations in internally-driven neural fluctuations
(i.e., resting-state DMN). It therefore remains unclear whether stress in-
duction could result in similar network shifts when external task de-
mands are absent, as in a resting-state. So far, there has been very little
investigation of system-level resting-state network connectivity changes
after stress induction. While limited evidence from studies using a
seed-based approach suggest a general increase in the SN connectivity
and mixed patterns in different DMN regions after stress induction (see
review by van Oort et al., 2017), observations from clinical populations
with stress-related disorders indicate the involvement of increased SN
and reduced DMN connectivity in psychopathology (Admon et al., 2013;
Koch et al., 2016). Accordingly, we predicted that with our network
approach, we would observe similar increases in the SN connectivity and
decreases in the DMN connectivity after stress induction while no
changes in CEN connectivity were expected.

Most critically, despite the well-known variation in individual stress-
responses, it remains unclear whether those network shifts are associ-
ated with individual stress response sensitivity, in part because most of
those studies were not adequately powered to detect individual differences
(van Oort et al., 2017). Until now, limited evidence has suggested that
stress-induced FC increases in the SN under task conditions might be
linked to individual variances in cortisol, α-amylase and subjective stress
responses (Hermans et al., 2011), as well as to instant heart-rate changes
(Young et al., 2016). This leaves the question open whether these obser-
vations are linked to specific task conditions or represent a shift in default
functioning of these neural networks. In the current study, we aimed to test
the hypothesis that acute stress-induced rs-FC changes in large-scale net-
works would occur as a function of individual differences in the cortisol
stress-responses. Specifically, we expected stronger cortisol increases to be
associated with increased SN and decreased DMN connectivity.

We tested our hypothesis in a well-powered sample of healthy in-
dividuals (N¼ 335), who underwent a formal stress induction, preceded
and followed by rs-fMRI scans (i.e. without external stimuli input). In
specific, we investigated stress-induced network connectivity changes
within the SN, CEN and DMN (i.e. local connectivity changes), as well as
their synchronization with other brain regions (i.e., global connectivity
changes; Cole et al., 2012; Cole et al., 2011; Gonzalez-Castillo et al., 2015).
By assessing both local and global connectivity changes, the current study
aimed to capture a wider picture of the connectivity patterns following
stress induction, not only specifically within the restricted areas (i.e.,
within each network) but also in the areas extending beyond our network
definition. Further, to understand functional implications of these network
reorganizations, we tested if these connectivity changes would occur as a
function of the individual cortisol-stress reactivity.

2. Materials and methods

2.1. Participants

A total of 372 participants completed the current study. An additional
group of 23 participants were tested to generate independent resting-

state network templates (see details below). Exclusion criteria included
any current psychiatric or neurological disorder, history of, or current
endocrine or neurological treatment, current use of psychotropic medi-
cation, and current drug or alcohol abuse (full details in Koch et al.,
2017). After exclusion (see more details below), data from a total of 335
participants, including 276 police students who had recently started their
education at the police academy, were analysed. Sixty-one out of a total
of N¼ 80 female participants in this sample reported hormonal contra-
ceptive uses.

As part of a larger project consisting of multiple tests including
approach-avoidance, reversal learning and emotional Go-NoGo tasks, the
current study was implemented as the last experiment in the late after-
noon (please refer to Koch et al., 2017 for a complete overview of the
project) and was conducted in accordance with the principles of the
Declaration of Helsinki and approved by the Independent Review Board
Nijmegen (IRBN), the Netherlands. All participants gave their written
informed consent before the study and all data were collected at the
Donders Institute for Brain, Cognition and Behavior in Nijmegen, The
Netherlands.

2.2. Experimental design and procedure

The experiment took place after 4PM, when cortisol levels are rela-
tively stable because of the diurnal rhythm, so reliable individual stress-
responses could be obtained (Miller et al., 2016). Two runs of fMRI
scanning were implemented, one before and one after stress induction.
This experiment was placed in the last imaging session of the experi-
mental day, i.e. participants were already acquainted with the scanning
procedure and thus not scanner naïve (full details of experiment pro-
tocols in Koch et al., 2017).

