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Abstract

An adaptive response to stressors requires the dynamic regulation of cognitive resources.
Animal research shows distinct roles of the physiological hormone cascades involved in the
stress response and their spatial-temporal dynamics. The spatial-temporal profile of neural
functioning under stress form core nodes in multiple large-scale networks. The aggregation
of both animal and human studies has therefore resulted in a model of how these large-scale
networks respond to stress, which is postulated to entail the dynamic allocation of
processing resources between the Salience, Executive Control, and Default Mode Networks.
Here, we test this model using resting state fMRI by contrasting the functional connectivity
profiles of these networks after stress induction using the socially evaluated cold pressor
task (SECPT) and control conditions in a population of first year (bio-) medical students. We
additionally assess whether individualized stress reactivity, as determined by the HPA axis
stress response, impacts shifts in these networks after acute stress. The results show
decreased functional connectivity of the Executive Control and Default Mode Network with
distinct subregions of the cerebellum after stress. No effects of HPA response on these
dynamics were found. Our results demonstrate the importance of cerebellar contributions
to large-scale network investigations and their functional role in the adaptive stress-

response.

A fundamental component of survival is the ability to adapt to new challenges that may arise
in an organism’s environment. A series of biological mechanisms have evolved to support
adaptation to change and maximize the likelihood of survival. These include a complex
interplay of stress systems that, when prompted, allow us to respond adequately to
threatening events and return to equilibrium when the challenge is dealt with. While the
nature of stressful events has changed with the development of modern societies, these
systems serve us in the same manner for a big presentation at work, as they did when
confronted with a dangerous predator while out on a hunt. The inner-workings of stress-
systems have been of great interest to scientific investigations since the pioneering work of

Walter Cannon (fight-or-flight; Cannon, 1915) and Hans Selye (General adaptation



syndrome; Selye, 1936, 1976) and remains an active field of research today. Related
psychopathologies such as mood and anxiety disorders are estimated to be the main source
of mental health-related disease burden worldwide (Patel et al., 2016), underlining the
importance of an accurate understanding of how these systems function in health and

disease.

Stress can be described as a physiological and psychological offset from homeostasis
(Cannon, 1929). Any event that threatens or is perceived to threaten homeostasis is referred
to as a ‘stressor’ (de Kloet, Joéls, & Holsboer, 2005). The stress concept, therefore, entails
the reciprocal interaction between external events and the internal state of an organism.
Importantly, stressors elicit physiological and psychological changes that allow an organism
to adaptively cope with the challenge imposed. To accomplish this, multiple hormone

cascades are put into action and cognitive functions are dynamically up- or downregulated.

On a physiological level, changes in the homeostatic system are linked to multiple pathways
that support the stress response with different temporal and spatial effects (Hermans,
Henckens, Joéls, & Fernandez, 2014). These include the sympatho-adrenomedullary axis
(SAM-axis; Piazza, Alemeida, Dmitrieva, & Klein, 2010; Russel & Lightman, 2019) and the
hypothalamic-pituitary-adrenal axis (HPA-axis; Russel & Lightman, 2019). Both systems are
responsible for the release of hormones that are involved in the stress response, including
catecholamines (e.g norepinephrine) and corticosteroids (e.g cortisol), respectively. In the
initial phase of the stress response, activation of the locus coeruleus in the brainstem causes
the release of norepinephrine in the brain (Rajkowski, Kubiak, Ivanova, & Aston-Jones, 1998;
Valentino & van Bockstaele, 2008). Peripherally, norepinephrine is released from the
medulla of the adrenal gland into the bloodstream (Mason, 1968), which is initiated by the
SAM-axis. The actions of this initial surge of catecholamines starts instantaneously with the
onset of stress and typically normalize within 30 minutes after stress-onset (Joéls,
Fernandez, & Roozendaal 2011). These actions, therefore, allow us to respond to the

immediate demands that a stressor puts on us.

The HPA-axis, on the other hand, asserts its effects later. It does so by initiating the release

of corticosteroids such as cortisol (Russel & Lightman, 2019). Concentrations of cortisol peak



between 20 to 30 minutes after stress onset (Kirschbaum, Bartussek, & Strasburger, 1992).
This timing of the cortisol response suggests that the window of action lies primarily outside
of the immediate stress response. The final effects of corticosteroids constitute actions at
the level of gene expression where they act as transcription factors (Joéls, Sarabdjitsingh, &
Karst, 2012; Russel & Lightman, 2019). These alter the transcription of genes to either
increase or decrease the levels of proteins in the neuron and thereby affect neural
functioning. Because corticosteroids must travel further into the cell nucleus for these
actions to take effect, this process typically takes at least one hour to be initiated but is also
longer lasting (Meijer, Buurstede, & Schaaf, 2019). The genomic actions of glucocorticoids
also differ widely between areas of the brain (Meijer et al., 2019). Besides these long-term
effects, corticosteroids also act on membrane-bound receptors where they assert effects on
a quicker timescale (Meijer et al., 2019). Therefore, corticosteroids have both rapid and

slower modes of action, mediated by different corticoid receptor types (Meijer et al., 2019).

