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Abstract: Females and males differ in stress reactivity, coping and in the prevalence rates of stress-related disorders. According to a neurocognitive framework of stress coping, functional connectivity between the amygdala and frontal regions (including dorsolateral-prefrontal cortex (dlPFC), ventral anterior cingulate cortex (vACC) and medial-prefrontal cortex (mPFC)) plays a key role in how people deal with stress. In the current study we investigated the effect of sex and stressor type in a within-subject counterbalanced design on resting-state functional connectivity (rsFC) of the amygdala with these frontal regions in 77 healthy participants (40 females). Both stressor types led to changes in subjective ratings with decreasing positive affect and increasing negative affect and anger. Females showed a higher amygdala–vACC and amygdala-mPFC rsFC for social exclusion than for achievement stress, and than males: while higher amygdala-vACC rsFC points to activation of emotion processing and coping, higher amygdala–mPFC rsFC indicates feelings of reward and social gain, pointing to positive effects of social affiliation. Thus, for females, feeling socially affiliated might be more fundamental than for males. Our data indicate interactions of sex- and stressor in amygdala-frontal coupling which translationally contribute to a better understanding of sex differences in prevalence rates and stress coping.
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1. Introduction
In our daily lives we are confronted with psychosocial and physiological stressors. Both can elicit a typical physiological stress response which is activating the hypothalamo-pituitary-adrenal (HPA)-axis and thus releases cortisol, which happens especially in situations that are uncontrollable and threatening to the social self [1]. In an MRI environment, psychosocial stress is often induced using the Cyberball task [2] or the Montreal Imaging Stress task (MIST, [3]). In the Cyberball task, participants are actively excluded from a ball tossing game by peers, creating a threat to the basic social need of being included [4] and represents interpersonal, social stress. Contrarily, the MIST elicits achievement stress by using mental arithmetics including also social evaluation. While the single correlates of neural stress research have been investigated frequently (for a meta-analysis see e.g., [5]), models on connectivity in neural stress research also exist but have gained less attention.
[bookmark: _Hlk121738362]De Raedt and Hooley (2016) [6] put forward a neurocognitive framework for stress coping including three main regions: (1) the amygdala, (2) the dorsolateral prefrontal cortex (dlPFC), and (3) the ventromedial-frontal region, including the ventral anterior cingulate cortex (vACC) and the (ventro)medial prefrontal cortex ((v)mPFC). The framework suggests that the amygdala, a region central in emotion processing [7] plays a key role in stress coping. The dlPFC, a brain region involved in attentional control, executive function, and reappraisal of negative experiences [8], downregulates amygdala activity, thereby improving stress coping. In contrast, activation of the ventromedial-frontal region, involved in stress processing [9,10], attentional emotional processing [11] and in reward processing [12], upregulates amygdala activity, resulting in a lower ability for stress coping. Thus, this framework specifies effects to stress via brain connectivities.
Resting-state functional connectivity (rsFC) is of particular interest when investigating interactions between brain areas. Therewith, rsFC can be used to determine anticipatory effects and the aftermath of stress in neural networks, including those described by the framework by de Raedt and Hooley [6]. Previous studies already reported increased rsFC between amygdala–dlPFC and amygdala–vACC resulting from psychosocial stress (including both achievement and social stress components) (30min after stress induction) in a mixed sample of females and males [13]. In a male-only sample, increased amygdala–vmPFC rsFC has also been reported one hour after psychosocial stress induction [10]. Additionally, cortisol responders showed a reduced amygdala–dlPFC rsFC and an increased amygdala–mPFC rsFC compared to non-responders, suggesting less effective coping with psychosocial stress in cortisol responders [13], and the administration of hydrocortisone to raise cortisol levels increased task-based amygdala–mPFC coupling in a dynamic facial expression task in a male-only sample [14]. In contrast to psychosocial stress, in the immediate aftermath of social exclusion brain networks seem to shift towards a more vigilant state through an increase in rsFC of the default mode network with the salience network, thereby increasing the allocation of neural resources to deal with the social exclusion and potentially mobilise energy for a fight-or-flight response [4].
Sex differences are well known in terms of stress reactivity to psychosocial stress (achievement stress with a social component) and their coping mechanism. While females seem to be more susceptible to social stress [15], males seem to be more sensitive to achievement-related stress [16]. Sex differences are also apparent in the function and regulation of the HPA-axis, with conflicting studies reporting higher cortisol levels after stress induction in females and others reporting them in males (for review see [17]). These sex differences in stress reactivity and coping might contribute to differences between sexes in the prevalence of stress-related diseases [18], where females have a higher risk of suffering from affective disorders, such as depression and anxiety [19,20], while males more likely suffer from substance misuse [20,21]. To assess sex differences in the coupling of brain regions, rsFC is of specific interest, as during resting-state, neural connectivity can be characterized beyond task-based activation, which is of particular interest when it comes to differences in abilities or preconditions between females and males. Concerning sex differences in rsFC of the amygdala with frontal regions independent of stress reactivity, several studies reported significant findings. In adolescent boys increased left amygdala–mPFC rsFC was reported, whereas girls showed an increased right amygdala–mPFC rsFC [22]. In adults, higher amygdala–vmPFC rsFC emerged in males compared to females [23] and negative associations of cortisol with rsFC of the amygdala with the dlPFC and the subgenual ACC (sgACC), a subpart of the vACC, in females but positive in males were reported [24]. So far, to the best of our knowledge, no study specifically examined sex differences in rsFC in situations of social exclusion or achievement stress.
[bookmark: _Hlk103299174]Taken together, previous studies indicate that amygdala-frontal neural networks seem to be modified by diverse stressors in specific manners and additionally are differently wired in females and males. With the current study, we set out to investigate the effect of sex and stressor-type on networks between the amygdala and frontal rsFC, following the assumption that the amygdala takes a crucial part in stress processing and interacts with the frontal cortex in terms of stress coping [6]. Thus, we compare amygdala-frontal rsFC before and after two different psychosocial stressors and additionally investigate sex differences. We hypothesise that both stressors affect amygdala-frontal rsFC, but differently in females and males. More specifically, we expect higher amygdala–mPFC rsFC in males than females in general [23] and an increase in rsFC pre- to post-stress at least in males [10,14], while we cannot conclude anything on females, as this was not assessed in female participants so far. Due to task-related sex differences, with females being more affected by social exclusion [15] and males by achievement stress [16], we additionally expect sex differences in rsFC depending on stressor type. Additionally, we hypothesise that a stress-induced cortisol change is associated with an increase in amygdala–mPFC rsFC in both sexes [10,13] and a decrease in amygdala–dlPFC and amygdala-vACC rsFC especially in females [24].
2. Materials and Methods
2.1. Sample
For this study, 77 healthy, non-smoking, right-handed university students (40 females) were included. Sample size was calculated using G*Power [25] (alpha error rate 0.05, power 0.95, f=0.18), which calculates a total sample size of n=68 for a repeated-measurements, within-between-subjects-design. Considering dropouts, we targeted to include 80 participants, 40 females and 40 males, in the study. Recruitment was done through advertisements posted at the Medical University of Vienna and the University of Vienna, Austria, as well as through various online student platforms. Psychology students were excluded due to their potential familiarity with the stress induction tasks. Exclusion criteria were a history of neurological or mental disorders (assessed via a structured clinical interview, SCID, [26]), chronic illnesses, drug or hormone intake including hormonal contraception, alcohol abuse or addiction, working night shifts, engaging in competitive sports, recent or current pregnancy, premenstrual dysphoric disorder, allergic asthma, and MRI incompatibility (i.e., metal parts in the body, etc.). Participants were asked to refrain from alcohol consumption and exercise 24hrs prior to testing, medication, caffeine, and drug intake on the day itself, as well as food or drink intake (except water) two hours before arriving at the lab. We included female participants over the whole menstrual cycle to include a variety of female hormonal profiles. Cycle phase was assessed through documentation of the previous three cycle phases and confirmed via baseline measurements of estradiol and progesterone with saliva samples on the day of testing. Females and males were matched for age. 
