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Abstract

:

Stress is an important factor in the development, triggering, and maintenance of psychotic symptoms. Still, little is known about the neural correlates of cognitively regulating stressful events in schizophrenia. The current study aimed at investigating the cognitive down-regulation of negative, stressful reactions during a neuroimaging psychosocial stress paradigm (non-regulated stress versus cognitively regulated stress). In a randomized, repeated-measures within-subject design, we assessed subjective reactions and neural activation in schizophrenia patients (SZP) and matched healthy controls in a neuroimaging psychosocial stress paradigm. In general, SZP exhibited an increased anticipation of stress compared to controls (p = 0.020). During non-regulated stress, SZP showed increased negative affect (p = 0.033) and stronger activation of the left parietal operculum/posterior insula (p < 0.001) and right inferior frontal gyrus/anterior insula (p = 0.005) than controls. Contrarily, stress regulation compared to non-regulated stress led to increased subjective reactions in controls (p = 0.003) but less deactivation in SZP in the ventral anterior cingulate cortex (p = 0.027). Our data demonstrate stronger reactions to and anticipation of stress in patients and difficulties with cognitive stress regulation in both groups. Considering the strong association between mental health and stress, the investigation of cognitive regulation in individuals vulnerable to stress, including SZP, has crucial implications for improving stress intervention trainings.
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1. Introduction


Stressful situations elicit modulatory behavioral and psychophysiological reactions [1] and are thought to play a role in the development and maintenance of schizophrenia symptoms [2]. Certain biological and genetic vulnerabilities, in addition to environmental factors, make some individuals more susceptible to the triggering effects of stress, which can in turn contribute to the development of psychosis and positive symptoms of schizophrenia [2,3,4]. Schizophrenia patients (SZP) are thought to have an increased sensitivity and perception of stress, consequently affecting social-cognitive functioning [2,3]. Additionally, on a neural level, alterations in stress reaction in SZP have been reported in regions associated with affect and stress regulation: in a psychosocial stress task, reduced activation of the anterior cingulate cortex (ACC) and significant associations between amygdala and hippocampus activation, performance and subjective stress reactions were observed [5]. Similarly, in individuals who are prone to negative symptoms of schizophrenia, deactivations of the ACC and the amygdala were reported during psychosocial stress [6].



The experience of stress can be altered by cognitive strategies that modulate the negative subjective experience of emotions [7]. The ability to cognitively regulate emotions is of high adaptive value for mental health [8]. However, stress also impacts these regulation abilities [9,10]. In schizophrenia, a significant impairment in emotion regulation has been reported, but only a few studies have investigated the neural correlates of emotion regulation in schizophrenia [11,12,13]. During the downregulation of negative affect in response to emotional pictures, patients compared to controls showed less activation in the inferior frontal gyrus (IFG)/ventrolateral prefrontal cortex (VLPFC) and the insula [11,13], but an increased activation in the IFG/VLPFC and ACC was observed when upregulating or maintaining negative affect [11].



Summarizing previous literature, SZP show (1) altered stress reactions and (2) disturbed patterns in regulating negative experiences, which are present on a subjective level and in neural regions associated with affect and stress processing. It seems that SZP have dysfunctions in cognitively regulating negative experiences, but the knowledge on cognitive regulation of psychosocial stress in schizophrenia is sparse. Within the current study, we want to examine the regulation of psychosocial stress in more detail in schizophrenia patients. Extending the knowledge base on stress regulation has crucial implications for schizophrenia patients, as coping with stress affects further social-cognitive domains, and the improvement of treatments for individuals vulnerable to stress is necessary.



Within the current study, we instructed healthy individuals and SZP to either (a) cognitively regulate or (b) maintain their negative sensations in stressful, psychosocial situations [7] to examine cognitive stress regulation. Based on previous reports [5,10,11,13], we hypothesized that the application of regulation techniques in stressful situations would lead to increased subjective stress in all participants. We further expected that regulating psychosocial stress would affect neural activation in SZP, particularly in those regions that have been reported to show aberrant functions during stress processing or emotion regulation, such as the IFG, insula, ACC, amygdala, and hippocampus.