Stress responses were induced by sequential administration of a so-
cially evaluated cold pressor task (SECPT) and a mental arithmetic (MA)
task, a procedure that has been shown to successfully induce psycho-
physiological and subjective stress responses (Luo et al., 2018; Schwabe
et al., 2008). Following a similar procedure as in previous studies (Luo
et al., 2018; Vogel et al., 2015), participants were instructed to immerse
their right foot in icy-cold (0–3 �C) water for 3minutes. Immediately
after SECPT, a 3-minute MA task was administered. Participants were
instructed to count back out loud from 2053 in steps of 17 as quickly and
accurately as possible. The full stress-induction procedure lasted
approximately 8min, including instructions (full details in Supplemental
Methods and Materials).

2.3. Data acquisition and analysis

2.3.1. fMRI data acquisition
Each fMRI run involved one 6-minute long resting-state fMRI scan

(RS1 and RS2) and one 2-minute long field-mapping scan (not used for
the current analyses), leading to a total of 8 minutes per fMRI run. Par-
ticipants were instructed to lie still and to stare at a small white cross at
the screen center during both scanning runs, which has been suggested to
increase the reliability of within-network connectivity (Birn et al., 2013).
All images were collected using a 3T Siemens Magnetom Prismafit MRI
scanner (Erlangen, Germany) with a 32-channel head coil. T2*-weighted
EPI BOLD-fMRI images were acquired for the resting-state scans, using a
multi-band 8 protocol with an interleaved slice acquisition sequence
(slice number¼ 64, TR¼ 735ms, TE¼ 39ms, flip angle¼ 52�, voxel
size¼ 2.4�2.4�2.4mm3, slice gap¼ 0mm, FOV¼ 210mm) that was
optimized from the standard recommended scanning protocol of the
Human Connectome Project (http://protocols.humanconnectome.org/
HCP/3T/imaging-protocols.html). High-resolution structural images
(1�1�1mm3) were also acquired, using a T1-weighted MP-RAGE
sequence (TR¼ 2300ms, TE¼ 3.03ms, flip angle¼ 8�,
FOV¼ 256�256�192mm3).
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2.3.2. Stress measurement collection
In total, five salivary samples were taken using Salivettes® collection

tubes (Sarstedt, Germany) at �10, 0, þ10, þ20, and þ30 minutes with
respect to the onset time of stress induction (Fig. 1). In a group of 61 par-
ticipants, the last sample (i.e., at þ30 minutes) has not been obtained,
resulting in a sampleofN¼311participantswith completemeasurements.

Together with saliva sampling, self-reported ratings of positive and
negative affect (PANAS; Watson et al., 1988) were collected. Subjective
ratings on negative affect were based on the sum of the scores of the 10
negative affect items for each participant. Each rating took place on a
5-point likert scale, with the sum score consequently ranging between 10
and 50. The same subsample as mentioned above (N¼ 311) was
measured with complete measurements at all five time points (see Fig. 1).

2.3.3. Analyses on stress measures
Statistical analyses on stress measures were carried out separately on

the sample of participants with complete data for all individual stress
measurements (N¼ 311), and on the full sample (N¼ 372). Only the
results from the sample with complete data are reported below. Results
from the full sample were highly similar and can be found in Supple-
mental Results.

Main effects of sampling time (subsequent time points) on salivary
cortisol, α-amylase levels and negative affect sum-scores were tested to
index acute stress effects, using a linear mixed model with a random
intercept for each individual. As salivary cortisol has been shown to be a
robust and reliable measure, frequently used as a biomarker of stress
responses (Bozovic et al., 2013; Hellhammer et al., 2009), cortisol level
increases (the difference between time 20minutes and baseline 0min-
ute) were used to investigate the association with imaging measures. To
evaluate the typical gender effect on cortisol (Kudielka and Kirschbaum,
2005; Reschke-Hern�andez et al., 2017), as well as potential group effects

(i.e., police students vs. remaining participants) in our sample, cortisol
increases were compared between those groups. In short, while we
observed typical gender (but not group) effects on cortisol responses
(males> females), the main resulting associations between cortisol and
neural responses were found to hold when taking into account gender.
Full details of these supplementary analyses can be found in Supple-
mental Methods and Materials.

