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A B S T R A C T

Clinically, it is well-established that vulnerability to stress is a common feature across a broad spectrum of
psychiatric disorders. However, this link has been mechanistically studied almost exclusively in patients with so-
called stress-related disorders such as depression and anxiety. To probe transdiagnostic mechanisms, we set out
to study the acute stress response across a broader range of psychiatric disorders taking a large-scale brain
network perspective. We investigated the brain's response to a mild, experimentally well-controlled psycholo-
gical stressor in the form of an aversive movie. We studied 168 patients with stress-related and/or neurode-
velopmental disorders (including comorbidity) and 46 control subjects. We focused on three networks that have
a central role in the brain's stress response and are affected in a wide range of psychiatric disorders: the salience
network (SN), default mode network (DMN) and frontoparietal network (FPN). Our results support an increased
vulnerability to stress across all patients, indicated by a higher subjective stress level at baseline and follow-up
compared to matched controls. At the brain systems level, the stress response was characterized by a relatively
decreased FPN connectivity and an absence of a decrease in the within DMN connectivity across all disorders
compared to controls. At the neurocognitive level, these findings may reflect a diminished top-down control and
a tendency to more pronounced (negative) self-referential processing. Besides these shared aspects of the ma-
ladaptive stress response, we also discuss indications for disorder-specific aspects. Taken together, our results
emphasize the importance of investigating the mechanistic underpinnings of psychiatric disorders transdiag-
nostically as recently done in neurogenetics.

1. Introduction

Impaired coping with stress is a common feature across a broad
range of psychiatric disorders (Ingram and Luxton, 2005; Shaw et al.,
2014; White et al., 2014). It serves as the starting point for established
stress-vulnerability models, that explain psychopathology in terms of
stressors that interact with individual vulnerabilities (Ingram and
Luxton, 2005). However, how this works mechanistically at the brain
level is still unclear. We want to contribute to bridging this knowledge
gap by investigating transdiagnostic mechanisms of a maladaptive
stress response. In this study we investigate the brain's stress response
to an aversive movie, containing extreme male to male violence, from
an eye-witness perspective. This reflects real world threatening events,
that induce a state of fearful arousal, leading to an emotion focused
stress response and coping (Folkman and Lazarus, 1988; Hermans et al.,

2011; Qin et al., 2009). By investigating the brain's acute stress re-
sponse in patients we aim to get more insight into potential mala-
daptation to acute stress, since this may constitute an important vul-
nerability and maintenance factor for psychiatric disorders (Ingram and
Luxton, 2005).

Functional brain networks have emerged as the fundamental, dy-
namically organized elements of human brain function
(Beckmann et al., 2005; Smith et al., 2009), consisting of patterns of
synchronized activity across distributed brain regions (Biswal et al.,
1995). Three networks in particular are affected in a broad range of
psychiatric disorders, i.e. the salience network (SN), the default mode
network (DMN) and the frontoparietal network (FPN) (Menon, 2011).
The SN is hypothesized to orient attention towards salient information
(Hermans et al., 2014, 2011; Menon, 2011). The DMN is involved in
spontaneous and self-referential thought (Buckner et al., 2008),
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whereas the FPN facilitates execution of higher-order, cognitive de-
manding tasks (Corbetta and Shulman, 2002). Changes in these net-
works are found in both stress-related (Mulders et al., 2015) and neu-
rodevelopmental disorders (Kernbach et al., 2018) and are thought to
underlie neurocognitive impairments in these disorders. Intriguingly,
these same three networks play a central role in the brain's stress re-
sponse (van Oort et al., 2017).

In health, the stress response comprises dynamic shifts in the three
networks that facilitate adaptive coping with the stressor
(Hermans et al., 2014; van Oort et al., 2017). Preliminary evidence,
based on small samples of psychiatric patients with specific stress-re-
lated disorders (e.g. Dedovic et al., 2014; Lanius et al., 2005, 2004;
Li et al., 2005), suggests that the three networks are differently affected
by stress, which probably affects their ability to adaptively cope with
stress. For example, patients with post-traumatic stress disorder and
depression showed stress-induced increases in functional connectivity
of the SN and increased and decreased activity patterns in specific DMN
regions (Lanius et al., 2004, 2002; Ming et al., 2017), while patients
with social phobia exhibited decreased activity within the FPN
(Koric et al., 2012).

