NeuroImage 199 (2019) 680-690

Contents lists available at ScienceDirect

Neurolmage

Neurolmage

journal homepage: www.elsevier.com/locate/neuroimage

Acute psychosocial stress alters thalamic network centrality R

Check for
updates

Janis Reinelt® !, Marie Uhlig®™!, Karsten Miiller?, Mark E. Lauckner ', Deniz Kumral *¢,
H. Lina Schaare *°, Blazej M. Baczkowski ¢, Anahit Babayan ?, Miray Erbey %",

Josefin Roebbig?, Andrea Reiter >, Yoon-Ju Bae, Juergen Kratzsch“, Joachim Thiery ¢,
Talma Hendler’, Arno Villringer ¢, Michael Gaebler *#

@ Department of Neurology, Max Planck Institute for Human Cognitive and Brain Sciences, Leipzig, Germany

Y International Max Planck Research School NeuroCom, Leipzig, Germany

¢ Institute of Psychology, University of Leipzig, Leipzig, Germany

4 Institute for Laboratory Medicine, Clinical Chemistry and Molecular Diagnostics (ILM) of the Medical Faculty at the University of Leipzig, Leipzig, Germany
¢ Lifespan Developmental Neuroscience, Technische Universitat Dresden, Dresden, Germany

f Charité — Universitatsmedizin Berlin, Berlin, Germany

8 MindBrainBody Institute at the Berlin School of Mind and Brain, Humboldt-Universitat zu Berlin, Berlin, Germany

b International Max Planck School on the Life Course, Max Planck Institute for Human Development, Berlin, Germany

i Max Planck UCL Centre for Computational Psychiatry and Ageing Research, London, United Kingdom

J School of Psychological Science, Departments of Physiology and Pharmacology and Psychiatry, Faculty of Medicine, Sagol School Neuroscience, Tel Aviv University, Tel
Aviv, Israel

ARTICLE INFO ABSTRACT

Keywords:
Resting-state fMRI
Eigenvector centrality mapping

Acute stress triggers a broad psychophysiological response that is adaptive if rapidly activated and terminated.
While the brain controls the stress response, it is strongly affected by it. Previous research of stress effects on brain
activation and connectivity has mainly focused on pre-defined brain regions or networks, potentially missing

Ztrets‘s . changes in the rest of the brain. We here investigated how both stress reactivity and stress recovery are reflected
0rtiSo; . . X A o
Thalamus in whole-brain network topology and how changes in functional connectivity relate to other stress measures.

TSST Healthy young males (n = 67) completed the Trier Social Stress Test or a control task. From 60 min before until
105 min after stress onset, blocks of resting-state fMRI were acquired. Subjective, autonomic, and endocrine
measures of the stress response were assessed throughout the experiment. Whole-brain network topology was
quantified using Eigenvector centrality (EC) mapping, which detects central hubs of a network.

Stress influenced subjective affect, autonomic activity, and endocrine measures. EC differences between groups
as well as before and after stress exposure were found in the thalamus, due to widespread connectivity changes in
the brain. Stress-driven EC increases in the thalamus were significantly correlated with subjective stress ratings
and showed non-significant trends for a correlation with heart rate variability and saliva cortisol. Furthermore,
increases in thalamic EC and in saliva cortisol persisted until 105 min after stress onset.

We conclude that thalamic areas are central for information processing after stress exposure and may provide
an interface for the stress response in the rest of the body and in the mind.

1. Introduction therefore highly adaptive, especially if rapidly activated and rapidly

terminated (McEwen and Gianaros, 2011; Steptoe and Kivimaki, 2013).

A typical response to stress involves changes in subjective experience
(Hellhammer and Schubert, 2012), in the brain's functional connectivity
and activity (van Oort et al., 2017), and in the autonomic nervous as well
as the endocrine system (Allen et al., 2017). Through these changes, the
acute stress response enables adequate reactions to a stressor. It is

Moreover, an efficient neural processing of stressors is crucial for
adapting to future occurrences of similar stressors (Peters et al., 2017).
Insufficient initialisation or delayed termination of the stress response
(“delayed stress recovery”) constitute a major risk factor for mental
(Faravelli et al., 2012; Hermans et al., 2014; Pittenger and Duman, 2008)
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and physical health (Steptoe and Kivimaki, 2013). Although it is largely
acknowledged that brain networks orchestrate the overall stress response
and adaptability (Hermans et al., 2014), it remains unclear what circuit
guides it (Peters et al., 2017).

Stress-driven changes in the activation and functional connectivity of
the brain have been reported in several regions relevant to emotional
processing, autonomic control, thoughts, and memory (van Oort et al.,
2017). For example, seed-based connectivity analysis of resting-state
data acquired after stress exposure showed an increased connectivity of
the amygdala — using the averaged time course of bilateral amygdala
seeds (Quaedflieg et al., 2015; van Marle et al., 2010) — with multiple
regions, including the parahippocampal gyrus and the medial prefrontal
cortex (Quaedflieg et al., 2015) as well as the dorsal anterior cingulate
(van Marle et al., 2010). Persistent amygdala-hippocampus connectivity,
between a bilateral hippocampus seed and amygdala regions, was also
related to prolonged subjective stress (Vaisvaser et al., 2013). In another
study, elevated connectivity between a bilateral amygdala seed and the
posterior cingulate cortex, the ventromedial prefrontal cortex (vmPFC),
and the frontal pole until 60 min after stressor offset was found (Veer
et al., 2011).

While these studies have shown connectivity changes between pre-
defined subcortical seed regions and the rest of the brain, this region-of-
interest (ROI) approach may have missed connectivity between other
regions in the brain that are relevant for stress processing. To our
knowledge, only two studies so far have investigated neural effects of
acute stress at the whole-brain level: Using an independent component
approach, which requires a priori definition of the number of compo-
nents or networks, Hermans et al. (2011) found increased connectivity in
regions of the salience network, including anterior insula, inferotemporal
cortex, amygdala, and thalamus. Through a pharmacological interven-
tion, blocking either B-adrenergic receptors or cortisol synthesis, the
authors could also relate stress-induced connectivity increases to endo-
crine changes. In another study, Maron-Katz et al. analysed whole-brain
functional connectivity using a parcellation-based univariate analysis to
show an increased coupling of the thalamus with regions in the frontal,
parietal, and temporal lobes after subjects were exposed to a stressful
arithmetic task (Maron-Katz et al., 2016). Another study, in which stress
was induced through a stressful arithmetic task in the MRI, used the
graph-based metrics of “network efficiency” in 106 literature-derived
ROIs and of “betweenness centrality” in 12 ROIs (in hippocampus,
amygdala, and mPFC) to find a stress-related decrease in “flow of infor-
mation” (Wheelock et al., 2018).