2.4. fMRI preprocessing and analysis

2.4.1. Preprocessing
Imaging data from 10% (N¼ 37) of the total participants were

excluded from analysis due to technical issues (N¼ 4), motion (based on
the mean value of the relative displacement; top 5% participants from
each rs-fMRI scan leading to a total of 8.5%, with N¼ 32 from the entire
sample; Pruim et al., 2015) and incidental neurological findings (N¼ 1),
which resulted in a sample of 335 participants, including 276 police
students.

To allow for T2*equilibration effects, the first five images of each
resting-state scan were discarded. Analysis of fMRI data was performed
with FSL5.0.9 (FMRIB, Oxford, UK). Preprocessing included motion
correction by aligning all images to the first scan using rigid body
transformations, spatial smoothing with a 5mm FWHMkernel, denoising
using ICA-AROMA (Pruim et al., 2015), and high-pass filtering with a
cut-off of 100Hz. The preprocessed images were then fed into a general
linear model to regress out nuisance effects. Specifically, twenty-four
head motion parameters (i.e., the six realignment parameters, their
temporal derivatives and the quadratic terms of both the original pa-
rameters and derivatives; Caballero-Gaudes and Reynolds, 2017; Friston
et al., 1996; Zu Eulenburg et al., 2012) were included in the model to
minimize the motion artefacts. Additionally, each individual T1 image

Fig. 1. Stress measures. Stress induction took place in between
two runs of rs-fMRI scans (RS1 & RS2). Salivary samples and
subjective affect reports were collected in a total of five times
(i.e., �10m to þ30m), with time interval between each sample
being approximately 10 minutes. Increases in cortisol were
observed 20 and 30 minutes after the onset of stress induction
while increases in α-amylase and ratings of negative affect were
observed immediately after stress induction (i.e., at timeþ10m),
in comparison to baseline measurement at time 0. Of note, the
last sample of α-amylase (i.e., atþ30min)was removed from the
analysis due to large increases resulting fromphysicalmovement
of the participants exiting the scanner room. Asterisks indicated
statistically significant differences relative to time0 immediately
preceding stress induction (***p< .0001, **p< .001, *p< .05).
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was segmented for subject-specific white matter and CSFmasks that were
subsequently thresholded with a 95% probability and registered with
functional image. Mean signal intensities of white matter and CSF were
extracted and included in the GLM (Caballero-Gaudes and Reynolds,
2017; Satterthwaite et al., 2013).

The residual images from this linear model were normalized to the
Montreal Neurological Institute template (MNI152), using linear and
nonlinear transformations via boundary based registration (BBR; Greve
and Fischl, 2009), FLIRT (Jenkinson et al., 2002; Jenkinson and Smith,
2001) and FNIRT (Andersson et al., 2007). Consequently, each partici-
pant had two normalized residual images (i.e., cleaned rs-fMRI data) that
index BOLD signal fluctuations, before and after acute stress induction,
respectively.

2.4.2. Identifying delta-FC of RSNs
Group-level network templates based on data of 23 independently

tested non-stressed participants were produced, using group independent
component analysis (ICA) as implemented in MELODIC (Beckmann and
Smith, 2005). ICA components showing the highest cross-correlation of
mean time-series with pre-selected functional ROIs (i.e., anterior SN, left
CEN, right CEN and ventral DMN) from the Stanford FIND atlas (Shirer
et al., 2012) were identified as RSNs of interest. This approach allowed us
to select RSNs of interest that were not biased towards the data either
before or after stress induction. Importantly, the final selected RSN
templates involves all major nodes/areas that are typically considered as
hub regions in those networks (Fig. S1). For example, the selected SN
included the bilateral anterior insula, dorsal ACC and amygdala; the CEN
included dorsolateral prefrontal cortex and posterior parietal cortex
while the DMN included ventromedial prefrontal cortex, para-
hippocampal gyrus, posterior cingulate cortex and precuneus. Connec-
tivity changes after stress induction (i.e., delta-FC) were defined as the
differences in each network of interest before and after stress induction.
All individual increased (after> before) and decreased (before> after)
delta-FC images were then tested at the group-level, using permutation
tests via Randomise (Winkler et al., 2014), to examine significant
delta-FC after stress induction for each network at both local (i.e., within
network) and more global (i.e., synchronization with regions both within
and outside our network definitions) levels.