In this study, we set out to investigate the response to a mild psy-
chological stressor from a functional network perspective in a cohort of
patients with disorders across two diagnostic groups: stress-related
disorders (mood and anxiety disorders) and neurodevelopmental dis-
orders (attention deficit hyperactivity disorder (ADHD) and autism
spectrum disorder (ASD)). For the sake of this study, we consider the
different stress-related disorders as one group, as they share a common
underlying dimension (Kotov et al., 2017), with a maladaptive stress
response as its central feature (de Kloet et al., 2005; Sharma et al.,
2016). At the other end, ASD and ADHD are investigated as one group
of neurodevelopmental disorders, since both are lifelong disorders, that
start in early childhood and have a relatively stable, trait-like course
and shared heritability (Franke et al., 2018; Rommelse et al., 2011).
There are clear indications for increased stress sensitivity in neurode-
velopmental disorders as well, such as arousal and emotion regulation
problems (Kerns et al., 2015; Richey et al., 2015; Shaw et al., 2014).
Although the mechanistic underpinnings for the increased stress sen-
sitivity in this group are unclear, the high comorbidity rates with stress-
related disorders (from 25% in ADHD to 60% in ASD (Rommelse et al.,
2011)) suggests an overlap in underlying mechanisms across disorders.

Our setup allows us to investigate psychopathology at multiple le-
vels. First, we aim to investigate transdiagnostic aspects of the mala-
daptive stress response by comparing the combined patient group with
stress-related and neurodevelopmental disorders (including co-
morbidity) to controls. Second, we investigate whether there are (dis)
similar patterns in broadly defined diagnostic groups by contrasting the
controls with the group with stress-related disorders, the group with
neurodevelopmental disorders and the comorbidity group separately.
Within this setup, we primarily focus on stress-induced connectivity
changes within our networks of interest, i.e. the SN, DMN and FPN, and
expand this to changes in connectivity patterns of these networks across
the entire brain.

2. Methods and materials

2.1. Subjects

Our study is part of the ongoing MIND-Set study (Measuring
Integrated Novel Dimensions in Neurodevelopmental and Stress-related
Mental Disorders) executed at the Department of Psychiatry of the
Radboud University Medical Center and the Donders Institute. MIND-
Set includes adult outpatients with a neurodevelopmental (ASD and/or
ADHD) and/or stress-related disorder (mood and/or anxiety disorder).
A psychiatrically healthy control group is also included in MIND-Set.

Patients were diagnosed and classified by a trained clinician ac-
cording to the Diagnostic and Statistical Manual of Mental Disorders

(DSM) using semi-structured interviews. The Structured Clinical inter-
view for DSM-IV Axis I Disorders (SCID-I) (First et al., 1996) was used
to diagnose mood and anxiety disorders. The Diagnostic Interview for
ADHD in Adults (Kooij and Francken, 2010; Ramos-Quiroga et al.,
2016) and the Dutch Interview for ASD in Adults (Vuijk, 2014) were
used to diagnose ADHD and ASD respectively (see also the supplement
for a more detailed description of the methods).

2.2. Subject groups

The combined patient group consists of three subgroups:

1 stress-related group: patients with a current depressive episode
(unipolar or bipolar depression), (hypo)mania, dysthymia and/or
anxiety disorder, but no ADHD or ASD.

2 neurodevelopmental group: patients with ASD and/or ADHD, but no
stress-related disorder.

3 comorbidity group: patients with both a stress-related and a neu-
rodevelopmental disorder.

The control group was matched on age, sex and level of education,
as these factors might be potential confounders (Dubois et al., 2018;
Everaerd et al., 2017; Lighthall et al., 2012).

2.3. Procedure

We investigated the brain's response to a mild psychological stressor
using an experimentally well-controlled paradigm. Psychological stress
was induced by watching an aversive movie clip, after an introductory
text had put the subject in an eye-witness perspective (Hermans et al.,
2011; Qin et al., 2009). A neutral movie clip served as a control con-
dition (see supplement). The full functional magnetic resonance ima-
ging (fMRI) session consisted of multiple scans (Fig. 1), of which we
used the T1 structural scan and the three resting-state scans for the
present study.