Written informed consent was obtained from all participants and the study was approved by the Institutional Review Board of the Medical University of Vienna. All participants were treated according to the Declaration of Helsinki (1964). At the end of the test day, participants were fully briefed on the aims of the study and received financial compensation. 
2.2. Procedure
All measurements were done at the MR Centre of Excellence at the Medical University of Vienna, Austria, between 1:30pm and 6:30pm to control for circadian hormone rhythms. After arrival, participants received detailed instructions, filled in questionnaires pertaining to social demographics (i.e. sex, age, education status), verbal intelligence (Mehrfachwortschatztest-B, MWTB, [27]), social support in the last 10 days, rejection sensitivity (Rejection Sensitivity Questionnaire, RSQ, [28]), stress coping (Stressverarbeitungs-Fragebogen, SVF, [29]), and subjective ratings (positive and negative affect scale, PANAS, [30]; emotional self-rating, ESR, [31]). Figure 1 illustrates the procedure of fMRI and saliva sample data collection. 
First, participants provided a first saliva sample for hormone analysis (T0; approximately 15min after arrival and before scanner entry) to analyse estradiol, progesterone, testosterone, and cortisol. Participants then underwent two fMRI sessions, with two separate tasks (achievement stress and social exclusion, described below in more detail and see also [32,33]) applied in a randomised order across participants. Before and after each task, a resting-state (rs) scan was conducted (i.e., four rs-scans in total; Figure 1). Anatomical images were assessed at the beginning of the first fMRI session. To examine effects of the tasks on subjective ratings and hormonal stress reactivity, before the first and third rs-scan and after each task, participants again completed the PANAS and ESR and provided saliva samples (Figure 1, T1-T4). Between both tasks a break of at least 60min was spent outside the scanner.
[image: ]
Figure 1. Study design. After arrival and self-report questionnaires, two fMRI sessions consisting of an anatomical scan (only before the first session), two rs-scans per session, a stress induction task with either the Cyberball (for social exclusion) or the modified MIST (for achievement stress) were administered to participants, with a 60 min break in-between. Saliva samples and subjective ratings were collected at dedicated time points. Social exclusion and achievement stress were administered in a randomised order, counterbalanced between females and males.
2.3. Stress tasks
2.3.1. Modified Montreal Imaging Stress Task - MIST
For achievement stress, we used a modified version of the MIST [3], in which participants had to solve mental arithmetic problems. The task’s difficulty was adapted to each participant’s performance and participants received feedback on their accuracy on the arithmetic tasks. The modified MIST consists of two conditions: (1) In the control condition, participants performed arithmetic tasks without time pressure, and (2) in the stress condition, participants’ success rate was kept at 20-45% by increasing difficulty and diminishing available time. For the current study, the MIST was modified to exclude the social component of this task by giving no negative social feedback nor feedback about performance of an average group of peers. This was necessary to compare social exclusion and achievement stress between females and males in the current study design. In total, the task lasted 10 min, with two control conditions and two stress conditions of 70 sec each, repeated twice. For a more detailed description of this task, see [32]. 
2.3.2. Cyberball
For social exclusion, we used a modified version of the Cyberball task [2], a virtual ball tossing game played with two other players (1 male, 1 female; modified version according to [34]). Participants were instructed that they would engage in a ball tossing game with other participants and that they were not to meet the other players before the game to avoid first impressions influencing gameplay. To increase credibility that other players were “real”, participants were told that they would be allowed to meet the other players after the game. Thus, participants didn’t know that the two other players were computer-determined. Participants had the choice of pressing one of two buttons to toss the ball to either of the two other players. The players were represented by silhouettes from a pre-recorded video of real people. The participant was represented with two hands at the bottom of the screen. The task consisted of three conditions: (1) in the technical exclusion condition, a message appeared that the network connection was not working properly; (2) in the social exclusion condition, participants did not receive any passes, with a message assuring them that network connection was working properly; and (3) in the inclusion condition, participants received a third of the passes. The task started with a technical exclusion block, followed by three inclusion blocks, five exclusion blocks and finished with two more inclusion blocks (30-40sec/block). Each block consisted of approximately 12 passes. Inter-block intervals with a fixation cross lasted 1-3sec. Total duration of the task was approximately 10min. For a more detailed description of this task, see [33].
2.4. Saliva samples
To assess hormone concentrations, saliva samples were obtained at five different time points (T0-T4), four times (pre- vs. post-stressor samples) while participants were lying in the MRI scanner (see Figure 1 and paragraph 2.2). The samples were stored at -20°C until shipping to the analysis laboratory (SwissHealthMed, Aying, Germany), where they were frozen overnight at -20°C again, thawed, and centrifuged. Hormone concentrations of cortisol, testosterone and progesterone were assessed for all time points through competitive luminescence immunoassay (LUMI) kits, while estradiol levels were assessed with enzyme-linked immunoassay (ELISA) kits (SwissHealthMed, Aying, Germany), as they show a better sensitivity than the LUMI kits for estradiol. Estradiol was only assessed in females at arrival (T0), as it merely served to determine menstrual cycle phase. Reliable and valid measurements were achieved for the four hormones with these kits (cortisol: intra-assay coefficient of variability (CV)<4% and inter-assay CV<5%, testosterone: intra-assay CV<4% and inter-assay CV<7%, progesterone: inter-assay CV<4% and inter-assay CV<5%, estradiol: intra-assay CV<8% and inter-assay CV<4%).
2.5. Data and statistical analysis of behavioural and hormonal data
Statistical analysis of sex differences in demographic, subjective, and hormonal data was done with IBM SPSS statistics for Windows, version 27 (IBM Corp., Armonk, NY, USA). For demographic data used for the sample description (see paragraph 3.1), we tested assumptions for parametric testing and t-tests or non-parametric equivalents were performed. For subjective (positive and negative affect, anger) and hormonal (cortisol) stress reactivity, four separate three-factor ANCOVAs with two within-subject factors (task [achievement stress/social exclusion], time [pre-/post-stress]), one between-subjects factor (sex [female/male]) and a covariate-of-no-interest (order of task presentation), to account for a potential effect of the order of task presentation, were performed. The significance level for all statistical tests was set at p<.05. ANCOVAs were Bonferroni-corrected.
2.6. rsFC analyses
2.6.1. Definition of regions-of-interests
To assess amygdala-frontal rsFC, we used the left and right amygdala [35] and assessed their connectivity with the following frontal areas as regions-of-interest (ROIs). Based on previous literature the unilateral vACC [36], the unilateral mPFC [37] and the left and right dlPFC [36] were chosen. As done previously, ROIs were created by adding a 6-mm sphere around the MNI-coordinates [38] (see Figure 2 and Table 1 for ROIs and coordinates). 
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Figure 2. Amygdala-frontal network: representation of the ROIs. For the analyses we assessed rsFC of the amygdalae (in green) with one of the other ROIs (in orange), namely the ventral anterior cingulate cortex (vACC, unilaterally), the medial prefrontal cortex (mPFC, unilaterally) or the dorsolateral prefrontal cortex (dlPFC, bilaterally).
Table 1. MNI coordinates of each ROI.
	MNI coordinates
	
