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Abstract

Stress and abnormal stress response are associated with schizophrenia spectrum disorder (SSD),
but the brain mechanisms linking stress to symptomatology remain unclear. In this study, we used
a stress-based functional neuroimaging task, reverse-translated from preclinical studies, to test the
hypothesis that abnormal corticolimbic processing of stressful threat anticipation is associated
with psychosis and affective symptoms in SSD. Participants underwent an MRI-compatible ankle-
shock task (AST) in which the threat of mild electrical shock was anticipated. We compared
functional brain activations during anticipatory threat periods from N=18 participants with SSD
(10M/8F) to those from N=12 community controls (9M/3F). After family-wise error correction,
only one region, the ventral anterior cingulate cortex (VACC), showed significantly reduced
activation compared with controls. vACC activation significantly correlated with clinical
symptoms measured by the Brief Psychiatric Rating Scale total score (r=0.54) and the psychosis
subscale (r=0.71), and inversely correlated with trait depression measured by the Maryland Trait
and State Depression scale (r=—0.48). Deficient activation in vACC under stress of anticipated
threat may lead to aberrant interpretation of such threat, contributing to psychosis and mood
symptoms in SSD. This experimental paradigm has translational potential and may identify
circuitry-level mechanisms of stress-related mental illness, leading to more targeted treatment.
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1. Introduction

The stress-diathesis model for psychosis (Corcoran et al., 2003) posits that stress is
implicated in the onset and exacerbation of psychosis (Corcoran et al., 2002; Heins et al.,
2011). Brain areas and cellular pathways responsible for the evaluation of and response to
stress have been implicated in psychotic disorders and are themselves vulnerable to stress
(Brown, 2011). In parallel, aberrant stress reactivity in schizophrenia are linked with
worsened functional capacity (Jansen et al., 1998; Nugent et al., 2014) and positive symptom
burden (Norman and Malla, 1994). Severity of positive symptoms has been linked to chronic
cumulative stress and elevated stress sensitivity even to minor events (Berger et al., 2018;
Reininghaus et al., 2016; Zhou et al., 2020). One potential mechanism by which a high
cumulative burden of stress is converted to psychotic experience may be through aberrant
salience representation or misattributed threat operationalized as paranoia or delusion (Holt
etal., 2012; Reininghaus et al., 2016). Yet, the circuit-level mechanism of the stress-
diathesis model, i.e., how stress interacts with relevant brain circuitry to lead to the psychotic
psychopathology in patients with SSD, remains elusive. In comparison, stress is extensively
studied at cellular and system levels from neurophysiological excitability and synaptic
function to circuit-level throughput (Joéls and Baram, 2009; Thompson et al., 2015).
Translating these rich neuroscience findings to fully account for how and where the stress
engages the brain in individuals with schizophrenia and contributes to symptoms is critical
for developing better prevention and treatment strategies.

Psychological stress comes in many forms, many of which can lead to significant health and
behavioral changes through an array of biological stress mediators (Joéls and Baram, 2009).
Functional imaging data in human participants has allowed study into how psychological
stress exposure and resulting neuroendocrine responses associate with activity in specific
brain regions and circuits and behavioral output. Acute psychological stress can alter
cognitive and emotional processing, which can be reflected by functional imaging correlates.
For example, psychological stress induced by a mental arithmetic task activates the
hypothalamic-pituitary-adrenal (HPA) axis and leads to decreased activity in major portions
of the limbic system including hypothalamus, hippocampus, amygdala, and medio-
orbitofrontal cortex, with the degree of deactivation of the hippocampus directly predicting
neuroendocrine cortisol response (Pruessner et al., 2008). Acute psychosocial stress alters
functional connectivity in medial temporal and frontal brain areas differentially, with stress
causing a bias towards processing emotional stimuli (Li et al., 2014). After chronic
psychosocial stress, long-lasting but reversible impairment in PFC activation during a PFC-
dependent attention-shifting task was associated with impaired attentional control in healthy
volunteers (Liston et al., 2009). In healthy subjects, numerous functional imaging studies
have described how tasks involving executive functions including attention, memory, and
inhibition activate cortical and limbic areas that overlap with emotion and stress processing
regions, and can themselves be influenced by stress (Chavanne and Robinson, 2021; Kumar
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et al., 2014; Mitchell and Phillips, 2007; Murphy et al., 2003; Orem et al., 2019; Wager and
Smith, 2003). Psychological stress generated by unpredictable physical threat paradigms has
been shown to involve not only pain perception and sensory function regions such as
thalamus, periaqueductal grey, and posterior insula (Drabant et al., 2011; Grupe and
Nitschke, 2013; Klumpers et al., 2017; Robinson et al., 2013), but also amygdala, ventral
striatum, ventromedial and dorsolateral prefrontal cortices, anterior cingulate cortex (ACC),
and anterior insula—Dbrain regions that are related to decision-making, reward, emotional
processing and stress regulation.