The results from these initial exploratory tests were considered sig-
nificant using a family-wise-error (FWE) corrected p-value of 0.00625,
derived from a threshold-free cluster enhancement approach (Smith and
Nichols, 2009) that accounts for the number of individual networks (i.e.,
SN, LCEN, RCEN, DMN), as well as the number of connectivity change
directions (i.e., increases and decreases) involved in the comparisons.

2.4.3. Linking delta-FC of RSNs to stress responses
Although the lack of a non-stressful control group of adequate size

precluded a direct group comparison for testing the specificity of the
observed stress effects in the initial group analysis, the large sample size
(N¼ 335) of the current study allowed us to verify that the observed
connectivity changes in large-scale networks indeed covaried with indi-
vidual responsiveness of the HPA axis, and therefore linked to changes in
the stress response. To this end, increased cortisol level was added as a
covariate in the permutation tests to link the connectivity changes to
acute stress-responses. To examine significant stress-related changes
within each network (i.e., local delta-FC), we used our group ICA tem-
plates (see above) as the masks for small volume correction (SVC) to
directly test our a priori hypotheses. As we had no hypothesis to test the
CEN unilaterally, individual delta-FC of the left and right CEN for each
participant were combined for these, and all following hypothesis-testing
analyses. Results from group permutation tests with cortisol increase as
covariates were considered significant with a FWE corrected p-value of
0.0167 that takes into account the number of hypothesis tests for three
networks (i.e., SN, CEN and DMN), using Bonferroni correction.

In addition to the standard univariate voxel-wise approach described
above, we also investigated individual differences at the network level.

To this end, mean coefficients of delta-FC were extracted from the clus-
ters that showed significant connectivity changes after stress induction
(Fig. S2). These coefficients indicated the strength of delta-FC between
each RSN and all brain regions that showed changes in connectivity after
stress induction (i.e., widespread changes referred as global synchroni-
zation including both changes with brain regions within- and outside the
network), and were correlated with cortisol increase across participants.
To test whether any association between delta-FC coefficients and
cortisol increases existed specifically within each network (i.e., local
changes), mean coefficients of individual delta-FC maps were extracted
with masks of our group ICA templates. We firstly tested statistical sig-
nificance of mean coefficients, using one-sample t-test (see results in the
Supplemental Methods and Materials). Subsequently, Spearman rank
correlation analyses were used to test above associations, which mini-
mize the potential influences from extreme values in the variables. Re-
sults were considered significant with an adjusted p-value of p< .0167 to
account for the number of analyses that were carried out to test our a
priori hypotheses on three RSNs. Bootstrapped confidence intervals
(boot.CI) were calculated for these rank correlation analyses, using the
adjusted bootstrap percentile (BCa) method with n¼ 1000 iterations.

3. Results

3.1. Stress measures

Stress-induction was successful as was indicated by significant in-
creases in all stress measures. Specifically, main effects of sampling time
were observed for salivary cortisol (F(4,1182.08)¼ 145.76, p< .0001),
α-amylase (F(3830.97)¼ 9.78, p< .0001) and negative affect ratings
(F(4,1230.01)¼ 99.24, p< .0001; Fig. 1).

In line with the delayed cortisol stress responses (Schwabe et al.,
2008; Kirschbaum and Hellhammer, 1994), cortisol levels significantly
increased at þ20 and þ 30 minutes after the onset of stress induction
compared to pre-stress baseline (i.e., at time 0 minute; all p's < 0.0001),
while no significant difference was observed between þ20
and þ 30 minutes (t(1181.93) ¼ -2.64, p ¼ .06; Fig. 1). As expected,
α-amylase and subjective stress levels peaked immediately after stress
induction (i.e., at time þ10 minutes; tα-amylase(829.36)¼ -4.68,
p < .0001; taffect(1229.13) ¼ -14.18, p<.0001). While α-amylase level
remained high (i.e., at time þ20 minutes; t(831.08) ¼ -4.03, p < .001),
subjective scores of negative affect quickly declined again (i.e., at time
þ20 minutes; t(1229.13) ¼ 1.27, p ¼ .71) and eventually ended below
the pre-stress baseline (i.e., time 0; t(1229.44) ¼ 3.74, p < .005).

