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Sex differences in response to stress

Abstract

Although women and men differ in psychological and endocrine stress responses as well as
prevalence rates of stress-related disorders, knowledge on sex differences regarding stress

regulation in the brain is scarce.

Therefore, we performed an in-depth analysis of data from 67 healthy participants (31
women, taking oral contraceptives), who were exposed to the ScanSTRESS paradigm in an
fMRI study. Changes in cortisol, affect, heart rate, and neural activation indresponse to
psychosocial stress were examined in women and men as well as potéhtial\sex-specific

interactions between stress response domains.

Stress exposure led to significant cortisol increases with men_exhibiting higher levels than
women. Dependent on sex, cortisol elevations were differently associated with stress-related
responses in striato-limbic structures: Higher increaSesswere associated with activations in
men but with deactivations in women. Regarding @affect or heart rate responses, no sex

differences emerged.

Although women and men différ in their overall stress reactivity, our findings do not
support the idea of distinct peural networks as base of this difference. Instead, we found
differential stress reactions for women and men in identical structures. We propose
considering quantitativegpredictors like sex-specific cortisol increases when exploring neural

response differences of women and men.

Keywords: Hippocampus, Amygdala, Ncl. Caudatus, Ncl. Accumbens, Thalamus, fMRI
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Sex differences in response to stress

1. Introduction

On average, women and men show various differences in variables related to the central
nervous system (CNS), including neuroanatomical, autonomic, and psychological variables;
consistently, a sex-specific genetic architecture was found for several CNS-related
phenotypes (David et al.,, 2018; McCarthy et al., 2017). With the advent of human brain-
imaging techniques, sex differences in the brain were found, covering — among¢others —
anatomical variables, connectivity measures, as well as neural correlates in affect and
cognitive functions (Cahill, 2006; Choleris et al., 2018; Grabowska, 20173 Ingalhalikar et al.,
2014a; Ritchie et al., 2018). These findings are paralleled by clear sex differences in
prevalence rates for stress-related mental disorders (Bangassef & \Malentino, 2014; Kudielka
& Kirschbaum, 2005). On the other hand, the distribution§of“variables like functional
connectivity (FC) or neuroanatomical variables were_also reported to be overlapping in
women and men (Grabowska, 2017; Joel & Fausio=Sterling, 2016; Joel et al., 2020; Joel et
al., 2018; Joel et al., 2015). Therefore, it was suggested that, depending on methodological
aspects, clear sex dimorphisms in neutal variables are detectable or not (Chekroud et al.,
2016; Del Giudice et al., 2015Del ‘Giudice et al., 2016; Ingalhalikar et al., 2014b; Joel &
Tarrasch, 2014; Rosenblait{;2016). his leads to the plausible and relevant question, to what
extent sex differenceS in stress regulation and stress-related psychopathology can be

attributed to diffefeng€s between women and men in the brain’s response to stress.

Women,tend to'report more perceived stress, anxiety, and tension during and after acute
stress exposure than men (Kelly et al., 2008; Kirschbaum et al., 1999; Merz & Wolf, 2015).
IntereStingly, these self-report-based differences are consistent with findings in animal
models as female rodents show more passive and stress-related behavior in response to
stress (Beery & Kaufer, 2015; McEwen & Milner, 2017; Rincon-Cortés et al., 2019).
Moreover, mean corticosterone stress responses are higher in female than in male rodents
(Goel et al., 2014; Oyola & Handa, 2017). However, sex differences in hypothalamic-

pituitary-adrenal (HPA) axis reactivity in rodents are not consistent with findings in humans,
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as healthy men show significantly larger responses than women to acute psychosocial stress
induction (Kudielka & Kirschbaum, 2005; Liu et al., 2017; Zankert et al., 2019). The reasons
for this inconsistency between animal and human studies are not well understood but
significant differences in both stress quality and intensity could hamper the comparability of
findings. While animals are often exposed to completely novel, uncontrollable, and potentially
life-threatening aversive situations, human participants usually experience moderategSocial-
evaluative threat while being fully aware that they can abort the exposure at any time.
Moreover, possible explanations for this sex-specific response pattern in humans range from
an impact of stressor type (social rejection challenges as typical=female, achievement
stressors as typical male stressor) to a modulating impactgsef hormonal concentration
fluctuations in different menstrual cycle phases and the use,of oral contraceptives (OCs)
(Zankert et al.,, 2019). Regarding heart rate responseshto’ stress, findings are more
inconclusive with some studies reporting sex differenges (Emery et al., 2018; Seo et al.,
2017) that partly depended on menstrual cycle\phases (Childs et al., 2010; Kudielka et al.,

2004), while others failed to find differences (Kelly et al., 2008; Kirschbaum et al., 1999).

So far, a few attempts have been made to evaluate neural sex differences by
implementing distinct stress paradigms in functional magnetic resonance imaging (fMRI)
environments. A perfuSion-based fMRI study reported a sex-specific neural activation model
featuring primarily sifiatoslimbic activation in women and asymmetric frontal blood flow in
men. Moreover, the correlation between these sex-specific activation patterns and cortisol
was higher ih men (Wang et al., 2007). Regarding neural stress processing, (pre)limbic
structures, seem to be of particular relevance since dissociations between women and men
for these regions have been reported (Goldfarb et al., 2019; Kogler et al., 2015; Seo et al.,
2017; Seo et al., 2011). Focusing on the amygdala, resting state FC studies emphasized
sex-specific responses in limbic circuits. Furthermore, associations between FC and cortisol
were also found to differ significantly between women and men (Henckens et al., 2010;
Kogler et al., 2016; Vaisvaser et al., 2013; Veer et al., 2012; Vogel et al., 2015). To date,

investigations into sex differences regarding neural processing of psychosocial stress remain
5
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scarce and yielded mixed results (Noack et al., 2019). While some evidence for stress-
induced neural response differences between women and men exists (Chung et al., 2016a;
Dahm et al., 2017; Kogler et al., 2015; Kogler et al., 2017), no consistent sex-specific neural

response-pattern emerged.

The heterogeneity of previous findings can probably — at least in part — be explained by
methodological disparities resulting from different stress induction paradigms. Studigstwaried
in dependent variables (endocrine, subjective, cardiovascular) as well as in stfesssintensity,
and thereby in the magnitude of stress responses (Noack et al., 2019). Agecent study by our
group (Henze et al., 2020) aimed at elucidating the interaction of distinctistress activation
systems in response to an improved psychosocial fMRI stressfprotocol(Streit et al., 2014).
We found significant cortisol, subjective, heart rate, and neural*reactions in response to
ScanSTRESS (Henze et al.,, 2020). Moreover, gaeural, stress reactions in (pre)limbic
structures were associated with individual changesyin, cortisol and negative affect ratings.
Given the robust cortisol responses and the cansistent interactions between different stress
response domains within a relativelyarge cohort, it appeared promising to further elaborate
the role of sex within the sameg8ample. herefore, the objective of the present study was a
detailed and comprehensiye analysis of sex-related stress response differences in distinct
response domains ingluding neural and cortisol responses as well as changes in heart rate
and affect. Instead of'merely contrasting female and male responses dichotomously, as most
of the studies on sex differences in neural stress processing did (Chung et al., 2016a; Dahm
et al., 2017; Kogler et al., 2015; Kogler et al., 2017), we applied a statistical model including
individualy, cortisol increases as a continuous predictor to examine stress-related sex
differences in the brain (Grabowska, 2017; Joel & Fausto-Sterling, 2016; Joel et al., 2018).
This model assumed that sex differences in neural stress processing might emerge when

sex-related cortisol response differences are considered.

As an exploratory analysis, we also studied whether dynamic changes in neural stress

responses, previously reported for (pre)limbic structures (Henze et al., 2020), differ between
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women and men. Assuming that this exposure-time effect may indicate sensitization
processes of ongoing stress exposure, sex differences might corroborate to a better
understanding of interindividual differences related to stress vulnerability. For instance, in
animals, chronic stress was found to cause damages to the hippocampus in male rats and

monkeys but less, if at all, in females (McEwen, 2000).

2. Material and methods

2.1 Participants

Sixty-seven young, healthy, scanner-naive university students (meaniage=23.06 + 3.14
years) participated in the present study. Stress-induced cortisol, affect, heart rate, and neural
responses of the present sample have been previously reported (Henze et al., 2020). It
consisted of 31 women (mean age 22.10 + 2.12 years) and, 36 men (mean age 23.89 + 3.64
years). Owing to HPA axis activity differences depending“en*menstrual cycle phase and OC-
use (Kudielka & Kirschbaum, 2005; Zankertpet al¢; 2019), only women using OCs were
tested. Participants were recruited via flyers*and social media internet platforms. Individuals
who met any of the following critéria Wwere excluded: self-reported history of or current
psychiatric, neurological, or endocrine ‘disorders; treatment with psychotropic medications or
other medication affecting "€NS “or endocrine functions; daily tobacco or alcohol use;
incompatibility with fMRIfscanning (e.g., metal parts, pregnancy); regular night-shift work;
undergoing a_curent stressful episode (e.g., major exams or emotional stress due to
separationfrom partner or serious illness/death of a family member). All participants provided
written informed consent and received a monetary compensation. The study was approved

by the'local ethics committee of the University of Regensburg.