Limbic and frontal structures including ACC, insula, ventral striatum, hippocampus, and
prefrontal cortex have been strongly implicated in schizophrenia (Heckers et al., 1998;
Minzenberg et al., 2009; Wylie and Tregellas, 2010) and through their abnormal stress
processing (Birur et al., 2017; Ellison-Wright and Bullmore, 2010; Vogt et al., 1992) and
hypothalamic-pituitary-adrenal (HPA)-axis regulation (Diorio et al., 1993; Mizoguchi et al.,
2003). Additionally, the ventral ACC and insula form the salience network which has been
implicated in disrupted information processing in schizophrenia (White et al., 2010). These
areas thus form a neurocircuitry crossroads by implication in both clinical symptoms in
schizophrenia and their role in responses to stress. We hypothesized that dysfunctional
activation of stress-regulating brain areas in response to stress contributes to psychosis
symptoms in individuals with SSD. As animal models can examine stress-related cellular to
circuitry mechanisms but cannot directly be used to probe psychosis symptoms, we
developed a translational stress induction paradigm that is human MRI compatible and
ethical to reveal the hypothesized relationship between aberrant activation during stress
processing and clinical symptoms in SSD. In animal studies, the threat of electric foot shock
is a classic approach to study mechanisms related to stress (Seligman and Maier, 1967).
Using the unpredictable threat of electrical shocks is a valid and reliable technique to
generate psychological stress or induced anxiety (Chavanne and Robinson, 2021). A similar
fMRI-based task in healthy human participants has used a shock threat to engage salience
network and limbic activation (McMenamin et al., 2014). Here, we developed an analogous
ankle-shock threat (AST) paradigm in which the anticipation of receiving a small amount of
battery-current induced uncomfortable shock to the ankle is used to simulate anticipatory
stress in response to threat. In this proof-of-concept study, we show that the AST can engage
dysfunctional activation in patients with SSD in brain areas relevant to both the disorder and
stress regulation, and activation under such stressful conditions are highly associated with
patients’ psychotic and affective symptom severities.

2. Methods

2.1 Participants

Eighteen SSD patients (10 male) and 12 adult community controls (CC, 9 male) were
recruited from outpatient mental health clinics. Most patients were medicated: twelve were
on a single antipsychotic medication (2 typical, 10 atypical), three patients were on two
medications (two on clozapine plus another atypical, and one on a typical and an atypical),
one patient was on three antipsychotic medications, and two patients were not taking an
antipsychotic at the time of the study. Their current antipsychotic medication dosages were
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converted to chlorpromazine equivalent (CPZ) (Leucht et al., 2015). Structured Clinical
Interview for DSM-IV was completed by Master’s level clinicians to establish diagnosis for
all participants. Of the 18 patients recruited for SSD, 5 met the criteria for schizoaffective
disorder, and 13 patients met the criteria for schizophrenia spectrum disorder. Five of these
13 patients with schizophrenia spectrum disorder had a history of a major depressive episode
in full remission but did not meet criteria for schizoaffective disorder. Controls had no
current DSM-IV Axis | diagnosis, including any mood or psychotic disorder, and no known
family history of psychosis in two or more generations. Pregnancy, major medical illness,
history of head injury with cognitive sequelae, and intellectual disability were exclusionary
as well as any contraindication to MRI. Participants with substance dependence within the
last 6 months, or current substance abuse (except nicotine) were excluded.