The mean heart rate (in beats per minute) was measured con-
tinuously during scanning in order to assess autonomic responses to the
psychological stressor. Subjective stress was assessed at six time-points,
using an eleven-point rating scale (0 = no stress, 10 = maximal stress).
For both these measures the effects of our intervention were assessed
using a mixed model repeated measures ANOVA (alpha = 0.05). To
evaluate the cortisol response, two saliva samples were collected: one
20 min before scanning and one approximately 26 min after the onset of
the aversive movie. A Wilcoxon signed-rank test (non-normal dis-
tribution) was performed to test for cortisol changes (alpha = 0.05).

2.4. fMRI data acquisition

All images were collected using a 3T Siemens Magnetom Prisma
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 6 protocol with an interleaved slice acquisi-
tion sequence (number of slices = 66, TR = 1000 ms, TE = 34 ms, flip
angle = 60°, voxel size = 2.0 × 2.0 × 2.0 mm, slice gap = 0 mm,
FOV = 210 mm). High-resolution structural images
(1.0 × 1.0 × 1.0 mm) were acquired using a T1-weighted MP-RAGE
sequence (TE/TR = 3.03/2300 ms, flip angle = 8°,
FOV = 256 × 256 × 192 mm, GRAPPA acceleration factor 2).

2.5. fMRI preprocessing

Preprocessing and statistical analyses were performed on the three
resting-state scans (each 500 vol) using FSL 5.0.11 (FMRIB, Oxford,
UK). These scans were preprocessed using the FMRI Expert Analysis
Tool (FEAT), which is part of the FMRIB Software Library (FSL)
(Jenkinson et al., 2012). To allow for T2* equilibration effects, the first
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five images of each resting-state scan were discarded. Furthermore, the
preprocessing steps included brain extraction, motion correction, bias
field correction, high-pass temporal filtering with a cut-off of 100 s,
spatial smoothing with a 4 mm full width at half maximum (FWHM)
Gaussian kernel, registration of functional images to high-resolution T1
using boundary-based registration and nonlinear registration to stan-
dard space (MNI152). The final voxel size for group analysis was 2 mm
isotropic. We used ICA-based Advanced Removal of Motion Artefacts
(ICA-AROMA) for further single-subject denoising (Pruim et al., 2015).
Subjects were excluded from analyses if motion resulted in more than
2 mm sudden relative mean displacement or translation. The pre-
processed MRI data is available on request in line with the institutional
ethics guidelines.

2.6. fMRI analyses

Differences in stress-induced connectivity changes were in-
vestigated between the combined patient group and controls and be-
tween the controls and the separate patient subgroups (i.e. the stress-
related, neurodevelopmental and comorbidity group). We also in-
vestigated the effects of stress within the different groups by comparing
the stress (resting-state 3) with the neutral condition (resting-state 2).
Connectivity changes for our networks of interest (i.e. SN, DMN, right
FPN and left FPN) were addressed at two levels: 1) within network
connectivity and 2) whole brain connectivity. As a supplemental ana-
lysis we also compared the comorbidity group directly with the stress
related group and with the neurodevelopmental group in order to in-
vestigate if the larger variety of symptoms in the comorbidity group
leads to differences in the stress response at the brain level (see sup-
plemental results and discussion).

We identified our networks of interest (see supplement) in the first
resting-state scan using group independent component analysis (ICA)
(Beckmann et al., 2005). This allowed us to select these networks
without biasing the results towards either the neutral or stress condition
(Fig. 2). Next, we used these spatial network maps as masks to extract
the mean within network connectivity strength in both resting-state
scan 2 (neutral condition) and resting-state scan 3 (stress condition).
This approach results in one value per subject and network, which re-
presents an aggregate measure of mean within network connectivity.
The effect of our intervention was investigated with a paired

comparison between the connectivity strength in resting-state scan 2
and resting-state scan 3, using a Wilcoxon signed-rank test (non-normal
distribution). The differences between the controls and different patient
groups were calculated using the Mann-Whitney U test (non-normal
distribution) on the difference scores (stress - neutral) (alpha = 0.05).