2.2 General procedure and statistical analysis of cortisol, affect, and heart rate data

To induce psychosocial stress in the fMRI environment, the ScanSTRESS paradigm was
applied (Streit et al.,, 2014); see Supplemental Methods A.1 and Figure A.1. Briefly,
ScanSTRESS is composed of an alternating block design in a fixed order, presented in two

runs, containing two conditions (stress vs. control) prompting the participants to perform
7
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arithmetic and rotation tasks while a feedback-giving observation panel is presented via live
video stream providing disapproving feedback. Moreover, between the two runs, the
participants are notified that their performance was below average and they have to improve
in the second run. For the present study, the protocol was slightly modified without changing
the paradigm itself, in particular to improve cortisol responses to stress induction in the fMRI,
as previous results were not always fully convincing (Noack et al., 2019; Streit et al £2014).
First, we implemented a prolonged (45 minutes) relaxing phase prior to stress to create
sufficient baseline conditions (i.e., low cortisol levels). Moreover, we provided a, detailed
description and comprehensive clarification about the general scanning procedure (before
the testing sessions took place) to minimize concerns prior to seanningthat may confound
with the response to the paradigm itself (McGlynn et al., 2007%;, Thorpe et al., 2008). Second,
we administered a sugary drink (75 g glucose in 200 mRherbalftea) as it proved to facilitate
cortisol reactivity (Gonzalez-Bono et al., 2002;,.Zankert et al.,, 2020). The underlying
mechanisms are still unknown but an influence of hunger and saturation regulating
neuropeptides was discussed (Rohleder & ‘Kirschbaum, 2007). Third, we achieved a more
abrupt passage (< 10 minutes) from,relaxation to stress exposure (details see Henze et al.
(2020)). Figure 1 provides am overview of the improved procedure. Test sessions took place

between 1 and 6 PM.

[Figure 1_about here]

Saliva samples for cortisol assessment were collected at ten time points (-75, -15, -1, +15,
+30, +50, +65, +80, +95, +110 minutes) using ‘Cortisol Salivettes’ (Sarstedt, Nuembrecht,
Germany). To collect samples at minutes -1 to +65, the experimenter, wearing medical
gloves, gave the Salivette swab to the participant lying in the scanner. Mood state was
compiled at the same ten time points using the German version of the Positive and Negative

Affect Schedule scales (Watson et al.,, 1988). Saliva samples were stored at -20°C until
8
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analysis. Samples were assayed in duplicate using a time-resolved fluorescence
immunoassay with fluorometric end-point detection (DELFIA [dissociation-enhanced
lanthanide fluorescence immunoassay]) at the biochemical laboratory of the University of
Trier (Dressendorfer et al., 1992); see Supplemental Methods A.2 for details). The intra-
assay coefficient of variation was between 4.0% and 6.7%; inter-assay coefficients of
variation were between 7.1% and 9.0%. During ScanSTRESS, heart rate recordings were
obtained with an MRI-compatible finger oximeter (Model 7500 FO; Nonin Medical, Blymotth,

MN) on the index finger, with a sampling rate of the highest heart beat withinsfolseeonds.

Data were analyzed in IBM SPSS Statistics version 25 (IBM, Carp., Armgonk, NY) using
repeated-measures analyses of variance (ANOVAs) regarding/cortisol(himol/l), positive and
negative affect (test score), and heart rate (beats/min) with timeyas*within-subjects factor and
sex as between-subjects factor. A cortisol increase gnvas defined as the difference between
the individual cortisol peak (sample +30, +50, +63) apd, the pre-stress cortisol level (sample -
1). Cortisol responder rates were computed, with ‘an®increase of at least 1.5 nmol/l rise being
defined as response (Miller et al., 2013),, We used untransformed values for our analyses, as
e.g., log-transformations were ghot necessarily appropriate for each measurement point.
Therefore, we inspected skéwness and kurtosis of time points individually (see Supplemental
Methods A.3 for detail§) and found that they did not exceed acceptable values (Keele, 2008;
Miles & Shevlin€2001). Mean heart rates were calculated separately for each control and
stress block. Greenhouse-Geisser corrections were applied where appropriate, and only

adjusted results are reported.

2.3 " (fMRI acquisition and data analysis

Participants were scanned in a Siemens MAGNETOM Prisma 3T MRI (Siemens Healthcare,
Erlangen, Germany) equipped with a 64-channel head coil. A series of blood-oxygenation-
level-dependent gradient echo-planar-imaging (EPI) images was acquired with the following
parameters: repetition time 2000 ms, echo time 30 ms, 90° flip angle, 64 x 64 matrix, 192-
mm field of view, 37 3-mm axial slices with 1-mm gap. Data were analyzed using FSL 6.0

9
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(FMRIB Software Library, Oxford, United Kingdom). The first five EPI volumes were
discarded to allow for T1 equilibration. fMRI data processing was carried out using FEAT
version 6.0 (see Supplemental Methods A.4 for details). The z (Gaussianized t/F) statistic
images were thresholded nonparametrically using clusters determined by either z > 3.1 or z

>2.3.

For each subject, general linear models (GLMs) were defined containing regressors for
control and stress conditions and the respective announcement phases. InSsum, twelve
regressors resulted: six conditions (stress arithmetic subtraction, streSs figure rotation,
control numbers, control figures, announcement of stress, announcement_ofycontrol) and six
motion regressors. GLMs were carried out on three levels: fonfeach, subject, one GLM was
computed for each run (first level, z > 3.1) to account for scanper drifting. Subsequently, a
fixed effects analysis (second level, z > 3.1) was obtained te measure mean responses. On a
third level, unpaired two-group analyses (mixed effeéts, 22> 2.3) were conducted to study sex
differences: First, an unpaired two-groupgdifference analysis was conducted to study sex-
specific (men > women, women > men)responses for the main task effects, namely stress >
control and control > stress. SgCondly, we performed an unpaired two-group analysis with
continuous covariate intera€tion (grand mean centered) to examine if the linear relationships
between neural respénsegs and cortisol increases (continuous covariate) differ between
women and meaA (pten > women, women > men). This model considers mean cortisol
response differences between women and men. In addition, this model enabled to evaluate
the interaction of cortisol and neural responses in the two subsamples separately.
Corrections were performed over the whole brain with each contrast (stress > control, control
> stress) thresholded at familywise error (FWE) p < .025 (two-tailed combined test, FWE p <

.05).

Association analysis with cortisol increase were computed within a priori-defined striato-
limbic anatomical regions of interest (ROIs) using masks from the Harvard-Oxford Atlas. We

included the following eight masks, as the respective regions have been reported to respond

10
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to stress in a sex-specific manner (Chung et al., 2016a; Dahm et al., 2017; Goldfarb et al.,
2019; Kogler et al., 2015; Kogler et al., 2017; Noack et al., 2019; Seo et al., 2017; Seo et al.,
2011; Wang et al., 2007): hippocampus, parahippocampal gyrus, amygdala, cingulate cortex,
thalamus, ncl. caudatus, ncl. accumbens, and putamen. We applied Benjamini-Hochberg
corrections (Benjamini & Hochberg, 1995; Nichols et al., 2017) to account for increases in
false discovery rate and report uncorrected p-values as well as corrected significance level.
ROl-analyses were performed using fsimaths and featquery. We created masksin which
each voxel was assigned a 1 that had a = 50.0% chance of belonging to thesspeégifie,ROI and
then we binarized these masks. Subsequently, mean beta values (extraCted from second
level analysis) were exported to SPSS and post hoc one-way ANOVAs were computed with

sex as fixed factor and cortisol increase as covariate.

3. Results

3.1 Sex differences in cortisol, psychological, and heart rate responses

For cortisol measures, we detected a significani\time x sex interaction (F3 1, = 3.33, p =.028,
n®= .045; see Figure 2) as well as signifieant main effects for time (Fs . = 9.85, p < .001, n?
= .132) and sex (F1e5 = 6.694p 5.012] n? = .093). While men showed significantly higher
cortisol levels than women briefly“after entering the lab (-75 minutes), levels subsequently
decreased and both“greups showed similar cortisol concentrations immediately prior to
stress onset (-15'minutes). In response to stress exposure, men showed significantly higher
cortisol responses 'than women. Results of calculated post hoc t-tests regarding each time
point and cortisol increases are shown in Supplemental Results Table B.1. When analyzing
the twio subsamples separately, the main effect time reached significance in women (F,7; =
3.47, p = .028, n2 = .104) and men (F,s, = 8.01, p < .001, r]2 = .188). We detected 32.3%
responders in women (all using OCs; 67.7% non-responders) and 77.8% responders in men
(22.2% non-responders). Moreover, the timing of the individual cortisol peak was not

significantly different between women and men (x*(2) = 1.021, p = .600).