Clinical items—Current overall psychiatric symptoms were measured by the Brief
Psychiatric Rating Scale (BPRS). Psychosis was assessed using the BPRS psychosis
subscale which included 4 items: conceptual disorganization, suspiciousness, hallucinatory
behavior, and unusual thought content. Depression was assessed using the Maryland Trait
and State Depression scale (MTSD) (Chiappelli et al., 2014), with which frequency of
depression symptoms over the lifetime (“trait depression”) and symptoms of depression
experienced over the previous two weeks (“state depression”) were assessed. Developmental
stressors were quantified with the Childhood Trauma Questionnaire (CTQ) and recent stress
level was assessed using the Perceived Stress Scale (PSS) (Cohen et al., 1983).

2.2 fMRI during the Ankle-shock task (AST)

fMRI data was collected using a 3-T Siemens Prisma scanner and 64-channel coil. Whole
brain EPI was collected using the Human Connectome Project (HCP) multi-band fMRI
protocol, with the following parameters: 2 mm isotropic, TR/TE=720/33.1ms, flip angle =
52 degrees, FOV=208x108 mm (RO x PE), Matrix=1-4x90 (RO x PE), slice thickness = 2
mm, multiband factor=8, AP/PA encoding, echo spacing = 0.58 ms, and 2290 Hz/Px. The
AST task was presented in one run with 680 volumes collected. Images were slice timing
corrected, volume registered, linearly detrended, normalized into MNI standard space, and
spatially smoothed (FWHM=8mm) using SPM12. The AST was developed to generate
stress for patients with SSD and controls under anticipatory threat to an ankle shock in a safe
and ethical manner based on similar designs shown to engage the salience network
(McMenamin et al., 2014). Prior to the day of testing, participants were tested for sensitivity
outside the scanner. Two electrodes separated by 1 inch were fixed to a Velcro strap and
wrapped around the ankle. The target area for placement was the sural nerve, posterior and
superior to the lateral malleolus. Areas where skin was damaged or where a rash was present
were avoided. The electrodes were attached to a battery-powered shock generating device
(Transcutaneous Aversive Stimulator, Coulborne Instruments). The sensation of this shock
can be described as similar to the uncomfortable experience of touching a surface with static
electricity. Participants were advised that the purpose of this testing was to determine the
level of shock found to be just on the threshold of being painful, and the participant was in
charge of pressing the level to administer the shock (500 milliseconds in duration) during
this sensitivity testing. Participants were exposed to increasing amperage starting at the
lowest level, which was increased sequentially until the participant rated the sensation as “5
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out of 10” on an analog scale to indicate “mildly painful.” The level just below that
identified was considered ‘uncomfortable but not, or only mildly, painful’, the sensitivity
stimulation threshold to be used for subsequent testing inside the scanner.

Participants returned on a different day for the AST inside the scanner where they were
instructed to view a screen that would display either a blue or yellow circle. One would be
associated with a period with the possibility of shocks and the other indicated a period of
safety with no possible shocks. The determination of which color would represent shock vs.
safety was randomized across participants prior to starting the task and the participant was
aware of their shock vs. safety signals. Electrodes were attached to the ankle in the same
manner as during sensitivity testing. The task had 3 conditions: (1) a period for a shock
condition in which a shock is delivered at a pseudo-random time point (same for all
participants) during the period, while a color sign on the screen indicates shocks are
possible; (2) a period for a threat condition in which the same color is present indicating
shocks are possible, but no shock is actually given; and (3) a period of a safe condition in
which no shock is given and the color indicates safety. There was a total of 57 six-second
periods (21 shock, 18 threat but no shock, 18 safe), presented in pseudorandom order, in
which the threat minus safe period comparison was used for testing the primary hypothesis.

2.3 Ethical Considerations

The research protocol was approved by the University of Maryland Baltimore Institutional
Review Board. Participants gave written informed consent, and patients were tested for
capacity to consent prior to signing the consent form. Participants were instructed they could
withdraw from the study at any time. We evaluated to ensure that they understood the
voluntary nature of participation and associated risks and benefits, and how they would
respond if they wished to quit or felt uncomfortable during the study. Inside the scanner,
participants were given an emergency button to stop the task if at any point they felt unable
or unwilling to continue.