Dual regression was used to investigate the whole brain connectivity
changes of our networks of interest. The spatial maps resulting from
dual regression were subtracted (resting-state 3 minus resting-state 2)
to investigate the effects of stress induction in the different subject
groups and the differences between patients and controls. Inference
testing was implemented using permutation tests via randomise
(10,000 permutations) (Winkler et al., 2014). The results from these
tests were considered significant using a threshold-free cluster en-
hancement corrected p-value of 0.05 (Smith and Nichols, 2009) and a
minimum cluster size of 5 voxels.

Finally, we performed exploratory correlational analyses in the
different groups between stress-induced changes of connectivity within
the networks and changes in the behavioral measures (subjective stress,
heart rate and cortisol) (Spearman's correlation, alpha = 0.05). We
investigated if the correlation coefficients differed between controls and
the different patient groups, by comparing the standardized correlation
coefficients (Fisher's r to z transform), using an ANOVA for summary
data (alpha = 0.05).

3. Results

3.1. Study population

Of the 192 patients that participated in the fMRI study, 168 were
included in the present analyses (stress-related group (n = 63), neu-
rodevelopmental group (n = 52) and comorbidity group (n = 53)) (see
supplement) (Table 1). In the combined patient group, the median age
(range) was 34 (18–74) years and 58.9% was male. We selected 46
control subjects from the MIND-Set database, that were matched with
the combined patient group on age (U = 3697, p = 0.654), sex
(χ2(1) = 1.18, p = 0.278) and level of education (χ2(3) = 3.15,
p = 0.369). When the controls were compared to the three patient
subgroups, the only difference found was a lower level of education in
the comorbidity group (χ2(3) = 8.14, p = 0.043).

Fig. 1. Experimental design. Subjects entered the scanner after a 45 min acclimatization period outside the scanner. The whole protocol consists of a series of scans of
which we used the structural scan and the three resting-state scans for our present study. We selected the first 8:30 min of the third resting-state scan in order to
match for length with the other resting-state scans. Stress induction took place with a highly aversive movie with a self-referential instruction. The neutral movie
served as a control condition. Salivary cortisol sampling took place 20 min before scanning and±26 min after the start of the aversive movie. Subjective stress levels
were assessed at several moments during scanning with an 11-point rating scale. Heart rate was measured continuously during scanning. Other scans of our protocol
that we do not use for our present study are the Hariri (an emotional face matching task), the fieldmap and a diffusion tensor imaging (DTI) scan.
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3.2. Behavioral and physiological measurements

Heart rate: the analysis of the controls and combined patient group
together showed a main effect of time (F(2.6, 516.5) = 20.28, p <
0.001). To resolve this time-effect, post-hoc tests showed that compared
to baseline the heart rate decreased during the neutral movie
(p = 0.003) and increased during the aversive movie (p < 0.001) and
third resting-state scan (p < 0.001) (Fig. 3). Note however the absence
of a significant main effect of group (F(1, 201) = 2.45, p = 0.119) or a
significant group by time interaction (F(2.6, 516.5) = 0.97, p= 0.400).
Similar patterns were observed for the patient subgroups (see supple-
ment).

Subjective stress: analysis of the control and combined patient
group together showed a main effect of group (F(1, 212) = 24.71, p <
0.001) and time (F(3.3, 709.4) = 63.39, p < 0.001), but no significant
interaction effect (F(3.3, 709.4) = 0.27, p = 0.867). Post-hoc tests
showed that, compared to baseline, subjective stress decreased after the
neutral movie (p = 0.013) and before the aversive movie (p = 0.021),
and increased after the aversive movie (p < 0.001) and third resting-
state scan (p = 0.047). This reflects a higher baseline stress level in
patients than in controls and an increase after the aversive movie in the
two groups together. Similar patterns were observed for the patient
subgroups.