11
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[Figure 2 about here]

Consistent to our previous analysis (Henze et al., 2020), we found significant main effects for
time in affect measures and mean heart rate levels (ps < .001, n? > .299). Positive affect
scores decreased and negative affect scores increased during ScanSTRESS. Participants
showed elevated heart rates during the stress blocks compared to the control blogks intboth
runs. We detected neither significant interactions of time x sex nor main effects, sex regarding
affect or heart rate measures (ps = .153, n? < .020). Given the absence €f séxadifferences in
affect and heart rate reactions, no sex-specific associations with{ineural responses were

analyzed.
3.2 Sex-specific associations of cortisol and neurahresponses

A whole-brain unpaired two-group difference analysis ‘tevealed no significant sex-specific
cluster for activations (stress > control), nor\ deactivations (control > stress); two-tailed
combined FWE-corrected p < .05. However, when cortisol increases were used as covariate
in a whole-brain unpaired two-gréup diffefence analysis with continuous covariate interaction
(grand mean centered, twettailed, combined FWE-corrected p < .05), a sex-specific cluster
reached significanceg#(see Figure 3). In detail, we detected a sex-specific relationship
between cortisoldincréases and neural responses within a cluster comprising the bilateral
hippocampus, parahippocampal gyrus, (anterior and posterior) cingulate cortex, thalamus,
and ncl. caudatus. When men were compared to women in the total sample, higher cortisol
increases,were found to be related to more activation within this cluster (see Figure 3A). In
the female subsample alone, higher cortisol increases were associated with more
deactivation in cingulate cortex, thalamus, and ncl. caudatus (see Figure 3B), while in the
male subsample higher cortisol increases were associated with more activation in
hippocampus, parahippocampal gyrus, amygdala, cingulate cortex, prefrontal areas, ncl.
caudatus, and ncl. accumbens (see Figure 3C). Peak voxels within the cluster are reported in

the Supplemental Results Tables B.2-B.4.
12
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[Figure 3 about here]

Table 1 depicts the results from post hoc ROl-analyses including uncorrected p-values and
Benjamini-Hochberg corrected significance thresholds. We found significant interactions of
sex x cortisol increase for amygdala, ncl. caudatus, and ncl. accumbens. Men)showed
positive associations between beta values and cortisol increases whilegwomen, showed
negative associations (see Figure 4). Main effects of sex were foupd&for hippocampus,
parahippocampal gyrus, amygdala, cingulate cortex, ncl. caudatusy, ncly’ accumbens, and
putamen. Post hoc analyses in the two subsamples separately are displayed in Table 2. In
women, we found negative associations between cortisolhingreases and beta values for
thalamus and ncl. caudatus. In men, positivegassogiations emerged for hippocampus,
parahippocampal gyrus, amygdala, cingulate‘certex, ncl. caudatus, and ncl. accumbens. It
should be noted that these correlations remainéd significant after exploratory exclusion of a
male participant showing a pronouneed (but endocrinologically plausible) cortisol increase of

22.36 nmol/l (see Figure 4).

[Table 1 about herel

[Figure 4”abouthere]

[Table2.about here]

3.3 Explorative analysis of sex differences in exposure-time effects

As the research questions of the present study arose from findings of our aforementioned
study (Henze et al., 2020), we also addressed the question if women and men show distinct

neural reactions in response to the two runs of ScanSTRESS. A whole-brain two-way mixed

13
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effects ANOVA (two groups, two runs per subject, z > 3.1, FWE-corrected p < .05) did not
reveal a significant run x group interaction. We found similar clusters in women and men
comprising hippocampus, parahippocampal gyrus, amygdala, prefrontal cortex, and cingulate
cortex to respond differently to the two runs. Figure 5 illustrates these activation changes in
women and men; peak voxels are reported in the Supplemental Results Tables B.5 and B.6.
Consistent to our previous analysis (Henze et al., 2020), post hoc ROl-analyses (repeated
measures ANOVAs, run as within-subjects factor, sex as between-subjects faciér) revealed
main effects of run for hippocampus, parahippocampal gyrus, and amygdalay(ps.<%01, n? >
.160). While we did not find significant interactions of run x sex (ps,2.367, n° < .014), for
thalamus, a significant main effect sex (Fig1 = 5.22, p = .026mn*= .079) was detected,
indicating mean response differences of women and men in“the first run (women: M = -.01,
SD = .22; men: M = -.10, SD = .26) compared to the secendwun (women: M = .01, SD = .21;

men: M= -.15, SD = .27).

[Figure 5 about here]

4. Discussion

4.1 Sex-specific associations of cortisol and neural responses

The present'data confirmed the well-known sex-specific cortisol stress response pattern, with
men exhibiting higher responses than women (Goel et al., 2014; Kudielka & Kirschbaum,
2003¢Liu et al., 2017; Nicolson et al., 1997; Seeman et al., 2001; Zankert et al., 2019).
Higher cortisol levels in men occurred already 75 minutes prior to stress onset, suggesting a
more pronounced anticipation response (Kirschbaum et al., 1992; Kudielka & Kirschbaum,
2005). After the relaxation phase, women and men reached similar mean levels (see Figure
2). It should be noted again that all female participants used OCs and that women tested in

the luteal phase of their menstrual cycles were repeatedly found to show higher cortisol

14
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responses to stress (Kirschbaum et al., 1999; Rohleder et al., 2003; Rohleder et al., 2001;
Uhart et al., 2006; Wolf et al., 2001). In addition, it appears likely that the block design of
ScanSTRESS, with frequent interruptions of the stress induction by control blocks, might
have hampered even higher cortisol responses. However, not using an alternating block
design would cause other fMRI-related problems (e.g., limited detection power) (Noack et al.,

2019; Quaedflieg et al., 2013; Sandner et al., 2020).

While empirical evidence for consistent interactions of distinct stress domains’remains
scarce (Campbell & Ehlert, 2012; Cohen et al., 2000; Henze et al., 2020), thisyis the first
study focusing on sex-related differences between associations of €ortisol*and task-related
neural responses to psychosocial stress. Whereas previous fifndings of sex-specific neural
stress responses suggest pronounced striato-limbic activation ih, women and stronger frontal
activation in men (Goldfarb et al., 2019; Kogler et al., 2015; Seo et al., 2017; Seo et al.,
2011; Wang et al., 2007), our data revealed no suchyelear functional distinction for particular
neural structures. Instead, we found differentyassociations for women and men between
cortisol reactions and responses of identical striato-limbic structures. A whole-brain analysis
in the total sample documentedshigheg cortisol increases in men to be associated with more
activation in hippocampusf, parahippocampal gyrus, cingulate cortex, thalamus, and ncl.
caudatus compared # women. In the female subsample, higher cortisol increases were
related to deactiations in these structures whereas in the male subsample, higher cortisol
increases were related to activations. In contrast to previous findings, proposing a small
degree(of ovérlap between the stress networks of women and men (Kogler et al., 2017; Seo
et al,, 204,7; Seo et al., 2011; Wang et al., 2007), our data corroborate differential responses
for women and men in identical structures (Goldfarb et al., 2019; Kogler et al., 2016). ROI-
analyses confirmed interactions of sex x cortisol increase for amygdala, ncl. caudatus, and
ncl. accumbens, underpinning positive associations in men and negative associations in
women, with the latter describing lower cortisol increases to be associated with more

activation. Thus far, only resting state data exists, including two male-only samples (Veer et
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al., 2011; Vogel et al., 2015) and one mixed sample (Kogler et al., 2016), reporting a positive

effect pattern for men and a negative one for women.

The only structure that reached significance in whole-brain as well as every ROIl-based
correlation analysis, also in both subsamples separately, is the ncl. caudatus. As part of the
striatum, this area showed sex-specific FC patterns partly depending on menstrual cycle
phase (Hidalgo-Lopez et al., 2020; Yoest et al., 2018). Moreover, evidence for larger, gray
matter volumes in female brains within this structure exists (Luders et al., 2009)¢ Another
stress-relevant area within the striatum is the ncl. accumbens (McEwen et al'),2016). As
reward-related area, an expressed desire of revenge in men was found to_be correlated with
increased activity while in women this was associated with deactivations (Dumais et al.,
2018; Singer et al., 2006). In this context, two aspects,should be considered: first, when
applying ScanSTRESS, participants are instructed to,show maximal effort, consistent with
the cover story that the study aims at investigating*brain activations during maximal mental
performance. Second, after the first rungof ScanSTRESS, participants are exposed to a
standardized negative feedback regarding their performance combined with the urgent
request to try harder. Therefore, thesesfactors of psychosocial stress might have led to
pronounced reactions of thé ncl."aceumbens in particular and to an overall striatal response.
Moreover, another SeanSTRESS study that found associations between striatal activation
and perceived gr@upgdiscrimination in ethnic minority individuals strengthens the evidence for
an involvement of the striatum and inherent structures (Akdeniz et al., 2014). While this view
is also suppotted by a recent study that used a psychosocial stress paradigm (Kogler et al.,
2019),,another study did not report sex differences in putamen responses during stress
perception (Wang et al., 2007). Therefore, it is tempting to speculate that the striatal network
modulates sex-specific interactions in response to the repeated experience of failure and
social-evaluative threat as induced by ScanSTRESS. The finding of altered left amygdala FC
to striatal regions correlating positively with cortisol in men but negatively in women (Kogler
et al., 2016) emphasizes this hypothesis. Moreover, a previously reported analysis of our

present data on the association between cortisol and neural stress responses, independent
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of sex, revealed no significance for striatal structures (Henze et al., 2020). This is consistent

with the assumption of a sex-specific modulating striatal effect on stress responses.