2. Materials and Methods


2.1. Sample


Initially, 23 SZP participated in the experiment. Patients fulfilled ICD-10 diagnoses (given by the corresponding psychiatrist) and additionally met DSM-criteria for schizophrenia [14]. One female patient discontinued the experiment due to the stressful experience, and two patients were excluded due to their schizoaffective disorder. Hence, the final sample consisted of 20 schizophrenia patients (7 women) and 20 age- and gender-matched healthy controls (HC, 7 women); the control sample partly overlaps with the sample of [10]. All participants were right-handed [15]. HC reported no history of neurological or mental disorders [14]. Written informed consent was obtained from each participant prior to the experimental procedure. Participants were financially reimbursed after completion (€10/h). The authors assert that all procedures contributing to this work comply with the ethical standards of the relevant national and institutional committees on human experimentation and with the Helsinki Declaration of 1975, as revised in 2008. All procedures involving human subjects were approved by the ethics committee of the Medical Faculty of the RWTH Aachen University (approved IRB number EK05/12).




2.2. Neurocognitive Abilities and Questionnaires


In order to control potential group differences based on neurocognitive abilities, participants were administered neuropsychological tests tapping verbal intelligence (WST) [16], executive functions (TMT) [17], and working memory (digit span; WIE) [18]. Moreover, questionnaires assessing stress coping (CISS) [19], emotion regulation strategies (ERQ) [20], and depression (BDI-2) [21] were completed. In SZP, positive and negative symptoms [22,23], clinical parameters, and medication were assessed.




2.3. fMRI Stress Task


We applied the “Montreal Imaging Stress Test” (MIST) [24,25], which has frequently been used in neuroimaging studies. Please also see [10] for a detailed task description. The experiment consisted of three conditions (rest, control, and stress), each performed under two different strategies (non-regulation and regulation). In total, two blocks (non-regulation, regulation block) with two runs per block and two rest (15 s), two control (70 s), and two stress (70 s) conditions per run were conducted (Figure 1). Between conditions, a jittered fixation cross (6–8 s) was presented. During rest, participants watched the screen (no arithmetic tasks were shown), during the control condition they performed mental arithmetic tasks, and during the stress condition an additional (adaptive) time limit to the arithmetic tasks (based on the participant’s performance) was presented (cf. [24]). Between runs the investigator gave feedback on the performance, told participants about the necessity of the specific performance level and asked them to improve their performance. The two blocks (non-regulation and regulation) were presented in a randomized order: for the non-regulation block, participants should simply perform the task and were told that their performance level is important for subsequent data analysis. For the regulation block, participants were instructed to regulate their negative sensations in a top-down attentional manner. In a pre-experimental training session, participants received training on the mental arithmetic tasks and were familiarized with the regulation instruction (cf. [10]). The investigator explained that stressful situations can be perceived in different ways. Participants were asked to think about the way they felt during their training on mental arithmetic tasks. They were trained to modify their negative sensations, to place less emphasis on the time limit and the negative performance feedback, and to focus instead on their intrinsic motivation to improve their performance since this was still important for subsequent data analysis. Thereby, participants were instructed to modify their negative sensations about the external factors of the paradigm in such a way that these factors were no longer experienced as stressful. Participants were debriefed after the regulation training, and all participants confirmed that they understood and could apply the regulation instruction when told to do so. Participants provided self-ratings on subjective stress and affect [26] before and after each block. After completion of the paradigm, subjects indicated whether they were able to regulate their stress reaction. Skin conductance response (SCR) during the task and salivary cortisol samples before and after each block were assessed to compare physiological activity due to stress regulation between groups. Analyses and results for cortisol and SCR are presented in the Supplementary Materials.




2.4. Statistical Analysis of Behavioral and Psychophysiological Data


Statistical analysis was conducted using SPSS 24.0 (IBM Corp., Armonk, NY, USA). To test the effect of stress vs. stress regulation between groups, behavioral performance in the MIST (percent of correct trials in the stress condition), subjective stress, and negative affect were analyzed using repeated-measures analysis of variances (rmANOVAs) with the following factors: For performance, a 2 × 2 rmANOVA with the within-subject factor “regulation” (non-regulation/regulation) and the between-subjects factor “group” was performed. For subjective stress and negative affect, separate 2 × 2 × 2 rmANOVAs with the within-subject factors “regulation” and “time” (pre-stress/post-stress), the between-subject factor “group”, and the covariate “cognitive flexibility” (TMT-B-values) were performed. One patient was excluded from the analysis as the TMT-B-value (181 s) exceeded two standard deviations from the mean. For two healthy individuals, the subjective data was not logged due to software problems. Analyses for cortisol and SCR can be found in the Supplementary Materials. The level of significance was set at p < 0.05 for all tests. Degrees of freedom were adjusted using Greenhouse-Geisser-correction, if necessary. Significant effects were examined with planned simple contrasts and post-hoc t-tests. Partial eta-squared (ηp2) is reported for significant results in rmANOVAs.