Cortisol: both the control (T = 186, p < 0.001) and combined
patient group (T = 2609.5, p < 0.001) showed a decrease in cortisol
levels. There was no significant difference between the decreases in

these two groups (U = 3525, p = 0.783). A post-hoc test showed there
was no significant difference for the baseline cortisol levels (U = 3478,
p = 0.683), nor were there differences for the time of day that the
cortisol sampling took place (cortisol sample 1: U = 3450, p = 0.626,
sample 2: U = 3608, p = 0.967) (see Table 1). Again, similar patterns
were observed in the three patient subgroups. These results suggest that
the effects of diurnal fluctuations in cortisol levels and anticipation
anxiety before scanning were stronger than the influence of our mild
psychological stressor (in line with Everaerd et al., 2017).

3.3. Functional MRI

The fMRI results are ordered by network of interest. First, the in-
fluence of stress induction within the separate groups will be described
for the within network connectivity changes. Followed by the differ-
ences between controls and patients. Next, the whole brain results will
be reported, following the same structure.

3.3.1. Salience network
While we did find a stress-induced increase in within SN con-

nectivity in the combined patient group (T = 9313, p = 0.000), we did
not find this effect in the control group. The increase in within SN
connectivity in patients was most pronounced in the neurodevelop-
mental group (T = 1004, p = 0.004) and less pronounced in the stress-
related (T = 1264, p = 0.080) and comorbidity group (T = 853,
p = 0.224). The changes in within SN connectivity did not significantly

Fig. 2. Networks of interest. Networks of interest identified with group independent component analysis (ICA) in resting-state 1 scan, i.e. the salience network (SN),
default mode network (DMN) and frontoparietal network (FPN). These network maps are group maps that combine the individual template maps of all subjects. We
identified two FPNs: the left FPN (light blue) and right FPN (dark blue). The selected networks included all areas that are typically considered as core regions in these
networks. The SN included the bilateral anterior insula (AI) and dorsal anterior cingulate cortex (dACC). The DMN included the ventromedial prefrontal cortex
(vmPFC), hippocampus (HC), posterior cingulate cortex (PCC) and precuneus (PCU). Additionally, the DMN included the middle temporal gyrus (MTG) and lateral
occipital cortex (lOcc). Both FPNs included the dorsolateral prefrontal cortex (dlPFC) and posterior parietal cortex (PPC).
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differ between patients and controls. The whole brain connectivity
analysis did not show a significant effect of stress induction in the
control group. However, the combined patient group did show a stress-
induced increase of SN connectivity with widespread areas across the

brain (including core regions of the DMN and FPN) (Fig. 4, Table S1).
The neurodevelopmental group showed a similar pattern of a stress
induced increase of SN connectivity with widespread areas across the
brain (Figure S1, Table S2). The comparison between controls and

Fig. 3. Behavioral and physiological stress measures. A. Longitudinal course of mean heart rate (in beats per minute) and subjective stress (on an 11-point rating
scale: 0 = no stress, 10 = maximal stress) in the controls and combined patient group. B. Mean change in within default mode network (DMN) functional
connectivity (stress – neutral condition) in control group and combined patient group. The control group showed a significant decrease in within DMN connectivity in
the stress compared to the neutral condition. This decrease in within network connectivity in the control group differed significantly from the combined patient
group. C. Mean change in within DMN functional connectivity (stress – neutral condition) in control group and patient subgroups. The difference in the stress induced
change in DMN connectivity was most pronounced between the controls and comorbidity group. Abbreviations: AvM: aversive movie, BPM: beats per minute, DMN:
default mode network, NeuM: neutral movie, Rs: resting-state scan, SE: standard error, * p<0.05.

Fig. 4. Stress induced changes in salience network connectivity in the combined patient group. This figure displays the stress induced change (stress – neutral
condition) in salience network functional connectivity in the combined patient group. Abbreviations: R: right.
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patients revealed only one difference, with the neurodevelopmental
group showing a relatively increased connectivity of the SN with the
lateral occipital cortex (Fig. 5, Table 2).

3.3.2. Default mode network
While the control group showed a stress-induced decrease in the

within DMN connectivity (T = 350, p = 0.037), this effect was not
found in patients (T = 7431, p = 0.598). Comparison between controls
and patients showed that this decrease in within network connectivity
in the control group differed significantly from the combined patient
group (U = 3047, p = 0.028). This effect was most pronounced in the
comorbidity group (U = 927, p = 0.041) and less pronounced in the
stress-related (U = 1159, p = 0.075) and neurodevelopmental group
(U = 961, p = 0.094) (Fig. 3).