Among others, the hippocampus has been considered as decisive HPA axis related
structure ever since (Herman et al., 2005; Hermans et al., 2014; Jankord & Herman, 2008)
and one of the most prominent findings describes deactivations in response to psychosocial
stress along with negative associations with cortisol (Pruessner et al., 2008). Howeven, data
exists showing the opposite (Henze et al.,, 2020; Noack et al., 2019). Herefqwe found a
positive correlation of activations and cortisol in men confirming sex-related differences after
stress induction for the hippocampus (Seo et al., 2011; Yagi & Galea, 2019). Moreover, our
data showed a comparable pattern regarding the parahippocampal,gyrts for men, while in
women no significant association with cortisol emerged “for hippocampus and

parahippocampal gyrus, respectively.

Concerning the amygdala and cingulate cortex,\the dissociation between women and men
is more obvious. Especially for the amygdalanits activating impact on HPA axis responses to
stress has been reported frequently (Henze et al., 2020; Herman et al., 2005; Jankord &
Herman, 2008; Noack et al., 2019). Previous work showed an association between stress
and amygdala activation onlyin women (Kogler et al., 2015; Wang et al., 2007). We found
that activations wege “associated with higher cortisol increases in men and lower values in
women, confirmingda sex-specific effect pattern regarding amygdala FC in association with
cortisol (Kogdler etial., 2016). Moreover, this study also revealed a negative association of
altered left amygdala FC to the anterior cingulate cortex in women while the opposite was

repotted in a male-only sample (Veer et al., 2012).

A negative association with cortisol was found for the thalamus in women while in men no
significant relationship emerged, confirming previous findings (Wang et al., 2007). The
thalamus is thought to actively and dynamically gate salient inputs, minimizing the
importance of currently irrelevant ones (Wolff & Vann, 2019). A recent study showed altered

thalamic network centrality in response to acute psychosocial stress within a male-only
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sample (Reinelt et al., 2019). Moreover, previous studies have shown stress-driven changes
in thalamic activation in women and men (Noack et al.,, 2019). With reference to the
aforementioned hypothesis on striatal involvement in sex-specific cortisol responses, the
thalamus as adjacent structure may act as additional coordinator. Nevertheless, there exists
just as much evidence for pronounced thalamo-striatal stress reactions in women (Wang et

al., 2007) as in men (Seo et al., 2017; Seo et al., 2011).

In sum, we found a dissociation between women and men regarding th&,association
between neural and cortisol responses to acute psychosocial stress induction. “€urrently, it
can only be speculated why these associations point in opposité¢” directions. It appears
conceivable that our results are consistent with the idea that sex-specific differences in the
brain may indicate compensation mechanisms aimed at maintaining comparable abilities or
preventing maladaptive differences (Grabowska, 204Z). Hence, men might show a positive
association between cortisol and striato-limbic respopses’ and women a negative association
to maintain similar and adaptive outcomes, ‘e.g.,” comparable subjective and heart rate

responses.

4.2 Explorative analysis of&Sexsdifferences in exposure-time effects

Although there is evidence that women and men respond differently to ongoing stress
exposure (Goldfarb et al., 2019; McEwen & Milner, 2017), we did not detect any significant
sex-specific ghahges when comparing responses of the first with those of the second run of
ScanSTRESS™While increasing deactivations emerged for both subsamples, our results
maymon ‘a=descriptive level, suggest different extents for women and men regarding the

targeted clusters (see Figure 5).

4.3 Heart rate and psychological responses

As previously reported (Henze et al., 2020), we found a significant decline in positive affect
ratings and an increase in reported negative affect. However, we did not detect significant

sex differences. The fact that other studies reported different affect responses in women and
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men may be explainable by different affect measurements (e.g., visual analogue scales)
(Goldfarb et al., 2019; Kelly et al., 2006; Kelly et al., 2008). Moreover, women and men
exhibited similar heart rate responses during stress. In this regard, again, the composition of
the present sample has to be considered. Earlier research supports the idea of a pronounced
impact of menstrual cycle phases and/or OC-use on the presence or absence of sex
differences (Hidalgo-Lopez et al., 2020; Sharma et al., 2020; Yoest et al., 2018), especially
regarding psychological measures (Albert et al., 2015; Childs et al., 2010; Lewis £t al, 2019).
Moreover, we generally assume that basic characteristics of an fMRI bleck®design — as
aforementioned — interfere with even more pronounced responses. Hencej the overall lower
stress intensity, achievable by scanner paradigms compared togdaboratory stressors, has to
be considered. Furthermore, the absence of sex differencestin a,particular outcome should
not lead to the misconception that the neural substratesyunderlying these mechanisms are

necessarily identical for women and men (Cahill, 2006; Goldfarb et al., 2019).

5. Limitationsi\and’Conclusion

First, we have to acknowledge a certaimylimitation of the generalizability of our findings, as
only university students partigipated infthe present study. Nevertheless, our data suggest
sex-specific cortisol reactions,to be differentially associated with striato-limbic responses to
psychosocial stress (Se0 et al., 2017). From a general perspective, we assume that
detectable differenges in stress responses between women and men are only partly due to
biological.sex,(Juster et al., 2016; Rich-Edwards et al., 2018). It might be a fruitful approach
to explicitly take sociocultural gender into account in future studies. Moreover, as our study
sample included only OC-taking women, we have to emphasize that the present data may
only contribute to a better understanding of differences in the association of neural stress
responses and cortisol increases of women taking OCs versus men. It could well be
appropriate to limit our conclusions to the (large) subgroup of women taking hormonal
contraceptives as it was previously found in female-only studies that OC-use and menstrual

cycle phase can influence the brain’s response to negative stimuli (Goldstein et al., 2010;
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Petersen & Cahill, 2015) and psychosocial stress (Albert et al., 2015; Chung et al., 2016b).
Furthermore, at least cortisol increases are known to be modulated not only by OCs but also
by menstrual cycle phases (Kirschbaum et al., 1999; Zankert et al., 2019). However, as
simple group-level analyses contrasting female and male neural responses to psychosocial
stress paradigms failed to reveal consistent differences (in the present as well as in previous
studies: Chung et al. (2016a); Dahm et al. (2017); Kogler et al. (2015); Kogler et al. (2017)) it
appears unlikely that corresponding differences between OC-taking and naturally cycling
women are extremely large. To date, studies on the impact of sex on the inieractiombetween
cortisol and neural stress responses in OC-taking women, women_iny lUteal, and follicular

phase as well as in men do not exist.

Even though women and men differ in their overall stress“reactivity and regarding
prevalence rates of certain stress-related pathologiess.ourfindings do not support the view of
a clear neuroanatomically differentiable ‘female-typical,and ‘male-typical’ response to stress.
Instead, our data provide further evidencegfor thenidea that considering complex interactions
and quantitative variables like individwal cortisol increases is a more suitable approach to

elucidate sex-related differencegfin central stress regulation (Shalev et al., 2020).

20

120Z Aely 20 uo Jesn Bingsusbey dayiolqigsieeisianiun Aq €/ | /29/Z909BSuU/uBdS/S601 0 L /I0p/8]o1e-80UBAPR/UBDS /W02 dNO"0IWapEo.//:Sdly WOl papeojumoq



Sex differences in response to stress

CRediT authorship contribution statement

Gina-lsabelle Henze: Conceptualization, Methodology, Software, Formal analysis,
Investigation, Data curation, Writing — Original Draft, Visualization, Funding acquisition.
Julian Konzok: Investigation, Writing — Review & Editing. Ludwig Kreuzpointner:
Software, Writing — Review & Editing. Christoph Bartl: Software, Writing — Review &
Editing. Marina Giglberger: Investigation, Writing — Review & Editing. Hannah “Reter:
Investigation, Writing — Review & Editing. Fabian Streit: Writing — Review & Editings Funding
acquisition. Brigitte M. Kudielka: Resources, Writing — Review & Editing, Funding
acquisition. Peter Kirsch: Writing — Review & Editing, Supervision, Funding acquisition.
Stefan Wiist: Resources, Writing — Original Draft, SuperviSion,, Préject administration,

Funding acquisition.