2.5. Imaging Data Acquisition


The fMRI data were acquired using a 3T Siemens Trio Scanner (Siemens Medical Systems, Erlangen, Germany) located at the Department of Psychiatry, Psychotherapy, and Psychosomatics, RWTH Aachen. A standard head coil and foam padding were used to reduce head motion. T2*-weighted echo-planar image (EPI) sequences (34 slices, TR = 2000 ms, TE = 28 ms, gap 10%, flip-angle = 77°, voxel: 3.6 × 3.6 × 3.3 mm) were acquired in an axial plane. Prior to the paradigm, 210 images taken during a resting state were assessed. Additionally, T1 anatomical images were acquired (MPRAGE, TR = 1900; TE = 2.52; TI = 900 ms; flip-angle = 9°; 256 matrix; FoV = 250 mm; 176 slices per slab; voxel: 1 × 1 × 1 mm, 9 min 50 s).




2.6. fMRI Preprocessing and Analysis


The fMRI data were analyzed using SPM12 (Wellcome Department of Imaging Neuroscience, London, UK) implemented in Matlab (Mathworks Inc., Sherborn, MA, USA). Five dummy scans at the beginning of the experiment were discarded. Pre-processing comprised reorientation of the functional images, slice-time correction, head motion correction using realignment, and coregistration to the mean anatomical image. The data was subsequently normalized to the Montreal Neurological Institute (MNI) space using a segmentation algorithm [27]. Images were resampled in the MNI space at a 2 × 2 × 2 mm voxel size and spatially smoothed using a 6 mm full-width-at-half-maximum Gaussian kernel. Functional data were analyzed using a general linear model. Each of the six conditions (rest, control, and stress for both the non-regulation and the regulation block) was separately modeled by a boxcar reference vector convolved with a canonical hemodynamic response function and its first-order temporal derivate. Scan movement parameters as estimated during spatial realignment were included as covariates of no interest. A high-pass filter (512 Hz) was applied. Simple main effects for each of the conditions were computed for every participant and then fed into a second-level group analysis using a mixed-effects model (factor: condition, subject). As group differences in performance appeared, the percent of correct trials in the paradigm was added as a covariate. We modeled 6 experimental conditions (non-regulation: rest, control, stress; regulation: rest, control, stress) for 2 groups (SZP and HC). All effects were at a threshold of p < 0.05 at the cluster level, familywise error-corrected for multiple comparisons (pFWE < 0.05), with a cluster-forming threshold of p < 0.001, uncorrected. An extent threshold of k = 99 contiguous voxels corresponds to a corrected threshold of p < 0.05. All results are reported at this cluster-level corrected threshold. For whole-brain effects, the SPM AnatomyToolbox (v2.2b) [28] was used for anatomical localization.




2.7. Region-of-Interest Analysis


Based on previous results [5,10,11,13], we defined a priori hypotheses and performed region-of-interest (ROI) analyses for the following regions: right IFG/anterior insula (aI), bilateral ventral ACC, hippocampus, and amygdala. Anatomical ROIs for the amygdala, hippocampus, and ACC were created with the SPM AnatomyToolbox (v2.2b) [28]. The cluster of the IFG/aI was extracted from [29]. The mean values of the specific clusters within these ROIs were extracted from the paradigm data for each block (non-regulation/regulation) and each condition (rest/control/stress) and fed into rmANOVAs (factors “laterality”, “regulation”, “condition”, and “group”). ROI and additional exploratory regression analyses (medication, symptom severity, subjective stress; see Supplementary Materials) were performed using SPSS 24.





3. Results


3.1. Sample Description


Sample characteristics are listed in Table 1. Group differences were seen in working memory, processing speed, and cognitive flexibility, with better performance in HC compared to SZP. Due to these differences, we included cognitive flexibility as a covariate in subjective analyses (as working memory and processing speed are also subsumed under this function) [30]. Patients also had higher depression scores compared to HC (t28.614 = 4.694, p < 0.001).




3.2. Behavioral Results


The rmANOVA showed a significant main effect of “group” (F1; 38 = 9.863, p = 0.003, ηp2 = 0.206), with HC performing better (more correct trials) than SZP. Neither the main effect “regulation” nor the interaction was significant (all ps > 0.172).




3.3. Subjective Ratings


Inquiries following the paradigm indicated that 27 participants (16 SZP) were able to modify the negative experience during the task, whereas 9 were not (3 SZP) (four individuals did not complete the item, thus no data is available).