The whole brain analysis showed a relatively higher stress-induced
connectivity of the PCC/precuneus with the rest of the DMN in the
stress-related group compared to controls (Fig. 5, Table 2).

3.3.3. Right and left frontoparietal network
While there were no significant results for the within network

connectivity analyses for the right and left FPN, the whole brain ana-
lysis did show multiple significant results. The control group showed a
stress-induced increase in connectivity of the left FPN with the PCC/
precuneus (within DMN) (Table 3). Moreover, compared to the com-
bined patient group the controls showed a relatively higher con-
nectivity of the right FPN with the precuneus under stress. Additionally,
compared to the comorbidity group the controls showed higher con-
nectivity of the left FPN with the right middle frontal gyrus (Fig. 3,
Table 2).

3.3.4. Correlations between stress-induced changes in connectivity and
behavioral stress measures

See Table 4 for the results of the correlational analyses (all outcomes
with a p< 0.100 are displayed). Importantly, the stress-induced change
in within SN connectivity was positively correlated with the change in
subjective stress in the combined patient group (Spearman's r = 0.179,
p = 0.020) and comorbidity group (Spearman's r = 0.364, p = 0.007).
This correlation was not significant in the control group. While this
correlation differed between the control and comorbidity group (con-
trols: zr (± SEzr) = −0.113 (± 0.15), comorbidity group: zr
(± SEzr) = 0.382 (± 0.14), p = 0.020), it did not significantly differ
between controls and the combined patient group (controls: zr
(± SEzr) = −0.113 (± 0.15), combined patient group: zr
(± SEzr) = 0.181 (± 0.08), p = 0.084).

4. Discussion

In this study we investigated common and disorder-specific con-
nectivity changes in response to a mild psychological stressor on a

Fig. 5. Whole brain analyses of networks of interest. These figures display differences in stress induced changes (stress – neutral contrast) between patients and
controls. A. There is an increased functional connectivity of the salience network (SN) with the lateral occipital cortex in the neurodevelopmental group compared to
the control group, B. Increased default mode network (DMN) connectivity with precuneus cluster (within DMN) in the stress-related group compared to the control
group, C. Increased FC of the right frontoparietal network (FPN) with the precuneus in the control group compared to the combined patient group. D. Increased
connectivity of the Left FPN with the right middle frontal gyrus in the control group compared to the comorbidity group. Abbreviation: R = right.

Table 2
Differences in stress-induced functional connectivity changes between controls
and patients for the whole brain analyses.

Brain area Hemisphere Peak voxels (MNI
coordinates)

Cluster
size (# of
voxels)

Significance
level (p = ..)

X Y Z

Increased FC of the SN in the ND group (stress – neutral) compared to the control group
(stress – neutral) with:

Lateral Occipital
Cortex,
inferior
division

Ri 40 −76 0 8 0.045*

Increased FC of the DMN in the SR group (stress – neutral) compared to the control
group (stress – neutral) with:

PCC/Precuneus Ri 10 −54 32 47 0.018*
Increased FC of the Ri FPN in the control group (stress – neutral) compared to the

combined patient group (stress – neutral) with:
Precuneus Ri 12 −60 48 5 0.046*
Increased FC of the Le FPN in the control group (stress – neutral) compared to the CM

group (stress – neutral) with:
Middle Frontal

Gyrus
Ri 56 14 40 14 0.033*

Abbreviations: CM: comorbidity, DMN: default mode network, FC: functional
connectivity, FPN: frontoparietal network, Le: left, MNI: Montreal Neurological
Institute, ND: neurodevelopmental, PCC: posterior cingulate cortex, Ri: right,
SN: salience network, SR: stress-related.

⁎ p < 0.05.

Table 3
Stress-induced changes (stress – neutral) of the left frontoparietal network in
the whole brain functional connectivity analyses in the control group.

Brain area Hemisphere Peak voxels (MNI
coordinates)

Cluster
size (# of
voxels)

Significance
level (p = ..)