2.4 Statistics

First level models were developed for each subject by entering all the volumes into a single
analysis regressing the “shock”, “threat” and “safe” conditions. The contrast of interest was
the threat - safe condition, to study brain processing the anticipatory threat of the unpleasant
shock but without the interference of the actual shock. This contrast was further investigated
in the second level group analysis. Statistical significance of voxel-wise whole brain analysis
activations followed by family-wise error correction were computed using SPM Marsbar
with a peak value of p<0.001 and cluster-wise FWE a<0.05. SPSS software version 25
(IBM Corp., Armonk NY) was used for regression analyses and for parametric statistical
analysis including multiple regression and t-tests for group comparisons where appropriate.
Age and sex were included as covariates and reported where significant. Means are
presented + S.D.
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3. Results

3.1 Activation under anticipated experimental threat

Stimulation threshold determined during sensitivity testing was 1.18+0.66 mA in the
patients and 1.21+0.95 mA in the controls (p=0.91). Comparing threat vs. safe conditions,
13 regions showed nominally significant differences between SSD and CC, at p<0.001 (t-
value of activation > 3.51), most of them were located at the limbic and frontal areas (Figure
1A, Figure 2). After family-wise error cluster level correction, only one cluster at the ventral
ACC showed significant group difference (274 voxels, t=4.61, FWE corrected p=0.033)
(Figure 1A), where SSD showed significantly reduced activation in response to the
anticipated threat compared with CC. Age (r=+0.05, p=0.84), sex (r=-0.18, p=0.47), and
CPZ (r=+0.24, p=0.34) were not significantly associated with the vACC activation in the
patients. Other activation clusters with a peak-level uncorrected p<0.001 that did not survive
family-wise error correction are shown in Figure 2 (cluster sizes =14 voxels, ppywg=0.114).

3.2 Activation under actual shock condition

Three regions showed nominally and significantly reduced activation in SSD compared with
CC in the shock vs. safe condition at p<0.001: bilateral insula and left pars orbitalis; one
region had nominally greater activation in SSD compared with CC comparison at the right
precuneus using a peak-level uncorrected p<0.001; none of these regions’ activations
survived FWE (Supplementary Figure 1).

3.3 Psychosis and vACC activation during experimental threat

The beta values of the vVACC activation were extracted and found to be significantly
associated with the overall BPRS score (r=+0.54, p=0.024, Figure 1B), explaining about
29.2% of the overall psychiatric symptom variance. Age, sex, and CPZ equivalent were non-
significant predictors in multiple regression analysis (all p>0.56). The BPRS psychosis
subscale had an even greater association with vVACC activation (r=+0.71, p=0.001) in
patients (Figure 1C), where elevated vACC activation in response to anticipatory threat
explained about 50.4% of the severity of psychosis symptoms. Examining the four
individual items within the psychosis subscale, the strongest individual item associations
with VACC activation were abnormal thought content (r=0.74), suspiciousness (r=0.63), and
hallucinations (r=0.61), all p<0.05 after Bonferroni correction for four individual items. In
controls, there was no significant association between vACC activation and BPRS total
(r=0.17, p>0.6) or vVACC activation and the psychosis subscale (r=0.13, p>0.7), although
most controls had no or minimal symptoms on BPRS, so the variances were restricted.