3.3.1. Subjective Stress


The rmANOVA revealed a significant interaction effect for “time-by-group” (F1; 34 = 7.325, p = 0.011, ηp2 = 0.177), with higher levels of stress for SZP than HC before stress (p = 0.020), whereas no such difference appeared after stress (p = 0.643). Within both groups, subjective stress increased from before to after stress (HC: p < 0.001; SZP: p = 0.003) (Figure 2A). No other main effect or interaction was significant (all ps > 0.08).




3.3.2. Negative Affect


The rmANOVAs revealed a significant 3-way interaction of “regulation-by-time-by-group” (F1; 34 = 7.723, p = 0.009, ηp2 = 0.185). No other main effect or interaction was significant (all ps > 0.06). To further disentangle the 3-way interaction, separate rmANOVAs were performed before and after stress (factors: “regulation” and “group”). Before stress, results revealed a significant main effect for “group” (F1; 34 = 8.345, p = 0.007, ηp2 = 0.197), with higher negative affect for SZP than HC (Figure 2B). After stress, no significant main effect occurred (all ps > 0.419). However, a significant interaction emerged (F1; 34 = 12.096, p = 0.001, ηp2 = 0.262): After the non-regulation block, SZP reported significantly higher negative affect than HC (p = 0.033), whereas no group difference appeared after the regulation block (p = 0.835). Furthermore, HC reported higher negative affect after the regulation than the non-regulation block (p = 0.003), whereas no such difference appeared within SZP (p = 0.301) (Figure 2C).



Ratings for subjective stress and negative affect are listed in Table 2 and depicted in Supplementary Figure S1 (see Supplementary Materials).





3.4. Whole-brain fMRI Data


Details for the whole-brain analyses for each group separately for activation in the control and stress conditions within each block (non-regulation, regulation) can be found in the Supplementary Materials (Table S1). An F-test for the interaction regulation-by-condition-by-group revealed a significant cluster in the left parietal operculum (pOP) extending into the posterior insula (pI) (Figure 3). The mean values of this cluster were extracted, and post-hoc analyses were run with SPSS to characterize the cluster in more detail:



Left pOP/pI


To split up the 3-way interaction observed at whole-brain level (Figure 3), we conducted rmANOVAs (factors “regulation” and “group”) for each condition (rest/control/stress) separately:



For the rest condition, a significant main effect was seen for “group” (F1; 38 = 17.027, p < 0.001, ηp2 = 0.309), with higher activation in SZP than HC.



For the control condition, there were no significant main effects (all ps > 0.188), but a significant interaction was seen (F1; 38 = 5.108, p = 0.030, ηp2 = 0.118). Post-hoc t-tests showed significantly higher activation in SZP during the regulation block (p = 0.027), while no group difference emerged for the non-regulation block (p = 0.330) (Figure 3).



For the stress condition, a significant main effect was seen for “group” (F1; 38 = 20.535, p < 0.001, ηp2 = 0.351), with higher activation in SZP than HC. Furthermore, a significant interaction appeared (F1; 38 = 4.092, p = 0.050, ηp2 = 0.097). During the stress condition in the non-regulation block, SZP showed significantly higher activation than HC (p < 0.001), whereas no group difference was seen during the regulation block (p = 0.176). Furthermore, HC showed significantly higher activation in the regulation block than the non-regulation block (p = 0.040), but no difference was observed within SZP (p = 0.511) (Figure 3).





3.5. Region-of-Interest Analyses


For the sake of conciseness in the current manuscript, we only report interactions, including regulation and group, within the main manuscript. Therefore, results for the amygdala and hippocampus are described in the Supplementary Materials.



3.5.1. ACC


Using rmANOVA, significant main effects emerged for “regulation” (F1; 38 = 5.156, p = 0.029, ηp2 = 0.119) with less deactivation in the regulation compared to the non-regulation block, for “condition” (F2; 76 = 6.606, p = 0.002, ηp2 = 0.148) with less deactivation in the stress (p = 0.012) and the rest (p < 0.001) compared to the control condition, as well as for “group” (F1; 38 = 7.234, p = 0.011, ηp2 = 0.160) with less deactivation in SZP than in HC. Furthermore, a significant interaction was seen for “regulation-by-condition-by-group” (F2; 76 = 3.158, p = 0.048, ηp2 = 0.077) (Figure 4). To split up the 3-way interaction, we conducted three separate rmANOVAs for each condition (rest/control/stress) (factors “regulation” and “group”).