3.2. Cortisol-related FC changes of RSNs

Following acute stress induction, whole-brain analyses revealed both
increased and decreased connectivity patterns for all four RSNs with
wide-spread regions (Supplemental Results; Fig. S2; Table S1). To inves-
tigate the functional implications of these connectivity changes, we
linked the observed delta-FC to the stress response marker cortisol. Our
voxel-wise analyses identified an increased overall connectivity of the SN
with a cluster in the right dACC predictive of individual cortisol increase
(Bonferroni correction adjusted pFWE<.0167; Fig. 2). Additional control
tests further confirmed that this effect was not associated with head
motion change, defined as the difference in the mean value of relative
frame-wise displacement between RS1 and RS2 (Rs¼�0.07, p¼ .22).
No other networks showed connectivity increases or decreases related to
the cortisol stress response in the voxel-wise analysis.

Thereafter, we calculated the average connectivity changes across all
regions showing significant increase or decrease, separately, for each of
three resting-state networks and correlated them with individual cortisol
increases. At this more global level, reductions in DMN connectivity with
the regions also outside the network was significantly correlated with
cortisol responses (Rs¼�0.16, Bonferroni correction adjusted
p< .0167, boot.CI¼(0.050, 0.266); Fig. 3A). Further investigation
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revealed a trend of correlation between this globally decreased DMN
connectivity and the headmotion changes (Rs¼ 0.10, p¼ .06). However,
results from a multiple regression model confirmed the association be-
tween DMN connectivity decrease and cortisol increase when effects of
head motion were controlled (t(315)¼ 2.58, p< .05).

Concerning the connectivity changes within networks as a function of
individual differences in cortisol responses, we found an association
between the decreased delta-FC within the DMN and larger cortisol in-
creases (FIND atlas vDMN mask, Rs¼�0.16, Bonferroni correction
adjusted p< .0167, boot.CI¼(-0.27, �0.05); ICA-derived DMN group
template, Rs¼�0.11, p¼ .047, boot.CI¼(-0.22, �0.0007); Fig. 3B).
None of those RSN changes showed correlations with the head motion
changes (p's> 0.11) and none of the other RSNs showed such a linkage
with cortisol increase (p's> 0.05).

4. Discussion

The current study investigated rapid, stress-induced connectivity-
changes within major resting-state networks (SN, CEN, DMN), as well as
between these networks and other brain regions as a function of indi-
vidual stress-response magnitude, measured by the stress-hormone
cortisol. Specifically, cortisol stress response levels were associated
with increased connectivity within SN, the network that is critical for
detecting behaviorally relevant stimuli and for coordinating neural re-
sources in response to these stimuli. Interestingly, the results also show

that the reduction in local (i.e., within network) and global synchroni-
zation of DMN, known for its involvement in internal processing and
homeostasis, was linked to individual differences in stress-induced
cortisol levels. These findings match with the idea of a stress-induced
network reorganization and suggest that increased SN and decreased
DMN connectivity may function as relevant neural indicators for stress
responsiveness.

In line with previous findings, we observed connectivity changes of
large-scale networks following stress induction (Fig. S2; Table S1). Given
our interest in RSN connectivity changes in relation to the individual
stress-responses, we specifically linked the observed delta-FC to cortisol
increase at the individual level. Concerning within-network delta-FC
(i.e., local changes), our voxel-wise results demonstrate that cortisol-
stress responses were associated with connectivity increases within the
SN even when there is limited external input (i.e. during a resting-state
scan). This extends previous observations of increased SN connectivity
in response to acute stress induction during task-positive conditions
(Hermans et al., 2011; Young et al., 2016; van Oort et al., 2017). Spe-
cifically, we identified increased connectivity between the SN as a whole
and its subregion, the dACC in participants with high cortisol stress re-
sponses. As a crucial node of the SN, the dACC has been implicated in
diverse functions at the intersection of cognition and emotion including
interoceptive-autonomic processing (Craig, 2002; Critchley et al., 2004),
pain and negative affect processing (Rotge et al., 2015) and integrating
information relevant for cognitive control (Shenhav et al., 2013),