Earlier animal experiments have shed light on how these stress hormones affect neural
functioning in specific brain regions. For example, the large amounts of noradrenaline
availability associated with the stress response leads to activation of different receptors in
the prefrontal cortex (PFC) and the amygdala (Birnbaum, Gobeske, Auerbach, Taylor, &
Arnsten, 1999; Arnsten, 2009; Abraham et al., 2008; Hermans et al., 2011). A similar pattern
has been observed for dopaminergic activity in the same areas, either decreasing or
increasing neural activity respectively (Vijayraghavan et al., 2007; Lamont & Kokkinidis,
1998). This suggests that catecholaminergic activity in the stress-response is region-specific
and may exert oppositional effects in these regions. Corticosteroids act in this manner as
well: Neuronal excitability of the basolateral amygdala has been found to be enhanced by
stress level glucocorticoids (Karst et al., 2010; Duvarci & Paré, 2007) while in the PFC,
corticosteroids exert different effects over time. Fast corticosteroid actions potentiate the
downregulatory effects of noradrenaline in the PFC (Barsegyan, Mackezie, Kurose, McGaugh,
& Roozendaal, 2010) while the slow actions of corticosteroids enhance PFC functioning
(Yuen et al., 2009), thereby possibly reversing the rapid effects of catecholamines and

corticosteroids.

Thus, stress-related ligands seem to initially enhance amygdala function, while impairing PFC



function. Taking the temporal dynamics of these ligands into consideration shows an
interesting pattern as well: slow corticoid actions seem to oppose the rapid effects of
catecholamines and corticosteroids (Hermans et al., 2014). Such oppositional effects of the
early and late processes of the stress response might therefore be an important mechanism

for adaptive recovery after stress (De kloet et al., 2005).

Importantly, these two systems (SAM and HPA axes) do not merely act on their own.
Corticosteroid and catecholaminergic actions interact at multiple sites in the brain to
potentiate each other’s actions (Roozendaal, Williams, & Mcgaugh, 1999; Saal, Dong, Bonci,
& Malenka 2003). In the rat prefrontal cortex, corticosteroids interact with noradrenaline to
enhance memory consolidation and impair working memory (Barsegyan et al., 2010;
Roozendaal, McEwen, & Chattariji, 2009). In the amygdala, corticosteroid administration
increases levels of noradrenaline 15 minutes post-administration which increases
hippocampal plasticity and memory consolidation (Mcreynolds et al., 2010). It is therefore
likely that the immediate effects stress has on cognition and behavior are in part modulated

by an interplay between catecholamines and the fast acting corticosteroids.

On a cognitive level, stress affects attention, memory, and executive functions. The change
in norepinephrine tone increases salience detection and shifts focused attention towards
greater ‘global scanning’ of the environment (Rajkowski et al., 1998; Aston-Jones & Cohen,
2005). Memory, here, is affected in multiple ways (Schwabe, Joéls, Roozendaal, Wolf, &
Oitzl, 2012). While cortisol-norepinephrine interactions enhance consolidation (Barsegyan et
al., 2010), they also impair the retrieval of long-term memories (Roozendaal, Hahn, Nathan,
Quervin, & McGaugh, 2004). Acute stress also impairs executive functions such as complex
reasoning, focusing attention, and working memory (Arnsten, 2009). As stress subsides,
cognition returns to baseline. This stage of the stress-response is referred to as the recovery
phase and is hypothesized to be functionally related to the downstream (genetic) actions of

glucocorticoids (De Kloet et al., 2005).

This dynamic shift in cognitive functioning occurs in cognitive domains that are supported by
distinct large-scale networks; collections of regions that systematically co-activate and

deactivate and are functionally connected (Bressler & Menon, 2010). The aforementioned



brain regions affected by stress form core nodes in two of such large-scale networks.
Specifically, the PFC is an important node in the Executive Control Network (ECN), together
with the posterior parietal cortex (PPC) and is functionally related to executive functions
(Bressler & Menon, 2010). The amygdala is a constituent part of the Salience network (SN),
together with the insula and the anterior cingulate cortex (ACC) and is functionally related to
salience detection (Seeley et al., 2007). It is therefore plausible that stress induced changes

take place at the level of these large-scale networks.

The handful of imaging studies investigating changes in large-scale network functional
connectivity (FC) induced by stress support this notion. Stress induction has been shown to
increase SN FC at the expense of ECN FC (Hermans et al., 2011, 2014; Young et al., 2017).
This upregulation of the SN appears to be sensitive specifically to adrenaline, and not
cortisol. Although cortisol levels correlated with increasing SN functional connectivity,
pharmacological blockage of cortisol receptors did not reduce SN upregulation, while
noradrenaline blockade did (Hermans et al., 2011). Chronic stress decreases functional
coupling between the dorsolateral prefrontal cortex (DLPFC) and the PPC, which are both
core nodes in the ECN (Liston, McEwen, & Casey, 2008). A third network of interest is the
Default Mode Network (DMN). The DMN is intrinsically linked to both the ECN and SN, is
implicated in stress-related disorders (Whitfield-Gabrieli & Ford, 2012), and has been

observed to be affected as a function of arousal (Young et al., 2017).