	X
	Y
	Z

	Amygdala(bilateral)
	R
	26
	-6
	-14

	
	L
	-24
	-6
	-14

	vACC (unilateral)
	
	-7
	29
	-12

	mPFC (unilateral)
	
	3
	54
	6

	dlPFC unilateral
	R
	37
	34
	35

	
	L
	-37
	44
	37


Note. Abbreviations: vACC = ventral anterior cingulate cortex, mPFC = medial prefrontal cortex, dlPFC = dorsolateral prefrontal cortex.
2.6.2. Acquisition, pre-processing and calculation of rsFC
Functional and anatomical data were acquired on a 3T TIM Trio Scanner (Siemens Medical Systems, Erlangen, Germany) at the Medical University, Vienna. Anatomical images were acquired using an MPRAGE sequence (3D Magnetisation Prepared Rapid Gradient Echo: 1x1x1.1 mm resolution, TR=2300 ms, TE=4.21 ms, flip angle 9°, inversion time 900 ms, 160 sagittal slices). For the rs-scans, a gradient-echo EPI sequence (with distortion correction; 23 interleaved slices, TE/TR=38/1800 ms, voxel size 1.5x1.5x3 mm, 90° flip angle; bandwidth=1446Hz/pixel, 1.8 mm slice gap) was applied, acquiring 167 images in an axial plane for each subject. These settings lead to a high spatial resolution, which, in combination with low slice thickness, helps avoid signal dephasing in the ventral brain [39,40]. Thus, the applied parameters lead to high sensitivity and specificity, especially around the amygdala.
Functional data was processed using SPM12 (Wellcome Trust Centre for Neuroimaging, London, http://www.fil.ion.ucl.ac.uk/spm/software/spm12/) implemented in Matlab (Version R2019a; Mathworks Inc., Sherborn, MA, USA). The first four volumes were discarded for each participant before further processing. Then images were realigned to the initial image followed by alignment to the mean EPI. The resulting mean EPI image of each subject was then spatially normalized to the ICBM-MNI152 template for each participant [41] with a “unified segmentation” approach [42]. The deformation resulting from this method was applied to the individual EPI volumes which were further resampled to 2mm isotropic. Smoothing was done by a 5mm full-width-at-half-maximum Gaussian kernel to enhance signal-to-noise-ratio as well as to compensate for anatomical variations. The time-course of each ROI was extracted for each participant by computing the first eigenvariate of all voxels within a 6mm sphere around the respective ROI-coordinate, as done previously [38]. These time-courses were further denoised (to reduce spurious correlations, [43]), by excluding variance explained by the following variables: (a) the six motion parameters derived from the image realignment and (b) their first derivatives, as well as (c) white matter (WM) and cerebral blood flow (CBF) intensity (each tissue-signal-class related signal separately). All these nuisance variables entered the model as first and second order terms to increase sensitivity and specificity of the analyses as well as to detect valid correlations and anti-correlations during rest [44]. Data was band-pass filtered with a cut-off frequency of 0.01 and 0.08Hz and rsFC of each participant was adjusted for the effect of age via a regression analysis to account for even subtle changes in brain architecture (see also [5,24]). Linear (Pearson) correlation coefficients of the resulting time-series between the time-series of the left and right amygdala and the time-series of the four frontal ROIs (unilateral vACC and mPFC, bilateral dlPFC, see Table 1) were calculated to quantify rsFC, resulting in eight rsFC assessments. This was done for each of the four rs-scans (T1-T4). The resulting correlation coefficients were Fisher z-transformed for building an approximately normal distributed variable for further statistical analyses.
2.6.3. Statistical analyses of rsFC
For this data analysis, all further statistical analyses were performed with IBM SPSS 27 (IBM Corp., Armonk, NY, USA). RsFC of both amygdalae with frontal ROIs were analysed in a seed-to-seed analysis method, excluding rsFC between frontal ROIs or between the amygdalae, as the framework of de Raedt and Hooley (2016) [6] does not include interactions between these rsFCs. First, all eight included rsFCs (bilateral amygdala with unilateral vACC and mPFC and bilateral dlPFC), for each of the four rs-scans (T1-T4), were tested for significant deviation from zero by one-sample t-tests. Only rsFC values significantly different from zero in at least one of the four rs-scans (T1-T4) were included for further analyses. This procedure excluded rsFC of the right amygdala with the dlPFC bilaterally (all ps >.077), as well as rsFC between the left amygdala and the right dlPFC (ps >.068). For each of the remaining five rsFCs (bilateral amygdala with unilateral vACC and mPFC; left amygdala with left dlPFC), separate three-factor ANCOVAs with two within-subject factors (task [achievement stress/social exclusion], time [pre-/post-stress]), one between-subjects factor (sex [female/male]) and a covariate-of-no-interest (order of task presentation), to account for a potential effect of the order of task presentation, were performed. Sticking to de Raedt and Hooley’s framework [6], no dependencies between rsFCs are assumed, thus for our analyses testing this specific framework we assume independence of connectivities. Nevertheless, to account for repeated testing due to laterality, Bonferroni correction was applied for bilateral amygdala analyses (bilateral amygdala with unilateral vACC and unilateral mPFC), with an α-value set to .025. All ANCOVAs were Bonferroni corrected. Partial eta-squared as effect size, reflecting the proportion of variance due to a certain parameter or set of parameters in a model relative to the variance in a simpler, nested model [45], is reported for ANCOVAs.
2.6.3.1 Exploratory regression analyses
To further exploratorily assess associations of stress-induced changes in cortisol reactivity and subjective ratings with changes of amygdala–frontal rsFC before vs. after each task, we ran multiple regression analyses. Therefore, the change from pre-stress to post-stress of amydala-frontal rsFC, cortisol, positive affect, negative affect, and anger for each stressor (achievement stress/social exclusion) were calculated. For each amygdala-frontal rsFC, exploratory multiple regression analyses (with forced entry) were performed. For the following predictors, we ran separate regression analyses with change in amygdala-frontal rsFC from pre-stress to post-stress as dependent variable, separately for each stressor: change in (a) cortisol, (b) positive affect, (c) negative affect and (d) anger from pre- to post-stress. For each analysis, sex and order of task presentation were included as additional predictors. One exception was change in cortisol, where we observed a significant sex difference (see paragraph 3.2 and Figure 4C). We therefore added the interaction of sex and cortisol as a predictor to the regression and found it to be significant (p=.021) and thus performed this regression analysis separately for females and males. For all regression analyses, outliers were identified and excluded using a Cook’s distance above 0.5 as cut-off. Significance levels for all regression analyses were Bonferroni corrected for laterality, as explained above.
3. Results
3.1. Sample description
Groups were matched for movement parameters (FD, DVARS, RMS, [44,46]), removing four male participants from the analysis, leading to a final sample of 73 participants (40 females). After matching, females and males did not differ in their mean movement (all ps >.56). Females and males did not differ significantly in age, verbal intelligence, amount of social support in the last 10 days, rejection sensitivity or in positive coping strategies (see Table 2). Besides expected sex differences in progesterone and testosterone values, with higher progesterone in females and higher testosterone in males, there was a significant difference in negative coping strategies, with females scoring higher (i.e., they are using more negative coping strategies) than males. Almost half of the females were tested during menstruation in their early follicular phase (day 1-5, n=19), two were tested during their ovulation (day 12-14, n=2) and the rest was tested during their midluteal phase (day 18-23, n=19). With regards to order of task presentation, 19 females and 15 males first performed the achievement stress task vs. 21 females and 18 males first went through social exclusion (χ2(1)=0.03, p=.862, φ=0.02). Please see Table 2 for sample description.
Table 2. Sample description including details on age, questionnaire data and hormonal concentrations.
	
	Females (n=40)
	Males (n=33)
	
	

	
	Mean
	SD
	Mean
	SD
	Statistical parameters
	p-value

	Age (in years) 
	24.7
	3.8
	24.0
	3.0
	t(71)=0.755
	.453

	Verbal intelligence
	26.7
	4.0
	27.4
	3.5
	t(701)=0.875
	.385

	Social support in last 10 days
	19.3
	20.5
	20.2
	19.2
	t(71)=0.201
	.841

	Rejection sensitivity
	8.4
	3.3
	8.1
	2.9
	t(71)=0.412
	.681

	Positive stress coping strategies
	2.2
	0.4
	2.3
	0.3
	t(71)=0.298
	.767

	Negative stress coping strategies
	2.0
	0.6
	1.7
	0.6
	t(71)=2.080
	.041*

	Estradiol levels at arrival [pg/mL]
	4.58
	4.07
	n/a
	n/a
	n/a
	n/a

	Progesterone levels at arrival [pg/mL]
	71.97
	57.61
	42.65
	29.48
	t(691)=2.582
	.012*

	Testosterone levels at arrival [pg/mL]
	25.99
	19.07
	87.93
	60.62
	t(71)=6.114
	<.001*