We here aimed to expand the scope on the stress response in terms of
modalities (including psychological, bodily, and brain measures), time
(longer sampling period until 105 min after onset of the intervention),
and space (voxel-level connectivity analysis), compared to previous
stress studies. We chose the Trier Social Stress Test (TSST) as a natural-
istic stressor with pronounced, lasting effects on subjective, autonomic,
and endocrine stress measures (Allen et al., 2014). To closely control for
the study procedure — and particularly for physical activity (standing,
walking), which is known to influence endocrine and autonomic pa-
rameters (Het et al., 2009) — the so-called “placebo TSST” was chosen as a
control intervention (Het et al., 2009). This control procedure involves
the same sequence of standing, sitting, talking, and calculating as the
TSST but without the social stress of a committee. To investigate
stress-related changes in functional network topology, Eigenvector cen-
trality (EC) mapping (ECM) was applied (Lohmann et al., 2010). ECM is
an exploratory and data-driven whole-brain approach that allows the
quantification of the importance of network nodes with a voxel-wise
resolution and without the need to preselect specific ROIs. In contrast
to other centrality measures (e.g., [within-module] degree centrality), EC
uses all correlations of the adjacency matrix, that is, it not only regards
direct connections but integrates information about all linked regions. To
maximally capture the large-scale effects of stress on brain functional
connectivity (Hermans et al., 2014), the whole-brain approach of ECM
was chosen. Voxels and regions with high EC can be considered
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“influential hubs” within a network, which facilitate functional integra-
tion and are essential to network resilience under stress perturbation
(Joyce et al., 2010; Rubinov and Sporns, 2010).

In this study, we aimed to (1) investigate stress reactivity in the brain
and hypothesized immediate stress-driven effects on whole-brain
network topology, based on previous findings of functional connectiv-
ity changes after stress (Hermans et al., 2014; van Oort et al., 2017). We
also aimed to (2) explore the association between neural stress reactivity
and other dimensions of the stress response, expecting a correlation with
subjective stress ratings as well as with autonomic (heart rate and its
variability) and — particularly — endocrine stress markers (i.e., cortisol)
(Hermans et al., 2014). Finally, we aimed to (3) characterize the time
course of stress-induced brain connectivity alterations by extending the
sampling window to the point at which stress-related changes in func-
tional connectivity are assumed to recover (i.e., 60-90 min after stress
onset or approximately 40-70 min after stress offset; Hermans et al.,
2014).

2. Methods
2.1. Participants

Male participants between 18 and 35 were recruited via leaflets,
online advertisements, and from a database at the Max Planck Institute
for Human Cognitive and Brain Sciences in Leipzig, Germany. We limited
the sample to male participants, since the female reproductive cycle
impacts stress hormone levels (Childs et al., 2010). Prior to the stress
study, participants were tested according to the protocol of the
MPI-Leipzig Mind-Brain-Body database that comprised cognitive testing,
blood screening, anthropometric measurements, structural and
resting-state functional MRI scans, resting-state electroencephalography
(EEG), self-report questionnaires, and a structured clinical interview (for
details, cf. Babayan et al., 2019; Mendes et al., 2019). A pre-screening
was conducted via telephone with the following exclusion criteria:
smoking, excessive alcohol or drug consumption, past or present enrol-
ment in a psychology study programme, no previous exposure to the
TSST or similar stress experiments, regular medication intake, history of
cardiovascular, psychiatric, or neurological diseases, or body mass index
higher than 27 kg/m?. For magnetic resonance imaging (MRI), standard
MRI exclusion criteria additionally applied (e.g., tattoos, irremovable
metal objects such as retainers or piercings, tinnitus, or claustrophobia).
For details, cf. Babayan et al. (2019) and Mendes et al. (2019). 67 par-
ticipants were included in the study and randomly assigned to either the
TSST (n=33) or the control group (n= 34). Written informed consent
was obtained from all participants. The study was approved by the ethics
committee at the Medical Faculty of the University of Leipzig (number
385-1417112014). Participants received a financial compensation for
their participation.

2.2. Procedure

For an overview of the whole procedure, see Fig. 1. Appointments
were scheduled at the same time of day (11:45 am) to control for diurnal
fluctuations of hormones (e.g., cortisol). Participants were asked to get at
least 8 h of sleep before the day of the experiment, to get up no later than
9 am, to have a normal breakfast, and then refrain from eating until their
appointment. Additionally, participants were asked not to exercise or to
consume stimulant drinks like coffee or black tea before their study
appointment, since caffeine intake may alter the hypothalamic-pituitary-
adrenal axis response (al’Absi et al., 1998) and resting-state measures
(Rack-Gomer et al., 2009). The experimental staff was blind to the par-
ticipant's group assignment before the intervention, after which they did
not communicate with the participant (until the second anatomical scan).
Throughout the experiment, there were fifteen time points (T0-T14) at
which saliva samples and subjective measures were collected and 14 time
points (T1-T14) at which blood samples were collected. After a short
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Fig. 1. Experimental design. Between-subject
design with one group (n = 33) undergoing the
Trier Social Stress Test (TSST) and the other
(n=234) a “placebo” TSST. Six 8-min blocks of
resting-state fMRI were acquired: two before

rest5 rest6 (debriefing

/| >
XTI” lmmlfl T |\|||T\ |T\ |(\)J|.u|.||¢| | ul.| |T\ ! IJ‘.I u|.| \T| ! IJ‘. > (restl. rest2) and four after the intervention (rest3-
T ") B T4 T5 6 17 18 9 T0 ™M T2 1B T14 rest6). During resting-state fMRI, participants
E | B E E . were instructed to fixate a crosshair. Psychomet-
20 0 630 b o b5 460 80 9% 10 150 min ric ratings, saliva, and blood samples were ac-
quired at 14 time points throughout the