These stress-induced shifts in network connectivity have been observed under task
conditions, which skews the observed changes towards the SN and ECN, as they are
increasingly involved in meeting task demands (Dosenbach et al., 2007). The DMN, on the
other hand, is functionally related to mind-wandering, self-reflection, and mental time
travel—such as thinking about past events or envisioning the future (Whitfield-Gabrieli &
Ford, 2012). When interacting with external stimuli during attention-demanding tasks, the
DMN is suppressed. Therefore, the DMN and ECN are often observed to be anticorrelated
(Whitfield-Gabrieli & Ford, 2012). Thus, it could be possible that stress-induced network
dynamics look differently under rest conditions. One study has tested this by contrasting
resting-state activity of the three networks before stress induction, and 20 minutes after

stress induction (Zhang et al., 2019). They found that SN functional connectivity was



increased while the DMN showed a decrease in functional connectivity. Moreover, SN
activity increased as a function of the stress-induced cortisol rise and the reduction in both
local (within-network) and global (whole-brain) synchronization of the DMN correlated with
individual cortisol responses, although this correlation was relatively low. Interestingly, no
changes in ECN functional connectivity were found. These results indicate that a similar, but
distinct network reorganization occurs in response to stress under rest conditions during the
time window where cortisol levels are at their peak. Another study looked at resting-state
connectivity in these three networks before and after a mild social stressor and found
increased connectivity of the DMN with SN nodes (Clemens et al., 2017). This suggests that
DMN functioning is altered to allow for effective salience detection, in this context.
However, none of these previous studies have contrasted these findings with similar
(resting-state) network connectivity changes, without stress induction prior to data

acquisition.

These previous findings have been consolidated into model that aims at explaining stress
reactivity and recovery at the level of large-scale networks and the relationship with stress-
related catecholamine and corticosteroid actions (Hermans et al., 2014). In this model, the
SN is upregulated in the acute phase while the ECN is concurrently downregulated. This
initial shift in network dynamics is thought to be under the control of the fast actions of
catecholamines and non-genomic corticosteroid actions. In the later recovery phase, this
shift is reversed—as the SN is downregulated and the ECN upregulated—an effect which is
thought to be under the control of late non-genomic and genomic effects of corticosteroids.
Dynamic reallocation of processing resources between these networks has been

hypothesized to underlie this network shift.

The current study aims to test the acute changes in large-scale resting-state network activity
after a stress- and non-stress induction procedure in two separate sessions in healthy
participants and the modulatory role herein of the cortisol response. In line with previous
research, the hypotheses are to find increased Salience Network connectivity after stress
induction relative to control, decreased connectivity within the Default mode network, and
increased connectivity with Salience Network nodes. Relative to control conditions, no

changes in Executive Control Network functional connectivity after stress induction are



expected. Individual cortisol responses characterized by HPA-axis sensitivity to stress-
induction are expected to be related to connectivity changes of the Salience and Default

Mode Network.

Characterization of the stress response in terms of large-scale network dynamics may aid in
investigating altered brain functioning in stress-related psychopathology and in the design,
development, and evaluation of interventions that affect large-scale network dynamics, such
as mindfulness-based stress reduction (Kilpatrick et al., 2011; Kral et al., 2018) and

neurofeedback-based interventions (Chiba et al., 2019).
Methods

Participants

A total of 84 participants were recruited for the study “Stress resilience and the Brain in
Medical Students”, of which 53 (39 females, 14 males) aged 17-25 (M = 19, SD = 2) with
complete MRI scans are reported. Twenty of the female participants declared use of
hormonal contraceptives. All participants were first-year students of the Medicine or
Biomedical Sciences bachelor programs, at the Radboud University in Nijmegen, the
Netherlands. Participants were right-handed with normal or corrected-to-normal vision and
were native Dutch speakers. Written consent was provided by each participant before the
start of the experiment, followed by an MRI screening form. Participants were compensated
with a total of 160 euros for their participation in this study. The project protocol (‘Large-
Scale Network balance and Daily Life Stress Reactivity’) was approved by the local ethics

committee (CMO Nijmegen/Arnhem, The Netherlands).
Procedure
General setup

In anticipation of the two scheduled fMRI sessions, participants completed two separate
weeks of Ecological Momentary Assessment (EMA). One of these weeks was a regular week
(‘Control week’) and the other was a week before an exam (‘Stress week’). In each week,
participants took two saliva samples at home, one at the beginning and one at the end of the
week; both samples were taken around noon, before consuming food. At the end of each

week, participants visited the testing center for behavioral testing.



For scanner-naive participants, a separate session was planned where a T1 anatomical image
was acquired, prior to the fMRI sessions. This was done in accordance with previous
evidence, which suggests that novel exposure to MRI scanning is linked to increased cortisol

levels (Tesner, Walker, Hochman, & Hamann, 2006).

This was followed by two separate counterbalanced fMRI sessions. In one session, the
participants performed a stress induction task prior to scanning (stress session) while in the
other, they performed a similar control procedure (control session; see stress induction
procedure). Participants with prior MRI experiences undertook the anatomical scan at the
end of their first fMRI session. Participants performed multiple interleaved tasks and resting-
state blocks during the functional sessions, of which one resting-state block is discussed here
(Figure 1). The EMA data, behavioral data, task data, and other resting-state data are beyond

the scope of this thesis and will not be further discussed.