Note. Abbreviations: SD = standard deviation. * indicates significance of p<.05. 1 : datapoint missing for one or two participants.
3.2. Associations between stress and cortisol.
The three-factor ANCOVA (within-subject factors: task [achievement stress/social exclusion], time [pre-/post-stress]; between-subjects factor: sex [female/male]; covariate-of-no-interest: order of task presentation) showed a main effect of sex (F(1,70)=9.085, p=.004, ηp2=0.115) with higher cortisol levels in males than in females (Figure 3A). A task-by-time interaction was found (F(1,70)=5.301, p=.024, ηp2=0.070) and post-hoc t-tests showed significantly lower cortisol levels post- compared to pre-social exclusion (t(71)=2.579, p=.012), which was not seen post- compared to pre-achievement stress (Figure 3B). Directly comparing pre and post values between the two tasks, however, did not yield significant differences (all ps>.077). Please see Figure 3A and 3B and Table A1 for detailed cortisol levels.
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Figure 3. (A) Significantly higher cortisol level in females compared to males; (B) Cortisol levels for each stressor show a decrease post- vs. pre-social exclusion which is not apparent for achievement stress; (C) Positive affect decrease pre- to post-stress in both tasks; (D) Negative affect is higher in achievement stress compared to social exclusion and pre- compared to post-stress; (E) Increased anger rates post-stress are seen in both tasks, with higher ratings post-achievement stress compared to post-social exclusion. * indicates significance of p<.05. Abbreviations: PANAS = positive and negative affect scale, ESR = emotional scale rating, soc exc = social exclusion, ach stress = achievement stress.
3.3. Associations between stress and subjective rating.
For each of the three subjective rating measures positive affect, negative affect and anger a three-factor ANCOVA (within-subject factors: task [achievement stress/social exclusion], time [pre-/post-stress]; between-subjects factor: sex [female/male]; covariate-of-no-interest: order of task presentation) was performed.
Positive affect. We observed a significant main effect of time (F(1,71)=21.035, p<.001, ηp2=0.229), with lower positive affect ratings post-stress compared to pre-stress. No other main or interaction effect reached significance (all ps>.386, see Figure 3C and Table A1). 
Negative affect. A main effect of task (F(1,71)=5.896, p=.018, ηp2=0.077) , with higher negative affect for achievement stress than for social exclusion, and time (F(1,71)=10.358, p=.002, ηp2=0.127), with higher negative affect post-stress compared to pre-stress was found. No other main or interaction effect was seen (all ps>.071, see Figure 3D and Table A1). 
Anger. Anger showed a main effect of task (F(1,71)=11.849, p<.001, ηp2=0.143), with higher ratings for achievement stress compared to social exclusion, and time (F(1,71)=45.125, p<.001, ηp2=0.389), with higher ratings post-stress compared to pre-stress. Further, a task-by-time interaction could be seen (F(1,71)=14.689, p<.001, ηp2=0.171). Post-hoc t-tests showed that anger was significantly higher after both social exclusion (t(72)=-2.819, p=.006) and achievement stress (t(72)=-6.158, p<.001), but was higher after achievement stress than after social exclusion (t(72)=-4.125, p<.001). No significant effect was seen before the tasks, nor was there an effect of sex or other interaction effects (all ps>.085, see Figure 3E and Table A1).
3.4. Associations between stress and rsFC
For each of the five retained rsFCs, a three-factor ANCOVA (within-subject factors: task [achievement stress/social exclusion], time [pre-/post-stress]; between-subjects factor: sex [female/male]; covariate-of-no-interest: order of task presentation) was conducted.
3.4.1. Amygdala–vACC.
[bookmark: OLE_LINK7][bookmark: OLE_LINK10]Right amygdala-vACC. The ANCOVA showed a significant task-by-sex interaction (F(1,69)=5.533, p=.022, ηp2=0.074). Post-hoc t-tests demonstrated higher rsFC for social exclusion than for achievement stress in females (t(39)=2.210, p=.033), while such a difference was not apparent in males (p=.200). Furthermore, females exhibited higher rsFC than males for social exclusion (t(70)=-2.068, p=.042, see Figure 4A) which was not apparent for achievement stress. No other main effect or interaction was significant (all ps>.126).
Left amygdala-vACC. No significant effects emerged considering Bonferroni correction (all ps>.039, cut-off α=.025). 
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Figure 4. Sex differences in rsFC of right amygdala for both paradigms with vACC (A) and mPFC (B). In (C), association of change in cortisol with change in amygdala-vACC rsFC for social exclusion in females. * indicates significance of p<.05. Abbreviations: vACC = ventral anterior cingulate cortex, AMY = amygdala, mPFC = medial prefrontal cortex, soc exc = social exclusion, ach stress = achievement stress.
3.4.2. Amygdala–mPFC.
Right amygdala-mPFC. A task-by-sex interaction (F(1,69)=6.093, p=0.016, ηp2=0.081) emerged. Post-hoc t-tests indicated higher rsFC for social exclusion in females than males (t(71)=-2.543, p=.013, see Figure 4B). No significant sex difference appeared for achievement stress and no task differences appeared within sexes (all ps>.051). No other main effect or interaction was significant (all ps>.079).
[bookmark: OLE_LINK5][bookmark: OLE_LINK6]Left amygdala-mPFC. Here, a main effect of time was observed (F(1,69)=6.542, p=.013, ηp2=0.087), with higher rsFC pre-stress compared to post-stress. No other main effect or interaction was significant (all ps>.069).
3.4.3. Amygdala–dlPFC. 
For the rsFC of the left amygdala with the left dlPFC, no significant effects emerged (all ps>.081).
3.5. Cortisol and subjective ratings as predictors for rsFC change.
To assess the impact of subjective and physiological stress reactivity on rsFC, we conducted exploratory multiple regression analyses. Therefore, the change in subjective ratings and cortisol levels from pre- to post-stress was calculated for each paradigm separately and used as predictors for the change in rsFC from pre- to post-stress. Sex and order of task presentation were additionally added as predictors. Please see Table 3 for the values of change for cortisol and subjective ratings that were used for analysis. 
3.5.1. Predictor: Change in cortisol from pre- to post-stress. 
For change in cortisol from pre- to post-stress, we ran separate analyses for females and males, as we see differences in cortisol levels between sexes in the current sample and the interaction of sex with cortisol turned out to be significant in the regression (predictors: change in cortisol from pre- to post-stress and order of task presentation). 
Females, right amygdala–vACC; social exclusion. For social exclusion, cortisol change was significantly positively associated with change in rsFC (R2=0.204, F(2,36)=4.624, p=.016). A decrease in cortisol during social exclusion was associated with a decrease of rsFC between right amygdala and vACC (β=0.377, t=2.513, p=.017; see Figure 4C). No other significant association emerged (all ps>.066).
Change in cortisol from pre- to post-stress did not predict changes in any other rsFC neither for social exclusion nor for achievement stress in any of the two sexes (all ps >.102).
Table 3. Changes in cortisol and subjective ratings due to social exclusion and achievement stress.
	
	Social exclusion
	Achievement stress

	
	Females (n=40)
	Males (n=33)
	Females (n=40)
	Males (n=33)

	
	Mean
	SD
	Mean
	SD
	Mean
	SD
	Mean
	SD

	Change in cortisol [pg/mL]
	-115.05
	437.71
	-373.09
	1021.32
	124.15
	630.81
	-152.91
	909.76

	Change in positive affect (PANAS)
	-0.26
	0.55
	-0.24
	0.57
	-0.11
	0.61
	-0.21
	0.58

	Change in negative affect (PANAS)
	0.03
	0.25
	0.05
	0.25
	0.19
	0.51
	0.11
	0.30

	Change in anger (ESR)
	0.18
	0.64
	0.24
	0.61
	0.80
	1.11
	0.76
	1.06


Note. Abbreviations: SD = standard deviation; PANAS = Positive and Negative Affect Scale; ESR = Emotional Scale Rating.
3.5.2. Predictor: Change in positive affect from pre- to post-stress.
For change in positive affect from pre- to post-stress, multiple regression analyses were performed with the predictors: change in positive affect, sex and order of task presentation.
Left amygdala–mPFC, achievement stress. Changes in positive affect had a significant negative relationship with changes in rsFC (model R2=0.132; F(3,69)=3.497, p=.020) for achievement stress across both sexes. A decrease in positive affect due to achievement stress was associated with an increase in rsFC (β=-0.227, t=-2.003, p=.049, see Figure 5A).
Change in positive affect from pre- to post-stress did not predict changes in any other rsFC neither for social exclusion nor for achievement stress (all ps >.051). 