period of familiarisation to the experimental environment, signing con-
sent forms, and receiving instructions, participants chewed on a first
Salivette swab (Sarstedt AG & Co. KG, Niimbrecht, Germany) while they
answered questions about their current subjective experiences (T0). The
second psychometric and saliva sample were acquired together with the
first blood sample, after participants were equipped with an intravenous
catheter and the portable electrocardiography (ECG) device (T1, 210 min
before TSST onset). Participants then gave a urine sample before they had
a 15-min break, during which they received a standardised lunch. Par-
ticipants then filled out self-report trait questionnaires (see below and
Table S2) and rested for 30 min, before sampling instance T2 followed
(90 min before TSST onset). Afterwards, participants completed the
pre-intervention scanning session, consisting of a quin pilot (to plan
details like the slice positioning of the subsequent image acquisition), a
pulsed arterial spin labelling (pASL) scan (the results of which will be
reported elsewhere), a high-resolution anatomical scan (MP2RAGE), and
two resting-state (RS) scans (T2*-weighted EPI). While participants were
in the MRI, they completed two more sampling instances: T3 between the
MP2RAGE and the first RS scan (45 min before TSST onset) as well as T4
between the two successive RS scans (30 min before TSST onset). After
the baseline RS scan (rest2, 25 min before TSST onset), sampling instance
T5 followed in the MRI (15 min before TSST onset). Participants were
then brought to the testing room, where they underwent either the TSST
or the “placebo” TSST (cf. Next section and supplementary material for
details). During the intervention, there were two sampling instances: T6
(+5 min after TSST onset) and T7 (+15 min after TSST onset). Following
the intervention, participants were brought back to the MRI, where
sampling instance T8 (425 min after TSST onset) followed. The
post-intervention scan protocol consisted of a second quin pilot, two RS
scans (rest3, +30 min after TSST onset, and rest4, +50 min after TSST
onset), a second pASL scan, a second high-resolution anatomical scan
(MP2RAGE), again followed by two RS scans (rest5, +85 min after TSST
onset, and rest6, +105 min after TSST onset). Between the sequences,
there were sampling instances T9 (+45 min after TSST onset), T10 (+60
min after TSST onset), T11 (+80 min after TSST onset), T12 (+95 min
after TSST onset), and T13 (+110 min after TSST onset). For the sampling
instances between the scans, participants stayed within the MRI bore and
the scanner bed was not moved. The Salivette was placed inside the
participant's mouth through the bore opening close to his head. Blood
drawing inside the scanner was accomplished through a tube attached to
the intravenous catheter. Following the last RS scan, participants left the
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experiment (T1-T14). The hours indicate the time
at which important sampling points were sched-
uled. Heart rate was recorded inside and outside
the scanner. The resting-state blocks before (rest2)
and after (rest3) the intervention (labelled in or-
ange) were used for the analysis of stress reac-
tivity. White boxes labelled “anat” represent
sequences of cerebral blood flow (pulsed arterial
spin labelling; results reported elsewhere) and
high-resolution anatomical image acquisition
(MP2RAGE). The grey boxes indicate phases in
the MRI. The TSST and the control condition took
place outside of the scanner.

MRI and completed a post-event processing questionnaire (Fehm et al.,
2008), the results of which will be presented elsewhere. In the end,
participants were brought to a separate room, where they were debrie-
fed. The experiment ended with final sampling instance T14 (+130 min
after TSST onset).

2.3. Stress and control intervention

To elicit a pronounced stress response, which is required for the study
of its time course (Linden et al., 1997), we chose the Trier Social Stress
Test (TSST) as one of the strongest and most naturalistic stressors
applicable in humans (Kirschbaum et al., 1993). To tightly control for
physical and cognitive load, the “placebo” TSST was selected as the
control task (Het et al., 2009; Kirschbaum et al., 1993). A detailed
description of both conditions can be found in the supplementary ma-
terial. After participants in the TSST group had finished the mental ar-
ithmetics, they were told that another task would follow in the MRI; to
maximize and extend the psychological and physiological effects of the
TSST. They were then brought back to the scanning area in the company
of the experimenter and the committee members. After rest4 (+60 min
after TSST onset), they were told that no additional task would follow
and that they could relax.

2.4. Psychometric data

Throughout the experiment, subjective ratings were collected at 15
time points (T0-T14, see Fig. 1). Except for the first two (TO, T1), all
sampling instances followed the same procedure: questionnaires were
presented with OpenSesame 3.1.2 (Mathot et al., 2011) on a laptop
screen (outside the scanner) or on the MRI screen (inside the scanner).
Participants answered the questionnaires with the laptop keyboard
(outside the scanner) or an MRI-compatible button box (inside the
scanner). Subjective experience was measured using an affect grid
(Killgore, 1998), the state trait anxiety questionnaire (STAI, state sub-
scale, Grimm et al., 2009; Spielberger, 1983), the “current mood scale”
(“Aktuelle Stimmungsskala” (Dalbert, 1992), and a set of individual
questions (e.g., “How stressed do you feel right now?*), which were
answered using visual analogue scales (VAS) with sliding bars from
0 (“not at all”) to 100 (“very much”). For details cf. Table S1.

In addition to the psychometric assessment of subjective state mea-
sures, participants completed self-report trait questionnaires during the
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relaxation period prior to the first MRI measurement (between T1 and
T2). These included the Trier Inventory of Chronic Stress (Schulz and
Schlotz, 1999), the Perceived Stress Scale (Klein et al., 2016), and
questions regarding individual sportive activity and sleep quality (for
details cf. Table S2).

For the analysis of subjective experience, we focused on the measures
most relevant to subjective stress and used in previous stress studies (e.g.
Allen et al., 2014; Hellhammer and Schubert, 2012): That is, anxiety and
subjective stress at each sampling time point were quantified using the
STAI sum score and the VAS value of the question “How stressed to you
feel right now?“, respectively. Results of other psychometric measures
will be reported elsewhere.

2.5. Autonomic data

To measure heart rate (HR) and its variability (HRV), electrocardi-
ography (ECG) and photoplethysmography (PPG) were recorded.
Outside the MRI, a 1-channel ECG was recorded (at 250 Hz) using a
BioHarness3 (Zephyr, Annapolis, Maryland, US) strap attached to the
participants' chests at the height of the xiphoid process. Inside the MRI,
ECG was recorded (at 1000 Hz) using an MR-compatible BrainAmp ExG
MR amplifier (Brain Products GmbH, Gilching, Germany) with Power-
Pack battery, SyncBox synchronization interface and the acquisition
software BrainVision Recorder (Version 1.20). To reduce artifacts related
to breathing (i.e., movement of the thorax), three electrodes were placed
on the participants’ backs (adjacent to cervical spine c7, above the coc-
cyx, and 15 cm below the left armpit). Also in the MRI, PPG was recorded
(at 1000 Hz) using an OXY100C pulse oximeter module with TSD123A
finger clip transducer and a BIOPAC MP150 system with the acquisition
software AcqKnowledge (Version 4.0, BIOPAC Systems Inc., Goleta, CA,
USA).