For the rest condition, a significant main effect appeared for “group” (F1; 38 = 6.289, p = 0.017, ηp2 = 0.142), with deactivation in HC while SZP showed activation. No other effect was significant (all ps > 0.222).



For the control condition, no significant main effect appeared (all ps > 0.679), but the interaction “regulation-by-group” was significant (F1; 38 = 8.258, p = 0.007, ηp2 = 0.179) (Figure 4). Post-hoc t-tests showed less deactivation of the ACC in SZP compared to HC in the regulation block (p = 0.021) and less deactivation of the ACC within SZP in the regulation block compared to the non-regulation block (p = 0.027). There was no significant difference between groups in the non-regulation block (p = 0.055), and for HC, the non-regulation and regulation blocks did not differ (p = 0.088).



For the stress condition, a significant main effect for “regulation” emerged (F1; 38 = 8.187, p = 0.007, ηp2 = 0.177), with less deactivation in the regulation block compared to the non-regulation block. No other effect was significant (all ps > 0.164).




3.5.2. Right IFG/aI


The rmANOVA revealed significant main effects for “regulation” (F1; 76 = 7.598, p = 0.009, ηp2 = 0.167) with higher activation during the regulation than the non-regulation block, and “condition” (F1; 76 = 60.360, p < 0.001, ηp2 = 0.614) with higher activation during stress than control (p = 0.001) and rest (p < 0.001), and during control than rest (p < 0.001). Furthermore, a significant interaction was seen for “regulation-by-group” (F1; 76 = 7.995, p = 0.007, ηp2 = 0.174) (Figure 5). For HC, activation was higher in the regulation block than the non-regulation block (p < 0.001), whereas for SZP, activation between blocks did not differ (p = 0.965). Furthermore, SZP showed higher activation of the right IFG/aI than HC in the non-regulation block (p = 0.005), whereas no group difference appeared for the regulation block (p = 0.562).






4. Discussion


The current study investigated neural and subjective reactions to the regulation of negative, challenging stress in schizophrenia patients and healthy controls. Gaining more insight into stress regulation in schizophrenia has crucial implications for future research. Disentangling aberrant stress processing in this disorder can help develop adequate stress intervention trainings for patients. In the current study, using a cognitively demanding psychosocial stress task, we successfully induced stress in controls and patients, as seen in subjective stress ratings. The current data further indicate that stress reactions increase due to cognitive regulation attempts instead of being reduced by the effort. This fits with previous reports [9,10]. Furthermore, patients diagnosed with schizophrenia show neural hyper-reactions during regulated and non-regulated stress conditions. The details are discussed in the following.



4.1. Group Differences in Non-Regulated Stress


We observed higher subjective ratings (stress and negative affect) before the stress induction in SZP compared to HC. As our participants were familiarized with the paradigm and the application of stress regulation strategies prior to the start of the experiment, higher ratings before stress induction in SZP compared to HC might indicate increased anticipation of stress in patients based on their previous experience and a high stress vulnerability. This result is partly in accordance with previous reports on a higher heart rate before than after stress induction in schizophrenia patients and with higher subjective ratings in the anticipatory phase of a psychosocial stress paradigm in at-risk youths compared to healthy individuals (e.g., [31,32]). Thus, anticipating stressful events serves as a stress induction per se, modulating the stress reaction in schizophrenia patients to a greater extent compared to healthy individuals, possibly due to a higher stress vulnerability and previous experience with stressful events. On a neural level, SZP recruits the left pOP/pI and the right IFG/aI more strongly than HC during non-regulated stress, a pattern that is also visible in negative affect after non-regulated stress. The pOP covers secondary somatosensory regions and is part of a somatosensory processing network [33]. Decreased grey-matter volume of the pOP has been reported in genetically high-risk individuals [34], and the pOP shows reduced functional connectivity with default-mode network nodes in schizophrenia [35]. In our data, patients already showed higher activation in this region during the rest condition as well as specifically during the non-regulated stress condition, potentially indicating heightened processing of somatosensory awareness and negative bodily states during non-regulated stress [29,33]. The right IFG was shown to be relevant for processing negative affective states [29] and emotion regulation in general [36]. Furthermore, in SZP, reduced cortical thickness was reported for the right IFG [37], and it was activated more strongly in a cognitive stress task compared to rest in a previous stress experiment [5]. Decreased activation of the right IFG during down-regulation and increased activation during up-regulation of negative affect were also reported in SZP [11]. Thus, IFG/aI activation is indicating processing, regulating, and suppressing/inhibiting negative, subjective experiences, accompanied by sensoric and affective mapping and evaluation of negative emotions (e.g., [29]). Higher activation of this cluster may indicate increased processing of negative affective states in patients compared to healthy individuals during non-regulated stressful events.