[image: ]
Figure 5. (A) Association between change in rsFC of the amygdala and the mPFC and change in positive affect from pre- to post-achievement stress, and (B) association between change in rsFC of the amygdala and the vACC and change in anger from pre- to post-achievement stress. Change values from before to after social exclusion or achievement stress, respectively. Abbreviations: vACC = ventral anterior cingulate cortex, AMY = amygdala, mPFC = medial prefrontal cortex.
3.5.3. Predictor: Change in negative affect from pre- to post-stress.
For change in negative affect from pre- to post-stress, regression analyses were performed with the predictors: change in negative affect, sex and order of task presentation. Change in negative affect from pre- to post-stress did not predict changes in any rsFC neither for social exclusion nor for achievement stress (all ps>.045, cut-off α=.025).
3.5.4. Predictor: Change in anger from pre- to post-stress.
For change in anger from pre- to post-stress, regression analyses were performed with the predictors: change in anger, sex and order of task presentation.
Left Amygdala–vACC, achievement stress. The change in anger was negatively associated with changes in rsFC (model R2= 0.139; F(3,69)=3.699, p=.016), with increased anger, a decreased rsFC was seen for achievement stress across both sexes (β=-0.336, t=-3.005, p=.004), see Figure 5B. 
Change in anger from pre- to post-stress did not predict changes in any other rsFC neither for social exclusion nor for achievement stress (all ps>.083).
4. Discussion
The aim of the current study was to investigate the effect of sex and stressor type on rsFC of the amygdala with frontal regions. This selection of regions was based on a recent neurocognitive framework on stress coping by de Raedt and Hooley [6]. In the following we will discuss our results. 
4.1. Sex differences in stress reaction on amygdala-frontal stress networks
We observed significant sex differences in the amygdala-frontal network, with higher amygdala-vACC and amygdala-mPFC rsFC for social exclusion in females that was not seen in males. Additionally, in females rsFC of the amygdala with the vACC was significantly higher for social exclusion than for achievement stress. Furthermore, in an exploratory multiple regression analysis, females showed an association between change in cortisol values from pre- to post-stress with the rsFC between the amygdala and the vACC. Hence, social exclusion seems to exhibit a sex-specific effect on the amygdala-frontal network. This fits nicely with previous reports that females have been shown to be more susceptible to social affiliation and exclusion [16,47]. For the current results, besides directly experiencing social exclusion, females more than males might also be triggered by anticipatory effects of an upcoming social, interpersonal stress situation as participants were told that they will participate in a ball tossing game. In previous studies, increased amygdala-vACC connectivity has been found in trauma-exposed females at rest and during affective processing [48], during implicit processing of sad facial stimuli in healthy females and males [49], and following a conflict task using emotional stimuli [50]. This supports the assumption from the neurocognitive framework [6] that activation of the ventromedial-frontal region, which is involved in stress [9,10] and attentional emotional processing [11] upregulates amygdala activity, further resulting in a lower ability for stress coping. The vACC is further closely related to stress processing after social exclusion [9], and social decision making. Importantly, the vACC coordinates used in the current study (based on [36]) are more specifically located in a part of the vACC also known as subgenual ACC (sgACC) [51]. In previous studies, sgACC was often associated with mood disorders such as depression, showing a reduced gray matter volume and higher activation of sgACC in depressed compared to healthy participants [52], and with processing of sadness [53,54]. Heightened amygdala-vACC rsFC in social exclusion compared to achievement stress in females is in line with the aforementioned higher susceptibility of females to social exclusion and suggests more affective processing in socially stressful situations than in achievement-related stress in females. In our exploratory multiple regression analyses we additionally saw a positive association between change in cortisol and change in amygdala-vACC rsFC in females for social exclusion, which was reported previously in a mixed sample for psychosocial stress (thus, achievement stress including a social component) [13].
[bookmark: _Hlk121744490][bookmark: _Hlk121743877]Taken together with previous literature, the current results show that rsFC between the amygdala and the vACC is elevated in stressful situations, when females are exposed to emotionally or socially stressful contexts, such as social exclusion, and they therewith must engage in emotion processing. As females are more susceptible to social affiliation and social exclusion, social stress might be particularly salient for them. Thus, our findings corroborate the assumption that females are engaging more coping mechanisms and are more affected by socially stressful situations than males, and they are also more triggered in socially stressful situations than in achievement situations.
[bookmark: _Hlk121743905]Moreover, in the current results we saw a higher coupling between the amygdala and the mPFC for social exclusion in females compared to males. Increased amygdala–mPFC rsFC was previously observed in a male-only sample after psychosocial stress (achievement stress also including a social component) [10], in reward learning during wins compared to losses in both sexes [12] and has been associated with lower anxiety [55]. Thus, an elevated rsFC between the amygdala and the mPFC is present in situations of positive gain, and in achievement-related stress situations at least in males. Together with the current results, this suggests that females are possibly experiencing social gain from interactions although in stressful situations. Indeed, reward anticipation, as in this case the social interaction for females, could even buffer the subjective and hormonal stress reactivity [56].
In addition to this, the observed sex difference with higher amygdala-mPFC rsFC in females compared to males is partly in contrast to a previous study, describing heightened amygdala-mPFC rsFC in males compared to females but worth mentioning independent of an applied task and rather in the connectivity between the laterobasal amygdala and the rectal gyrus [23]. Furthermore our results also emphasise the importance of setting up study designs specifically investigating sex differences and of including both females and males, as male-only samples suggest heightened amygdala-mPFC rsFC in a facial expression task [14] and during the stress-recovery phase one hour after stress [10]. Taken together with the current results, this shows that neglecting females in research biases the outcome interpretation. Thus, investigating sex and stressor specific differences and interactions is still in its infancies and more studies on sex differences in stress specifically must be performed. 
In our current study, we propose that heightened rsFC of the amygdala with the vACC and mPFC before and after social exclusion in females compared to males and compared to achievement stress might indicate that females are feeling rewarded by social engagement and are experiencing social gain from interactions. Additionally, females seem to be more susceptible to social stress, which might be particularly salient for them, and they are therefore more affected by socially stressful situations and need to engage more coping mechanisms within these situations than males.
The assessment of sex differences are particularly important with regards to different prevalence rates of mental disorders, as women are more susceptible to stress-related disorders such as depression and anxiety [20], while men are more prone to suffer from substance misuse [20,21]. These prevalence rates might be affected by different stressor types such as social exclusion or achievement stressors in sex-dependent, distinct ways. Sex-specific reactions to different stressors might partly explain sex-specific prevalence rates in mental disorders [18].
4.2. Sex-independent effects in stress reaction on amygdala-frontal stress networks.
Stressor type seems to be influential not only regarding sex differences, but general differences also appeared in both females and males for social exclusion and achievement stress. Cortisol levels decreased after stress induction in social exclusion, but not following achievement stress. Anger showed a stressor-specific effect with higher anger ratings post-achievement stress not present post-social exclusion. Further, while bearing in mind that our multiple regression analyses were merely exploratory, we found negative associations of positive affect and anger with amygdala-frontal rsFC for achievement stress: decreased positive affect was associated with increased amygdala–mPFC rsFC and decreased anger was associated with increased amygdala–vACC rsFC.
Although we were expecting a cortisol increase after the stressors and did not see it, this lacking cortisol increase has been reported repeatedly in other studies after stress induction in an fMRI environment ([57], for a review see [58]). In itself, the fMRI environment can be stressful and lead to high cortisol levels preceding the scan, which then normalise after the scan and in subsequent scans [59]. Generally, within the circadian cortisol rhythm, levels decrease during the course of the day, referred to as the diurnal cortisol slope [60]. This diurnal decrease was not apparent for achievement stress in the current study, speaking for some (weak) cortisol reactivity. Interestingly, we further did not see any change in amygdala-dlPFC rsFC in social exclusion or in achievement stress, which might be explained by the missing cortisol increase in our participants. Based on the neurocognitive framework by de Raedt and Hooley, increased connectivity between the amygdala and the dlPFC is associated with successful stress coping. Nevertheless, Quaedflieg and colleagues [13] reported reduced amygdala-dlPFC coupling only in cortisol responders compared to non-responders, suggesting worse stress coping in cortisol responders than non-responders. Thus, coupling between the amygdala and the dlPFC might be connected to hormonal changes such as cortisol expression [24]. Nevertheless, even with a missing cortisol increase, subjective parameters, such as elevated anger and negative affect as well as decreased positive affect clearly indicate an increase in stress and negative emotions. Especially anger showed a stressor-specific increase, with higher ratings post-achievement stress compared to post-social exclusion. Together with the exploratory result of decreasing amygdala-vACC rsFC going along with increasing anger, this might suggest that achievement stress negatively, subjectively affects participants. Higher rsFC of the amygdala with the vACC was previously found in situations of achievement stress with an additional social component [10,13], but not with achievement stress alone. Further, we found that decreased positive affect was associated with increased amygdala–mPFC. Taken together with the literature showing amygdala-mPFC rsFC to be present after psychosocial stress (achievement stress with a social component) in a male-only sample [10] as well as in male and female cortisol responders compared to non-responders [13], Quaedflieg and colleagues suggested that this points towards less effective stress coping, which fits to the framework of De Raedt and Hooley, as connectivity between the ventromedial frontal regions with the amygdala suggests less effective stress coping.
Taken together, achievement stress is subjectively perceived as more stressful than social exclusion, corroborated by increased anger, negative affect and (according to the circadian rhythm) a missing decrease in cortisol levels. Higher anger and lower positive affect is connected to a lower amygdala-vACC and higher amygdala-mPFC rsFC, showing an association between subjective parameters and amygdala-frontal coupling. 
4.3. Strengths, limitations and future directions
Within the current study we separately investigated two different stressors, namely social exclusion and achievement stress, in a within-subject design within the same individuals. We investigated rsFC before and after each of these stressors, enabling us to investigate changes of coupling between the amygdala and frontal regions due to social exclusion and achievement stress. As most studies on stress reactivity so far investigated male-only samples or did not investigate sex specific analyses in mixed samples, in the current study we not only included a fair amount of females and males but additionally specifically assessed sex differences in social exclusion and achievement stress as well as in rsFC. 
[bookmark: OLE_LINK3][bookmark: OLE_LINK4]Previous studies showed that menstrual cycle and hormonal contraceptive use affects stress reactivity and rsFC [61,62], which should be considered in future studies. For the current study, the sample size was too small to additionally include menstrual cycle effects in the analyses. However, as females had significantly higher values in negative stress coping strategies (see Table 2), we exploratorily performed a regression analysis to investigate whether menstrual cycle phase predicted negative stress coping strategies. The linear regression analysis with menstrual cycle phase as predictor (early follicular/ovulation/midluteal phase) and negative stress coping strategies as the dependent variable yielded no significant association between negative coping strategies and menstrual cycle phase (R2=0.059, F(1,38)=2.380, p=.131). Negative stress coping strategies reported by the females in this study therefore do not seem to be associated with their menstrual cycle phase.
For reasons of homogeneity, the current sample was comprised of young university students. For generalisability of the results, and regarding stress-related mental disorders, future studies should assess more heterogenous samples including different education levels throughout the lifespan.
Further, for the current study we relied on rsFC between the amygdala and frontal regions as suggested in the neurocognitive framework for stress coping by De Raedt and Hooley to assess the impact of different stressors on neural stress-networks. However, as previous studies have shown that analyses of amygdala connectivity on a whole brain or network level can also help to better understand the impact of stress and sex on rsFC [24,63], it would be of additional interest for future studies to create whole brain functional connectivity maps for the amygdala and specifically investigate the impact of different stressors and sex differences on amygdala rsFC.
Finally, we want to acknowledge that we investigated sex differences and did not take gender into account. While sex is usually categorized into female and male, defined primarily on the basis of biological attributes, gender refers to the socially constructed identity of female, male and other gender-diverse people (SAGER guidelines, [64]). It is of importance to include a higher gender diversity in studies to make them more broadly generalisable, as sex as well as gender, and their interaction (i.e., in transgender people), can have an influence on health and well-being in a variety of ways [64].
5. Conclusions
With the current study, we set out to investigate the effect of sex and stressor-type on networks between the amygdala and frontal regions with rsFC, following a neurocognitive framework for stress coping with the assumption that the amygdala takes a crucial part in stress processing and interacts with the frontal cortex in terms of stress coping. We observed significant sex differences in the amygdala-frontal network, seen in a higher rsFC of the amygdala with the vACC as well as with the mPFC for social exclusion in females than in males. This speaks for higher emotion and affect regulation in socially stressful situations in females compared to males, which might be attributed to higher social gain in females compared to males.
Thus, socially stressful situations have a higher impact on neural stress-networks in females than in males and neural stress-networks seem to be modified for diverse stressors in a sex-specific manner. The current results depict neural basic principles of sex differences in differently stressful situations, where females are triggered more intensely by social situations and might see social interaction as more rewarding, but also more effortful in terms of engaging coping resources than males. From a translational perspective, the results represent neural basics of the interaction between sex and stressor on stress reaction and contribute to a better understanding of this interaction which affects sex-specific prevalence rates. This knowledge is important to understand stress-related mental disorders showing differences in prevalence rates for females and males. Understanding and disentangling sex differences in acute stressful situations might help to further discern long-term stress effects and their influence on mental disorders specified for females and males.
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Appendix A
Table A1. Hormonal levels and subjective ratings pre- and post-stress.
	