X Y Z

Stress induction (stress – neutral) in the control group resulted in increased FC of the Le
FPN with:

PCC/precuneus Le −10 −46 32 16 0.004⁎⁎

Abbreviations: FC: functional connectivity, FPN: frontoparietal network, Le:
left, MNI: Montreal Neurological Institute, PCC: posterior cingulate cortex.

⁎⁎ p < 0.01.
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large-scale network level across stress-related disorders, neurodeve-
lopmental disorders and a comorbid group. In contrast with controls, all
three patient groups failed to show a decrease in connectivity of the
default mode network (DMN) in response to stress, while there was a
relatively decreased connectivity of the frontoparietal network (FPN).

Our study shows that the DMN is differently affected by stress in all
patients, which points to a maladaptive feature of their stress response.
In the healthy controls, the mild experimental stressor induced a de-
crease in within DMN connectivity. This result nicely fits with a recent
study that identified a decrease in within DMN connectivity as a neural
marker of stress responsiveness in health (Zhang et al., 2019). Such a
response may serve an adaptive allocation of attentional resources to
the external world, since DMN regions consistently deactivate when
outward attention is required (Raichle et al., 2001). This response is in
line with the theory that stress leads to a dynamic reallocation of re-
sources between brain networks in order to support a hypervigilant
state, promoting threat detection and survival (Hermans et al., 2014).

A decrease in DMN connectivity in response to stress was markedly
absent in the combined patient group, with most pronounced differ-
ences between controls and the comorbidity group. The absence of this
response in patients may reflect an impaired ability to suppress atten-
tion to internal emotional states when faced with stress, interfering
with the adaptive allocation of resources to the external world to
eventually support allostatic regulation (Kaiser et al., 2015;
Sheline et al., 2009). This same mechanism seems to underlie the
failure to downregulate DMN activity in depression during emotion
regulation (Sheline et al., 2009). The new and unique contributing
factor from our study is that an absence of DMN downregulation in-
dicates a transdiagnostic mechanism of a maladaptive stress response,
which may serve as a biomarker of increased stress-vulnerability.

Previous studies have implicated the FPN in emotion regulation and
executive functioning (Buhle et al., 2014; Kohn et al., 2014) and have
shown an inverted u-shaped relationship between stress and FPN per-
formance (Arnsten, 2009; van Oort et al., 2017). Impairments in this
network are implicated in emotion regulation problems in psychiatric
disorders, which may worsen under the influence of stress (Park et al.,
2019). Our results of a relatively decreased FPN connectivity under
stress in patients compared to controls, indicates a worse top-down
regulation of stress in patients independent of the type of disorder. The
differences in DMN and FPN connectivity may reflect distinct me-
chanisms of a maladaptive stress response, but could also be related to
each other, since an anti-correlation is presumed to underlie the dy-
namics of these networks (Fox et al., 2005). Moreover, relative dom-
inance of the DMN over the FPN has been implicated in maladaptive
rumination in depression (Hamilton et al., 2011). Our results, with an
absence of a decrease in within DMN connectivity and a relatively
lower FPN connectivity in psychopathology, also point to an imbalance
between these networks with a relative dominance of the DMN under
conditions of stress.

The present study elaborates on earlier findings of the central role of
the salience network (SN) in the acute stress response in health
(Hermans et al., 2014, 2011), by now showing its role in psycho-
pathology. The central role of the SN in patients is highlighted by an
increase in connectivity within the SN, which correlated with changes
in subjectively experienced stress. These connectivity changes within
the network were accompanied by extensive changes in whole brain
connectivity, pointing to its central role in allocating resources under
stress. Interestingly, while we did not find this effect in the controls,
there were almost no differences for the SN between patients and
controls. This suggests a similar stress-induced pattern in both groups,
which reaches significance in patients only. This may be related to the
higher stress levels in patients in response to our mild psychological
stressor.