Testing took place between 10:00 and 16:00 on weekdays and/or weekends. Participants
were invited to the testing center 2 hours before the start of the MRI session to allow
cortisol levels to return to baseline, and to allow participants to practice the tasks within this
protocol. At the start of the fMRI sessions, participants were instructed to remove their left
shoe and sock for the first tasks, and instructed that their task involved putting their foot in
water (see stress induction procedure below). After placing the subjects on the scanner bed,
the first saliva sample was taken followed by the stress induction or control procedure. A
second saliva sample was taken upon completion of this procedure. Subjects were then
placed inside the scanner where they performed the tasks (see fMRI procedure) and

collected three additional saliva samples.
Stress induction

Participants underwent a modified version of the Socially Evaluated Cold Pressor Task
(SECPT) before the start of fMRI scanning. This procedure combines a physical, mental, and
social stressor as a robust and reliable way to induce a stress response in an experimental

setting (Schwabe & Schachinger, 2018).



The procedure was as follows: An experimenter with whom the participants never had
contact with (i.e the stressor) entered the scanner room and placed a box filled with ice
water set to 2°C next to the scanner bed. Participants were informed that their foot would
be placed in the water for three minutes, but they could indicate to have their foot removed
earlier if it becomes unbearable. Afterward, their foot was wrapped in a towel and placed
back on the scanner bed. Participants then performed a difficult arithmetic task for another
three minutes, although they were not informed of this set duration here. In this task, they
are instructed to count back from the number ‘1872’ in steps of 17. If participants were too
slow (> 6 seconds to a response), they were instructed to speed up. If they made a mistake,
they were instructed to start from the beginning. Two consecutive time-outs prompted the
instruction to start over as well. The experimenter maintained a neutral facial expression
and tone throughout the procedure and provided no feedback outside of the responses to

wrong or untimely answers.

A similar task setup was used for the control procedure, with a few changes. The ice water
was replaced with room temperature tap water. Instead of the difficult arithmetic task,
participants were instructed to count upward from zero, in steps of five. Mistakes were not

corrected, and the procedure was performed by a familiar experimenter.
Saliva sampling

Five saliva samples were collected during each of the fMRI sessions. Sample one (S1) was
taken before the stress induction or control procedure (M = -5 minutes, SD = 3 minutes). The
second sample (S2) was taken immediately afterward (M = 8 minutes, SD = 4 minutes). The
third sample (S3) was taken around the peak cortisol time after the start of the stress
induction or control procedure (M = 37 minutes, SD = 6 minutes). The fourth sample (S4) was
then taken during the scanning break, approximately one and a half hours after the initial
stress- or control procedure (M = 89 minutes, SD = 10 minutes) with the last sample (S5)
taken at the end of the session, approximately two and a half hours post-stress induction or

control procedure (M = 153 minutes, SD = 9 minutes).

The first three samples were taken while the participants laid supine in the scanner. The

experimenter placed the cotton swab inside their mouths and instructed the participants to



keep it inside of their mouths, without chewing on it, for three minutes. The last two
samples were taken by the participants themselves. Participants were instructed to place the
cotton swab inside of their mouth, without touching it with their fingers. Samples were then
stored on-site in a -80°C freezer until analysis. The content analysis of the samples was

performed by Dresden LabService GmbH (Dresden, Germany).
fMRI procedure

Each of the two fMRI sessions were divided into an identical early and late run, matching the
temporal dynamics of the stress response. In between the two runs participants were
removed from the scanner for a short break. The runs each consisted of three tasks blocks
intermixed with 2 resting state runs. The task blocks were made up of three tasks each
designed to engage one of the three networks of interest (DMN, SN, and ECN). Task data is

not considered in this thesis; therefore, a detailed description of these tasks is not provided.

Participants were provided written instructions prior to the resting state run on screen.
Subjects were instructed to fixate on the cross, not to think and just ‘let their mind wander’

for the next five minutes. A flow chart of the scanning session is presented in figure 1.

O o o o

Task block4 m Task block5

Figure 1: Diagram showing the setup of the MRI sessions. Droplets represent moments where saliva samples

were taken. The black outlined block represents the data of interest in the current study.

Data acquisition

MRI scan acquisition



MRI scans were acquired using 3T Prisma and PrismaFit scanners (Siemens AG, Healthcare
Sector, Erlangen, Germany) with a 32-channel head coil. Subjects were placed inside the
bore in a head-first supine position. Their heads were secured with a pillow and tape was
placed over their foreheads to reduce head movements. Heart rate, respiration, and skin
conductance were measured during the functional sessions for subsequent noise reduction

in the functional images.

A 5-minute Magnetization-Prepared Rapid Gradient Echo (MP-RAGE) sequence was used to
acquire 1-millimeter T1-weighted anatomical images. The sequence consisted of the
following set of parameters: TR/TI/TE=2300/1100/3ms, 82 flip angle. The acquired images
have a 1x1x1 millimeter isotropic spatial resolution, resulting in a 256x216x176 matrix size.
Parallel imaging (iPAT = 2) was used to accelerate the acquisition time and reduce

susceptibility artifacts (Poser, Versluis, Hoogduin, & Norris, 2006).