21

120Z Aely 20 uo Jesn Bingsusbey dayiolqigsieeisianiun Aq €/ | /29/Z909BSuU/uBdS/S601 0 L /I0p/8]o1e-80UBAPR/UBDS /W02 dNO"0IWapEo.//:Sdly WOl papeojumoq



Sex differences in response to stress
Funding:

This study was supported by German Research Foundation Grant Nos. KU1401/6-1 (to
BMK), KU1401/9-1 (to BMK), and WU392/9-1 (to SW) and the Hanns Seidel Foundation (to
G-IH). FS acknowledges support by the German Federal Ministry of Education and Research
(BMBF) through the ERA-NET NEURON, "SynSchiz - Linking synaptic dysfunction to

disease mechanisms in schizophrenia - a multilevel investigation" (01EW1810) gran«

Acknowledgements: Q
We thank Katharina Spannruft, Elias Luigi Landfried, Daniel Sc Q‘aﬁd Susanne
e

Kargl for their help in running the experimental sessions ar% . Moreover, we

gratefully acknowledge the support of Tanja Julia Hiltl. 0
Declaration of I@

The authors report no biomedical financial inte potential conflicts of interest.

22

1202 ABIN 20 uo Jasn Bungsusbey yeylolgigsieelisianiun Aq €/ | /29/2909BSU/Ueds/S60 L 0 | /Iop/a[oIe-a0ueApe/ueds/wod dno olwapese//:sdiy Woll peapeojumo(



Sex differences in response to stress

References

Akdeniz, C., Tost, H., Streit, F., Haddad, L., Wist, S., Schafer, A., Schneider, M., Rietschel,
M., Kirsch, P., & Meyer-Lindenberg, A. (2014) Neuroimaging evidence for a role of
neural social stress processing in ethnic minority-associated environmental risk.
JAMA Psychiatry, 71, 672-680.

Albert, K., Pruessner, J., & Newhouse, P. (2015) Estradiol levels modulate brain activity and
negative responses to psychosocial stress across the menstrual cycle.
Psychoneuroendocrinology, 59, 14-24.

Bangasser, D. A., & Valentino, R. J. (2014) Sex differences in stress-related psychiatric
disorders: neurobiological perspectives. Frontiers in Neuroendécrinology, 35, 303-
319.

Beery, A. K., & Kaufer, D. (2015) Stress, social gehavior, and resilience: insights from
rodents. Neurobiology of Stress, 1, 116-12¢.

Benjamini, Y., & Hochberg, Y. (1995) Controlling, the false discovery rate: a practical and
powerful approach to multiplestesting. ‘Journal of the Royal Statistical Society. Series
B (Methodological), 57, 289-300.

Cahill, L. (2006) Why sexmatters,for neuroscience. Nature Reviews Neuroscience, 7, 477-
484.

Campbell, J., &¢Ehlert, ¥. (2012) Acute psychosocial stress: does the emotional stress
respanse correspond with physiological responses? Psychoneuroendocrinology, 37,
1111-1134.

Chekrotd, A. M., Ward, E. J., Rosenberg, M. D., & Holmes, A. J. (2016) Patterns in the
human brain mosaic discriminate males from females. Proceedings of the National
Academy of Sciences of the United States of America, 113, E1968.

Childs, E., Dlugos, A., & De Wit, H. (2010) Cardiovascular, hormonal, and emotional
responses to the TSST in relation to sex and menstrual cycle phase.

Psychophysiology, 47, 550-559.

23

120Z Aely 20 uo Jesn Bingsusbey dayiolqigsieeisianiun Aq €/ | /29/Z909BSuU/uBdS/S601 0 L /I0p/8]o1e-80UBAPR/UBDS /W02 dNO"0IWapEo.//:Sdly WOl papeojumoq



Sex differences in response to stress

Choleris, E., Galea, L. A. M., Sohrabji, F., & Frick, K. M. (2018) Sex differences in the brain:
implications for behavioral and biomedical research. Neuroscience and Biobehavioral
Reviews, 85, 126-145.

Chung, K. C., Springer, |., Kogler, L., Turetsky, B., Freiherr, J., & Demntl, B. (2016a) The
influence of androstadienone during psychosocial stress is modulated by gender, trait
anxiety, and subjective stress: an fMRI study. Psychoneuroendocrinology, 68, 126-
139.

Chung, K. C., Peisen, F., Kogler, L., Radke, S., Turetsky, B., Freiherrgd.,%& Berntl, B.
(2016b) The influence of menstrual cycle and androstadiepene™n female stress
reactions: an fMRI study. Frontiers in Human Neurosciengey 10, 44

Cohen, S., Hamrick, N., Rodriguez, M. S., Feldman, P. J., Rabin,/B. S., & Manuck, S. B.
(2000) The stability of and intercorrelationshamong cardiovascular, immune,
endocrine, and psychological reactivity. Annals‘ef behavioral medicine: a publication
of the Society of Behavioral Medicine, 22,171-179.

Dahm, A. S., Schmierer, P., Veer, I. M., Sireit, F., Gorgen, A., Kruschwitz, J., Wust, S.,
Kirsch, P., Walter, H., & Erk\S. (2017) The burden of conscientiousness? Examining
brain activation andWcodisol response during social evaluative stress.
Psychoneuroendeerinolegy, 78, 48-56.

David, S. P., Naudet, F, Laude, J., Radua, J., Fusar-Poli, P., Chu, |., Stefanick, M. L., &
loannidis, JAR. A. (2018) Potential reporting bias in neurocimaging studies of sex
differenees. Scientific Reports, 8, 6082.

DeliGiudice7TM., Lippa, R. A., Puts, D. A,, Bailey, D. H., Bailey, J. M., & Schmitt, D. P. (2015)
Mosaic brains? A methodological critique of Joel et al. (2015).

Del Giudice, M., Lippa, R. A., Puts, D. A., Bailey, D. H., Bailey, J. M., & Schmitt, D. P. (2016)
Joel et al.'s method systematically fails to detect large, consistent sex differences.
Proceedings of the National Academy of Sciences of the United States of America,

113, E1965.

24

120Z Aely 20 uo Jesn Bingsusbey dayiolqigsieeisianiun Aq €/ | /29/Z909BSuU/uBdS/S601 0 L /I0p/8]o1e-80UBAPR/UBDS /W02 dNO"0IWapEo.//:Sdly WOl papeojumoq



Sex differences in response to stress

Dressenddrfer, R. A., Kirschbaum, C., Rohde, W., Stahl, F., & Strasburger, C. J. (1992)
Synthesis of a cortisol-biotin conjugate and evaluation as a tracer in an immunoassay
for salivary cortisol measurement. The Journal of Steroid Biochemistry and Molecular
Biology, 43, 683-692.

Dumais, K. M., Chernyak, S., Nickerson, L. D., & Janes, A. C. (2018) Sex differences in
default mode and dorsal attention network engagement. PLoS One, 13, e0199049.

Emery, C. F., Stoney, C. M., Thayer, J. F., Williams, D., & Bodine, A. (2018) Sex and family
history of cardiovascular disease influence heart rate variability during ‘stress among
healthy adults. Journal of Psychosomatic Research, 110, 54-60«

Goel, N., Workman, J. L., Lee, T. T., Innala, L., & Viau, V. (2014)sSexdifferences in the HPA
axis. Comprehensive Physiology, 4, 1121-1155.

Goldfarb, E. V., Seo, D., & Sinha, R. (2019) Sex differencesiinsneural stress responses and
correlation with subjective stress and stress regulation. Neurobiology of Stress, 11,
100177.

Goldstein, J. M., Jerram, M., Abbs, B., Whitfield-Gabrieli, S., & Makris, N. (2010) Sex
differences in stress response circuitry activation dependent on female hormonal
cycle. Journal of Neurosei€nce’, 30, 431-438.

Gonzalez-Bono, E., Rohleder,"N., Hellhammer, D. H., Salvador, A., & Kirschbaum, C. (2002)
Glucose but notiprotein or fat load amplifies the cortisol response to psychosocial
stress! Hormenes and Behavior, 41, 328-333.

Grabowska, A™(2017) Sex on the brain: are gender-dependent structural and functional
diffefences associated with behavior? Journal of Neuroscience Research, 95, 200-
212.

Henckens, M. J., van Wingen, G. A., Joels, M., & Fernandez, G. (2010) Time-dependent
effects of corticosteroids on human amygdala processing. Journal of Neuroscience,

30, 12725-12732.