Although there was no group difference in stimulation sensitivity threshold to pain
perception, there was a significant inverse relationship between stimulation threshold (mA)
and this ACC activation in patients (r=—0.58; p=0.014), but not in controls (r=-0.09, p
=0.77) (Figure 3). There was also a significant inverse correlation between stimulation
threshold and psychosis symptoms in SSD (r=—0.47, p=0.049), implying a relationship of
greater burden of psychotic symptoms with lower pain threshold, despite the fact that as a
group SSD patients reported similar pain threshold as the controls.
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3.4 No association between life stressors and vVACC activation during experimental threat

Patients reported significantly greater childhood trauma than controls (p=0.012) (Table 1).
Patients also had higher current perceived stress level than controls, although this was not
statistically significant (p=0.13). However, there was no significant association of the vACC
activation with CTQ (r=-0.20 and 0.08 for patients and controls, respectively; p=0.42, and
0.80). The vACC activation was also not significantly associated with recent stress levels
(r=0.005 and 0.11 in patients and controls, respectively; both p>0.7). CTQ and PSS were not
significantly associated with psychosis score in the patients (r=0.05 and 0.16 respectively;
p=0.8, 0.5), suggesting that the heightened overall childhood traumatic stress experience or
current stress levels are unlikely contributors to the findings on stress-induced activations
and psychosis.

3.5 Depressive symptoms and vACC activation during experimental threat

Patients reported more trait depressive symptoms (p=0.14) and state depressive symptoms
(p=0.18) as measured by MTSD compared with controls although, not statistically
significant as the sample size is modest (Table 1). Opposite to psychosis, this anticipatory
stress-induced VACC cluster activation significantly and inversely correlated with trait
depression scores (r=—0.48, p=0.043) in SSD but not in CC (r=+0.14, p=0.7, Figure 4A).
The effects of state depression were not significant (r=—0.28 and +0.32, p=0.25 and 0.31,
SSD and CC respectively) (Figure 4B). We also tested the relationship between stimulation
strength threshold and depression given the extensive literature associating pain and
depressive symptoms (e.g. 29), but there was no significant relationship with either
depression measure in the patients (r=0.02 state, 0.20 trait, p>0.40 for both).

4. Discussion

The present proof-of-concept study shows that this translational stress-based task to generate
anticipatory threat to a shock in human subjects reliably engaged brain areas involved in
emotional and stress regulation and revealed deficient activation in the ventral anterior
cingulate cortex of individuals with schizophrenia spectrum disorder. This aberrant cingulate
activation significantly and robustly correlated with clinical symptoms in patients with SSD,
particularly psychosis symptom severity.

Previous fMRI studies have used instructed threat, without actual threat exposure during
fMRI, to identify associations between paranoid delusions in patients with schizophrenia,
and showed activations of salience network among a large number of other brain regions
(Perez et al., 2015). While those findings are broadly consistent with ours, the voxelwise p<
0.01 used to identify significant regions in that study is usually considered too liberal in
fMRI studies (Cox et al., 2017; Eklund et al., 2016), which may in part be due to the use of
an instructed shock threat without actual shock exposure during fMRI (Perez et al., 2015).
Another study using similar shock-induced anticipatory threat in healthy participants have
also shown threat transiently alters salience network efficiency (McMenamin et al., 2014).
Building on these previous studies, we developed an anticipatory threat stress task designed
to translate decades of animal studies using foot shocks as stressors to generating stress with
both physical and emotional components (Bali and Jaggi, 2015; Maier and Seligman, 2016)
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for ethical human research. Our main finding of the group difference is localized to the
ventral anterior cingulate. Amongst its many anatomical connections, the ACC receives
nociceptive afferents from the thalamic nuclei and also has connections to periaqueductal
grey and amygdala, while functionally it is involved in specifying the affective content of
noxious stimuli and learning the prediction and avoidance of noxious stimuli (Devinsky et
al., 1995). Accordingly, cingulate lesions decrease pain sensitivity (Brown and Schéfer,
1888). Therefore, our finding that vACC activation in patients was significantly associated
with lower threshold of sensitivity to the applied shock is consistent with this region’s role in
detecting physical and emotional aspects of noxious stimuli (Price, 2000).