The functional images were acquired using a MultiBand 3 MultiEcho3 sequence (TR/TE;-
3=1500/13.4/34.8/56.2ms, 7592 flip angle) which allows for better imaging of deeper gray
matter regions and regions close to air-tissue boundaries that have a relatively shorter T2*
(Poser et al., 2006). These T2*-weighted images have a 2.5x2.5x2.5 millimeter isotropic
resolution (84x84x84 matrix size). Parallel imaging (MB=3; iPAT=2; PF=7/8) was used for the

same reasons as the anatomical sequence.
Data analysis
HPA-axis sensitivity

The cortisol stress response was calculated similarly to Henckens et al. (2016). In the current
study, participants took two samples at home during the EMA weeks at noon before
consuming food. Therefore, we determine basal cortisol levels as the average of the two
samples taken during the EMA control week. Cortisol levels peak around ~30 minutes after
administration of a stressor (Kirschbaum, Bartussek, & Strasburger, 1992), therefore the
third sample was taken around this time point during fMRI sessions. Thus, the third sample
(S3) of each of the fMRI sessions was used as the peak cortisol measure for the stress and
control sessions. The cortisol stress response in the current study is calculated using the

following formula:



Cortisol level stress session (§3) — Cortisol level control session (53)
HPA Index =

Mean Basal cortisol level (2 samples measured at home)

This results in a single score for each participant that reflects HPA-axis sensitivity to the
stress induction procedure, which is normalized to baseline cortisol levels. Two participants
who were missing a stress or control session sample had their HPA Index set to 0. One
participant was missing one of the basal level samples, and had it calculated using the single

sample that was present.
Stress induction

To test whether the stress induction procedure was successful, a within-subject mixed-
effects model was utilized to test the peak versus peak difference between the stress and
control session salivary cortisol levels. Contraceptive use was added to the model as a fixed-
effects factor to control for hormonal contraceptive modulation of the stress-induced

cortisol response (Nielsen, Segal, Worden, Yim, & Cahill, 2012).
MRI preprocessing

The T1-weighted anatomical images were skull-stripped with the Brain Extraction Tool
(Smith, 2002). The three echoes of the functional volumes are combined using PAID
weighting (Poser et al., 2006; Posse, 2012), where 30 volumes were used for the weighting
calculation. Images were initially processed with MELODIC (Beckman & Smith, 2005) and
registration parameters were derived. Specifically, the T1 was registered to standard space,
and the functional image was registered to the registered T1. The denoised images for each
participant were then registered into MNI152 standard space. Low-frequency drifts are
removed by the application of a high-pass filter (cut-off at 100 seconds). Motion related
artifacts were identified with the use of ICA-based Automatic Removal Of Motion Artifacts
(ICA-AROMA; Pruim, Mennes, Rooij, Llera, Buitelaar, Beckmann, 2015), which selects

motion-related components from a set of independent components estimated by MELODIC.

Statistical analysis



The contrasts include the session differences (stress>control and control>stress) in each of
the brain networks of interest (DMN, SN, and ECN). These were analyzed using a
multisubject multisession group ICA with dual regression (Nickerson, Smith, Ongiir, &

Beckman, 2017; Beckman, Mackay, Filippini, & Smith, 2009).

MELODIC with multi-session temporal concatenation was used on the AROMA-cleaned data
to estimate independent components (ICNs). The number of estimated ICNs was limited to
the first 25 independent group-level components. This set of ICNs were then compared to
the FIND templates (Shirer, Ryali, Rykhlevskaia, Menon, & Greicius, 2012) of the three
networks of interest by calculating the Dice similarity coefficients (Dice, 1945) between ICNs
and templates. These templates included the left and right ECN, dorsal and ventral DMN,
and the SN, for a total of five network components that were included in subsequent
analysis. The components with the highest DSC for one of the networks were selected to

represent each of the networks.

A dual regression analysis was performed to extract subject-specific network components
for each stress and control session separately (Beckman, Mackay, Filippini, & Smith, 2009).
First, timeseries were extracted for each of the five group-level ICNs for each subject in each
session. Second, subject-specific statistical maps for each group-level ICN were extracted for
both sessions. The statistical maps were then subtracted from each other in both directions,
resulting in stress > control and control > stress contrast maps for each participant, in each
of the networks. Finally, the individual subject maps were concatenated into a single 4D file

for each network and contrast.

A one-sample T-test was then conducted on each contrast image for a total of 10
independent tests (5 networks x 2 contrasts) to test for differences within each network
between the stress and control session. These tests were conducted via permutation using
the randomise tool in FSL (Winkler, Ridgeway, Webster, Smith, & Nichols, 2014) with
Threshold-Free Cluster Enhancement (TFCE) and Family-Wise Error (FWE) correction for
multiple comparisons. HPA indices of each participant were added as a parametric

modulator, to test network modulation by the HPA-axis sensitivity using f-tests.



Results

Cortisol response

Analysis of salivary cortisol samples confirmed successful stress induction (figure 2). Linear
mixed model analysis with session and contraceptive use as fixed effects factors, and
subjects as random effect factor showed a significant session difference at peak cortisol time
(ts3= 2.19, p = 0.033). Hormonal contraceptive use had a significant effect on peak cortisol
levels (t = 2.09, p = 0.04). None of the remaining sampling times (S1, S2, S4 and S5) showed a
significant difference between the two sessions (ts1=-1.4, p=.17; ts2=-1.59, p = .12; tsa =

1.86, p=.07; tss=1.31, p=.2)
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Figure 2: Salivary cortisol response during the control (red) and stress (blue) sessions. Shaded area indicates
when the stress or control procedure occurred. Time is in minutes relative to the start of the procedures,

averaged over participants. ** p < .05.