	Social exclusion
	Achievement stress

	
	Females (n=40)
	Males (n=33)
	Females (n=40)
	Males (n=33)

	
	Mean
	SD
	Mean
	SD
	Mean
	SD
	Mean
	SD

	Cortisol [pg/mL]
	
	
	
	
	
	
	
	

	pre-stress
	1767.90
	807.39
	2518.82
	1351.30
	1826.48
	922.10
	2475.12
	1249.39

	post-stress
	1672.45
	806.46
	2145.73
	936.72
	1950.62
	1010.68
	2322.97
	1200.20

	Positive affect [PANAS]
	
	
	
	
	
	
	
	

	pre-stress
	2.62
	0.78
	2.66
	0.77
	2.56
	0.80
	2.71
	0.72

	post-stress
	2.36
	0.83
	2.42
	0.88
	2.45
	0.76
	2.51
	0.75

	Negative affect [PANAS]
	
	
	
	
	
	
	
	

	pre-stress
	1.19
	0.29
	1.17
	0.25
	1.22
	0.35
	1.21
	0.25

	post-stress
	1.23
	0.30
	1.23
	0.33
	1.41
	0.48
	1.32
	0.36

	Anger [ESR]
	
	
	
	
	
	
	
	

	pre-stress
	1.08
	0.35
	1.24
	0.56
	1.10
	0.30
	1.12
	0.33

	post-stress
	1.25
	0.54
	1.48
	0.80
	1.90
	1.13
	1.88
	1.05


Note. Abbreviations: SD = standard deviation; PANAS = Positive and Negative Affect Scale; ESR = Emotional Scale Rating.
References
1. 	Dickerson, S.S.; Kemeny, M.E. Acute Stressors and Cortisol Responses: A Theoretical Integration and Synthesis of Laboratory Research. Psychological Bulletin 2004, 130, 355–391, doi:10.1037/0033-2909.130.3.355.
2. 	Williams, K.D.; Jarvis, B. Cyberball: A Program for Use in Research on Interpersonal Ostracism and Acceptance. Behavior research methods 2006, 38, 174–180, doi:10.3758/BF03192765.
3. 	Dedovic, K.; Renwick, R.; Mahani, N.K.; Engert, V.; Lupien, S.J.; Pruessner, J.C. The Montreal Imaging Stress Task: Using Functional Imaging to Investigate the Effects of Perceiving and Processing Psychosocial Stress in the Human Brain. Journal of psychiatry & neuroscience : JPN 2005, 30, 319–325.
4. 	Clemens, B.; Wagels, L.; Bauchmüller, M.; Bergs, R.; Habel, U.; Kohn, N. Alerted Default Mode: Functional Connectivity Changes in the Aftermath of Social Stress. Scientific reports 2017, 7, doi:10.1038/SREP40180.
5. 	Kogler, L.; Müller, V.I.; Chang, A.; Eickhoff, S.B.; Fox, P.T.; Gur, R.C.; Derntl, B. Psychosocial versus Physiological Stress - Meta-Analyses on Deactivations and Activations of the Neural Correlates of Stress Reactions. NeuroImage 2015, 119, 235–251, doi:10.1016/J.NEUROIMAGE.2015.06.059.
6. 	De Raedt, R.; Hooley, J.M. The Role of Expectancy and Proactive Control in Stress Regulation: A Neurocognitive Framework for Regulation Expectation. Clinical Psychology Review 2016, 45, 45–55, doi:10.1016/J.CPR.2016.03.005.
7. 	Hermans, E.J.; Battaglia, F.P.; Atsak, P.; De Voogd, L.D.; Fernández, G.; Roozendaal, B. How the Amygdala Affects Emotional Memory by Altering Brain Network Properties. Neurobiology of learning and memory 2014, 112, 2–16, doi:10.1016/J.NLM.2014.02.005.
8. 	Koenigs, M.; Grafman, J. The Functional Neuroanatomy of Depression: Distinct Roles for Ventromedial and Dorsolateral Prefrontal Cortex. Behavioural brain research 2009, 201, 239, doi:10.1016/J.BBR.2009.03.004.
9. 	Cacioppo, S.; Frum, C.; Asp, E.; Weiss, R.M.; Lewis, J.W.; Cacioppo, J.T. A Quantitative Meta-Analysis of Functional Imaging Studies of Social Rejection. Scientific reports 2013, 3, doi:10.1038/SREP02027.
10. 	Veer, I.M.; Oei, N.Y.L.; Spinhoven, P.; van Buchem, M.A.; Elzinga, B.M.; Rombouts, S.A.R.B. Beyond Acute Social Stress: Increased Functional Connectivity between Amygdala and Cortical Midline Structures. NeuroImage 2011, 57, 1534–1541, doi:10.1016/J.NEUROIMAGE.2011.05.074.
11. 	Lockwood, P.L.; Wittmann, M.K. Ventral Anterior Cingulate Cortex and Social Decision-Making. Neuroscience & Biobehavioral Reviews 2018, 92, 187–191, doi:10.1016/j.neubiorev.2018.05.030.
12. 	Cohen, M.X.; Elger, C.E.; Weber, B. Amygdala Tractography Predicts Functional Connectivity and Learning during Feedback-Guided Decision-Making. NeuroImage 2008, 39, 1396–1407, doi:10.1016/J.NEUROIMAGE.2007.10.004.
13. 	Quaedflieg, C.W.E.M.; Van De Ven, V.; Meyer, T.; Siep, N.; Merckelbach, H.; Smeets, T. Temporal Dynamics of Stress-Induced Alternations of Intrinsic Amygdala Connectivity and Neuroendocrine Levels. PloS one 2015, 10, doi:10.1371/JOURNAL.PONE.0124141.
14. 	Henckens, M.J.A.G.; Van Wingen, G.A.; Joëls, M.; Fernández, G. Time-Dependent Effects of Corticosteroids on Human Amygdala Processing. The Journal of neuroscience : the official journal of the Society for Neuroscience 2010, 30, 12725–12732, doi:10.1523/JNEUROSCI.3112-10.2010.
15. 	Rose, A.J.; Rudolph, K.D. A Review of Sex Differences in Peer Relationship Processes: Potential Trade-Offs for the Emotional and Behavioral Development of Girls and Boys. Psychological bulletin 2006, 132, 98, doi:10.1037/0033-2909.132.1.98.
16. 	Stroud, L.R.; Salovey, P.; Epel, E.S. Sex Differences in Stress Responses: Social Rejection versus Achievement Stress. Biological psychiatry 2002, 52, 318–327, doi:10.1016/S0006-3223(02)01333-1.
17. 	Bangasser, D.A.; Valentino, R.J. Sex Differences in Stress-Related Psychiatric Disorders: Neurobiological Perspectives. 2014, doi:10.1016/j.yfrne.2014.03.008.
18. 	Heck, A.L.; Handa, R.J. Sex Differences in the Hypothalamic–Pituitary–Adrenal Axis’ Response to Stress: An Important Role for Gonadal Hormones. Neuropsychopharmacology 2019, 44, 45, doi:10.1038/S41386-018-0167-9.
19. 	Li, S.H.; Graham, B.M. Why Are Women so Vulnerable to Anxiety, Trauma-Related and Stress-Related Disorders? The Potential Role of Sex Hormones. The lancet. Psychiatry 2017, 4, 73–82, doi:10.1016/S2215-0366(16)30358-3.
20. 	Mauvais-Jarvis, F.; Bairey Merz, N.; Barnes, P.J.; Brinton, R.D.; Carrero, J.J.; DeMeo, D.L.; De Vries, G.J.; Epperson, C.N.; Govindan, R.; Klein, S.L.; et al. Sex and Gender: Modifiers of Health, Disease, and Medicine. Lancet (London, England) 2020, 396, 565, doi:10.1016/S0140-6736(20)31561-0.
21. 	Kuehner, C. Why Is Depression More Common among Women than among Men? The lancet. Psychiatry 2017, 4, 146–158, doi:10.1016/S2215-0366(16)30263-2.
22. 	Alarcón, G.; Cservenka, A.; Rudolph, M.D.; Fair, D.A.; Nagel, B.J. Developmental Sex Differences in Resting State Functional Connectivity of Amygdala Sub-Regions. NeuroImage 2015, 115, 235, doi:10.1016/J.NEUROIMAGE.2015.04.013.
23. 	Engman, J.; Linnman, C.; Van Dijk, K.R.A.; Milad, M.R. Amygdala Subnuclei Resting-State Functional Connectivity Sex and Estrogen Differences. Psychoneuroendocrinology 2016, 63, 34–42, doi:10.1016/J.PSYNEUEN.2015.09.012.
24. 	Kogler, L.; Müller, V.I.; Seidel, E.M.; Boubela, R.; Kalcher, K.; Moser, E.; Habel, U.; Gur, R.C.; Eickhoff, S.B.; Derntl, B. Sex Differences in the Functional Connectivity of the Amygdalae in Association with Cortisol. NeuroImage 2016, 134, 410–423, doi:10.1016/J.NEUROIMAGE.2016.03.064.
25. 	Faul, F.; Erdfelder, E.; Lang, A.-G.; Buchner, A. G*Power 3: A Flexible Statistical Power Analysis Program for the Social, Behavioral, and Biomedical Sciences. Behav Res Methods 2007, 39, 175–191, doi:10.3758/bf03193146.
26. 	Wittchen, H.; Wunderlich, U.; Gruschwitz, S.; Zaudig, M. Skid i. Strukturiertes Klinisches Interview Für Dsm-Iv. Achse i: Psychische Störungen. Interviewheft Und Beurteilungsheft. Eine Deutschsprachige, Erweiterte. 1997.
27. 	Merz, J.; Lehrl, S.; Galster, V.; Erzigkeit, H. MWT-B--Ein Intelligenzkurztest [The Multiple Selection Vocabulary Test (MSVT-B)--an Accelerated Intelligence Test]. Psychiatrie, Neurologie, und medizinische Psychologie 1975, 27, 423–428.
28. 	Berenson, K.R.; Gyurak, A.; Ayduk, Ö.; Downey, G.; Garner, M.J.; Mogg, K.; Bradley, B.P.; Pine, D.S. Rejection Sensitivity and Disruption of Attention by Social Threat Cues. Journal of research in personality 2009, 43, 1064–1072, doi:10.1016/J.JRP.2009.07.007.
29. 	Janke, W.; Erdmann, G.; Boucsein, W. Stressverarbeitungsfragebogen:(SVF); Verlag für Psychologie Hogrefe, 1985;
30. 	Krohne, H.W.; Egloff, B.; Kohlmann, C.-W.; Tausch, A. Untersuchungen Mit Einer Deutschen Version Der" Positive and Negative Affect Schedule"(PANAS). researchgate.net 2014, doi:10.1037/t49650-000.
31. 	Schneider, F.; Gur, R.C.; Gur, R.E.; Muenz, L.R. Standardized Mood Induction with Happy and Sad Facial Expressions. Psychiatry Research 1994, 51, 19–31, doi:10.1016/0165-1781(94)90044-2.
32. 	Kogler, L.; Seidel, E.M.; Metzler, H.; Thaler, H.; Boubela, R.N.; Pruessner, J.C.; Kryspin-Exner, I.; Gur, R.C.; Windischberger, C.; Moser, E.; et al. Impact of Self-Esteem and Sex on Stress Reactions. Scientific reports 2017, 7, doi:10.1038/S41598-017-17485-W.