Our results mainly suggest shared, transdiagnostic aspects of a
maladaptive stress response, but also support some specific aspects in
the distinct patient subgroups. These specific aspects are revealed by

the differences between the comorbidity and neurodevelopmental
group in the supplementary analysis and by a different contribution of
the networks in the different subgroups. A maladaptive response of the
DMN to stress seems to be most strongly present in subject groups that
include patients with stress-related disorders. This is also reflected in
the relatively increased connectivity of the posterior DMN with the rest
of the DMN in the stress-related group specifically. This may be related
to negative self-referential processing (Ming et al., 2017), which is
common in this group. The involvement of both the DMN and FPN in
the comorbidity group may result from these patients being affected in
a larger variety of (symptom) domains.

The main strength of our study is that this is the first project using a
well-investigated fMRI stress induction procedure to demonstrate
stress-related changes at a large-scale network level across psychiatric
disorders. However, our study has to be interpreted in the light of some
limitations. As we had the chance to investigate the patients only once,
the stress condition always followed the neutral condition, so that an
order effect cannot be excluded. However, the main aim of this study is
to investigate the difference between controls and patients and the
order in both groups is the same. Furthermore, we did not find a sig-
nificant increase in all our stress measures. The decrease in cortisol
probably resulted from a stronger diurnal fluctuation in cortisol levels
than the influence of our mild psychological stressor. However, this is a
well investigated paradigm, which has shown effective induction of
mild stress in several studies (e.g. Everaerd et al., 2017; Hermans et al.,
2011; van Marle et al., 2010). In addition, the networks we identified in
the first resting-state scan with ICA are a mixture of patients and con-
trols. Because of the larger size of the patient group, there may be a
potential bias in the network maps towards the patients. However, we
think that every way of identifying the networks has its specific lim-
itations. Using independent network templates from the literature has
the major disadvantage that these maps are based on specific popula-
tions, especially healthy subjects (Shirer et al., 2012; Smith et al.,
2009), which potentially leads to bias to our healthy control group.
Since our study is the first study investigating the stress response
transdiagnostically in a relatively large group of patients, we think that
it is important that our network maps reflect the networks in the pa-
tients adequately and thus are generated using a control scan in our
large heterogeneous group. Finally, since the stress response is a con-
tinuous process, it is not possible to make a strict distinction between
the acute stress and recovery phase, and our results possibly reflect a
mixture of both.

Taken together, our results emphasize the importance of our net-
works of interest (i.e. SN, DMN and FPN) in the stress response. General
and specific aspects of the maladaptive stress response across stress-
related and neurodevelopmental disorders can be characterized by
describing aberrant responses of these networks. The specific aspects
may be related to distinct vulnerabilities in the different patient groups.
The shared aspects may on the one hand result from distinct vulner-
abilities across disorders, which lead to the same maladaptive response,
as a final common pathway. On the other hand, shared patterns may
also arise from transdiagnostic vulnerabilities and symptom dimensions
that are present across a broad spectrum of disorders. This is in line
with the idea that the current clinical diagnostic groups reflect het-
erogeneous, partly overlapping categories that do not reflect distinct
underlying pathophysiological processes. The deeply interconnected
nature of psychiatric disorders is reflected by the high degree of genetic
correlation among psychiatric disorders (Brainstorm Consortium, 2018)
and a general psychopathology factor that represents the liability
shared by all mental disorders (Kotov et al., 2017). We conclude that
vulnerability to stress is an important transdiagnostic feature across
stress-related and neurodevelopmental disorders. Individual vulner-
abilities should be an important focus in daily clinical practice, also in
disorders that are traditionally not regarded as stress-related disorders.

Our results provide initial insight in transdiagnostic core mechan-
isms of a maladaptive stress response, which could support the
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development of a neural circuit taxonomy of the stress response
(Williams, 2016). Further research in larger samples should try to dis-
entangle individual differences in the stress response by characterizing
the (dynamic) interplay between the SN, DMN and FPN and relate this
to symptom dimensions. Individual characterization of maladaptive
features of the stress response may open up opportunities for persona-
lized treatment in the future, as it has for example been shown that
DMN hyperconnectivity together with FPN hypoconnectivity predicts
the response to transcranial magnetic stimulation (Dichter et al., 2014).
Neural-circuit guided personalized treatments could in this way lead to
better therapies that cut across traditional diagnostic boundaries
(Williams, 2016).
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