Network selection

Independent components of interest were selected by comparing the corresponding FIND
template to each of the 25 group-level ICNs estimated by MELODIC ICA decomposition. The
components with the highest overlap with the left ECN (DICE = 0,38 ), right ECN (DICE =



0,28), dorsal DMN (DICE = 0,44 ), ventral DMN (DICE = 0,35), and SN (DICE = 0,43 ) templates

were selected for further analysis. All the selected network templates contained core nodes

that are typically associated with that network (Figure 3). The core regions of each network

are reported in table 1.

Table 1: Overview of core network areas in the group ICNs of the SN (Salience Network), ECN (Executive Control
Network), and DMN (Default Mode Network).

Network

SN

ECN - Right

ECN - Left

DMN - Dorsal

DMN - Ventral

Region

bilateral insula

bilateral anterior cingulate
cortex

right dorsolateral prefrontal
cortex

right posterior parietal cortex
left dorsolateral prefrontal
cortex

left posterior parietal cortex
posterior cingulate cortex
medial prefrontal cortex
bilateral parahippocampal
gyrus

bilateral hippocampi
bilateral medial temporal
gyrus

bilateral precuneus

medial prefrontal cortex (inc.
anterior cingulate cortex,
paracingulate cortex, and
frontal poles)

Posterior cingulate cortex

MNI coordinates
()39 11 0
(-)1.8 20 30

31 56 15

51 -45 44
-31 56 15

-51 -45 44
0 -49 30
-1 42 -15
()28 -32 -18.5

(-)25 -14 -21
(-)58 -9 -14

(-)2 -59 37
(-)0.5 48 10

2.5 -235 41



Each group level ICN map contained multiple areas not typically associated as core nodes to
the network. Other areas present in the SN group template were the frontal pole, superior
frontal gyrus, supramarginal gyrus, and cerebellum. Other areas in the right ECN included
the right middle and inferior temporal gyri, right paracingulate gyrus, right angular gyrus,
right caudate, right posterior cingulate cortex, right superior lateral occipital cortex, and the
left cerebellum. The left ECN contained the right middle and inferior temporal gyri, posterior
cingulate cortex, left caudate, and the right cerebellum in addition to its core components.
Other areas included in the dorsal DMN were the bilateral lateral occipital gyrus, and the
cerebellum. The ventral DMN contained the bilateral caudate, left accumbens, and bilateral

insula in addition to its core components.

Salience Network
SFG Y=17

IC/FOC

pcc/pcu 4

Crus I-1I

Figure 3: SN (Salience Network) — ECN (Executive Control Network): Right (Blue) and Left (Red) divisions — DMN
(Default Mode Network): Ventral (Blue) and Dorsal (Red) divisions. As derived ICA group templates in MNI152
standard space. PCC: posterior cingulate cortex, mPFC: medial prefrontal cortex, Hpc: hippocampus, I0C:

lateral occipital cortex, Pcu: precuneus, dIPFC: dorsolateral prefrontal cortex, PPC: posterior parietal cortex,



MFG: middle frontal gyrus, SFG: Superior frontal gyrus, MTG: middle temporal gyrus, sSMG: supramarginal

gyrus, AG: angular gyrus, ACC: anterior cingulate cortex, IC: insular cortex, FOC: frontal operculum cortex

Session differences

Group level session comparison showed significant changes in connectivity in several of the
networks under acute stress. For the contrast of control>stress, there was greater functional
connectivity (FC) in the left ECN with the left cerebellum during the control session (figure
3A). Increased FC was observed with the right cerebellum (lobule IX and Crus Il, p < 0.01,
uncorrected), however, these clusters did not survive multiple correction. For the same
contrast, greater FC was observed between the right ECN and a cluster in the right
cerebellum (Crus | and Il), while the stress>control contrast revealed greater FC with a small
cluster in the left cerebellum (lobule VIib-crus Il). No HPA axis modulation of functional

connectivity was observed in the right or left ECN.

Executive Control Network

Control > Stress

Control > Stress

Stress > Control

Figure 4: Decreased connectivity (blue) between the left Executive Control Network and the left Cerebellum

(A). Decreased connectivity was found between the right Executive Control Network the right Cerebellum (B)



while increased connectivity (red) was found with a small cluster in the left Cerebellum (C).

A significant lower FC was observed between the ventral DMN and bilateral cerebellum
(Crus | and lobule IX) in the stress session with respect to the control session, as seen as
greater FC in these areas for the control>stress contrast. Within the dorsal DMN, a
significant difference was observed in the posterior cingulate cortex/precuneus, as well as
with the bilateral Crus Il of the cerebellum (Figure 4B) for the same contrast. A HPA axis
modulated difference was observed in the right frontal pole and left cerebellum, (p < .01,

uncorrected) however, this did not survive correction for multiple comparisons.

Stress-induced upregulated SN activity modulated by HPA axis sensitivity was observed in
the cerebellum, as well as HPA axis modulated downregulation in the occipital pole (p < .01,

uncorrected). However, these clusters did not survive correction for multiple comparisons.

Default Mode Network

Control > Stress
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Control > Stress l!!