Fig. 2. Increased overall SN connectivity
with dorsal ACC (red-yellow, a core SN sub-
region) was associated with cortisol increase
in response to acute stress induction. Results
shown on the left panel are whole brain
corrected without additional correction for
the number of networks for visualization
purpose (Pfwe<.05) and imposed on our ICA-
derived SN template that was used to restrict
the search space (green; z> 3). Results
illustrated on the right panel are individual
cortisol increase against mean coefficients
extracted from individual increased SN,
using the cluster showing significant in-
creases as the mask (Bonferroni adjusted
Pfwe<.0167). Follow-up tests confirmed that
this effect was not driven by extreme values:
the association remained significant also
when the data of N¼ 3 participants with
relatively extreme values (i.e., >3std from
the mean) were removed (Rs¼ 0.16,
p< .005).

Fig. 3. Stress-induced cortisol increases are
correlated with reduced synchronization at a
more global level between DMN and brain
regions also outside of the network, such as
frontal gyrus and temporal gyrusa (A) and at
a local level within the DMN (B). Stress-
induced connectivity changes are indexed
by mean coefficients at the x-axis, extracted
from each participant using a connectivity
map that contains all brain regions showing a
significantly reduced synchronization with
DMN (A), and using the ICA-derived DMN
group template (B), respectively. Brain im-
ages depicted the masks that were used to
extract aforementioned coefficients.
#p< .05.
*p < .0167 (Bonferroni corrected).
a full list can be found in Supplementary
Table S1.
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suggesting potential involvement of this region in responding to chal-
lenging conditions and the appraisal and expression of anxiety (Etkin
et al., 2011). Abnormalities in dACC and more generally in SN connec-
tivity have been implicated as the neurobiological correlate of enhanced
salience or threat processing, a major characteristic of stress-related
psychiatric disorders (Etkin and Wager, 2007; Koch et al., 2016; Vais-
vaser et al., 2013).

With respect to changes in global synchronization, we found that
higher cortisol increases after stress induction were associated with
larger reductions in global synchronization of DMN (i.e., reductions in
the interaction between the whole DMN and widespread brain regions
also outside the DMN, as listed in Table S1 “decreased FC with DMN”).
Interestingly, a similar association was also identified for the overall
connectivity decrease within the DMN, indicated by the reduced mean
coefficient of delta-FC from the FIND atlas-defined network core regions.
These results suggests the involvement of the DMN in the processing of
acute stress induction without on-going task demands that was not
captured in the previous investigations (Young et al., 2016; Hermans
et al., 2011). The DMN has largely been linked to self-referential pro-
cesses (Andrews-Hanna et al., 2010; Buckner et al., 2008). Alterations in
the DMN connectivity have consistently been implicated in various
psychiatric disorders and particularly in stress-related disorders. For
example, reduced baseline DMN connectivity has been linked to PTSD
patients, while insufficient suppression of DMN has been implicated in
remitted major depression (Admon et al., 2013; Bartova et al., 2015;
Koch et al., 2016).

With enhanced SN connectivity on the one hand, yet reduced DMN
connectivity on the other, our findings are generally in line with previous
investigations that demonstrated a stress-induced network shift towards
the SN (Hermans et al., 2011, 2014). In the current study, however, such
a reallocation of neural resources appears to occur between the SN and
DMN rather than CEN, when no external stimuli (i.e., ongoing stressors)
are present. Our findings of an opposite impact of stress on connectivity
of the DMN and SN appear compatible with theories of a neural resource
reassignment from the DMN to the SN in the interest of processing more
relevant information under a stressful state (Maron-Katz et al., 2016;
Quaedflieg et al., 2015; Vaisvaser et al., 2013, 2016). Nevertheless, the
current study extends the literature by showing SN and DMN fluctuations
in the absence of external task demands that might be dependent on the
magnitude of the individual cortisol stress responses. Similar alterations
in the SN and DMN connectivity have been implicated in a wide range of
psychiatric disorders and particularly in stress-related disorders (Admon
et al., 2013; Bartova et al., 2015; Etkin and Wager, 2007; Koch et al.,
2016; Sripada et al., 2012; Vaisvaser et al., 2013). On the other hand,
however, studies in animals as well as in human suggest that the
HPA-axis is highly relevant for fast adaptation to stressful situations (De
Kloet et al., 2005; Jo€els and Baram, 2009). It will be of interest for future
investigations to examine longitudinally whether the increased SN con-
nectivity and decreased DMN connectivity indicate individual adaptation
or vulnerability to acute stress induction, and whether those
stress-induced neural network responses can predict the development of
psychopathology after trauma exposure.