Thus, in SZP, unregulated stress leads to higher negative affect ratings and higher activation in neural regions associated with processing negative affective and bodily states compared to healthy controls.




4.2. Group Differences in Stress Regulation


After the regulation block, groups did not show differences in negative affect, and negative affect ratings of SZP did not increase from non-regulated to regulated stress. Contrarily, in HC, negative affect increased with the instruction to regulate negative sensations compared to non-regulated stress, which fits with previous reports in healthy subjects that negative stress reactions might increase due to cognitive regulation attempts instead of being reduced by the effort [9,10]. Notably, no group differences occurred for the self-reported application of general emotion regulation and stress coping traits in everyday life. Thus, although subjective ratings did not decrease in either HC or SZP, in SZP they did not further increase due to the cognitive effort such as regulation attempts, a pattern that was shown for HC. This pattern fits well with the high stress vulnerability that is frequently reported in schizophrenia [2] and might be attributed to an increased reaction due to stress anticipation.



On a neural level, for pOP/pI a similar pattern appeared as for the subjective ratings, indicating no group difference during stress regulation. Similarly, no group difference emerged for IFG/aI activation during the regulation block. Thus, summarized, SZP did not show a modulation in (i) negative affect and activity of (ii) IFG/aI as well as (iii) pOP/pI due to regulation attempts. They rather showed already higher negative affect and activity of the IFG/aI and pOP/pI than HC in the non-regulation block. In contrast, HC showed increases on these subjective and neural levels from non-regulation to regulation. Our findings provide evidence of a dysfunctional involvement and hyper-activation of stress processing areas in SZP, including the IFG/aI and the pOP/pI, which show higher activation in SZP than in HC in the non-regulation block. Interestingly, there was no further modulation due to regulation attempts in SZP. While HC were significantly more stressed with the instruction to regulate, which was apparent on a subjective and neural level, SZP did not show a modulation due to this instruction and were stressed similarly both times.



In contrast, SZP showed less deactivation of the ventral ACC than HC in both rest conditions and the control condition of the regulation block. Alterations in ACC activity and connectivity were shown previously in SZP (e.g., [38]). In SZP, activation of the ACC has been reported while maintaining negative affect, and it was positively associated with negative symptom severity [11]. Furthermore, stronger deactivations have been reported in healthy individuals prone to negative symptoms during stress processing compared to controls [6]. Although in our exploratory analyses no significant associations between ACC activity and symptom severity emerged (see Supplementary Materials), future studies might want to further investigate this link between stress processing and symptom dimensions via confirmatory study designs. Furthermore, a previous meta-analysis documented that a reduction of deactivations in the ventral ACC is seen at the beginning of the disease [39], and this region is further associated with genotype-supported psychosis risk variants [40,41]. In our study, less deactivation of the ACC in the regulation block compared to the non-regulation block indicated that patients already failed to down-regulate during the stress-free control condition, potentially due to the diseases specific aberrant function and connectivity in this region. Taken together with the aberrant activation of the IFG/aI and the pOP/pI during stress in SZP, we assume that, on a neural level, stress and the attempt to regulate it increased processing of somatosensory awareness and negative affective states in SZP.



Interestingly, a meta-analysis on the neural effects of psychotherapy in mental disorders revealed the right IFG and the ACC as two of the core regions being modulated by psychotherapeutic interventions [42], showing less activation after treatment than before. Our study shows that these neural regions are also significantly involved in stress processing and cognitive regulation of stress in schizophrenia patients. These regions might be crucial treatment nodes for neuromodulation studies (see also [43]) for patients vulnerable to stress from a transdiagnostic perspective.




4.3. Limitations and Future Directions


Our data have some limitations that may influence data interpretation and raise ideas for future research. All patients were medicated, and we cannot exclude the influence of medication on our data, although no significant associations occurred with OLZ-equivalents (see Supplementary Materials).



Despite performing a stress induction during fMRI with individuals diagnosed with schizophrenia, which poses major challenges, we nevertheless acknowledge the small sample size, which should be taken into consideration when interpreting the data. Determining the power a-posteriori (G*Power [44], n = 40, 2 groups, 4 measurements, effect size f: 0.28; alpha error probability: 0.05) revealed an achieved power of more than 99% for the reported significant results.