25

120Z Aely 20 uo Jesn Bingsusbey dayiolqigsieeisianiun Aq €/ | /29/Z909BSuU/uBdS/S601 0 L /I0p/8]o1e-80UBAPR/UBDS /W02 dNO"0IWapEo.//:Sdly WOl papeojumoq



Sex differences in response to stress

Henze, G.-l., Konzok, J., Kreuzpointner, L., Bartl, C., Peter, H., Giglberger, M., Streit, F.,
Kudielka, B. M., Kirsch, P., & Wust, S. (2020) Increasing deactivation of limbic
structures over psychosocial stress exposure time. Biological Psychiatry Cognitive
Neuroscience and Neuroimaging, 5, 697-704.

Herman, J. P., Ostrander, M. M., Mueller, N. K., & Figueiredo, H. (2005) Limbic system
mechanisms of stress regulation: hypothalamo-pituitary-adrenocortical axis. Progress
in Neuropsychopharmacology and Biological Psychiatry, 29, 1201-1213.

Hermans, E. J., Henckens, M. J., Joels, M., & Fernandez, G. (2014) Dynamic“adaptation of
large-scale brain networks in response to acute stressors. Trendsfin Neuroscience,
37, 304-314.

Hidalgo-Lopez, E., Mueller, K., Harris, T., Aichhorn, M., Saeher, J., & Pletzer, B. (2020)
Human menstrual cycle variation in subcortical fupetional brain connectivity: a
multimodal analysis approach. Brain Structure and Function, 225, 591-605.

Ingalhalikar, M., Smith, A., Parker, D., Satterthwaite, T. D., Elliott, M. A., Ruparel, K.,
Hakonarson, H., Gur, R. E., Gur, R."€.,"& Verma, R. (2014a) Sex differences in the
structural connectome of theyhuman brain. Proceedings of the National Academy of
Sciences of the United Statesof America, 111, 823-828.

Ingalhalikar, M., Smithy®A., Parker, D., Satterthwaite, T. D., Elliott, M. A., Ruparel, K.,
Hakonarson, H.)3Gur, R. E., Gur, R. C., & Verma, R. (2014b) Reply to Joel and
Tarrasch: Ongmnisreading and shooting the messenger. Proceedings of the National
Academyof Sciences of the United States of America, 111, E638.

Jankerd, *R”, & Herman, J. P. (2008) Limbic regulation of hypothalamo-pituitary-
adrenocortical function during acute and chronic stress. Annals of the New York
Academy of Sciences, 1148, 64-73.

Joel, D., & Tarrasch, R. (2014) On the mis-presentation and misinterpretation of gender-
related data: the case of Ingalhalikar's human connectome study. Proceedings of the

National Academy of Sciences of the United States of America, 111, E637.

26

120Z Aely 20 uo Jesn Bingsusbey dayiolqigsieeisianiun Aq €/ | /29/Z909BSuU/uBdS/S601 0 L /I0p/8]o1e-80UBAPR/UBDS /W02 dNO"0IWapEo.//:Sdly WOl papeojumoq



Sex differences in response to stress

Joel, D., & Fausto-Sterling, A. (2016) Beyond sex differences: new approaches for thinking
about variation in brain structure and function. Philosophical Transactions of the
Royal Society B, 371, 20150451.

Joel, D., Garcia-Falgueras, A., & Swaab, D. (2020) The complex relationships between sex
and the brain. The Neuroscientist, 26, 156-169.

Joel, D., Persico, A., Salhov, M., Berman, Z., Oligschlager, S., Meilijson, I., & Averbdéch, A.
(2018) Analysis of human brain structure reveals that the brain "types" typical® of
males are also typical of females, and vice versa. Frontiers in Human Neurescience,
12, 399.

Joel, D., Berman, Z., Tavor, |., Wexler, N., Gaber, O., Stein, Y., ShefizN.,4Pool, J., Urchs, S.,
Margulies, D. S., Liem, F., Hanggi, J., Jancke, L., & Assaf, Y#(2015) Sex beyond the
genitalia: the human brain mosaic. Proceedings ofithe National Academy of Sciences
of the United States of America, 112, 15468-154%3.

Juster, R. P., Pruessner, J. C., Desrochersy,"A. B., Bourdon, O., Durand, N., Wan, N.,
Tourjman, V., Kouassi, E., Lesage, Ay & Lupien, S. J. (2016) Sex and gender roles in
relation to mental health andtallostatic load. Psychosomatic Medicine, 78, 788-804.

Keele, L. (2008). Semiparametriefregression for the social sciences: Wiley.

Kelly, M. M., Forsythg®. P.N\& Karekla, M. (2006) Sex differences in response to a
panicogeni€ challenge procedure: an experimental evaluation of panic vulnerability in
a nonéclinicaksample. Behaviour Research and Therapy, 44, 1421-1430.

Kelly, M. M., Tyrka, A. R., Anderson, G. M., Price, L. H., & Carpenter, L. L. (2008) Sex
diffefences in emotional and physiological responses to the Trier Social Stress Test.
Journal of Behavior Therapy and Experimental Psychiatry, 39, 87-98.

Kirschbaum, C., Wust, S., Faig, H. G., & Hellhammer, D. H. (1992) Heritability of cortisol
responses to human corticotropin-releasing hormone, ergometry, and psychological
stress in humans. The Journal of Clinical Endocrinology and Metabolism, 75, 1526-

1530.

27

120Z Aely 20 uo Jesn Bingsusbey dayiolqigsieeisianiun Aq €/ | /29/Z909BSuU/uBdS/S601 0 L /I0p/8]o1e-80UBAPR/UBDS /W02 dNO"0IWapEo.//:Sdly WOl papeojumoq



Sex differences in response to stress

Kirschbaum, C., Kudielka, B. M., Gaab, J., Schommer, N. C., & Hellhammer, D. H. (1999)
Impact of gender, menstrual cycle phase, and oral contraceptives on the activity of
the hypothalamus-pituitary-adrenal axis. Psychosomatic Medicine, 61, 154-162.

Kogler, L., Gur, R. C., & Dermntl, B. (2015) Sex differences in cognitive regulation of
psychosocial achievement stress: brain and behavior. Human Brain Mapping, 36,
1028-1042.

Kogler, L., Muller, V. 1., Seidel, E. M., Boubela, R., Kalcher, K., Moser, E., Habelf U}) Gur’R.
C., Eickhoff, S. B., & Derntl, B. (2016) Sex differences in the functionpal cennectivity of
the amygdalae in association with cortisol. Neurolmage, 134, 440-423.

Kogler, L., Seidel, E. M., Metzler, H., Thaler, H., Boubela, R. Ng=Prugssner, J. C., Kryspin-
Exner, I., Gur, R. C., Windischberger, C., Moser, E.,"HabelgU., & Derntl, B. (2017)
Impact of self-esteem and sex on stress reactionsySeientific Reports, 7, 17210.

Kudielka, B. M., & Kirschbaum, C. (2005) Sex differences in HPA axis responses to stress: a
review. Biological Psychology, 69, 1135182.

Kudielka, B. M., Buske-Kirschbaum, A., Hellhammer, D. H., & Kirschbaum, C. (2004)
Differential heart rate reactivity and recovery after psychosocial stress (TSST) in
healthy children, younger‘adults, and elderly adults: the impact of age and gender.
International Journal of‘Behavioral Medicine, 11, 116-121.

Lewis, C. A., Kimpiig, AsC. S., Zsido, R. G, Jank, A., Derntl, B., & Sacher, J. (2019) Effects
of hormonal“eontraceptives on mood: a focus on emotion recognition and reactivity,
reward précessing, and stress response. Current Psychiatry Reports, 21, 115.

Liufk, J. "W, Ein, N., Peck, K., Huang, V., Pruessner, J. C., & Vickers, K. (2017) Sex
differences in salivary cortisol reactivity to the Trier Social Stress Test (TSST): a
meta-analysis. Psychoneuroendocrinology, 82, 26-37.

Luders, E., Gaser, C., Narr, K. L., & Toga, A. W. (2009) Why sex matters: brain size
independent differences in gray matter distributions between men and women.

Journal of Neuroscience, 29, 14265-14270.

28

120Z Aely 20 uo Jesn Bingsusbey dayiolqigsieeisianiun Aq €/ | /29/Z909BSuU/uBdS/S601 0 L /I0p/8]o1e-80UBAPR/UBDS /W02 dNO"0IWapEo.//:Sdly WOl papeojumoq



Sex differences in response to stress

McCarthy, M. M., Nugent, B. M., & Lenz, K. M. (2017) Neuroimmunology and
neuroepigenetics in the establishment of sex differences in the brain. Nature Reviews
Neuroscience, 18, 471-484.

McEwen, B. S. (2000) The neurobiology of stress: from serendipity to clinical relevance.
Brain Research, 886, 172-189.

McEwen, B. S., & Milner, T. A. (2017) Understanding the broad influence of sex hormones
and sex differences in the brain. Journal of Neuroscience Research, 95, 24-39.
McEwen, B. S., Nasca, C., & Gray, J. D. (2016) Stress effects on neuronal “structure:

hippocampus, amygdala, and prefrontal cortex. Neuropsychopharmacology, 41, 3-23.

McGlynn, F. D., Smitherman, T. A., Hammel, J. C., & Lazarte, A#A. (2007) Component fears
of claustrophobia associated with mock magnetic resonan€e imaging. Journal of
Anxiety Disorders, 21, 367-380.

Merz, C. J., & Wolf, O. T. (2015) Examination ofscortisol and state anxiety at an academic
setting with and without oral presentationy, Stress, 18, 138-142.

Miles, J., & Shevlin, M. (2001). Applying regression and correlation: a guide for students and
researchers. London.

Miller, R., Plessow, F., Kisschbaum} C., & Stalder, T. (2013) Classification criteria for
distinguishing eortisol “responders from nonresponders to psychosocial stress:
evaluationgof _salivary cortisol pulse detection in panel designs. Psychosomatic
Medigine, 754832-840.

NicholsgT. E.,"Das, S., Eickhoff, S. B., Evans, A. C., Glatard, T., Hanke, M., Kriegeskorte, N.,
Milam, M. P., Poldrack, R. A., Poline, J. B., Proal, E., Thirion, B., Van Essen, D. C.,
White, T., & Yeo, B. T. (2017) Best practices in data analysis and sharing in
neuroimaging using MRI. Nature Neuroscience, 20, 299-303.

Nicolson, N., Storms, C., Ponds, R., & Sulon, J. (1997) Salivary cortisol levels and stress
reactivity in human aging. The Journals of Gerontology. Series A, Biological Sciences

and Medical Sciences, 52, M68-75.

29

120Z Aely 20 uo Jesn Bingsusbey dayiolqigsieeisianiun Aq €/ | /29/Z909BSuU/uBdS/S601 0 L /I0p/8]o1e-80UBAPR/UBDS /W02 dNO"0IWapEo.//:Sdly WOl papeojumoq



Sex differences in response to stress

Noack, H., Nolte, L., Nieratschker, V., Habel, U., & Derntl, B. (2019) Imaging stress: an
overview of stress induction methods in the MR scanner. Journal of Neural
Transmission.

Oyola, M. G., & Handa, R. J. (2017) Hypothalamic-pituitary-adrenal and hypothalamic-
pituitary-gonadal axes: sex differences in regulation of stress responsivity. Stress, 20,
476-494.

Petersen, N., & Cahill, L. (2015) Amygdala reactivity to negative stimuli is influenced by oral
contraceptive use. Social Cognitive and Affective Neuroscience, 10,,4266-1272.

Pruessner, J. C., Dedovic, K., Khalili-Mahani, N., Engert, V., Pruessnér, M., Buss, C.,
Renwick, R., Dagher, A., Meaney, M. J., & Lupien, S(2008) Deactivation of the
limbic system during acute psychosocial stress: evidencefrom positron emission
tomography and functional magnetic resonancemaging studies. Biological
Psychiatry, 63, 234-240.

Quaedflieg, C. W., Meyer, T., & Smeets, T. (2013) The imaging Maastricht Acute Stress Test
(iIMAST): a neuroimaging compatible psychophysiological stressor.
Psychophysiology, 50, 758-766.

Reinelt, J., Uhlig, M., MullergK.N€auckner, M. E., Kumral, D., Schaare, H. L., Baczkowski, B.
M., Babayan, Ag*Erbey\M., Roebbig, J., Reiter, A., Bae, Y. J., Kratzsch, J., Thiery, J.,
Hendler, T¢, Villringer, A., & Gaebler, M. (2019) Acute psychosocial stress alters
thalamiic netwaerk centrality. Neurolmage, 199, 680-690.

Rich-Edwards,™#W., Kaiser, U. B., Chen, G. L., Manson, J. E., & Goldstein, J. M. (2018) Sex
and=gender differences research design for basic, clinical, and population studies:
essentials for investigators. Endocrine Reviews, 39, 424-439.

Rincon-Cortés, M., Herman, J. P., Lupien, S., Maguire, J., & Shansky, R. M. (2019) Stress:

influence of sex, reproductive status and gender. Neurobiology of Stress, 10, 100155.

30

120Z Aely 20 uo Jesn Bingsusbey dayiolqigsieeisianiun Aq €/ | /29/Z909BSuU/uBdS/S601 0 L /I0p/8]o1e-80UBAPR/UBDS /W02 dNO"0IWapEo.//:Sdly WOl papeojumoq



Sex differences in response to stress

Ritchie, S. J., Cox, S. R., Shen, X., Lombardo, M. V., Reus, L. M., Alloza, C., Harris, M. A.,
Alderson, H. L., Hunter, S., Neilson, E., Liewald, D. C. M., Auyeung, B., Whalley, H.
C., Lawrie, S. M., Gale, C. R., Bastin, M. E., McIntosh, A. M., & Deary, I. J. (2018)
Sex differences in the adult human brain: evidence from 5216 UK biobank
participants. Cerebral Cortex, 28, 2959-2975.

Rohleder, N., & Kirschbaum, C. (2007) Effects of nutrition on neuro-endocrinedstress
responses. Current Opinion in Clinical Nutrition and Metabolic Care, 10, 504-510.

Rohleder, N., Wolf, J. M., Piel, M., & Kirschbaum, C. (2003) Impact of oral geentraceptive use
on glucocorticoid sensitivity of pro-inflammatory cytokine “production after
psychosocial stress. Psychoneuroendocrinology, 28, 26127 3:

Rohleder, N., Schommer, N. C., Hellhammer, D. H., Engel, R%.& Kirschbaum, C. (2001) Sex
differences in glucocorticoid sensitivity of proinflammatory cytokine production after
psychosocial stress. Psychosomatic Medigine, 63, 966-972.

Rosenblatt, J. D. (2016) Multivariate revisit to Ysex'beyond the genitalia". Proceedings of the
National Academy of Sciences of theWnited States of America, 113, E1966-1967.

Sandner, M., Lois, G., Streit, E.,"Zeier) P., Kirsch, P., Wust, S., & Wessa, M. (2020)
Investigating individual stressgreactivity: high hair cortisol predicts lower acute stress
responses. Psyegheneureendocrinology, 118, 104660.

Seeman, T. E., Sihger,"B., Wilkinson, C. W., & McEwen, B. (2001) Gender differences in
age-related ehanges in HPA axis reactivity. Psychoneuroendocrinology, 26, 225-240.

Seo, D4 Ahluwalia, A., Potenza, M. N., & Sinha, R. (2017) Gender differences in neural
correlates of stress-induced anxiety. Journal of Neuroscience Research, 95, 115-125.

Seo, \D., Jia, Z., Lacadie, C. M., Tsou, K. A., Bergquist, K., & Sinha, R. (2011) Sex
differences in neural responses to stress and alcohol context cues. Human Brain
Mapping, 32, 1998-2013.

Shalev, G., Admon, R., Berman, Z., & Joel, D. (2020) A mosaic of sex-related structural
changes in the human brain following exposure to real-life stress. Brain Structure and
Function, 225, 461-466.

31

120Z Aely 20 uo Jesn Bingsusbey dayiolqigsieeisianiun Aq €/ | /29/Z909BSuU/uBdS/S601 0 L /I0p/8]o1e-80UBAPR/UBDS /W02 dNO"0IWapEo.//:Sdly WOl papeojumoq



Sex differences in response to stress

Sharma, R., Smith, S. A., Boukina, N., Dordari, A., Mistry, A., Taylor, B. C., Felix, N.,
Cameron, A., Fang, Z., Smith, A., & Ismail, N. (2020) Use of the birth control pill
affects stress reactivity and brain structure and function. Hormones and Behavior.

Singer, T., Seymour, B., O'Doherty, J. P., Stephan, K. E., Dolan, R. J., & Frith, C. D. (2006)
Empathic neural responses are modulated by the perceived fairness of others.
Nature, 439, 466-469.

Streit, F., Haddad, L., Paul, T., Frank, J., Schafer, A., Nikitopoulos, J., Akdeniz, “C.,
Lederbogen, F., Treutlein, J., Witt, S., Meyer-Lindenberg, A., Rietsehel, My, Kirsch,
P., & Wist, S. (2014) A functional variant in the neuropeptide Streceptor 1 gene
moderates the influence of urban upbringing on stress precessing in the amygdala.
Stress, 17, 352-361.

Thorpe, S., Salkovskis, P. M., & Dittner, A. (2008) Glaustrophobia in MRI: the role of
cognitions. Magnetic Resonance Imaging 426, 1081-1088.

Uhart, M., Chong, R. Y., Oswald, L., Lin, P. I5\'& Wand, G. S. (2006) Gender differences in
hypothalamic-pituitary-adrenal (HPAWaXxis reactivity. Psychoneuroendocrinology, 31,
642-652.