Several limitations of the present study should be mentioned. Firstly,
although we recruited an independent group to derive the group network
templates for imaging analysis in a non-biased fashion, it was of an
insufficient sample size (N¼ 23) to serve as a direct control group for
validating stress-induced neural effects observed in a sample of N¼ 335.
It is possible that the lack of such a control group could potentially
confound the observed stress effects at neural level with scanning order.
However, this concern is mitigated by the fact that our participants were
not scanner-naïve (i.e., had previously been tested in the same scanner
twice on the same testing day) and showed no cortisol increases before
the RS1 and stress induction. Most importantly, within our experimental
group, we confirmed that both enhanced SN connectivity and reduced
DMN connectivity correlated significantly with individual cortisol
responsiveness. These results together strongly suggest that the observed

neural effects are stress related. Secondly, the current acquisition length
of 6.5 minutes is shorter than the recommended acquisition length
(i.e., 9–12min) of resting-state imaging data (Birn et al., 2013). How-
ever, together with our large sample size, the fast multi-band imaging
protocol (TR¼ 735ms) enabled us to obtain a relatively large number of
scans (N¼ 500) in each session, which increases the reliability of our
results. Thirdly, the effect size of the observed correlations could
be arguably considered small by traditional standards (i.e., coefficient
between 0.1 and 0.15). Recent meta-analyses however show that
traditional guidelines for interpreting correlation coefficients may have
been too stringent (Gignac and Szodorai, 2016; Hemphill, 2003) because
observed correlations are practically dampened by the imperfect
measurement reliability of two variables in the correlation almost in any
studies (Hedge et al., 2017; Vul et al., 2009). In the current study, it is
very well conceivable that factors beyond our experimental control (e.g.
sleep quality before the experiment day) might have influenced both the
cortisol and neural responses, and thus diluted correlation effect sizes.
Furthermore, evidence from simulations show that increasing sample
size is generally associated with decreasing correlation coefficients and
that a large sample size (e.g., N> 250) entails more stable effect size
(Sch€onbrodt and Perugini, 2013). The small effect size of the correlations
resulting from our large sample size therefore likely reflected a mean-
ingful and robust underlying association between neural network pro-
cessing and stress responses. Fourthly, it could be considered as a
limitation that physiological recordings (e.g., respiration) were not
included to further clean up the imaging data. However, acute stress
induction has been shown to influence physiological responses.
Regressing out physiological parameters further will enhance the risk of
only investigating the neural processes that are independent of
stress-induced sympathetic and parasympathetic activities (Murphy
et al., 2013). To control for potential non-neural physiology, we followed
the common practice in the literature to remove the mean intensity of the
WM and CSF from the imaging data (Henckens et al., 2012; Hermans
et al., 2011; Maron-Katz et al., 2016; Vaisvaser et al., 2013, 2016). More
importantly, we went above and beyond this common practice by
acquiring imaging data with a fast sampling sequence (i.e., multiband 8),
which in combination of ICA has been shown to facilitate the identifi-
cation and elimination of physiological components (Boubela et al.,
2014; Parkes et al., 2018; Pruim et al., 2015). Finally, it is worth
mentioning that our current resting-state connectivity measurement in
the immediate aftermath of a stressor likely contains a mixture of both
acute stress reactions and stress recovery processes. For future studies,
including scans during stress recovery (i.e. after acute stress subsides)
would be of interest in order to more systematically study the temporal
dynamics of the stress-induced network changes observed here (Hermans
et al., 2014; Vaisvaser et al., 2013).

In conclusion, our results demonstrate distributed connectivity
changes in large-scale RSNs after stress induction. More importantly, the
strengthened coupling within the SN, as well as the degree of decoupling
within the DMN, and between the DMN and other brain regions, was
associated with individual cortisol stress-responsiveness. These results
suggest that acute stress induction alters default brain processing and
that such an alteration might potentially function as a neural mechanism
determining individual stress reactivity.
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