Sex is a significantly contributing factor to stress reactivity, emotion regulation, and prevalence rates in mental disorders (e.g., [10,45,46,47]). Although the current groups were matched for equal sex distribution, the sample size was too small to additionally include sex as a factor in our analyses.



The current data, taken together with previous reports, indicate that cognitive regulation in challenging, cognitively demanding, and stressful contexts does not reduce stress reactions and, therefore, is not the intervention of choice for effective stress regulation. Longer-lasting trainings and interventions targeting, e.g., self-esteem might modulate feelings of imperturbation within challenging situations and thereby indirectly regulate stress reactions more appropriately. Future studies should assess whether other regulation strategies and neural modulation of specific regions are useful for decreasing stress reactions in cognitively challenging contexts.





5. Conclusions


This study provides evidence of altered involvement of brain areas included in stress processing and emotion regulation, such as the IFG/aI, the pOP/pI, and the ACC in SZP. On a subjective level, SZP reported higher stress anticipation and higher stress reactions to non-regulated stress, whereas groups did not differ following regulated stress. This indicates a missing modulation in SZP due to stress regulation. During non-regulated stress, higher neural activation in SZP than in HC was seen in the pOP/pI and the IFG/aI, both regions associated with processing negative affective and bodily states. This group difference was not apparent in the regulation block, though SZP showed less deactivation in the ACC during the stress-free control condition in the regulation block, potentially due to a disease-specific aberrant functioning and connectivity of this region.



Taken together, our results indicate that in healthy individuals, cognitive regulation of stress increases subjective and neural stress reactions. In SZP, however, unregulated stress already leads to hyperreactions, and regulation attempts did not improve these. Considering the tight link between schizophrenia and stress reactions, the investigation of neural stress regulation stimulates new treatment approaches, including neuromodulation techniques that might efficiently foster stress regulation competencies. The ability to successfully regulate one’s stress reaction might be a necessary prerequisite to disrupt the vicious circle of long-term dependence and re-admission of patients diagnosed with schizophrenia. Further, to address and therapeutically target these abilities may help SZP better cope with stressful situations, potentially improve psychopathology, and open the route to social and occupational integration. Thus, the current study establishes a promising research avenue to strengthen patients wellbeing and stress regulation abilities.
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Figure 1. Timeline of the paradigm within the fMRI scanner and timeline for one run. Block A and Block B were either the non-regulation or the regulation block. The non-regulation and regulation blocks were presented in a randomized order across participants. A resting-state scan (RS) and an anatomical scan (anat) were assessed before Block A and Block B to adapt subjective arousal levels before each block. 
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Figure 2. Illustration of significant interactions as revealed by the ANOVAs for subjective ratings. (A) Subjective stress, interaction “time-by-group”: SZP compared to HC had higher subjective stress before the stress paradigm. Subjective stress increased in both groups from before to after the stress paradigm. (B,C) are disentangling the 3-way interaction “regulation-by-time-by-group” for negative affect. (B) Pre-stress, group main effect: SZP compared to HC had higher negative affect before the stress paradigm. (C) Post-stress, interaction “regulation-by-group”: SZP had higher negative affect than HC after the non-regulation block. HC reported higher negative affect after the regulation compared to the non-regulation block. No significant group difference appeared after the regulation block. non-reg = non-regulation block; reg = regulation block. Significant differences are marked with *. 
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Figure 3. The cluster in the pOP/pI (red) showed a significant interaction “regulation-by-condition-by-group” on whole-brain level: HC showed stronger activation than SZP during the control condition in the regulation block (left). SZP showed higher activation than HC during the stress condition in the non-regulation block (right). HC showed higher activation during stress in the regulation block compared to the non-regulation block (right). non-reg = non-regulation block; reg = regulation block; L = left. Significant differences are marked with *. 
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Figure 4. Region-of-interest analysis of the ventral ACC (red) showed a “regulation-by-condition-by-group” interaction. While no group differences emerged for the stress condition, SZP showed less deactivation compared to HC in the control condition in the regulation block. Additionally, in SZP, the ventral ACC was less deactivated in the control condition in the regulation block compared to the control condition in the non-regulation block. non-reg = non-regulation block; reg = regulation block. Significant differences are marked with *. 
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Figure 5. Region-of-interest-analysis of the right IFG/aI (red) showed a “regulation-by-group” interaction. SZP showed higher activation than HC within the non-regulation block. For HC, higher activation was seen in the regulation block compared to the non-regulation block. non-reg = non-regulation block; reg = regulation block; R = right. Significant differences are marked with *. 
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Table 1. Sample characteristics.
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SZP n = 20

	
HC n = 20

	




	

	
Mean

	
SD

	
Mean

	
SD

	
p-Value






	
Age (years)

	
36.75

	
10.33

	
33.75

	
10.30

	
0.363




	
Working memory (raw score)

	
13.55

	
4.03

	
18.11 a

	
4.11

	
0.001




	
Verbal intelligence (raw score)

	
29.32 a

	
8.49

	
33.05

	
3.50

	
0.088




	
Processing speed (TMT-A, s)

	
27.21

	
7.36

	
19.56

	
8.89

	
0.005




	
Cognit. flexibility (TMT-B, s)

	
55.58

	
33.37

	
30.70

	
8.97

	
0.004




	
BDI-II

	
9.85

	
5.91

	
2.85

	
3.08

	
<0.001




	
Emotion regulation

	

	

	

	

	




	
Suppression

	
4.03 b

	
1.28

	
4.24 a

	
1.34

	
0.631




	
Reappraisal

	
4.42 b

	
0.86

	
4.50 a

	
1.40

	
0.830




	
Stress coping

	

	

	

	

	




	
Task oriented stress coping

	
3.53 a

	
0.64

	
3.60

	
0.65

	
0.753




	
Emotion oriented stress coping

	
2.54 a

	
0.65

	
2.49

	
0.68

	
0.821




	
Distraction

	
2.62 a

	
0.63

	
2.18

	
0.84

	
0.071




	
Social diversion

	
3.12 a

	
0.83

	
3.24

	
0.77

	
0.644




	
Avoidance

	
2.87 a

	
0.64

	
2.71

	
0.58

	
0.412




	
Highest educational degree

	

	

	

	

	
0.075




	
Elementary school

	
0

	

	
0

	

	




	
Secondary modern school

	
0

	

	
0

	

	




	
Junior high school

	
2

	

	
3

	

	




	
Vocational diploma

	
0

	

	
10

	

	




	
Secondary school

	
5

	

	
0

	

	




	
Academic studies

	
6

	

	
3

	

	




	
Training

	
7

	

	
4

	

	




	
Doctorate

	
0

	

	
0

	

	




	
Clinical parameters

	

	

	

	

	




	
Age of onset (years)

	
27.20

	
7.86

	

	

	




	
Duration of illness (years)

	
9.53

	
8.66

	

	

	




	
Number of episodes

	
3.28 b

	
2.47

	

	

	




	
Global symptoms

	
26.95

	
7.54

	

	

	




	
Positive symptoms

	
15.50

	
5.93

	

	

	




	
Negative symptoms

	
11.80

	
4.63

	

	

	




	
Negative dimension

	
4.34

	
1.60

	

	

	




	
Positive dimension

	
4.86

	
1.98

	

	

	




	
Affective dimension

	
5.47

	
1.67

	

	

	




	
Cognitive dimension

	
4.97

	
2.20

	

	

	




	
Global functioning

	
51.53

	
13.97

	

	

	




	
CPZ-equivalents

	
536.30 b

	
275.77

	

	

	




	
OLZ-equivalents

	
20.26 b

	
9.00

	

	

	








Note: Working memory: digit span (raw scores; WIE); verbal intelligence (raw scores; WST); processing speed/cognitive flexibility (s; TMT-A/B); depression scores (BDI-II); emotion regulation: ERQ; stress coping: CISS; symptoms: PANSS; dimensions: [23]; global functioning: global assessment of functioning scale. a n = 19, b n = 18, SD = standard deviation.
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Table 2. Subjective ratings.
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SZP

	
HC




	

	
Pre-Stress

	
Post-Stress

	
Pre-Stress

	
Post-Stress






	
Subjective stress

	

	

	

	




	
Non-regulation

	
1.68 (0.88)

	
2.74 (1.24)

	
1.33 (0.59)

	
2.78 (1.22)




	
Regulation

	
2.05 (1.18)

	
2.58 (1.26)

	
1.28 (0.67)

	
2.89 (1.28)




	
Negative affect

	

	

	

	




	
Non-regulation

	
13.47 (4.10)

	
17.79 (7.00)

	
10.11(3.71)

	
13.06 (5.90)




	
Regulation

	
14.11 (4.65)

	
17.05 (6.23)

	
12.00 (3.22)

	
17.50 (6.72)








Note: The table is indicating mean ratings (standard deviation) for subjective stress and negative affect. SZP: n = 19, HC: n = 18.
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