The ACC also functions in several complex processes including error detection and
evaluation (Bush et al., 2000; Gehring et al., 1993; Van Veen and Carter, 2002), processing
of affective responses to emotional cues (Lane et al., 1998), and social evaluation especially
involving detection of situations that may cause social/emotional pain (Dedovic et al., 2016;
Eisenberger et al., 2003). Previous studies have suggested that stress sensitivity, aberrant
salience, and threat anticipation are key psychological processes in the development of
psychotic experiences in daily life (Reininghaus et al., 2016). Cingulate lesions in animal
studies lead to inappropriately constrained expression of behavioral responses to stressful
stimuli generated by aversive anticipated foot shock (Frysztak and Neafsey, 1991), which
may be analogous to aspects of the reduced ACC activation found in the participants with
SSD in this ankle shock paradigm. Dysfunction in this region could lead to abnormal threat
salience evaluation and thus over-represent the otherwise normal stress from the threat
anticipation in everyday activities, contributing to paranoia or other psychotic symptoms.
Alternatively, SSD patients with more psychotic symptoms may be more sensitized to
stressful events, leading to greater VACC activation as compared to patients with less
psychotic symptoms and thus the positive correlation we observed. However, the latter
interpretation may not explain why depression symptoms, which should also sensitize SSD
patients to more stressful events, showed inverse correlation with vACC activation; and it
also does not explain why SSD patients in general have lower vACC activation compared
with controls. Still another possibility is that improper stress response to the anticipated
threat may reinforce the already established abnormal thought patterns due to abnormal
autonomic responses to stress (Castro et al., 2008) and altered glucocorticoid receptor
expression in schizophrenia (Sinclair et al., 2011). While the causal direction between vACC
and psychosis can be difficult to decipher by cross-sectional studies with human fMRI, our
findings provide a link between abnormal vACC activation under the stressful condition of
anticipating threat and psychosis.

Despite lower overall vVACC activation in SSD participants compared to controls, individuals
with higher activation had more severe psychotic symptoms. Interestingly, while ACC has
been frequently associated with reduced activations in fMRI and PET activation studies
(Carter et al., 2001, 1997), surgical cingulumotomy has led to /improvement in psychosis and
disordered affect (Ballantine et al., 1967), suggesting that there is no unidimensional
explanation to the contributions ACC plays towards symptoms. In animal studies, lesions to
ACC lead to poor discrimination between tones that positively or negatively anticipate a foot
shock (Gabriel et al., 1989). Thus, although the results may seem paradoxical, reduced
VACC activation in patients with SSD may represent poor discrimination of threat signals in
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general as part of the underlying disease state, while the strong positive correlation with
psychosis could indicate that more severe psychosis is linked to inability to resolve, and thus
over-interpretation of, anticipated fear or stress. Overall, the ACC may function in a more
nuanced manner, combining its roles as an evaluator of anticipated threat, appropriate
response selection, and conflict monitor (Devinsky et al., 1995). Reduced activation in
patients broadly may represent underlying genetic to cellular level abnormalities, with
higher level of activation representing over-interpretation of threat and greater distress and
paranoia, thus the strong positive correlation with psychosis symptoms severity. In
comparison, healthy controls without the underlying abnormalities in the ACC in the context
of stress would have appropriate threat appraisal and are not vulnerable to the generation of
psychosis symptoms as a result.

Opposite to the relationship with psychosis severity, the AST-induced VACC activation
inversely correlated with more severe trait depression symptoms as measured by MTSD (r=
-0.48, p=0.043) in SSD (Figure 4A). Depressive symptoms are common but often
underappreciated in patients with SSD. The estimate for lifetime prevalence of depressive
episodes in individuals with schizophrenia range from 20% to 80%, and these symptoms are
potentially devastating through added morbidity and mortality (Brown, 1997). These
depressive symptoms have been hypothesized to be an independent, core component of the
disorder, or alternatively secondary to severe psychotic symptoms or medications (Zisook et
al., 1999). The opposite relationship between vACC and psychosis vs. depression severities
in the same group of patients may suggest that they are independent components but also
anchored on a common abnormal stress-processing nexus within the vACC. Trait depressive
symptoms are prominent in schizophrenia, are distinct from negative symptoms (Carpenter
et al., 1985; Chiappelli et al., 2014), and are not restricted to periods following acute
psychosis exacerbation (Bartels and Drake, 1988). Our results highlighting vACC in
depressive symptoms in SSD is consistent with previous findings implicating reduced ACC
activation overall and in predicting poor treatment response (Auer et al., 2000; Godlewska et
al., 2018) and in reduced reward anticipation and stress reactivity (Vidal-Ribas et al., 2019)
in depression.