33. 	Radke, S.; Seidel, E.M.; Boubela, R.N.; Thaler, H.; Metzler, H.; Kryspin-Exner, I.; Moser, E.; Habel, U.; Derntl, B. Immediate and Delayed Neuroendocrine Responses to Social Exclusion in Males and Females. Psychoneuroendocrinology 2018, 93, 56–64, doi:10.1016/J.PSYNEUEN.2018.04.005.
34. 	Novembre, G.; Zanon, M.; Silani, G. Empathy for Social Exclusion Involves the Sensory-Discriminative Component of Pain: A within-Subject FMRI Study. Social cognitive and affective neuroscience 2015, 10, 153–164, doi:10.1093/SCAN/NSU038.
35. 	van Marle, H.J.F.; Hermans, E.J.; Qin, S.; Fernández, G. Enhanced Resting-State Connectivity of Amygdala in the Immediate Aftermath of Acute Psychological Stress. NeuroImage 2010, 53, 348–354, doi:10.1016/J.NEUROIMAGE.2010.05.070.
36. 	Bolling, D.Z.; Pitskel, N.B.; Deen, B.; Crowley, M.J.; McPartland, J.C.; Mayes, L.C.; Pelphrey, K.A. Dissociable Brain Mechanisms for Processing Social Exclusion and Rule Violation. NeuroImage 2011, 54, 2462–2471, doi:10.1016/J.NEUROIMAGE.2010.10.049.
37. 	Vaisvaser, S.; Lin, T.; Admon, R.; Podlipsky, I.; Greenman, Y.; Stern, N.; Fruchter, E.; Wald, I.; Pine, D.S.; Tarrasch, R.; et al. Neural Traces of Stress: Cortisol Related Sustained Enhancement of Amygdala-Hippocampal Functional Connectivity. Frontiers in human neuroscience 2013, 7, doi:10.3389/FNHUM.2013.00313.
38. 	Nostro, A.D.; Müller, V.I.; Varikuti, D.P.; Pläschke, R.N.; Hoffstaedter, F.; Langner, R.; Patil, K.R.; Eickhoff, S.B. Predicting Personality from Network-Based Resting-State Functional Connectivity. Brain structure & function 2018, 223, 2699–2719, doi:10.1007/S00429-018-1651-Z.
39. 	Robinson, S.; Pripfl, J.; Bauer, H.; Moser, E. The Impact of EPI Voxel Size on SNR and BOLD Sensitivity in the Anterior Medio-Temporal Lobe: A Comparative Group Study of Deactivation of the Default Mode. Magma (New York, N.Y.) 2008, 21, 279–290, doi:10.1007/S10334-008-0128-0.
40. 	Robinson, S.; Moser, E.; Peper, M. FMRI of Emotion. Neuromethods 2009, 41, 411–456, doi:10.1007/978-1-60327-919-2_14.
41. 	Holmes, C.J.; Hoge, R.; Collins, L.; Woods, R.; Toga, A.W.; Evans, A.C. Enhancement of MR Images Using Registration for Signal Averaging. Journal of computer assisted tomography 1998, 22, 324–333, doi:10.1097/00004728-199803000-00032.
42. 	Ashburner, J.; Friston, K.J. Unified Segmentation. NeuroImage 2005, 26, 839–851, doi:10.1016/J.NEUROIMAGE.2005.02.018.
43. 	Weissenbacher, A.; Kasess, C.; Gerstl, F.; Lanzenberger, R.; Moser, E.; Windischberger, C. Correlations and Anticorrelations in Resting-State Functional Connectivity MRI: A Quantitative Comparison of Preprocessing Strategies. NeuroImage 2009, 47, 1408–1416, doi:10.1016/J.NEUROIMAGE.2009.05.005.
44. 	Satterthwaite, T.D.; Elliott, M.A.; Gerraty, R.T.; Ruparel, K.; Loughead, J.; Calkins, M.E.; Eickhoff, S.B.; Hakonarson, H.; Gur, R.C.; Gur, R.E.; et al. An Improved Framework for Confound Regression and Filtering for Control of Motion Artifact in the Preprocessing of Resting-State Functional Connectivity Data. NeuroImage 2013, 64, 240–256, doi:10.1016/J.NEUROIMAGE.2012.08.052.
45. 	Correll, J.; Mellinger, C.; Pedersen, E.J. Flexible Approaches for Estimating Partial Eta Squared in Mixed-Effects Models with Crossed Random Factors. Behav Res 2022, 54, 1626–1642, doi:10.3758/s13428-021-01687-2.
46. 	Power, J.D.; Barnes, K.A.; Snyder, A.Z.; Schlaggar, B.L.; Petersen, S.E. Spurious but Systematic Correlations in Functional Connectivity MRI Networks Arise from Subject Motion. NeuroImage 2012, 59, 2142–2154, doi:10.1016/J.NEUROIMAGE.2011.10.018.
47. 	Rose, A.J.; Rudolph, K.D. A Review of Sex Differences in Peer Relationship Processes: Potential Trade-Offs for the Emotional and Behavioral Development of Girls and Boys. Psychological bulletin 2006, 132, 98, doi:10.1037/0033-2909.132.1.98.
48. 	Kleshchova, O.; Rieder, J.K.; Grinband, J.; Weierich, M.R. Resting Amygdala Connectivity and Basal Sympathetic Tone as Markers of Chronic Hypervigilance. Psychoneuroendocrinology 2019, 102, 68–78, doi:10.1016/J.PSYNEUEN.2018.11.036.
49. 	Costafreda, S.G.; McCann, P.; Saker, P.; Cole, J.H.; Cohen-Woods, S.; Farmer, A.E.; Aitchison, K.J.; McGuffin, P.; Fu, C.H.Y. Modulation of Amygdala Response and Connectivity in Depression by Serotonin Transporter Polymorphism and Diagnosis. Journal of Affective Disorders 2013, 150, 96–103, doi:10.1016/j.jad.2013.02.028.
50. 	Kanske, P.; Kotz, S.A. Emotion Speeds up Conflict Resolution: A New Role for the Ventral Anterior Cingulate Cortex? Cerebral Cortex 2011, 21, 911–919, doi:10.1093/CERCOR/BHQ157.
51. 	Stevens, F.L.; Hurley, R.A.; Taber, K.H.; Hurley, R.A.; Hayman, L.A.; Taber, K.H. Anterior Cingulate Cortex: Unique Role in Cognition and Emotion. JNP 2011, 23, 121–125, doi:10.1176/jnp.23.2.jnp121.
52. 	Drevets, W.C.; Savitz, J.; Trimble, M. The Subgenual Anterior Cingulate Cortex in Mood Disorders. CNS Spectr 2008, 13, 663–681, doi:10.1017/s1092852900013754.
53. 	Smith, R.; Fadok, R.A.; Purcell, M.; Liu, S.; Stonnington, C.; Spetzler, R.F.; Baxter, L.C. Localizing Sadness Activation within the Subgenual Cingulate in Individuals: A Novel Functional MRI Paradigm for Detecting Individual Differences in the Neural Circuitry Underlying Depression. Brain Imaging Behav 2011, 5, 229–239, doi:10.1007/s11682-011-9127-2.
54. 	Liotti, M.; Mayberg, H.S.; Brannan, S.K.; McGinnis, S.; Jerabek, P.; Fox, P.T. Differential Limbic--Cortical Correlates of Sadness and Anxiety in Healthy Subjects: Implications for Affective Disorders. Biol Psychiatry 2000, 48, 30–42, doi:10.1016/s0006-3223(00)00874-x.
55. 	Coombs, G.; Loggia, M.L.; Greve, D.N.; Holt, D.J. Amygdala Perfusion Is Predicted by Its Functional Connectivity with the Ventromedial Prefrontal Cortex and Negative Affect. PLoS ONE 2014, 9, doi:10.1371/JOURNAL.PONE.0097466.
56. 	Hu, W.; Yang, J. Reward Anticipation Buffers Neuroendocrine and Cardiovascular Responses to Acute Psychosocial Stress in Healthy Young Adults. Stress 2021, 24, 805–813, doi:10.1080/10253890.2021.1923690.
57. 	Dimitrov-Discher, A.; Wenzel, J.; Kabisch, N.; Hemmerling, J.; Bunz, M.; Schöndorf, J.; Walter, H.; Veer, I.M.; Adli, M. Residential Green Space and Air Pollution Are Associated with Brain Activation in a Social-Stress Paradigm. Sci Rep 2022, 12, 10614, doi:10.1038/s41598-022-14659-z.
58. 	Noack, H.; Nolte, L.; Nieratschker, V.; Habel, U.; Derntl, B. Imaging Stress: An Overview of Stress Induction Methods in the MR Scanner. J Neural Transm (Vienna) 2019, 126, 1187–1202, doi:10.1007/s00702-018-01965-y.
59. 	Peters, S.; Cleare, A.J.; Papadopoulos, A.; Fu, C.H.Y. Cortisol Responses to Serial MRI Scans in Healthy Adults and in Depression. Psychoneuroendocrinology 2011, 36, 737–741, doi:10.1016/j.psyneuen.2010.10.009.
60. 	Adam, E.K.; Kumari, M. Assessing Salivary Cortisol in Large-Scale, Epidemiological Research. Psychoneuroendocrinology 2009, 34, 1423–1436, doi:10.1016/j.psyneuen.2009.06.011.
61. 	Hidalgo-Lopez, E.; Mueller, K.; Harris, T.A.; Aichhorn, M.; Sacher, J.; Pletzer, B. Human Menstrual Cycle Variation in Subcortical Functional Brain Connectivity: A Multimodal Analysis Approach. Brain structure & function 2020, 225, 591–605, doi:10.1007/S00429-019-02019-Z.
62. 	Kirschbaum, C.; Kudielka, B.M.; Gaab, J.; Schommer, N.C.; Hellhammer, D.H. Impact of Gender, Menstrual Cycle Phase, and Oral Contraceptives on the Activity of the Hypothalamus-Pituitary-Adrenal Axis. Psychosomatic medicine 1999, 61, 154–162, doi:10.1097/00006842-199903000-00006.
63. 	Zhang, W.; Llera, A.; Hashemi, M.M.; Kaldewaij, R.; Koch, S.B.J.; Beckmann, C.F.; Klumpers, F.; Roelofs, K. Discriminating Stress from Rest Based on Resting-State Connectivity of the Human Brain: A Supervised Machine Learning Study. Hum Brain Mapp 2020, 41, 3089–3099, doi:10.1002/hbm.25000.
64. 	Heidari, S.; Babor, T.F.; De Castro, P.; Tort, S.; Curno, M. Sex and Gender Equity in Research: Rationale for the SAGER Guidelines and Recommended Use. Res Integr Peer Rev 2016, 1, 2, doi:10.1186/s41073-016-0007-6.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.


image3.png
cortisol [pg/mL]

(9]

N

positive affect [PANAS]
N w

Cortisol levels and subjective ratings in stress

cortisol [pg/mL]
N
o
o
o

2000 Soatz
° @0 e
|
0
pre post pre post
SOC exc ach stress
D " E .
) l *
$25 * * 4 -
N )
5 2.0 Q3
9 =
= oy
o 22 g
2 1.5 c © > ©
| 5 = 1 — b — B
pre post pre post pre post pre post pre post
sSoC exc ach stress SOC exc ach stress

female
male
Soc exc

ach stress




image4.png
o =
o (¥
S o

rsFC [z-values]
=}
(S
(&)}

-0.50

rsFC [R AMY - vVACC]

SOC exc

ach stress

Sex differences in rsFC

rsFC [R AMY - mPFC]
0.4 x
» 0.2
(]
=}
g
.ﬁ, 0.0
(&)
|8
» 02
-0.4 N

soc exc ach stress

. female . male

change in rsFC [R AMY -vACC] ©

o
o

e
~

o
o

©
SN

Social exclusion
*

. =0.377, p=.017

-500 0 500 1000
change in cortisol [pg/mL]




image5.svg
           Legende dazu und  signifikanzen     *  *   female male *


image6.png
Achievement stress

<

=+ o = =
s 3 3§ 3

[00VA - AWV 1] D484 ut 8bueyds

8 & 8 28

[94dw - AWV 1] 9454 u 8Bueyd

change in anger




image1.png
*3

Self- Anatomi
report -cal scan

Q_— fMRI (approx. 35 min)

Social exclusion/
Resting-state-scan achievement
stress

Resting-state-scan

Q— fMRI (approx. 30 min)
60 min I I

break Social exclusion/
Resting-state-scan achievement
stress

T3 T4

* *

Y = Subjective ratings & saliva sample

Resting-state-scan




image2.png
Amygdala-frontal network

bilateral AMY

RN

bilateral dIPFC mPFC
(y = 34) (x=3)