Vaisvaser, S., Lin, T., Admon, R4 Podlipsky, I., Greenman, Y., Stern, N., Fruchter, E., Wald,
l., Pine, D. S.,gFarrasch, R., Bar-Haim, Y., & Hendler, T. (2013) Neural traces of
stress: cogtisol related sustained enhancement of amygdala-hippocampal functional
conngttivity Sgrontiers in Human Neuroscience, 7, 313.

Veer, I.M., Oei=N. Y., Spinhoven, P., van Buchem, M. A., Elzinga, B. M., & Rombouts, S. A.
(2091) Beyond acute social stress: increased functional connectivity between
amygdala and cortical midline structures. Neurolmage, 57, 1534-1541.

Veer, I. M., Oei, N. Y., Spinhoven, P., van Buchem, M. A., Elzinga, B. M., & Rombouts, S. A.
(2012) Endogenous cortisol is associated with functional connectivity between the

amygdala and medial prefrontal cortex. Psychoneuroendocrinology, 37, 1039-1047.

32

120Z Aely 20 uo Jesn Bingsusbey dayiolqigsieeisianiun Aq €/ | /29/Z909BSuU/uBdS/S601 0 L /I0p/8]o1e-80UBAPR/UBDS /W02 dNO"0IWapEo.//:Sdly WOl papeojumoq



Sex differences in response to stress

Vogel, S., Klumpers, F., Krugers, H. J., Fang, Z., Oplaat, K. T., Oitzl, M. S., Joels, M., &
Fernandez, G. (2015) Blocking the mineralocorticoid receptor in humans prevents the
stress-induced enhancement of centromedial amygdala connectivity with the dorsal
striatum. Neuropsychopharmacology, 40, 947-956.

Wang, J., Korczykowski, M., Rao, H., Fan, Y., Pluta, J., Gur, R. C., McEwen, B. S., & Detre,
J. A. (2007) Gender difference in neural response to psychological stressgSocial
Cognitive and Affective Neuroscience, 2, 227-239.

Watson, D., Clark, L. A., & Tellegen, A. (1988) Development and validation,ef brief measures
of positive and negative affect: the PANAS scales. Journal of Rersehality and Socical
Psychology, 54, 1063-1070.

Wolf, O. T., Schommer, N. C., Hellhammer, D. H., McEwen, B. S,, & Kirschbaum, C. (2001)
The relationship between stress induced cortisolMevelssand memory differs between
men and women. Psychoneuroendocrinolegy, 26, 711-720.

Wolff, M., & Vann, S. D. (2019) The cognitive thalamus as a gateway to mental
representations. Journal of Neuroscience, 39, 3-14.

Yagi, S., & Galea, L. A. M.,(2019) |Sex differences in hippocampal cognition and
neurogenesis. Neuropsyehopharmacology, 44, 200-213.

Yoest, K. E., Quigley, 4%A., & Becker, J. B. (2018) Rapid effects of ovarian hormones in
dorsal striatum and nucleus accumbens. Hormones and Behavior, 104, 119-129.

Zankert, S., Kudielka¢'B. M., & Wist, S. (2020) Effect of sugar administration on cortisol
responses to acute psychosocial stress. Psychoneuroendocrinology, 115, 104607 .

Zankert, S¥" Bellingrath, S., Wist, S., & Kudielka, B. M. (2019) HPA axis responses to
psychological challenge linking stress and disease: what do we know on sources of

intra- and interindividual variability? Psychoneuroendocrinology, 105, 86-97.

33

120Z Aely 20 uo Jesn Bingsusbey dayiolqigsieeisianiun Aq €/ | /29/Z909BSuU/uBdS/S601 0 L /I0p/8]o1e-80UBAPR/UBDS /W02 dNO"0IWapEo.//:Sdly WOl papeojumoq



Sex differences in response to stress

Figure Legends
Figure 1.

Experimental procedure including the repeated collection of cortisol samples, affect ratings,

and heart rate measurements during ScanSTRESS.
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Figure 2

Salivary cortisol responses to ScanSTRESS in women and.men (+ SEM). **p<.01and *p <

.05 indicate significant results of post hoc unpairedsstests, for each time point.
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Figure 3.

(A) Sex-specific cluster in an unpaired two-group difference analysis with continuous
covariate interaction (grand mean centered, two-tailed combined FWE-corrected p < .05)
describing a sex-specific relationship (men > women) between cortisol increases and neural
responses (stress > control) in the hippocampus, parahippocampal gyrus, cingulate cortex,
thalamus, and ncl. caudatus. (B) In women, higher cortisol increases were assoc&ith
more deactivation (control > stress) within cluster including the cingulate cor‘Qalamus,

and ncl. caudatus. (C) In men, higher cortisol increases were associated@ activation

(stress > control) in a cluster comprising the hippocampus, rahippecampal gyrus,
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Figure 4. C)

Sex-specific fnean neural responses (x SEM, stress > control) and correlations of cortisol

inc ﬁ eawith beta values of the main task effect stress > control in the (A) hippocampus, (B)

parahippocampal gyrus, (C) amygdala, (D) cingulate cortex, (E) thalamus, (F) ncl. caudatus,

(G) ncl. accumbens, and (H) putamen derived from masks using the Harvard Oxford Atlas.
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Figure 5.

Activation changes over the two runs of ScanSTRESS of the female (red to yellow) and male
(blue to light blue) subsample compared to the total sample as reference [green to light

green; (Henze et al., 2020)].

3.1 whole sample 1.25 3.1 women 5.4 3.1 men 5.64
[
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Table Legends

Table 1.

Results from post hoc one-way analyses of variances with sex as fixed factor and cortiso/
increase as covariate for the hippocampus, parahippocampal gyrus, amygdala, cingulate
cortex, thalamus, ncl. caudatus, ncl. accumbens, and putamen including ungorrectedy p-
values and Benjamini-Hochberg corrected significance thresholds (n = 8_ROls).*¥ indicate
significant results (p < .05) and values printed in boldface indicate significant results after

Benjamini-Hochberg correction.

Region of Interest Effect Uncorrected Values Corrected significance
threshold
df F D n°
Value
Hippocampus sex x cortisol 1, 2047, .158 .031 <.04375
increase 63
sex 1, 6.57 .013* .094 < .01875
63
cortisol incredse 1, 3.93 .052 .059 <.00625
63
Parahippocampal S€x\x cortisol 1, 3.10 .084 .049 <.03125
Gyrus Increase 63
sex 1, 482 .032* .074 < .0375
63
cortisol increase 1, 3.01 .088 .048 <.01875
63
Amygdala sex x cortisol 1, 442  .039* .066 <.01875
increase 63
sex 1, 9.46 .003* A31 <.0125
63
cortisol increase 1, 210 .152 .032 =.025
63
Cingulate Cortex sex x cortisol 1, 3.35 .072 051 <.025
increase 63
sex 1, 5.52 .022* .081 <.025
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63
cortisol increase 1, 0.01 .924 .000 =.05
63
Thalamus sex x cotrtisol 1, 298 .089 .046 <.0375
increase 63
sex 1, 219 144 .034 <.05
63
cortisol increase 1, 3.38 .071 .052 <.0125
63
Ncl. Caudatus sex x cortisol 1, 6.55 .013* .094 <.0125
increase 63
sex 1, 496 .030* .073 <.08125
63
cortisol increase 1, 0.35 .557 .005 W= .0375
63
Ncl. Accumbens sex x cortisol 1, 8.66 .005* 212497 < 00625
increase 63
sex 1, 10.12°..002* 138 <.00625
63
cortisol increase 1, 075, .391 .012 <.03125
63
Putamen sex x cortisol 1, 1.41  .240 .022 <.05
increase 63
sex 1, 417  .045* .062 <.04375
63
cortisol ingrease 1, 0.07 .798 .001 <.04375
63

Table 2.

Results from post hoc correlation analyses between mean beta values of the hippocampus,
parahippocampal gyrus, amygdala, cingulate cortex, thalamus, ncl. caudatus, ncl.
accumbens, and putamen with cortisol increase in the two subsamples separately including
uncorrected p-values and Benjamini-Hochberg corrected significance thresholds (n = 8
ROIs). * indicate significant results (p < .05) and values printed in boldface indicate

significant results after Benjamini-Hochberg correction.
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Region of Interest

Correlation with cortisol increase

Women (n = 31) Men (n = 36)
Uncorrected Corrected Uncorrected Corrected
Values significance Values significance
threshold threshold
r p- r p-
Value Value
Hippocampus .087 .31 <.0375 .466 .002* <.025
Parahippocampal -.003 .494 <.05 510 .001* <.0125 &
Gyrus
Amygdala 079 336  <.04375 516 .001* < .o\ﬂ
Cingulate Cortex -196  .145 <.01875 311 .032* 2
Thalamus -.395 .014* <.0125 -.020 .45 205
Ncl. Caudatus -449 .006* <.00625 .290 4Q .0375
Ncl. Accumbens -.193 149 <.025 .621 <.00625
Putamen -.116  .266 <.03125 234N, . <.04375
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