There were several frontal, parietal, and temporal regions that had activations at p<0.001
although they did not meet the cluster level criterion during the anticipatory threat condition
compared to safety (Figure 2). For example these regions include: the superior frontal gyrus
cluster including BA 8 and 9, which has been implicated in managing uncertainty (MVolz et
al., 2005); the inferior frontal cortex cluster, which participates in selective response
suppression (Forstmann et al., 2008); the somatosensory association cortex cluster which
should be involved in this sensory based task; and the cluster at the pars orbitalis of the
inferior frontal cortex, which is activated in response to recognition of negative emotions
including fear (Sprengelmeyer et al., 1998). It is thus logical that the AST, which involves
exposure to a visuospatial image to generate uncertainty about a potential noxious sensory
stimulus, would engage these areas. Each of these regions exhibited decreased activation in
SSD compared to controls, potentially suggesting a broader pattern of dysfunctional
activation, although the lack of statistical significance limited our ability to further interpret
these findings.
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Finally, bilateral insula and the left pars orbitalis exhibited reduced activation in SSD
compared with CC in the shock-safe comparison at voxelwise p<0.001 but did not survive
FWE. These regions have important functions in pain, interoception, processing of aversive
stimulation and the corresponding bodily and emotional responses (Lu et al., 2016; Ray and
Zald, 2012; Sprengelmeyer et al., 1998). Patients also showed higher activation in the
precuneus than controls in the shock-safe comparison, part of the default-mode network that
has been implicated in schizophrenia (Kiihn and Gallinat, 2013), and heightened activation
during the aversive shock stimuli may signal an overrepresentation of negative experience.
However, further study is required to evaluate the contributions to symptoms in these regions
that did not survive FWE.

Study limitations

Conclusion

The current study has several limitations. First, the sample size is modest, although the main
findings were based on properly corrected statistical thresholds. However, this may leave the
study underpowered for identifying some other relevant brain regions that are still important
but less robust. Second, patients reported higher early lifetime traumatic stress exposure and
a nonsignificant trend for higher current stress perception, which may confound the stress-
induced activations. However, these experiences were not significantly related to vACC
activation, suggesting that the abnormal vACC activations are not directly impacted by past
stress exposure or current subjective stress levels. Third, although there were no effects
based on current CPZ dose equivalent, it is possible that cumulative medication effects may
be important. Fourth, participants were not asked their subjective assessment of the
probability of receiving a shock, leaving open the possibility that the overall hypoactivation
of the VACC in patients reflects an under-estimation of threat materializing. Future studies
should include such assessments. Finally, as a cross-sectional study our results do not give
direction of causality between associated measures.

This anticipatory threat task can reliably engage stress-induced brain activation in
individuals with SSD and our results suggest that ventral ACC appears a fronto-limbic
crossroad for the increased vulnerability to more severe psychotic symptoms during stress in
SSD. Our findings also indicate a potential stress-related node for affective symptoms in
SSD within the ventral ACC. Further study is required to better understand how stress
interacts with the multiple known ACC functions including error detection, social and
emotional responsiveness, threat evaluation, and reward-based decision making in promoting
psychosis formation. Understanding how aberrant ventral anterior cingulate signaling
contributes to psychosis under stress may be important for developing treatments that
prevent and treat psychosis formation under stressful conditions.
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Highlights
. A stressful anticipatory threat task using ankle-shock can be used during

fMRI to interrogate brain areas responsible for stress and threat processing.

. Patients with schizophrenia spectrum disorder have deficient activation in the
ventral anterior cingulate cortex during anticipated threat periods.

. This vACC activation significantly and robustly correlates with psychosis
symptoms, and inversely correlates with trait depression measures.