For the analysis of HR and HRYV, the time series were binned into
intervals of 3 min. This resulted in two intervals per RS scan and one
interval for each phase of the TSST (“anticipation”, “interview”, “arith-
metics”). For ECG data acquired during RS fMRI, gradient artefacts were
removed using a self-built template-based subtraction method in Matlab
(Nierhaus et al., 2013). For ECG and PPG data, peaks were automatically
detected and - if needed — manually corrected (less than 1% of peaks)
upon visual inspection using Matlab's findpeaks function or Kubios 2.2
(Tarvainen et al., 2014). For each interval, either PPG or ECG data were
used for HR/V analysis: For data acquired in the MRI, the PPG data was
used unless when missing (in total 37 intervals) or when the number of
faulty, manually uncorrectable peaks (due to wrong detection and/or
artefacts) exceeded 5% (in total 40 intervals); then, the ECG data for that
interval were analysed instead. The heart period (average interbeat in-
terval length in ms or inverse HR) was determined for each interval and
HRV was quantified as root mean square of successive differences
(RMSSD), indexing parasympathetic cardio-regulation (e.g. Berntson
etal., 1997).

2.6. Endocrine data

In parallel to the subjective ratings, blood and saliva samples were
obtained at 14 time points throughout the procedure (T1-T14, also see
Fig. 1). While participants were responding to the questionnaires, saliva
was sampled with a Sarstedt Salivette (duration: at least 2 min). During
the subjective sampling, the experimenter acquired blood samples
(serum and plasma, Sarstedt Monovette) from the intravenous catheter in
the left or right cubital vein. Samples were centrifuged and aliquoted for
the quantitative analysis. Cortisol concentrations in saliva were deter-
mined using Liquid chromatography-tandem mass spectrometry (LC-MS/
MS) at the Institute for Laboratory Medicine, Clinical Chemistry and
Molecular Diagnostics, University of Leipzig, following the protocol
described in (Gaudl et al., 2016). For a different focus of the study, other
endocrine markers in blood and serum were measured (results reported
in Bae et al., 2019).

683

Neurolmage 199 (2019) 680-690

2.7. Neuroimaging data

Magnetic resonance imaging (MRI) was performed on a 3TS
MAGNETOM Verio (Siemens, Erlangen, Germany) scanner using a 32-
channel Siemens head-coil. High resolution structural MR images
were acquired using an MP2RAGE sequence: sagittal acquisition orien-
tation, one 3D volume with 176 slices, repetition time (TR) = 5000 ms,
TE=2.92ms, TI1 =700ms, TI2=2500ms, FAl =4° FA2=05° pre-
scan normalization, echo spacing = 6.9 ms, bandwidth = 240 Hz/pixel,
FOV = 256 mm, voxel size =1 mm isotropic, GRAPPA acceleration fac-
tor 3, slice order = interleaved, duration =8 min 22s (Marques et al.,
2010). Six blocks (see Fig. 1) of 8-min RS fMRI (336 vol) were acquired
using a T2*-weighted echo planar imaging (EPI) sequence: axial
acquisition orientation, phase encoding = A > P, voxel size = 2.3 mm
isotropic, FOV = 202 mm, imaging matrix = 88 x 88, 64 slices with 2.3
mm thickness, TR = 1400 ms, TE = 30 ms, flip angle = 69°, echo
spacing = 0.67 ms, bandwidth = 1776 Hz/pixel, partial fourier 7/8, no
pre-scan normalization, multiband acceleration factor = 4, 336 vol, slice
order = interleaved, duration = 7 min 50 s. During each RS scan,
participants were instructed to lie still with their eyes open and to
loosely fixate a low-contrast crosshair. Before each RS scan, a pair of
gradient echo non-EPI scans (TR = 0.68 s, TE1 = 5.19 ms, TE2 = 7.65
ms, flip angle = 60°, voxel size = 2.3 mm isotropic, FOV = 202 mm, 64
slices) and two sets of spin echo EPI scans (TR = 2.2 s, TE = 50 ms, flip
angle = 90°, multiband factor = 4, voxel size = 2.3 mm isotropic, FOV
= 202 mm, 64 slices, phase encoding = AP, 3 vol/PA, 3 vol) were ac-
quired for field map and reverse phase encoding distortion correction,
respectively. FMRIB Software Library FSL (Smith et al., 2004) was used
for all preprocessing steps except for spatial transformations, which
were performed with Advanced Normalization Tools (ANTs; Avants
et al., 2011). To ensure a standardised and reproducible procedure, the
complete pipeline (https://github.com/NeuroanatomyAndConnectivit
y/pipelines/tree/master/src/Isd_lemon) was implemented in Nipype
(Gorgolewski et al., 2011). Preprocessing of the RS data fMRI
comprised: discarding the first 5 vol, realignment, distortion correction,
denoising (motion parameters and physiological noise), co-registration
to the T1-weighted high resolution image, high pass filtering
(0.01 Hz), spatial smoothing with a 6 mm full-width-at-half-maximum
(FWHM) kernel, and normalisation to standard space (MNI152). A
detailed description of the preprocessing pipeline can be found in the
supplementary material.

Quality reports for all RS scans were created using a customized
Nipype workflow described in Mendes et al. (2019) and are available at
https://github.com/NeuroanatomyAndConnectivity/pipelines/tree/m
aster/src/lsd_lemon. Quality assessment (QA) included the calculation
of motion parameters such as framewise displacement (calculated as the
sum of the absolute values of the six realignment parameters), and the
visual assessment of co-registration quality, and temporal
signal-to-noise (tSNR). Each individual's scan quality scores were
compared to the group-level distribution and for each scan, the QA
report was visually inspected to ensure adequate data quality (cf. “Data
availability™).

2.7.1. Eigenvector centrality mapping

To assess stress-related changes in the topology of whole-brain
functional connectivity, Eigenvector centrality (EC) mapping (ECM;
Lohmann et al., 2010) was used. The graph-analytic metric EC quantifies
the importance of individual nodes (here: voxels) within a network
(Joyce et al., 2010; Rubinov and Sporns, 2010), that is, high EC indicates
that a node is highly connected to other nodes of the network, which are
themselves highly connected. ECM allows an exploratory whole-brain
approach independent from predefined seed regions (Lohmann et al.,
2010). Voxelwise ECMs were calculated (for each RS scan) using the fast
ECM algorithm (Wink, de Munck, van der Werf, van den Heuvel and
Barkhof, 2012).
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2.8. Statistical analysis

2.8.1. Data availability

From the analysis of the MRI data, six participants were excluded:
four due to excessive head movement (criterion: at least one volume with
>2.3 mm [voxel length] of framewise displacement; Power et al., 2012)
in the RS scans immediately before (rest2) or after (rest3) the interven-
tion, one participant aborted the scan, and one participant was excluded
because of an incidental finding that was discovered after the data
acquisition was completed. Imaging data from 29 participants in the
stress and 32 participants in the control group were analysed. From the
analysis of EC, psychometric, autonomic, and endocrine data using linear
mixed models, an additional participant in the stress group was excluded
because of a cortisol increase below 1.5 nmol/l, which is considered a
non-responder (Miller et al., 2013). For the correlations between brain
measures and subjective or autonomic stress markers within the stress
group, participants with missing data points at either rest2 or rest3 were
excluded: None for psychometric data (total n = 28) and three for HR/V
analysis due to mis-sampled ECG/PPG data (total n = 26).

For the endocrine data, two single missing sampling time points (T8,
in the stress group) were imputed with the mean of the values before and
after the missing value. In total, cortisol data from 28 participants were
analysed.

2.8.2. Group-level analysis of EC maps

Differential effects of the intervention on both groups were analysed
using a “flexible factorial” model in SPM12 (Wellcome Trust Centre).
ECMs from rest2 (immediately before the intervention) and rest3
(immediately after the intervention, i.e., +30 min after its onset) were
entered into a model including the factors pre-post (rest2, rest3;
within-subject), group (stress, control; between-subject), and subject. We
defined contrasts which tested the interaction of time point and group, as
well as the simple effect of time point, within the stress and the control
group, respectively. To specify stress-related EC changes, the ECMs of the
time point by group interaction and of the simple effect of time point in
the stress group were overlaid using FSLmaths. The resulting mask was
binarized and used to extract EC values from all participants and scans
(restl to rest6), which were then correlated with psychometric, endo-
crine, and autonomic data.

All maps were corrected for multiple comparisons using a cluster-
level family wise error (FWE) correction (Nichols and Hayasaka, 2003)
with a threshold of p < 0.005 (uncorrected) at the voxel-level and of
p < 0.05 (FWE-corrected) at the cluster-level (Bansal and Peterson, 2018;
Mueller et al., 2017). The cluster extent (kg) threshold was set using the
tool SPM_ClusterSizeThreshold (Phillips, 2016), yielding a cluster extent
threshold of kg =251. To investigate the network of stress-related EC
changes, an exploratory seed-based functional connectivity was per-
formed (cf. Supplement for methods and results).

2.8.3. Linear mixed models of stress measures

To investigate the time courses of EC values and other (i.e., psycho-
metric, autonomic, and endocrine) measures across all RS scans (rest1 to
rest6), linear mixed models (Baayen, R Harald, 2008; Brown et al., 2014)
were computed using the function Imer of the package Ime4 (version
1.1-13; Bates et al., 2015) in R 3.0.2 (R Core Team, 2008). To test
whether the measures of interest were specifically influenced by stress
(i.e., the interaction of RS-scan and group), the model included the
respective measure as the outcome variable and RS-scan as well as group
as fixed effects. To correct for differences in baseline values, these were
included (average values during rest2) as a fixed effect. To control for the
repeated measures, “participant” was included as a random intercept.
Significance of the full model was determined by comparing it to a
reduced model without the interaction of RS-scan and group using a
likelihood ratio test (R function anova with argument test set to “Chisq”;
Dobson and Barnett, 2018; Forstmeier and Schielzeth, 2011). In case of a
significant difference between the full and the reduced model, post-hoc
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least-squares means tests, adjusted for multiple comparisons using
Tukey's method, were performed with the R-package emmeans (version
1.1.2,; Lenth et al., 2018). Prior to analyses, the data were inspected, the
required assumptions were tested, and parametric variables were
z-transformed (see supplementary material for details).

2.8.4. Correlations between brain measures and other stress markers

To analyse the relationship between stress-related changes in EC
values and the other (psychometric, autonomic, and endocrine) stress
markers, their deltas were computed by subtracting rest2 values from
rest3 values and correlated using Spearman's rank correlation (due to the
non-normality of EC values; Shapiro-Wilk test: W(29) = 0.87, p =0.002)
in R 3.0.2 (R Core Team, 2008). As psychometric (state anxiety, subjec-
tive stress) and endocrine (salivary cortisol) stress markers were not
acquired during the fMRI sequence but before and after each RS scan, the
two values were averaged before the delta between rest2 and rest3 was
created. For the heart rate data, the two 3-min intervals during the RS
scans were averaged before the correlation.

3. Results

The stress and the control group did not differ significantly in age,
hours of sleep before the day of the experiment, average sportive activity
per week, or self-reported chronic stress (see Table S5).

3.1. Psychometric, autonomic, and endocrine results

In response to the TSST, the stress group showed significantly
different reactions in psychometric (state anxiety and subjective stress),
autonomic (HR and HRV), and endocrine (salivary cortisol) stress
markers compared to the control group (Fig. 2).

3.1.1. State anxiety and subjective stress

For state anxiety (STAI) scores, there was a significant interaction
between RS-scan and group (y2(5) =27.62, p <0.001). Post-hoc tests
showed significant group differences at rest3 (+35 min, t-ratio (272.59)
= —3.13; p < 0.01; stress > control group), and rest6 (+105 min, t-ratio
(272.59) = 2.20; p < 0.05; control > stress group). For subjective stress
(VAS “stressed”), there was a significant interaction between RS-scan and
group (x2(5) =15.19, p < 0.01). Post-hoc tests did not show significant
group differences at rest3 (+35 min, t-ratio (303.44) = —1.57; p = 0.11)
but at rest6 (+105 min, t-ratio (303.44) = 2.60; p < 0.01; control > stress
group).

3.1.2. Heart rate and heart rate variability

For HR changes, there was a significant interaction between RS-scan
and group (x2(5) =74.94, p < 0.001). Post-hoc tests revealed significant
group differences (stress > control group) in HR at rest3 (435 min, t-ratio
(180.67) = —7.96; p < 0.0001), rest4 (+55 min, t-ratio (180.67) = —5.4;
p < 0.0001), rest5 (+90 min, t-ratio (180.67) = —3.87; p < 0.001), and
rest6 (+105 min, t-ratio (184.36) = —4.48; p < 0.0001). For HRV
measured as RMSSD changes, there was a significant interaction between
RS-scan and group (x2(5)=15.68, p <0.01). Post-hoc tests revealed
significant group differences (control > stress group) in RMSSD at rest3
(+35 min, t-ratio (220.13) = 2.95; p < 0.01) and rest6 (+105 min, t-ratio
(223.84) = 2.24; p < 0.05).

3.1.3. Saliva cortisol

For saliva cortisol there was a significant RS-scan by group interaction
(x2(5) =183.62, p<0.001) driven by significant group difference
(stress > control group) for all RS scans after stress exposure, at rest3
(+35 min, t-ratio (232.35) = —12.64 p < 0.0001), rest4 (455 min, t-ratio
(232.35) = —11.75; p < 0.0001), rest5 (+90 min, t-ratio (232.35) =
—7.75; p < 0.0001), and rest6 (+105 min, t-ratio (232.35) = —6.48, p <
0.0001).
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Fig. 2. Mean time courses of state anxiety (STAI), subjective
stress (VAS, “stressed”), heart rate (HR, in beats per minute,
bpm), heart rate variability (HRV, as root mean square of
successive differences, RMSSD, in ms), and saliva cortisol (in
nmol/1), plotted over the six resting-state (RS) scans (baseline-
corrected with the values of rest2). Timing relative to TSST
(start, end, darker grey area). The lighter grey area highlights
the time when participants in the stress group were still
expecting another task (see section 2.3). After rest4 (+60 min
after TSST onset), they were told that no additional task would
follow and that they could relax. The hours indicate the time at
which important sampling points were scheduled. Linear
mixed models show significant RS-scan by group interactions
for all five measures. For visualization purposes and to be
comparable to the brain measure of Eigenvector centrality, the
values were down-sampled by taking the mean per RS scan.
See Fig. S1 for the time courses over all 14 time points. Error
bars: 95% confidence interval. * = p < .05.
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Fig. 3. Changes in Eigenvector centrality (EC) after an acute stressor and their association with other stress markers. (A) Significant clusters of increased EC, rest2
(20 min before the stressor) < rest3 (+35 min after the stressor). The overlap between the RS-scan by group interaction and the simple effect of RS-scan in the stress
group (which almost completely overlays the cluster of the simple effect) was located in the bilateral thalamus. Threshold: p < 0.005 (uncorrected) at the voxel and
p < 0.05 (FWE-corrected) at the cluster level. (B) Box plots (horizontal bar: median; whiskers: 1.5 interquartile range; dots: data from individual participants) of the
extracted EC values from the overlap of simple and interaction effect depicted in (A) plotted for rest2 and rest3 in the stress (red) and control (black) group. (C) Stress-
related EC increases in the subcortical cluster (overlap simple and interaction effect) significantly correlated (Spearman's rank correlation on deltas between rest3 and
rest2) with other stress measures in the stress group: (top left) positively with subjective stress (visual analogue scale, VAS, “How stressed do you feel right now?*), (top
middle) negatively with heart rate variability (HRV, measured as root mean squared successive differences, RMSSD, in ms), and (top right) positively with saliva cortisol
(in nmol/1) but not with (bottom left) state anxiety (STAI) or (bottom right) heart rate. Dashed lines support visual estimation.

3.2. Neuroimaging results

The interaction of pre-post (rest2, rest3) and group (stress, control) was

significant in subcortical and frontal clusters. In the stress group
(compared to the control group), EC in a subcortical cluster around the
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bilateral thalamus (peak MNI coordinate: [—6, —26, 2], T=4.14,
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prwe = 0.011, kg = 335; see Fig. 3A, see Table 1), increased from pre-
stress (rest2, 20 min before TSST onset) to post-stress (rest3, +35 min
after TSST onset). Significant clusters of increased EC in the simple effect
in the stress group overlapped with the clusters of the interaction effect
and showed a wider extension to bilateral putamen and caudate nucleus
(MNI coordinate: [—26, 12, —6], T = 5.24, ppwg < 0.001, kg = 545; and
MNI coordinate: [28, 14, —8], T=4.5, prwg<0.001, kg=1336,
respectively, see Table 1). The simple effect in the stress group also
showed a significant cluster of increased EC in the bilateral cerebellum

Table 1
Stress-related increases in subcortical Eigenvector centrality.

Contrast cluster/ Region Peak Voxel T
extent (n coordinates (MNI) max
voxels) -

X y z
Interaction stress vs.  Cluster 1/
control (pre-post 335
by group)
Thalamus
Maximum 1 —6 -26 2 4.14
Maximum 2 8 -14 6 3.86
Maximum 3 —4 -16 8 3.69
Maximum 4 18 -20 6 3.44
Maximum 5 4 —4 4 2.94
Simple effect in
stress group
(rest2 < rest3)
Cluster 1/
1336
Thalamus
Maximum 1 28 14 -8 4.50
Maximum 2 28 6 -2 4.32
Maximum 3 -8 -18 8 4.29
Maximum 4 28 0 8 4.19
Maximum 5 10 0 18 4.16
Maximum 6 —4 -16 16 4.08
Maximum 7 —6 -20 10 3.89
Maximum 8 28 -10 10 3.87
Maximum 9 16 0 18 3.70
Maximum 12 —4 14 3.68
10
Maximum 26 4 -10 3.67
11
Cluster 2/
766
Cerebellum
Maximum 1 -16 —72 —24 4.28
Maximum 2 -36 —62 —28 4.26
Maximum 3 —44 -70 -14 4.03
Maximum 4 —6 -70 —34 3.90
Maximum 5 -16 —48 —24 3.82
Maximum 6 -38 —58 —40 3.76
Maximum 7 —24 —60 -30 3.66
Maximum 8 -32 -70 —24 3.37
Maximum 9 -10 —56 —28 3.34
Maximum —-32 -76 -30 3.32
10
Maximum —18 —66 —-32 3.26
11
Cluster 3/
545
Putamen
Maximum 1 -26 12 -6 5.24
Maximum 2 —26 2 -2 4.44
Maximum 3 —22 6 6 3.92
Maximum4 -26 O 6 3.89
Maximum 5 -18 8 20 3.60
Maximum 6 —26 -16 6 3.50
Maximum 7 —-12 14 14 3.22
Maximum 8 —-32 -8 —4 3.19
Maximum 9 —28 -10 14 2.95
Maximum -30 -10 —14 2.77
10
Maximum -8 10 12 2.74
11
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(MNI coordinate: [-16, —72, —24], T =4.28, ppwg < 0.001, kg =766,
see Table 1). Furthermore, the interaction contrast for testing the
decrease of EC within the stress group revealed a significant cluster in the
frontal pole (MNI coordinate: [8, 62, —4], T=4.18, prwg=0.005,
kg = 374, see Table 1). However, this did not overlap with any simple
effect. The simple effect in the control group showed a significant EC
increase in a cluster around the left lateral temporal pole (MNI coordi-
nate: [30, —30, —32], T = 5.27, ppwE < 0.05, kg = 276, see Table 1) and a
decrease in occipital cluster (MNI coordinate: [4, —88, 8], T=5.22,
Prwe < 0.001, kg = 1427, see Table 1). Both clusters did not overlap with
significant clusters in the interaction analysis.

The exploratory seed-based analysis yielded widespread connectivity
increases between the thalamic cluster and parietal as well as temporal
regions in the stress group (cf. Fig. S3), including bilateral hippocampus
and amygdala.

3.3. Associations between stress measures

For delta values (rest3-rest2) in the stress group, EC showed a signif-
icant positive correlation with both subjective stress (rho(28) =0.45,
p=0.02). The positive correlation between saliva cortisol and EC
showed a non-significant trend (rho(28) = 0.34, p = 0.08). Similarly, the
negative correlation between HRV/RMSSD and EC showed a non-
significant trend (rho(26) = —0.35, p=0.08) (see Fig. 3C). No signifi-
cant correlations were found between EC and STAI scores
(rho(28) = 0.15, p = 0.44) or between EC and heart rate (tho(26) = 0.21,
p=0.31).

3.4. Time courses of subcortical eigenvector centrality

EC time courses of subcortical clusters in the stress and the control
group are shown in Fig. 4. The full model that included the RS-scan by
group interaction and the null model (without the interaction term)
differed significantly (likelihood ratio test: y2(5)=18.46, p <0.01).
Post-hoc tests showed significantly higher EC values in the stress than in
the control group at rest3 (+35 min; t-ratio (312.18) = —3.40; p < 0.001)
and rest4 (455 min; t-ratio (312.18) = —2.49; p < 0.05). Qualitatively,
EC values decreased at 50 min after stressor onset (rest4) but then
increased again at 85 min (rest5) to stay elevated (at least) until 105 min
after stress onset (rest6). At rest5 and rest6, subcortical EC values in the
control group showed a similar increase.

4. Discussion

In this study, we investigated functional brain network topology in
response to an acute psychosocial stressor and during the recovery from
it. Eigenvector centrality (EC) mapping was used to identify brain hubs
involved in stress processing, which were subsequently related to sub-
jective, autonomic, and endocrine stress markers. First, our results show
that the TSST elicits strong subjective, autonomic, and endocrine stress
responses, as previously described (for a review see Allen et al., 2014).
Second, we found an immediate, stress-driven change in whole-brain
network topology: EC increased in a cluster peaking in the thalamus,
which was connected to regions across the whole brain. This EC increase
was more pronounced in participants who also showed stronger
stress-related changes in subjective (VAS stressed) as well as — to a lesser
extent — autonomic (HRV), and endocrine (saliva cortisol) measures.
Third, and different from our expectations based on Hermans et al.
(2014), the stress-driven elevation of EC did not recover within 105 min
after stress onset. EC values did decrease at 50 min after stressor onset
(rest4) but then increased again (at least) until the 105 min after stressor
onset (rest6).

Stress-related changes in brain network topology indicate that
thalamic connectivity may be important to information processing
immediately after stress exposure. Especially in the immediate aftermath
of stress exposure, when the organism is in a hypervigilant state (van
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Fig. 4. Thalamic Eigenvector centrality (EC) plotted over the
six resting-state (RS) scans. (A) Overlap of the RS-scan by group
interaction and the simple effect in the stress group (incl. rest2
and rest3), from which EC values were extracted. (B) Baseline-
corrected (with the value at rest2) mean EC values in the
cluster shown in A for the six RS scans. Timing relative to TSST
onset (start, end, darker grey area). The lighter grey area in-
dicates the time when participants in the stress group were still
expecting another task (see section 2.3). After rest4 (+60 min
after TSST onset), they were told that no additional task would
follow and that they could relax. The hours indicate the time at
which important sampling points were scheduled. There was a
significant RS-scan by group interaction (}2(5)=18.46,
p <0.01) with significant group differences (stress > control
] group) at rest3 (+35 min, tratio (312.18) —3.4;
‘ Peorr < 0.001) and rest4 (+55 min, t-ratio (312.18) = —2.49;
Peorr < 0.05).
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Marle et al., 2010), adequate behaviour requires focused resource allo-
cation (e.g., energy supply to brain regions that process relevant infor-
mation; Hermans et al.,, 2014). Increased centrality in the thalamus
supports its essential role for the control of functional network balance
and resource allocation (Garrett et al., 2018; Hwang, Bertolero, Liu, &
D'Esposito, 2017). With its extensive structural and functional connec-
tivity, the thalamus is a central relay for sensory signals ascending to the
cortex and for trans-thalamic cortico-cortical communication (Sherman
and Guillery, 2002). Thalamic nuclei thereby modulate the transfer of
information in accord with current attentional and motor or behavioral
demands (Sherman and Guillery, 2002; Wolff and Vann, 2019). Beyond
being a relay, the thalamus actively and dynamically gates salient inputs
by minimizing the importance of currently irrelevant ones (Wolff and
Vann, 2019, for review). Activation in the — particularly paraventricular —
thalamus has recently been shown to represent salient stimulus features
like aversiveness, novelty, and surprise (Zhu et al., 2018). With its inputs
from the hypothalamus and brainstem, it also receives information about
the homeostatic or arousal state of the organism; and its activation but
also its connectivity with cortical regions have been linked to learning
processes that underlie behavioral flexibility (Wolff and Vann, 2019; Zhu
et al., 2018).

Increased centrality in the thalamus might therefore reflect an
increased arousal or alertness (Lohmann et al., 2010; Schiff, 2008) to
support the anticipation and processing of salient stimuli (Greenberg
et al., 2015; Zhu et al., 2018). The extent of stress effects on brain con-
nectivity is also visible in the results of our exploratory seed-based
analysis, showing stress-driven connectivity increases between the
thalamic cluster and widespread parietal and temporal regions. Previous
studies have shown stress-driven changes in thalamic activation (Dedovic
et al., 2014; Fan et al., 2015; Gianaros et al., 2008; Koric et al., 2012;
Pruessner et al., 2008; Sinha et al., 2016; Sinha et al., 2004) as well as an
increased thalamo-cortical integration with widespread consequences for
cortical activity (Maron-Katz et al., 2016) after stressor exposure. While
previous stress studies have often also found activation or connectivity
changes in the thalamus (but less often discuss them), we did not find
significant centrality changes in regions prominent in the stress
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literature, like the PFC, the amygdala, the hippocampus, or the hypo-
thalamus. To all these regions, the thalamus is strongly connected (Wolff
and Vann, 2019; Zhu et al., 2018) and thalamic EC changes in our study
may represent connectivity with these regions (cf. the results of the
exploratory seed-based functional connectivity analysis; Fig. S3).

Our results also relate these regions to stress markers beyond the
brain: stress-related brain changes in the thalamus were more pro-
nounced in participants with stronger stress responses in subjective stress
and - to a lesser extent — peripheral measures (saliva cortisol and heart
rate variability). These findings align with evidence that relates thalamic
function not only to emotional processing (Barrett, 2016; Kober et al.,
2008; Lee et al., 2012; Lee and Shin, 2016; Penzo et al., 2015; Timbie and
Barbas, 2015; Wang et al., 2005) but also to homeostatic regulation (Ahs
et al., 2009; Cechetto and Shoemaker, 2009; Jaferi and Bhatnagar, 2006;
M. M. Suérez and Perassi, 1997; M. Suarez, Maglianesi and Perassi, 1998;
Wager et al., 2009; Zhu et al., 2018), showing thalamic involvement for
example in the endocrine adaptation to repetitive stressors (Jaferi and
Bhatnagar, 2006), respiratory control (Cechetto and Shoemaker, 2009),
and parasympathetic cardioregulation (Ahs et al., 2009; Wager et al.,
2009). That EC changes were not significantly correlated with changes in
STAI scores or HR may suggest that EC alterations are relevant for more
stress-specific (VAS, cortisol) and parasympathetic (HRV) than for gen-
eral anxiety (STAI) or sympathetic (HR) aspects of the stress response.

Besides emotions and homeostasis, our findings can be related to
uncertainty. While uncertainty is a crucial component of the TSST and
other stressors (de Berker et al., 2016; Koolhaas et al., 2011), according
to the free energy principle, the brain constantly tries to match pre-
dictions and the environment with the goal of minimizing uncertainty
(Friston, 2010; Peters et al., 2017). Thalamic regions— as part of a basal
ganglia-thalamo-cortical loop — have been involved in the cognitive
processing of uncertainty (Grinband et al., 2006) and in the coordination
of “higher” cortical regions (e.g., in prefrontal, insular, and parietal
cortices) with the goal to adapt to uncertain environments through
probabilistic inferential learning (Mestres-Missé et al., 2017). In general,
learning from (stressful) experiences is crucial to reduce uncertainty —
and stress — in future situations (de Berker et al., 2016; Peters et al.,
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2017). An adaptive stress response thus enables and involves neural
plasticity to support these learning processes (Regev and Baram, 2014).

Hallmark of an adaptive stress response is an adequate cortisol
response, which, in synergy with other neuroendocrine transmitters,
supports rapid behavioural choices but also promotes longer-term neural
recovery and higher cognitive functions (Joéls et al., 2013). We thus
speculate that our findings can be interpreted as indirect evidence that
thalamic are involved in stress-based learning processes(Wolff and Vann,
2019; Zhu et al., 2018). However, as we did not measure such processes,
we cannot directly test their relation to the observed EC changes in the
thalamus.

Based on the model by Hermans et al. (2014), we anticipated the
functional connectivity changes to resemble the time course of the
endocrine stress response, increasing immediately after stress exposure
and then decaying over time. In the stress group, EC values increased
immediately after stress exposure (rest3) and decayed during rest4 (450
min). However, in both groups, they then increased (again) until the end
of the experiment. This pattern may reflect a more general (i.e.,
group-independent) state (e.g., exhaustion, boredom, annoyance) to-
wards the end of the 6-h experimental procedure. The psychometric
measures of stressfulness and exhaustion, which show a similar time
course as the EC values in both groups (Fig. 2), support this interpreta-
tion. It has been reported that an MRI scan itself can be perceived as
stressful (Muehlhan et al., 2011) and the procedure during a RS fMRI
acquisition may share some characteristics with the TSST: for example,
the participant's “performance” is monitored and recorded by a team of
specialists trying to remain and interact in a neutral fashion. Thus, it is
conceivable that the observed effects on the neural level are a super-
position of two different effects: stress induced by the TSST and the
expectation of another task, specific to the stress group and with a clear
cortisol response, and exhaustion/boredom/annoyance in both groups,
caused by the overall length of the experiment. For the last scan (rest6),
the control group reported significantly higher state anxiety and sub-
jective stress than the stress group (while the autonomic and endocrine
stress markers did not “flip”). This illustrates that physiological and
subjective stress measures can - and often do - dissociate (D. Hell-
hammer, Stone, Hellhammer and Broderick, 2010; J. Hellhammer and
Schubert, 2012).

There are several limitations that should be considered when inter-
preting the findings of our study: we only included young, healthy, male
participants. While this allowed us to investigate stress-induced changes
using a multimodal approach without confounds like the impact of the
ovarian cycle, the generalisability of our results has to be tested in studies
with more heterogeneous samples. To sample female participants at the
same phase of the ovarian cycle would have been beyond the resources of
our study as self-reports or (single) assessments of physiological param-
eters (e.g., body temperature, hormone concentrations) are unreliable
and, for example, highly influenced by day-to-day fluctuations (cf. Barth
et al., 2016). Our study design cannot disentangle the aspects of
increased thalamic centrality that are due to more general changes in
alertness or arousal from those that are stress-specific. That there is a
stress-specific component is suggested by the association of EC increases
with dedicated stress markers like subjective stress or - to a lesser extend
saliva cortisol and by the absence of a group difference in self-reported
alertness (non-significant RS-scan by group interaction in a linear mixed
model of the mood scale's sleepiness component; Dalbert, 1992; Fig. S2).
Although the TSST's strong and long lasting effect was crucial for our
research question, it does not include a parametric modulation of the
stressor (e.g., by varying levels of uncertainty; de Berker et al., 2016),
which would provide a more fine-grained analysis of the association
between stress-inducing uncertainty and, for example, thalamic network
centrality. In addition, the functional significance of centrality changes
could be confirmed by including a task after the stressor, which allows,
for example, the measurement of attentional performance. Please note
that our results show the network hubs based on EC across voxels - but
not regions - in the brain. Treating each voxel as an independent unit
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might bias the results because of the different size of different brain re-
gions. However, atlas-based network analyses depend on prior assump-
tions about functional brain topology, which can also bias the results (de
Reus & van den Heuvel, 2013).

In this study, we show stress-driven changes in whole-brain func-
tional network topology without a priori definition of seed regions or
network masks. By acquiring data from different stress systems over an
extended time after stressor onset, it was possible to not just multi-
modally investigate immediate stress effects but also their time courses
during recovery. We identified thalamic regions to be centrally involved
in the neural response to acute stress, underlying stress-related connec-
tivity changes across the whole brain. Changes in thalamic centrality
were also related to subjective as well as — to a lesser extent — to auto-
nomic and endocrine stress measures. The importance of the thalamus
supports the hypothesis that acute stress shifts resources towards a state
of heightened saliency processing. The thalamus may thus be a target for
future research — also investigating stress-related psychopathology, such
as post-traumatic stress disorder (Yin et al., 2011), depression (Greicius
et al., 2007), addiction (Everitt and Robbins, 2013), or schizophrenia
(Giraldo-Chica and Woodward, 2017; Howes et al., 2017). Of particular
importance is also the role of stress resilience (Brown et al., 2014), which
requires studying the time course of the brain's response to stress and its
association with peripheral stress markers. In conclusion, our findings
suggest thalamic connectivity to play a central role for the processing of
stress and to constitute a nexus for stress responses in the rest of the body
and in the mind.
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