Controlv > Stress
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Figure 5: Stress-induced decreased connectivity between the dorsal Default Mode Network and the cerebellum

(A), as well as with the posterior cingulate cortex (B). Cerebellar connectivity was also decreased with the

ventral Default Mode Network (C).

Discussion



The current study investigated the differences in resting-state connectivity of three major
large-scale networks (SN, DMN, ECN) under acute stress, and how these might be modulated
by HPA-axis sensitivity to stress. The observed changes in functional connectivity across the
networks were not modulated by individual HPA-axis sensitivity to the stress induction
procedure. This suggests that cortisol may not play a major role in downregulating ECN and
DMN connectivity in the acute stress response. However, it may be that other factors play a
role in this observation. Firstly, the population sample in the current study contained female
participants that were either using hormonal contraceptives or freecycling. Hormonal
contraceptive use has a blunting effect on the cortisol response to stressors (Nielsen et al.,
2012), therefore we controlled for hormonal contraceptive use in testing the (peak) cortisol
difference between the control and stress session, which showed a significant difference.
The HPA-index utilized in this study has previously been successfully used to map individual
stress sensitivity and predict the neural response to stress (Henckens et al., 2016). However,
that population consisted of only males while the current study population combines males
and females that are either on hormonal contraceptives or free-cycling. This measure might
therefore not translate to this wider study population without taking hormonal cycles or

contraceptive use into account.

Evidence also suggests that hormonal contraceptive use might affect neural functioning and
resting-state connectivity in the DMN and ECN (Peterson, Kilpatrick, Goharzad, & Cahill.,
2013). We did not control for hormonal contraceptive use in analyzing the functional data
and therefore cannot exclude any effects of hormonal contraceptive use on HPA-axis
modulation of functional connectivity, as well as cortisol-independent changes in functional
connectivity dynamics across these networks. Unfortunately, group sizes of the current
study are insufficient to test for functional differences between males, free cycling females,
and hormonal contraceptive taking females. Additionally, the timing of saliva sample
acquisition may not have been optimal in the current study design. Saliva samples for peak
cortisol levels were collected an average of 37 minutes after stress induction. It is possible
that this sample was taken after the actual peak levels of circulating cortisol, as is reached
closer to 20-30 minutes after stress (Kirschbaum et al., 1992; Becker & Rohleder, 2019). As
the cortisol response varies in time between individuals (Kudielka, Hellhammer, & Wist,

2009), it might be possible that the calculated HPA-axis sensitivity is not an optimal



reflection of the real magnitude of individual cortisol responses. Alternative measures of
individual HPA-axis sensitivity include the Cortisol Awakening Response (Fries, Dettenborn, &
Kirschbaum., 2008) and Dexamethasone suppression test (Findling, Raff, & Aron, 2004).

However, these measures are not specific to a stressor induced HPA-axis response.

In line with expectations, stress-induced decreased functional connectivity was found within
the dorsal DMN, specifically in the posterior cingulate cortex. Decreased connectivity was
also observed between the DMN and the cerebellum. Contrary to our hypotheses, no
changes in functional connectivity were observed in the SN while the left and right ECN
showed decreased functional connectivity with the ipsilateral cerebellum. The right ECN also
showed increased functional connectivity with a small cluster in the contralateral
cerebellum. Interestingly, the observed changes in these networks were not modulated by

individual cortisol responsiveness.

These results suggest that both the DMN and ECN are downregulated in response to acute
stress. Our finding of decreased functional connectivity within the DMN fits with a previous
report that showed similar findings (Zhang et al., 2019). This within-network decrease was
observed in the posterior cingulate cortex/precuneus (PCC/Pcu), which is consistently
reported as a core component of the DMN (van Qort et al., 2017). The PCC/Pcu has a
heterogeneous set of functions but its role in regulating the focus of attention suggests that
downregulation of this area in response to acute stress allows for more global scanning of
the environment and could account for the experienced difficulties in focusing attention
under stress (Leech & Sharp, 2014; Arnsten, 2009). The PCC is also functionally related to the
retrieval of episodic memory, which has also been found to be impaired under acute stress

(Maddok, Garrot, & Buonocore, 2001; Gagnon & Wagner, 2016).

An interesting and novel finding of this study is the widespread connectivity changes induced
by stress with the cerebellum. Although the functional role of the cerebellum in motor
control and learning has been widely established, focus towards its role in cognitive-affective
domains has been increasing substantially (Stoodley & Schmahmann, 2010; Strata, 2015).
The ICN network templates derived in the current study included cerebellar contributions in

all networks except for the ventral DMN. The distinct contributions of cerebellar regions in



our network templates fit closely to earlier reports that identified cerebellar subregion
contribution to multiple large-scale networks including the SN, DMN, and ECN (Habar et al.,
2009; Castellazzi et al., 2018). Specifically, Lobule VI and crus | were identified as part of the
SN, lobule IX as part of the DMN, and crus I-Il as part of the ECN with a specific contribution
of the right lobule IX to the left ECN. Another study reported the contribution of crus | as
part of the DMN as well (Krienen & Buckner, 2009). Our SN group template showed a similar
cerebellar contribution. The derived DMN templates did contain lobule IX and crus | with the
addition of contributions of crus Il and the left lobule VI. The identified ECN network

confirmed crus I-Il involvement.

Stress-induced functional connectivity decreased between both DMN and ECN with distinct
cerebellar regions. For the ventral DMN, these included the bilateral lobule IX (DMN related)
and bilateral crus | (SN, DMN, and ECN related) and for the dorsal DMN, this included the
bilateral crus Il (ECN related). These reduced connectivity patterns with lobule IX and crus |
might, therefore, constitute within-network changes; as well as between-network dynamics
via the involvement of crus | in all three networks of interest. Previous work using Dynamic
Causal Modeling has shown that the SN orchestrates switching from the DMN—when no
active task is present—to the ECN, which is activated upon task execution (Goulden et al.,
2014). Therefore, it might be possible that such between-network modulation occurs via a

common anatomical node, of which we identified crus | as one such candidate region.

The functional role of lobule IX is poorly understood (Habas et al., 2009). However, a recent
study has identified this region as part of the dorsal attention network (Ramanoel, York, &
Christophe, 2018) and has been shown to have a role in past and future elaboration in
conjunction with the PCC/Pcu (Addis, Wong, & Schacter, 2007), and our results show this to
have reduced connectivity after stress-induction as well. It might therefore be the case that
stress-induced reduction in functional connectivity in these areas contributes to the

externalization of attention after acute stress induction.

Crus | is functionally related to executive functions associated with the ECN. These include
deductive reasoning (Monti, Osherson, Martinez, & Parsons, 2007) as well as verbal working

memory (Chen & Desmond, 2005). It is also related to cognitive functions more associated to



the SN such as emotion processing (Stoodley & Schmahmann, 2009). The functional role of
crus | in the DMN is unclear but its role in the ventral attention network and SN suggests it
might play a role in types of attention switching in which SN-DMN interactions play a crucial
role (Castellazzi et al., 2018; Seeley et al., 2007). Therefore, the reduced connectivity
between DMN and crus | might constitute a prominent role in stress-induced attention
switching, while reduced crus | connectivity with the ECN—on the other hand—relating to
the stress-induced impairment of executive functions. Diminished functional connectivity
between the ECN and crus Il was furthermore observed. Since crus Il is functionally related
to verbal fluency (Stoodley, Valera, & Schmahmann, 2012), our finding might be explained
through reduced top-down control of language processes; since stress has been shown to
impair certain language processes such as word generation. That said, the literature on this

subject exhibits mixed findings (Buchanan, Laures-Gore, & Duff, 2014; Nair et al., 2019).

The left and right constituent ECN networks exhibited reduced functional connectivity with
the ipsilateral crus I-ll of the cerebellum. Interestingly, the ICN network templates contained
their contralateral counterparts, which suggests that this might constitute diminished within-
network synchronization between the counterparts of the ECN in response to acute stress.
Cerebellar decoupling within the ECN has been observed to occur in multiple stress-related
disorders that include impairments in executive functions in their symptomology; including
bipolar and major depressive disorder (Luo et al., 2018; Liu et al., 2012). However, a
functional decoupling between the left and right counterparts of the ECN has not been

previously reported in response to acute stress.

Surprisingly, no increased SN connectivity after stress-induction was observed despite
previous resting-state functional connectivity studies finding consistent upregulated SN
connectivity in response to acute stress (Zhang et al., 2019; van Oort et al., 2017). In
consideration of this discrepancy from previous findings, it is worth noting that a large
subset of studies that observed increases in SN connectivity used seed-based connectivity
analysis with the seed placed in the amygdala (van Oort et al., 2017), while the ICA derived
network group templates produced in Zhang et al. contained the amygdala as well. Since the
SN ICN template of the current study did not contain the amygdala, it is plausible that we

failed to observe SN upregulation due to the absence of this core region. Similarly, the



timing of our measures could have played a role in this discrepancy as well. Stress induced
SN upregulation appears to be mechanistically related to norepinephrine, rather than
cortisol (Hermans et al., 2011). This could imply that the relatively shorter onset time of
action of norepinephrine happened to enhance SN resting-state functional connectivity prior
to measurement, and accordingly dissipated at the time of measurement. Salivary alpha-
amylase can be used as a biomarker for norepinephrine levels (Thoma, Kirschbaum, Wolf, &
Rohleder, 2012) and might therefore show a modulatory role of SN FC where cortisol does

not.

This study is the first study that contrasted stress-induced FC changes with a non-stressful
separate control session. Although FC strength and network topography can be reliably
extracted between subjects and groups (Van Dijk et al., 2010; Fox et al., 2005), one limitation
to this approach is the relatively poor within-subject test-retest reliability of ICA derived
resting-state networks (Poppe et al., 2013). Run structure was optimized for this protocol
including subject task (i.e open eyes fixation), acquisition length, and temporal and spatial
resolution (Van Dijk et al., 2010). Therefore, there is minimal room left for optimization of
these parameters and careful consideration of this limitation should be considered in future
studies assessing individual differences in large-scale network functional connectivity with

repeated measures.

The current study demonstrates downregulated DMN and ECN functional connectivity
throughout the cerebellum, independently of the cortisol response, after acute stress under
rest conditions. Future research would be well placed to include cerebellar regions in
resting-state network investigations. The findings in the current study could potentially aid in
subsequent investigations into the precise functional role of cerebellar regions in cognition,

and how these are in turn affected by stress and stress-related psychopathology.
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