. The association between clinical symptoms and abnormal threat-induced
brain activation may represent a key biological substrate linking the
deficiencies in threat anticipation and stress regulation in schizophrenia.
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Figure 1:
(A) Cluster activation during threat-safe comparison based on community control (CC)

minus schizophrenia spectrum disorder (SSD) cases at MNI z+16. Activation shown

represents t-level by voxel (red = t>3.8). Red indicates decreased
voxel cluster located in ventral ACC in SSD compared to CC. Ins
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r=+0.71

Psychosis Subscale

-0.6

-10-

VACC activation

peak activation of a 274-
et with box-and-whisker

plot showing group differences. (B) AST task-based VACC activation is associated with
BPRS ratings (p=0.024). (C) vACC activation is strongly associated with the BPRS
psychosis subscale (p=0.001). Linear regressions shown with 95% confidence interval, with

r values indicated.
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z=+14

Figure 2:
Multiple axial sections of other subthreshold areas that were at peak level of p<0.001 but did

not survive cluster-level FWE correction. Red corresponds to t-values>3.73 for CC-SSD
comparison of the threat-safe difference. These regions include (Brodmann’s Area — BA,
voxels indicate cluster size): 1. BA8/superior frontal gyrus (21 voxels), 2. BA8/medial
superior frontal gyrus (100 voxels), 3. BA 40, inferolateral parietal (27 voxels), 4. BA 9/
dorsolateral PFC (179 voxels), 5. BA 44/inferior frontal gyrus (47 voxels), 6. Pars orbitalis,
inferior frontal cortex (159 voxels) 7. BA 21/middle temporal gyrus (14 voxels). Five other
regions were not shown due to cluster sizes <10 voxels and prpywge>0.98 for clarity, but these
were located in BA 8/superior frontal gyrus (6 voxels), BA24 distinct from and lateral to the
VACC activation described above (3 voxels), R insula (2 voxels), BA 10 (1 voxel), and BA
38 (1 voxel). Marker “a” indicates significant vACC activation also seen in Figure 1. No
significant activations are present in the areas obscured.
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Sensitivty threshold (mA)

vACC activation

Figure 3:
Association between AST-induced ACC activation (threat-safe condition) and stimulation

amperage sensitivity threshold, with greater values indicating less sensitivity to pain. SSD
patients (purple, p=0.014) and CC (green, p=0.77) shown. Linear regression shown with
95% confidence interval, with r values indicated.
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VACC activation

ACC activation during ankle-shock threat task (threat-safe condition) vs. trait and state
depression measures in SSD patients (purple) and community controls (green). (A) Trait
quantitative depression scores were significantly associated with vVACC activation (p=0.043)
in patients with SSD but not in controls (p=0.7) (B) State depression scores were not
significantly correlated with vVACC activation (SSD p>0.25, CC p>0.31). Linear regression
shown with 95% confidence interval, with r values indicated.
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Table 1:

Participant demographic and clinical information

CCn=12 SSDn=18 p-value

Age [years] (SD) 39.3(13.6) 40.8(13.7) 0.78
Sex (% male) 75% 55.6% 0.30

BPRS (SD) NA 38.6 (9.4) -

BPRS - Psychosis subscale (SD) NA 10.2 (5.9) -
MTSD - State Depression 10.4 (9.8) 17.9 (14.9) 0.14
MTSD - Trait Depression 13.3(16.4) 22.6(19.5) 0.18
CTQ 31.2(40) 46.9(17.9) 0.012
PSS 185(2.6) 1.21(0.95) 0.13

Sensitivity Threshold (mA) 1.18(0.66) 21.0(5.1) 0.91

Medication dose (SD) 7 B 617 (793) -

TAntipsychotic medication dose is provided in chlorpromazine equivalent dose (milligrams per day).

Psychiatry Res Neuroimaging. Author manuscript; available in PMC 2022 July 30.

Page 21



	Abstract
	Introduction
	Methods
	Participants
	Clinical items

	fMRI during the Ankle-shock task (AST)
	Ethical Considerations
	Statistics

	Results
	Activation under anticipated experimental threat
	Activation under actual shock condition
	Psychosis and vACC activation during experimental threat
	No association between life stressors and vACC activation during experimental threat
	Depressive symptoms and vACC activation during experimental threat

	Discussion
	Study limitations
	Conclusion

	References
	Figure 1:
	Figure 2:
	Figure 3:
	Figure 4:
	Table 1:

