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Abstract
Cognitive dysfunction constitutes a core characteristic of schizophrenia spectrum 
disorders (SZ). Specifically, deficits in updating generative models (i.e., cognitive 
flexibility) and shielding against distractions (i.e., cognitive stability) are consid-
ered critical contributors to cognitive impairment in these patients. Here, we ex-
amined the structural integrity of frontostriatal networks and their associations 
with reduced cognitive stability and flexibility in SZ patients. In a sample of 21 
patients diagnosed with SZ and 22 healthy controls, we measured gray matter 
volume (GMV) using structural MRI. Further, cognitive stability and flexibility 
were assessed using a switch-drift paradigm, quantifying the successful ignor-
ing of distracters and detection of rule switches. Compared to controls, patients 
showed significantly smaller GMV in the whole brain and three predefined re-
gions of interest: the medial prefrontal cortex (mPFC), inferior frontal gyrus 
(IFG), and caudate nucleus (CN). Notably, GMV in these areas positively cor-
related with correct rule-switch detection but not with ignoring rule-compatible 
drifts. Further, the volumetric differences between SZ patients and controls were 
statistically explainable by considering the behavioral performance in the switch-
drift task. Our results indicate that morphological abnormalities in frontostriatal 
networks are associated with deficient flexibility in SZ patients and highlight the 
necessity of minimizing neurodevelopmental and progressive brain atrophy in 
this population.
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1   |   INTRODUCTION

Cognitive impairment represents a core characteris-
tic of schizophrenia spectrum disorders (SZ; Bowie & 
Harvey,  2005; Lepage et  al.,  2014). Considering that di-
minished cognitive performance is associated with dis-
rupted everyday functioning and poorer clinical outcomes 
(Lepage et  al.,  2014), fostering our understanding of 
cognitive impairment in SZ is crucial for developing bet-
ter treatment options for these patients. It has been sug-
gested that deficits in shielding distracters, i.e., cognitive 
stability, and adapting to contextual changes, i.e., cognitive 
flexibility, contribute to impairment in various cognitive 
domains observed in SZ (Braver et  al.,  1999). Notably, 
stabilizing and flexible updating of internal models rely 
on the integrity of several partially overlapping brain net-
works in which frontostriatal areas play an essential role 
(Armbruster et al., 2012; Cadena et al., 2018, 2019; Floresco 
et al., 2009; Jiang et al., 2015; Trempler et al., 2017). Given 
that reduced gray matter volume (GMV) is well docu-
mented in patients with SZ (for a meta-analysis, see Gupta 
et  al.,  2015; Haijma et  al.,  2013; Williams,  2008), with 
studies showing brain atrophy even before the onset of 
psychosis as well as progressive degeneration over time 
(Dietsche et al., 2017; Veijola et al., 2014), it is vital to un-
derstand the relationship between GMV and SZ patients' 
cognitive impairments. After showing the relationships 
between deficits in cognitive stability and flexibility with 
functional neural responses in SZ patients in our previous 
work (Standke et al., 2021), in the current study, we inves-
tigated the relationship between anatomical brain struc-
ture and cognitive stability and flexibility in SZ patients 
compared to a neurotypical control group.

Even though previous studies showed a general decline 
in GMV in SZ patients, it is unclear whether GMV losses 
in specific regions of interest (ROIs) relate to deficient pre-
dictive processing in these patients. Our previous works 
on healthy subjects and patients with SZ using functional 
MRI corroborated the notion that cognitive flexibility and 
stability rely on dopamine-mediated frontostriatal loops 
(Standke et al., 2021; Trempler et al., 2017). Specifically, 
we found that reduced striatal activation was associated 
with impaired cognitive stability and flexibility in patients 
with SZ, suggesting that striatal gating to the frontal cor-
tex might be disrupted (Standke et  al.,  2021; Trempler 
et  al.,  2017). The striatum, including its subregions, i.e., 
the caudate nucleus (CN) and putamen, are known to be 

crucially involved in gating prediction errors (Chatham 
& Badre,  2015) caused by novelty or cognitive surprise 
(Diederen & Fletcher,  2021; McCutcheon et  al.,  2019). 
Theories propose that phasic release of striatal dopamine 
attributes salience to currently relevant information by 
activating striatal D2 receptors supporting flexible updat-
ing, thereby triggering the frontal cortex to engage (Frank 
et  al.,  2001). On the other hand, lower dopamine con-
centrations activate D1 receptors that foster stabilization 
by closing the gate to the frontal cortex (O'Reilly, 2006). 
Hence, the striatum determines which information gets 
passed on to the cortex using so-called go and nogo path-
ways. Thus, striatal dysfunction may underlie aberrant 
weighting and signaling of prediction errors, thereby 
impairing the stability and flexibility of predictions in 
SZ. Nevertheless, previous studies show mixed results re-
garding striatal GMV in SZ patients, as some suggest an 
increase (Sigmundsson et al., 2001; Simpson et al., 2010; 
Williams, 2008), but others indicate a decrease in the stri-
atum GMV (Koo et al., 2006; Perez-Costas et al., 2010).

Deficient cognitive instability and inflexibility in SZ 
also seem to relate to deficient cortical processing of pre-
diction errors in frontal areas rather than to disrupted 
striatal gating only (Standke et al., 2021). Specifically, the 
inferior frontal gyrus (IFG) was shown to support stabi-
lization of internal models against distraction (Standke 
et al., 2021; Trempler et al., 2017), consistent with its role 
in response inhibition and distractor resistance (e.g., Aron 
et al., 2014; Bilder et al., 2004; Schaum et al., 2021; Sharp 
et al., 2010; Wager et al., 2014). Flexible updating of pre-
dictions, on the other hand, was associated with the me-
dial prefrontal cortex (mPFC) in patients with SZ (Standke 
et al., 2021) and healthy controls (Trempler et al., 2017). 
Intriguingly, several studies consistently identified frontal 
gray matter loss in patients with SZ, including the mPFC 
(Bonilha et al., 2008; Shepherd et al., 2012; Sigmundsson 
et al., 2001; Williams, 2008; Zhang et al., 2018) and the IFG 
(Antonova et al., 2005; Dietsche et al., 2017; Sigmundsson 
et  al.,  2001; Williams,  2008). Although preliminary re-
search in patients with SZ provides some evidence 
linking prefrontal GMV loss to executive dysfunction 
(Jirsaraie et al., 2018) and cognitive perseverance (Bonilha 
et al., 2008), it is unclear whether cognitive flexibility and 
stability are related to these regional GMV losses.

To summarize, existing evidence points to (I) aber-
rant frontostriatal functioning underlying deficient cog-
nitive stability and flexibility in patients with SZ and (II) 
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structural alterations in respective networks. However, it is 
unclear whether these morphological abnormalities con-
tribute to deficient predictive processing in SZ (Standke 
et al., 2021). The current study addressed whether volu-
metric alterations of predefined frontostriatal areas (i.e., 
mPFC, IFG, and striatum) relate to reduced flexibility and 
stability in SZ, providing further evidence for dysfunc-
tional frontostriatal networks as an essential underlying 
cause of cognitive impairment in SZ patients.

In order to independently assess cognitive flexibility 
and stability, a previously employed serial switch-drift-
paradigm (Figure  1) was administered, requiring partic-
ipants to react to switches of the underlying model and 
ignore transient omissions (Standke et al., 2021; Trempler 
et al., 2017, 2018). We hypothesized that GMV, extracted 
from T1 magnetic resonance images (MRI) collected be-
fore the task administration, would be attenuated in SZ 
patients compared to a healthy sample. Specifically, in 
SZ patients compared to the healthy control group, we 
expected reduced GMVs in predefined anatomical ROIs: 
mPFC, IFG, and striatum. Secondly, we hypothesized that 
these GMV losses in SZ patients can be predicted by per-
formance in the switch-drift task.

2   |   METHODS

2.1  |  Participants

Our sample was the same as that reported in Standke 
et al. (2021) consisting of twenty-two patients (7 females; 
36.41 ± 10.28 years old; range 24–57 years; 20 right-handed) 

diagnosed with schizophrenia or schizoaffective disor-
der (abbreviated as SZ in the following) and twenty-two 
healthy controls (9 females; 38.23 ± 12.26 years old; range 
22–63 years; 19 right-handed). One patient diagnosed with 
schizoaffective disorder was excluded from analysis due 
to poor magnetic resonance imaging (MRI) data qual-
ity, as indicated by the weighted average image and pre-
processing quality index (Gaser & Kurth, 2020), thereby 
leaving a total of 21 patients and 22 healthy controls for 
further analyses.

All patients were recruited at the Department of 
Mental Health of the University Hospital Muenster. 
Diagnoses were established at consensus conferences 
based on the structured Clinical Interview I for DSM-IV 
(SCID-I) (American Psychological Association, 1994) and 
further available clinical data. Patients participated under 
regular medication, with a mean converted chlorproma-
zine equivalent (CPZ; Andreasen et al., 2010) of 639.63 mg 
(±427.12). Eighteen patients were treated with atypical 
antipsychotic medication, one with typical antipsychotic 
medication, and three did not receive any antipsychotic 
medication. None of the patients were diagnosed with a 
neurological disorder. All patients with a history of sub-
stance abuse were at least four weeks abstinent before par-
ticipating in the study. Healthy controls were recruited via 
advertisements. According to the screening questionnaire 
of SCID (Glasofer et al., 2015), none of the controls had 
a history of psychiatric illness. Moreover, they reported 
no known neurological disorders at the time of testing. 
Additionally, there was also no known history of psychiat-
ric disorders in first-degree relatives of the controls. Every 
participant had a normal or corrected-to-normal vision.

The study procedures are in accordance with the 
Helsinki Declaration and were approved by the local eth-
ics committee of the University of Muenster. Every partic-
ipant gave written informed consent and was reimbursed 
for their participation.

2.2  |  Assessment tools

The positive and negative symptoms of all participants 
were assessed using the Scale for the Assessment of 
Positive Symptoms (SAPS; Andreasen,  1984) and the 
Scale for the Assessment of Negative Symptoms (SANS; 
Andreasen,  1984), respectively. SAPS is a 34-item as-
sessment tool that focuses on positive symptoms of 
schizophrenia in five different categories: hallucination, 
delusion, bizarre behavior, and positive formal thought 
disorder. The items are measured using a 6-point scale. 
Further, SANS comprises 25 items, measured using a 6-
point scale, quantifying negative symptoms across five 
categories: affective blunting, alogia, avolition-apathy, 

F I G U R E  1   Serial switch-drift-paradigm. Schematic depiction 
of the task as previously employed by Standke et al. (2021). 
Sequences of four consecutive digits were presented continuously, 
either in an ascending or in a descending order. Occasionally, 
unexpected directional changes occurred (i.e., switches) that were 
to be indicated via button press, reflecting flexible updating of the 
current prediction (left). On the other hand, participants were 
asked to ignore omissions of single digits (i.e., drifts), requiring 
shielding of the internal model (middle). Finally, participants had 
to respond to repetitions of single digits by quickly pressing a key 
to determine the individual response window (motor control task, 
right).
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anhedonia-asociality, and inattention. Both tools are com-
monly used for assessing SZ symptoms for academic and 
clinical purposes and show high interrater reliability and 
moderate temporal stability (Andreasen & Olsen,  1982; 
Kumari et al., 2017).

Further, all participants completed the Heidelberg 
Scale for Neurological Soft Signs (NSS; Schroder 
et  al.,  1991), the Becks Depression Inventory II (BDI-II; 
Beck et  al.,  1996), and the Barratt Impulsiveness Scale 
(BIS; Patton et al., 1995). Notably, these questionnaires are 
not the subject of the current study and will be described 
and analyzed elsewhere.

2.3  |  Paradigm and procedure

We employed a serial switch-drift paradigm (Trempler 
et al., 2017, 2018) designed to assess the stability and flexi-
bility of predictions independently (Figure 1). Participants 
were shown a continuously presented ascending (1–2–3–
4) or descending (4–3–2–1) four-digit sequence that ena-
bles participants to predict forthcoming digits based on 
two generated internal models (ascending or descending 
model). Numbers were presented successively, one at a 
time, at the center of the screen for one second with an 
inter-stimulus interval of 100 ms. Occasionally, unex-
pected directional changes, i.e., switches from an ascend-
ing to a descending sequence or vice versa, occurred at 
random positions within a series (i.e., switch), requir-
ing the participant to adapt their prediction accordingly. 
Those switches between models were to be indicated by 
pressing a button as quickly as possible. Additionally, sin-
gle digits were sometimes randomly omitted (i.e., drifts) 
without causing a temporal gap. Since the current model 
remained valid despite the omission, participants were 
asked to ignore those drifts, requiring the internal model 
to be stabilized against a transient violation of the predic-
tion. Button presses were counted if they occurred within 
a response window defined by the mean individual reac-
tion time plus one standard deviation. Individual mean 
reaction time was assessed via motor control condition, 
where repetitions of single digits had to be indicated by 
pressing a key. The targeted digit would be repeated (max. 
seven times) until a response was produced.

The task consisted of 12 blocks, with each containing 
125 digits. Between each block, a fixation cross was pre-
sented for 6 s. The randomization was programmed using 
MATLAB R2012b (The MathWorks Inc., Natick, MA, 
USA), and stimuli were presented using Presentation 13.1 
(Neurobehavioral Systems, San Francisco, CA, USA).

The day before the MRI session, all participants 
completed an instructed practice session consisting of 
ten blocks with 80 digits each to ensure participants 

understood the task. Moreover, every participant com-
pleted an additional short practice composed of three 
blocks immediately before the MRI session. All other as-
sessments, including questionnaires and interviews, took 
place on a day within 1 week before the MRI session.

2.4  |  Brain imaging acquisition

Brain imaging data of patients and controls were recorded 
using a 3 Tesla MRI Scanner (Magnetom Prisma, Siemens 
Medical Solutions, Erlangen, Germany) equipped with a 
20-channel head coil. High-resolution structural images 
of the individual brain anatomy were obtained using a 
standard Siemens T1-weighted magnetization-prepared 
rapid acquisition with gradient echo (MPRAGE) se-
quence with isotropic voxels (1 × 1 × 1 mm) in a 256 mm 
field of view (256 × 265 pixels, 192 slices, repetition 
time = 2130, echo time = 2.28). In addition, blood-oxygen-
level-dependent (BOLD) functional imaging was recorded 
using T2*-weighted single-shot, echoplanar-imaging 
(EPI) sequences (64 × 64 pixel, 210 mm field of view, 90° 
flip angle, repetition time = 2000 ms, echo time = 30 ms). 
Here we focus on T1 images and the structural properties 
extracted from them, whereas the functional analyses are 
reported by Standke et al. (2021).

2.5  |  Structural images 
pre-processing and voxel-based 
morphometry

Imaging data was pre-processed using the Statistical 
Parametric Mapping (SPM) software 12 (Wellcome 
Department of Imaging Neuroscience, London, UK) as well 
as the Computational Anatomy Toolbox 12 (CAT12; Gaser 
et al., 2020) implemented in SPM12. Both programs were 
run in MATLAB version 2023a. Initially, all images were 
converted from DICOM into NIFTI format. Each image 
was reoriented to the same point of origin (anterior com-
missure) and registered to a standard brain (single subject 
T1). All images were inspected for artifacts prior to segmen-
tation. Further pre-processing was performed using CAT12. 
Segmentation consisted of two fully automated standard-
ized voxel-based processing steps. First, MRI data was de-
noised using a spatial adaptive non-local means (SANLM) 
denoising filter, internally resampled, corrected for bias, aff-
ine registered, and segmented. Second, refined processing of 
these images entailed the removal of non-brain tissue (skull-
stripping), brain parcellation (left and right hemisphere, 
subcortical areas, cerebellum), and local intensity correc-
tion. The final segmentation followed an adaptive maxi-
mum a posteriori (AMAP) approach with partial volume 
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model estimation, resulting in three tissue types: gray mat-
ter, white matter, and cerebrospinal fluids. Finally, all tis-
sue components were spatially normalized to a common 
reference space (MNI) using the Diffeomorphic Anatomical 
Registration Through Exponentiated Lie (DARTEL) alge-
bra algorithm. A data quality check was performed, show-
ing good overall data quality, with the mean data quality 
being 85.35%( ± 0.85). However, after visual inspection 
for outliers using a boxplot, one patient had to be excluded 
due to poor data quality (74.69% , more than 3 SD below the 
mean). Patients and controls did not differ in image quality 
(U = 236.5, p = .894; z = 0.13). Further inspection of data 
homogeneity yielded no severe abnormalities.

Voxel-based morphometry (VBM) analysis was per-
formed using CAT12 following the recommended stan-
dard protocol (Gaser & Kurth,  2020). The significance 
threshold was set to a false discovery rate (FDR) of 0.05 
(pFDR−corrected = .05). The absolute masking threshold 
was set to 0.1 as recommended. Each participant's mod-
ulated and normalized gray data was smoothed using an 
8-mm full width at half maximum Gaussian filter. Total 
intracranial volume (TIV) and total GMV were extracted. 
Additionally, based on the volume-based mori atlas (Oishi 
et al., 2009), GMVs of the following anatomical ROIs were 
extracted for further ROI analyses: mPFC, IFG, and two 
subregions of the striatum (i.e., putamen and caudate 
nucleus). GMV of mPFC was determined by summing 
the volumes of the cingulate gyrus and the superior fron-
tal gyrus in accordance with previous studies (Trempler 
et al., 2018). All volumes were averaged over both hemi-
spheres, as we did not define specific hypotheses regard-
ing laterality.

2.6  |  Statistical analyses

All statistical analyses were conducted via the R program-
ming language (http://​www.​R-​proje​ct.​org/​), MATLAB 
(r2023b; MathWorks Company), and SPM12 (The 
Wellcome Department of Imaging Neuroscience, Institute 
of Neurology, London, UK). Unpaired t tests and non-
parametric Mann–Whitney U-tests (in the case of non-
normally distributed data) were computed to investigate 
differences between patients and controls regarding de-
mographics and clinical characteristics. The distributions 
of gender and handedness between the two groups were 
compared using chi-square tests.

In order to investigate VBM results and the relation-
ships between VBM and behavioral results, Bayesian 
multivariate linear regression modeling (BMLM) was 
used. Before analysis, all variables were checked for 
normal distribution using the Shapiro–Wilk test and 
by visual inspection of QQ plots. Further, the data 

was checked for any extreme outliers [i.e., outside 
Quartile 1 (Q1) − 3∗ interquartile (IQR), Q3 + 3∗ IQR ] . 
Volumetric analyses were divided into two parts: first, the 
whole brain analysis was conducted using both SPM and 
separate Bayesian general linear modeling (BLM). Second, 
a region-of-interest-volumetric analysis was conducted to 
address the changes in the a-priori-defined ROIs.,  For an-
alyzing the VBM results, TIV, gender, and age were used 
as nuisance variables based on the recommendation of 
Barnes et  al.  (2010). Two models were calculated. First, 
the total GMV was predicted by group and nuisance vari-
ables (Equation 1).

Second, to analyze the ROIs, a multivariate model was 
used where the residual correlation between the response 
variables was assumed (Equation 2).

Further, to investigate whether the medication had af-
fected the GMV of patients, two separate models for only 
SZ patients were calculated where CPZ was used as a pre-
dictor of total GMV (Equation  3) and GMV of targeted 
ROIs (Equation 4). Notably, it is not possible to use CPZ 
data in a model that includes both healthy controls and 
patients, as CPZ data separates two groups perfectly (i.e., 
CPZ > 0 for all patients except one, and CPZ = 0 for healthy 
controls), which cause complete collinearity with the fac-
tor Group, making the models predictions unreliable.

For analyzing the relationship between cognitive sta-
bility and flexibility and the VBM data, accuracy in the 
switch-drift task was used. Measures of flexibility and 
stability of predictions were determined based on signal 
detection theory (Snodgrass & Corwin, 1988). That is, the 
flexibility of predictions was quantified by the rate of cor-
rect detections of switches, i.e., hit rate. In contrast, the 
stability of predictions was determined by the amount of 
ignored drifts, i.e., correct rejection (CR) rate. In order 
to test the relationship between VBM in ROIs and be-
havioral data, the following BMLM (Equation  5) was 
employed, where, again, we assumed the residual cor-
relation between the response variables. In this model, 
we focused on the correlations between behavioral per-
formance and GMV of the selected ROIs. Thus, no addi-
tional covariate, such as TIV, age, and gender, was added 
to the model, as doing so might distort the effects due 
to multicollinearity between measures. Notably, in the 

(1)Total GMV ∼ Group + TIV +Age +Gender

(2)
(

GMVmPFC, GMVIFG, GMVCN,GMVputamen
)

∼Group

+TIV+Age+Gender

(3)Total GMVPatients ∼ TIV +Age +Gender + CPZ

(4)
(

GMVmPFC, GMVIFG, GMVCN,GMVputamen
)

∼TIV

+Age+Gender+CPZ
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model, we intentionally did not assume any interaction 
between CRs and Hits, as these two are theoretically and 
empirically independent (Trempler et al., 2017). Finally, 
both groups (i.e., patients and healthy controls) were in-
cluded in the model to test the group effect after account-
ing for CRs and Hits.

For calculating Bayesian hierarchical generalized lin-
ear models, brms (Bürkner,  2017) and RSTan (https://​
mc-​stan.​org/​) were employed. As all the models were 
multivariate, uninformative priors were preferred 
(Bürkner, 2017). Hence, we used N(0, 10) as uninforma-
tive priors in the models for β coefficients, N(0,100) for β 
coefficient of Group when applicable, student_t(3, 0, 2.5) 
for intercepts, student_t(3, 0, 1) for sigmas, and lkj(1) for 
residual correlations when applicable. All models were 
calculated with four chains, each having 5000 iterations 
with 2000 warmups. If any variable showed a Rhat (i.e., 
the potential scale reduction factor on split chains) above 
1.05, the model was recalculated with increased iterations 
and reported accordingly.

All hypotheses were tested using the hypothesis pack-
age included in brms (Bürkner, 2017). Based on the sug-
gestion of van Doorn et al. (2021), Bayes factors (BF) > 3 
and BF <

1

3
 were considered as significant evidence for 

accepting and rejecting the tested hypothesis, respectively. 
One-sided hypotheses (denoted by: BF+0 and BF−0) were 
the comparison of the posterior probability of hypothe-
ses against their alternative; two sided-tests (denoted by: 
BF01 ) were the comparison between hypotheses and their 
alternative computed via the Savage-Dickey density ratio 
method.

Finally, to check the whole brain data with previ-
ous findings (e.g., Antonova et al., 2005; Sigmundsson 
et  al.,  2001; Williams,  2008), the Group effect was 
calculated using general linear models (GLM) em-
bedded in SPM12. In this analysis, TIV was used as a 
nuisance variable. For finding these anatomical dif-
ferences, we chose a high primary threshold (i.e., 
p < .005, contigueous voxels > 80), based on the sugges-
tions of Woo et al. (2014), to enhance spatial localization 
and interpretability. This approach has been discussed 
to provide the best balance between the type I and II er-
rors in fMRI studies (Lieberman & Cunningham, 2009; 
Woo et al., 2014).

3   |   RESULTS

3.1  |  Demographic data

A detailed descriptive summary of the demographics and 
clinical characteristics of the sample is shown in Table 1. 
First, we confirmed that SZ patients and the control group 
were comparable regarding basic demographic data, i.e., 
age, gender, and handedness. Further, as expected, the 
two groups differed with respect to SZ symptoms, SAPS, 
and SANS, as well as in regard to individual history of sub-
stance abuse.

3.2  |  Gray matter volumetric differences 
between SZ patients and healthy controls

For the whole brain analysis, the BLM model (Equation 1) 
converged successfully, with all parameters having 

(5)
(

GMVmPFC, GMVIFG, GMVCN,GMVputamen
)

∼CRs

+Hits+Group

Characteristics

Mean (±SD)

Test 
statistic p-value

SZ patients 
(n = 21)

Healthy controls 
(n = 22)

Age (years) 35.67 (±9.91) 38.23 (±12.26) U = 208.5 .584

Gender (female/male) 7/14 9/13 χ2 = 0.26 .607

Handedness (right/left) 19/2 19/3 χ2 = 0.18 .674

Substance abuse 12 (57.1%) 0 U = 17.4 <.001***

CPZ (mg) 639.63 (±427.12) – – –

Illness duration (years) 12.0 (±10.07) – – –

Age of onset (years) 23.5 (±5.40) – – –

SAPS 15.67 (±17.25) 0 (±0) U = 396 <.001***

SANS 20.86 (±17.82) 0.05 (±0.21) U = 439 <.001***

Abbreviations: CPZ, chlorpromazine equivalents; SANS, Scale for the Assessment of Negative Symptoms; 
SAPS, Scale for the Assessment of Positive Symptoms; SD, standard deviation; SZ, schizophrenia 
spectrum disorders.
***p < .001.

T A B L E  1   Demographics and clinical 
characteristics of the sample population.
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R̂ = 1.0; further, all parameters were sampled sufficiently, 
as all tail and bulk effective sample sizes were over 
8000. The results of the model clearly showed that 
total GMV decreases with increasing age (H−: Age < 0; 
mean= −2.91 [−3.6, −2.23],E.E. =0.42,p.p.> .99,BF−0 
>9999 ), and TIV positively predicts total GMV (H+: TIV > 0; 
mean = 0.45 [0.39, 0.5],E.E. = 0.03,p .p . > .99,BF+0 > 9999  ). 
Gender, however, did not significantly affect total GMV  
(H0: Gender = 0; mean=4.03 [−10.67, 18.52],E.E. =7.52,  
p. p. = .54,BF01=1.18 ). Finally, as expected, total GMV was  
significantly lower in patients with SZ compared to healthy 
controls (H−: Group < 0; mean= −26 [−40.94, −11.06],   
E.E. =9.12,p.p.> .99,BF−0=341.86 ).

Additionally, to confirm that patients' medication usage 
is not a confound in the previous model, a BLM for patients 
only (Equation  3) was calculated to measure the effects 
of CPZ on whole brain GMV. Notably, the results showed 
strong evidence that CPZ did not affect GMV (H0: CPZ = 0;  
mean=0.45 [0.39, 0.5],E.E. =0.03,p.p.> .99,BF+0>9999  
405.74 ). Further, the results showed the same pat-
tern as the previous model regarding TIV (H+: TIV > 0; 
mean = 0.41 [0.33, 0.49],E.E. = 0.05,p .p . > .99,BF+0 > 9999 ), 
age (H−: Age < 0; mean= −3.38 [−4.69, −2.06],E.E. =0.8,  
p.p.> .99,BF−0=5999 ), and gender (H0: Gender = 0; 
mean=2.66 [−15.19, 19.99],E.E. =8.82, p. p. = .52,BF01=1.08).

Further, to compare our whole brain results with 
previous findings, a GLM was calculated via SPM12. 
The results are shown in Figure  2, and the list of all 
brain areas that showed significant atrophy in SZ pa-
tients compared to healthy controls is presented in 
Table A1.

Afterward, we focused on the a-priori-defined anatom-
ical ROIs. The VBM results were modeled using BMLM, 
which converged successfully with all parameters having 
R̂ = 1.0. For the ROI model (Equation  2), similar to the 
whole brain model, all parameters were sampled suffi-
ciently, as indicated by tail and bulk effective sample sizes 
over 8000. The parameter estimations and hypotheses 
tests for all responses (i.e., different ROIs) are presented 
in Table 2. The results of BMLM clearly showed that the 
GVM in mPFC, IFG, and CN were significantly smaller 
for SZ patients compared to healthy controls (Figure  3). 
For putamen, however, there was weak evidence to reject 
our hypothesis (Group <0), meaning one might assume 
that GMV in putamen is not decreased due to SZ disease 
(Figure 3).

Further, the results (Table  2) indicate that (I) GMVs 
decreased with increasing age in all ROIs, (II) as TIV 
increased, the GMVs of all ROIs were significantly in-
creased, and finally, (III) there was substantial evidence 
corroborating the null hypotheses regarding gender in all 
ROIs, meaning that gender did not affect GMVs in any of 
the selected ROIs.

Critically, the patient-only BMLM (Equation 4) showed 
strong evidence that medication does not predict the GMV 
in any of the a-priori-defined ROIs. The rest of the find-
ings regarding TIV, age, and gender are similar to the full 
BLML (Equation 2) discussed above, which includes both 
healthy controls and patients (for the full results of the 
patient-only model, see Table A2).

3.3  |  Structural correlates of 
flexibility and stability of predictions in 
SZ patients

To understand the structural correlates of cognitive sta-
bility and flexibility, we used BMLM (Equation 5), where 
GMVs in selected ROIs were predicted via behavioral 
performance in the switch-drift task for both healthy con-
trols and SZ patients. The behavioral results are based 
on the calculations of Standke et  al.  (2021) and, there-
fore, are not reported here anew. The results showed that 
hit rates, indicating flexible shifts in predictions, were 
positively correlated with GMV in mPFC (H0: Hits = 0; 
mean = 7.87 [3.53, 12.24],E.E. = 2.23,p .p . = .02,BF01 = 0.02;  
Figure 4a), IFG (H0: Hits = 0; mean=3.48 [1.26, 5.69],E.E. =
1.13, p. p. = .09,BF01=0.1; Figure 4b), and CN (H0: Hits = 0;  
mean = 0.81 [0.37, 1.26],E.E. = 0.23, p. p. = .12,BF01 = 0.13; 
Figure 4c). However, substantial evidence supported the 
null hypothesis concerning the putamen (H0: Hits = 0; 
mean = 0.67 [ − 0.01, 1.35],E.E. = 0.34, p. p. = .81,BF01 = 4.26;  
Figure 4d).

Regarding correct rejections (CR), which are considered 
to be related to the stability of generative predictions, the 
model (Equation 5) results indicated substantial evidence 
supporting the null hypothesis for the IFG (H0: CR = 0;  
mean = 1.31 [ − 2.81, 5.46],E.E. = 2.1, p. p. = .79. ,BF01 = 3.86),  
the CN (H0: CR = 0; mean=0.08 [−0.78, 0.95],E.E. =0.43,
p.p.= .96,BF01=22.54), and putamen (H0: CR = 0; mean =  
0.12 [ − 1.21, 1.45],E.E. = 0.68, p. p. = .94,BF01 = 15.25),  
and further, did not support or reject the null hypothesis  
concerning the mPFC (H0: CR = 0; mean=1.4 [−6.79, 9.57],
E.E. =4.15, p. p. = .071,BF01=2.4).

Finally, the group differences in regional GMV were elim-
inated after considering the effects of correct rule switch de-
tections and correct rejections of drifts, which is observable in 
substantial evidence for accepting the null hypothesis regard-
ing group differences (i.e., H0: Group = 0) after correcting for 
behavioral outcomes in all of the ROIs: mPFC (H0: Group = 0; 
mean = 1.31 [ − 0.7, 3.33],E.E. = 1.02,p .p . = .98,BF01 = 41.7),  
IFG (H0: Group = 0; mean=0.69 [−0.33, 1.7],E.E. =0.51,
p.p.= .99,BF01=72.6), the CN (H0: Group = 0; mean=  
0.13 [−0.07, 0.33],E.E. =0.1,p.p.> .999,BF01=449.11),  
and the putamen (H0: Group = 0; mean=0.29 [−0.02, 0.6],
E.E. =0.16,p.p.= .99,BF01=110.82).
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8 of 18  |      HERKSTRÖTER et al.

Together, our results suggest that cognitive flexibility 
is related to gray matter atrophy in the mPFC, IFG, and 
CN, whereas cognitive stability did not rely on the struc-
tural integrity of these targeted anatomical structures in 
our sample. Additionally, the putamen was not involved 
in stabilizing or incorporating flexible shifts in genera-
tive predictions. Furthermore, the differences in GMVs 
between the two groups were fully explained when one 
considered the effects of behavioral task outcomes (i.e., hit 
rates and correct rejections), indicating that GMV losses in 
the selected ROIs are critically involved in the patholog-
ical deficiencies of SZ regarding cognitive flexibility and 
stability.

4   |   DISCUSSION

Previous studies revealed that diminished cognitive sta-
bility and flexibility in SZ patients could be attributed to 
functional abnormalities in frontostriatal circuits (Cadena 
et al., 2018, 2019; Standke et al., 2021), in particular to the 
striatum and frontal areas, i.e., mPFC and IFG (Standke 
et al., 2021). The overarching aim of the present study was 
to investigate the relationships between the structural in-
tegrity of anatomical brain areas within frontostriatal net-
works, highlighted based on our previous results (Standke 
et al., 2021), and deficient cognitive stability and flexibil-
ity in patients with SZ compared to healthy controls. As 

F I G U R E  2   The t-map of the gray matter volume (GMV) differences between schizophrenia spectrum patients (SZ) and healthy 
controls. The (a) volume and (b) surface maps were generated using the CAT12 toolbox (Gaser & Kurth, 2020) and corrected for total 
intracranial volume differences (TIV). Negative and positive values show a reduction (the blue spectrum) and increase (the red spectrum) 
in GMV in SZ patients compared to healthy controls, respectively. (c and d) The sagittal brain cuts depicting some of the brain areas that 
showed significant atrophy in SZ patients compared to healthy controls in the whole brain analysis with p < .005 and k >80. The highlighted 
areas are the lingual gyrus (c), the orbitofrontal cortex (c), the amygdala extending into the hippocampus proper (d), and the posterior 
hippocampus (d). For the entire list and Montreal Neurologic Institute (MNI) coordinates of significant differences between SZ patients and 
healthy controls, see Table A1.
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      |  9 of 18HERKSTRÖTER et al.

suggested by previous meta-analyses (Gupta et  al.,  2015; 
Haijma et  al.,  2013; Williams,  2008), our results showed 
that total GMV was decreased in SZ patients compared to 
healthy participants. Further, we found GMVs in a-priori-
defined ROIs within the frontostriatal network, i.e., mPFC, 
IFG, and the CN, to be decreased in SZ patients com-
pared to healthy controls. Notably, GMVs of these regions 
(mPFC, IFG, and the CN) predicted the ability of patients 
and healthy controls to detect switches of the prediction 
rule but not their ability to ignore prediction drifts without 
rule changes, indicating a critical role of the structural in-
tegrity of these regions in the flexibility, but not stability, of 
generative models, regardless of the SZ disease.

In the current study, we found that the GMV of the mPFC 
was significantly reduced, which is in line with previous 
research (Bonilha et al., 2008; Gupta et al., 2015; Shepherd 
et  al.,  2012; Sigmundsson et  al.,  2001; Williams,  2008; 
Zhang et al., 2018). Compelling evidence for the notion of 
medial prefrontal pathology in SZ comes from studies (e.g., 
Pomarol-Clotet et al., 2010) integrating multiple imaging 
methods, such as VBM, functional MRI, and diffusion 
tensor imaging (DTI). The results of these studies (e.g., 
Pomarol-Clotet et al.,  2010) indicate that reduced mPFC 
GMV is associated with abnormal activation patterns and 
altered structural connectivity of the mPFC in SZ patients, 
corroborating the notion that the mPFC is structurally and 
functionally abnormal in SZ. Beyond structural abnormali-
ties of mPFC in SZ patients, our results show that cognitive 

flexibility depends on the structural integrity of the mPFC, 
which perfectly aligns with our previous findings show-
ing that attenuated mPFC functional activity was related 
to inflexibility in SZ patients (Standke et  al.,  2021) and 
healthy participants (Trempler et al., 2017) using the fMRI 
data of the same population investigated here. In fact, out 
of all investigated ROIs, the mPFC showed the strongest 
association with flexible updating of predictions. The role 
of the mPFC in cognitive flexibility is well-recognized 
(Klune et al., 2021). Several studies found that increased 
mPFC activity is associated with flexible updating (e.g., 
Armbruster et al., 2012; Wang et al., 2017), set-switching 
(Floresco et  al.,  2009; Wilmsmeier et  al.,  2010), and ini-
tiating behavioral adaptation in response to prediction 
errors (Egner,  2011). Considering previous findings and 
our results, one can conclude that compromised structural 
integrity of the mPFC might underlie deficient cognitive 
flexibility in SZ patients.

Regarding the IFG, our results showed (I) significant 
GMV reduction in SZ patients compared to healthy con-
trols, which is in line with previous research (Antonova 
et  al.,  2005; Dietsche et  al.,  2017; Gupta et  al.,  2015; 
Sigmundsson et  al.,  2001; Williams,  2008). Further, our 
results showed (II) a relationship between the structural 
integrity of the IFG and cognitive flexibility but not stabil-
ity. This finding, however, contrasts with previous studies 
showing the involvement of the IFG in stabilizing predic-
tive models (Trempler et al., 2017), corroborating its role 

T A B L E  2   Voxel-based morphometry results of a-priori-defined anatomical ROIs.

Response Coefficient Estimate [95% C.I.] E.E. Hypothesis p.p. B.F.

mPFC Group −1.06 [−1.74, −0.39] 0.41 Group <0 >.999 229.77

TIV 0.02 [0.01, 0.02] 0.0017 TIV >0 >.999 >9999

Age −0.14 [−0.17, −0.1] 0.02 Age <0 >.999 >9999

Gender −0.44 [−1.45, 0.59] 0.52 Gender = 0 .93 13.18

IFG Group −0.42 [−0.91, 0.06] 0.29 Group <0 .93 12.73

TIV 0.01 [0.005, 0.036] 0.001 TIV >0 >.999 5999

Age −0.07 [−0.09, −0.05] 0.01 Age <0 >.999 >9999

Gender 0.16 [−0.56, 0.9] 0.37 Gender = 0 .96 24.77

CN Group −0.12 [−0.22, −0.02] 0.06 Group <0 .98 45.51

TIV 0.001 [0.0008, 0.0017] 0.0003 TIV >0 >.999 >9999

Age −0.01 [−0.02, −0.01] 0.002 Age <0 >.999 >9999

Gender 0.05 [−0.1, 0.2] 0.08 Gender = 0 .99 112.23

Putamen Group 0.06 [−0.1, 0.22] 0.1 Group <0 .28 0.38

TIV 0.001 [0.004, 0.001] 0.0004 TIV >0 .995 243.898

Age −0.01 [−0.02, −0.01] 0.004 Age <0 >.999 1332.33

Gender 0.22 [−0.02, 0.47] 0.12 Gender = 0 .94 15.28

Note: Highlighted Bayes factor and posterior probabilities show at least substantial evidence supporting the tested hypothesis (van Doorn et al., 2021).
Abbreviations: B.F., Bayes Factor; C.I., credential interval; CN, caudate nucleus; E.E., estimation error; IFG, inferior frontal gyrus; mPFC, medial prefrontal 
cortex; p.p., posterior probability; SZ, schizophrenia spectrum disorder.
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in response inhibition (e.g., Aron et al., 2014; Chambers 
et al., 2007; Schaum et al., 2021) and distracter resistance 
(Wager et al., 2014). Specifically, the impairment in ignor-
ing drift events was found to correlate with a significant 
increase in right IFG volume in patients with Parkinson's 
disease (Trempler et al., 2018). However, one should con-
sider that these findings stem from studies in Parkinson's 
disease patients and may not readily generalize to SZ. 
Moreover, the right IFG showed stronger activity for 
drifts than switches in healthy young subjects (Trempler 
et al., 2017). Further, the fMRI results of the same pop-
ulation (Standke et al., 2021) showed that activity in the 
IFG is associated with cognitive stability in patients with 
SZ. It is vital to consider that this area has been reported 
to be reduced in volume by other researchers (Dietsche 
et  al.,  2017; Williams,  2008), and therefore, we selected 
IFG as an ROI for drift-related deficits. However, although 
SZ patients in our sample showed behavior deficits in 

ignoring drifts, and we also observed a reduction in IFG 
GMV, our results supported the null hypothesis regard-
ing the correlation between IFG and correct rejections. 
In the current study, our IFG-ROI was averaged over 
both hemispheres, which contrasts with some previous 
studies (e.g., Antonova et al., 2005; Trempler et al., 2018). 
Nevertheless, when we used right and left IFG as our ROIs 
as well, the results did not change (for detailed results, see 
Table A3). Therefore, it is conceivable that cognitive sta-
bility is primarily associated with the structural integrity 
of subregions of IFG that are not necessarily aligned with 
anatomical segregations. Another reason why we did not 
find any association between GMV in different ROIs and 
the ability to shield against distracters is the fact that the 
current task design prevents dissociating between not 
responding and shielding against distractors (Standke 
et  al.,  2021). Accordingly, as SZ patients, compared to 
healthy controls, are more prone to not respond to the em-
ployed task (Standke et  al.,  2021), the correct rejections 
are then a measure of mental stability and inclination to 
respond simultaneously. Therefore, future studies should 
replicate our results using designs that can distinguish 
between not responding and shielding against distractors 
before one can draw firm conclusions.

The IFG might be engaged in both flexibility and sta-
bility to at least some extent. In fact, several previous 
studies (e.g., Armbruster et al., 2012; Kim et al., 2011) 
revealed that inferior frontal areas contribute to cogni-
tive flexibility. Armbruster et al.  (2012) argue that this 
might be because updating internal models depends on 
several cognitive operations, including the inhibition 
of the old model. Fittingly, a conjunction of switch and 
drift events revealed significant engagement of the right 
IFG (Trempler et al., 2020). Also, SZ patients, compared 
to healthy controls, showed decreased activity of the 
opercular part of the right IFG (BA 44) for switches but 
decreased activity of the orbital part of the right IFG (BA 
47) for drifts (Standke et al., 2021). Accordingly, differ-
ent subregions of the IFG could be differently affected 
by atrophy in SZ, resulting in mixed findings depend-
ing on the investigated sample. In sum, further studies 
are needed to understand the role of the right IFG and 
its subregions in cognitive flexibility and stability in SZ. 
Nonetheless, the present results corroborate the notion 
of tightly interconnected frontostriatal networks sup-
porting cognitive flexibility, thereby adding to existing 
evidence that suggests highly interconnected medial 
and lateral prefrontal areas working cooperatively to fa-
cilitate responses when encountering prediction errors 
(Alexander & Brown, 2011).

In line with previous results (e.g., Ebdrup et al., 2010), 
we found GMV in the CN, but not in the putamen, to 
be significantly diminished in SZ patients compared 

F I G U R E  3   Modeling of gray matter volumes (GMVs) in 
different regions of interest (ROIs). Density plots of posterior 
distributions of Group β-coefficients included in the ROI model 
(Equation 2). Orange and yellow shadows represent the 50% and 
95% highest probability density (HPD) areas, respectively. When 
HPD does not include zero (represented with the red dashed 
line), the evidence supports with a 95% credential interval that the 
coefficient is significant in the model. However, as using arbitrary 
posterior probability (p.p.) for significance checking is criticized 
(Dienes, 2016), we additionally used the Bayes factor to evaluate 
each coefficient's contribution to the model (Table 2). CN, caudate 
nucleus; IFG, inferior frontal gyrus; MPF, medial prefrontal cortex.
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to controls. This volume reduction in the CN is fur-
ther corroborated by cellular postmortem studies (e.g., 
Kreczmanski et  al.,  2007) that found that the number 
of neurons in the CN of SZ patients is reduced by 10%. 
Additionally, the present result corresponds well with 
studies reporting a profound progressive caudate gray 
matter loss associated with SZ (Dietsche et  al.,  2017; 
van Haren et  al.,  2007). Moreover, we tested whether 
caudate volume reduction relates to deficiency in re-
sponding to prediction errors, i.e., detection of switches 
and shielding of distracters. Indeed, we found that di-
minished accuracy in detecting rule shifts, but not ig-
noring drifts, is correlated with a lower volume of the 
CN. Accordingly, the behavioral effects regarding switch 
detection and ignoring drifts fully explained the dif-
ference between SZ patients and healthy controls in 
caudate volume. The present observation aligns well 
with findings that associate the CN with flexible behav-
ior adaptation, enabling goal-directed actions (Grahn 
et al., 2008). The CN was shown to code for breaches of 
expectancy during movement observation. Importantly, 
the CN activity could not be explained by the increased 
saliency-triggered attention or the requirement to 
change ongoing behavior in response to the surprising 
event (Schiffer & Schubotz, 2011). In line with this view, 
in our previous studies using the present paradigm, we 
found that caudate activity was related to discrimination 
efficiency when encountering switches or drifts (i.e., the 
proportion of hits minus the proportion of false alarms) 

in both healthy subjects and patients with SZ (Standke 
et  al.,  2021; Trempler et  al.,  2017). Moreover, reduced 
signaling of the caudate in Parkinson's disease patients 
who were off medication correlated with a deficiency in 
adapting to the increasing probability of switches and 
ignoring highly surprising drifts (Trempler et al., 2020). 
These previous findings might show that specific behav-
ioral implications of both event types are implemented 
at this processing stage. Extending our previous findings 
suggesting impaired modulation of correct response 
selection due to impaired caudate signaling (Standke 
et  al.,  2021), the present results further suggest an as-
sociation between structural abnormalities of the CN 
and behavioral measures of flexibility in SZ. However, 
we did not find any association between caudate volume 
and impaired cognitive stability in SZ. Since cognitive 
stability arguably requires fewer cognitive resources 
than cognitive flexibility (Armbruster et al., 2012), it is 
conceivable that cognitive stability is less susceptible to 
structural pathology of the striatum, and therefore, no 
relationship was found with the rate of drift rejections. 
However, as discussed for IFG, the measure of cognitive 
stability in the current experiment (Standke et al., 2021) 
does not allow for firm conclusions since proneness to 
not responding cannot be dissociated from cognitive 
stability.

Interestingly, contrary to the CN, we did not find any 
association between GMV in the putamen and cognitive 
flexibility or stability. The former is known to connect 

F I G U R E  4   Modeling of gray matter volumes (GMVs) in different ROIs (a–d). The posterior and prior distributions testing hypotheses 
regarding the correlation between Hits and GMVs in different anatomical a-priori-defined ROIs. The distributions are extracted from the 
BMLM correlation model (Equation 5). The Savage-Dickey density ratio method was used for two-sided (point) hypothesis testing. The 
presented Bayes factor is the evidence ratio between the hypothesis and its alternative, i.e., the posterior density at the point of interest 
divided by the prior density at that point. Values greater than one indicate that the evidence favors the point hypothesis (Bürkner, 2017). As 
the two-sided hypotheses tested here are the null hypothesis, the point (zero) is shown by red dashed lines.
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to higher-order associative areas such as the mPFC 
or IFG (i.e., association loop), whereas the putamen 
is connected to sensorimotor areas (i.e., motor loop) 
(Alexander et  al.,  1986). Correspondingly, the CN is 
involved in higher cognitive (i.e., executive) function-
ing (Grahn et al., 2008), thus constituting a potentially 
crucial etiological factor for cognitive impairment in 
SZ (Simpson et  al.,  2010). In other words, our results 
regarding the putamen and CN might indicate that 
deficient cognitive flexibility in patients with SZ is asso-
ciated with alterations in the association rather than the 
motor loop, contrary to what is found for patients with 
Parkinson's (Trempler et al., 2020).

Our whole-brain analysis results showed in SZ 
patients, compared to healthy controls, several re-
gions showed significant atrophy; intriguingly, these 
brain areas were closely related to previous findings 
(e.g., Antonova et  al.,  2005; Sigmundsson et  al.,  2001; 
Williams, 2008). For instance, similar to our results, sev-
eral other studies found a reduction in the lingual gyrus 
(e.g., Antonova et  al.,  2005), the hippocampus (for re-
view, see Williams,  2008), and the orbitofrontal cortex 
(e.g., Hulshoff Pol et al., 2004; Sigmundsson et al., 2001). 
Based on these results, one might cautiously suggest 
that our findings are generalizable to other samples of 
SZ patients.

Finally, in our models considering the associations 
between GMV in ROIs and behavioral performance, we 
found that the group differences (i.e., healthy controls vs. 
SZ patients) were resolved when one considers the behav-
ioral outcomes. These results are aligned with the previ-
ous findings showing that SZ patients and healthy controls 
use the same networks for responding to the demands of 
cognitive tasks (Meram et  al.,  2023; Oliver et  al.,  2021; 
Sheffield et al., 2015). Our results extend these findings by 
showing that although SZ patients and healthy controls 
might use the same regions for responding to cognitive 
demands, anatomical atrophies in these areas will lead to 
worse performance in SZ patients.

Several limitations of the current study should be ac-
knowledged here. First, the present study focused on re-
lationships between structural differences between SZ 
patients and healthy controls, and therefore, we recruited 
patients with different disorders within the schizophre-
nia spectrum. The results, although generalizable, cannot 
inform about the relationship between different sub-
categories and observed structural changes. Future stud-
ies should focus on the disease type as a factor of interest 
now that the basic relationships are clarified.

Second, the current results cannot address whether 
volumetric brain reductions cause deficient stability and 
flexibility of prediction or are the results of other patho-
logical developments and, therefore, correlated with 

cognitive symptoms. Especially as volumetric analyses do 
not provide information about the exact underlying pa-
thology reflected by volume loss (Walterfang et al., 2006), 
one should be cautious when interpreting the current re-
sults. One should especially consider that the maturation 
of the frontostriatal areas is comparably long, extending 
well into adolescence and early adulthood, which overlaps 
with SZ onset (Klune et al., 2021). Therefore, longer mat-
uration periods of frontostriatal areas make them prone 
to neurodevelopmental pathology in SZ, which might 
explain both cognitive deficiencies and structural abnor-
malities observed in the current study. However, in order 
to address such questions, it is necessary to conduct lon-
gitudinal studies, which is out of the scope of the present 
study.

Third, the sample size of the current study, even 
though comparable to some other studies (e.g., Meram 
et al., 2023), is generally considered small. However, the 
current study uses Bayesian statistics to provide statisti-
cal insights regardless of the sample size (Dienes, 2016; 
Dienes & McLatchie,  2018). Specifically, as we found 
substantial evidence using non-informative priors (Scott 
& Berger,  2006), the current results substantially con-
tribute to the field. However, it is important to note that 
the current sample cannot predict effects in a sample 
with different characteristics regardless of the statistical 
methods used. In other words, changing sample charac-
teristics might change the results. For instance, in the 
current sample, we had a predominantly male patient 
group. Therefore, the results regarding gender differ-
ences should be taken cautiously, as we had only seven 
female patients, which might limit the generalizability 
of the current study regarding gender similarities in re-
gard to GMV losses.

Fourth, the switch-drift task used in the current study 
(Trempler et  al.,  2017, 2018) was better in measuring 
cognitive flexibility rather than stability. Since cognitive 
stability was related to response inhibition in the em-
ployed task, the tendency to not respond (Snodgrass & 
Corwin, 1988) could not be fully separated from cognitive 
stability (Standke et al., 2021). Hence, in future studies, it 
is vital to expand and replicate the current results regard-
ing cognitive stability with a task that requires a response 
for measuring both cognitive stability and flexibility.

Another point regarding the current study is the 
choice of ROIs. Although the selection of anatomical 
ROIs in the current study was theoretically driven and 
based on the previous studies that focused on cognitive 
stability and flexibility (e.g., Armbruster et  al.,  2012; 
Chatham & Badre, 2015; Diederen & Fletcher, 2021; Wang 
et al., 2017), the choice of ROIs is not unique. Therefore, 
future studies using different theoretical backgrounds 
might focus on a different set of ROIs to investigate the 
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stability and flexibility of cognitive functions. Although 
we also reported the whole brain analysis to counteract 
our selection biases for future meta-analyses, the selection 
criteria should be considered when interpreting the cur-
rent results.

5   |   CONCLUSION

Together, the present study provides stark evidence 
that SZ-related structural abnormalities in frontostri-
atal networks underlie deficient cognitive flexibility in 
these patients. Notably, our results revealed that gray 
matter atrophy in areas involved in the association loop 
(i.e., mPFC, IFG, and the CN), rather than the putamen-
mediated motor loop, is critically related to the capability 
of flexibly shifting generative models. Further, significant 
GMV differences are statistically explainable when one 
considers the behavioral performance in a switch-drift 
task, measuring cognitive flexibility and stability. The cur-
rent results, combined with previous findings, indicate 
that both morphological and functional abnormalities in 
frontostriatal networks seem to underlie disrupted striatal 
gating and prefrontal processing of prediction errors, lead-
ing to deficient flexibility of prediction in patients with SZ. 
Consequently, our results indicate the necessity of devel-
oping treatment options to minimize neurodevelopmental 
and progressive brain atrophy in SZ patients.
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APPENDIX A

T A B L E  A 1   Brain areas that showed significant atrophy in SZ patients compared to healthy controls.

Test statistic X (mm) Y (mm) Z (mm) pa-value × 10−5 t-valuesa
Cluster size 
(K)

Lingual gyrus −6 −76.5 −3 0.177 5.39 2828

Inferior occipital gyrus −40.5 −91.5 −7.5 3.71 4.42 648

Posterior middle frontal gyrus 33 18 33 6.68 4.23 462

Inferior temporal gyrus 46.5 −54 −1.5 17 3.92 215

Middle occipital gyrus 37.5 −78 19.5 17.5 3.91 264

Middle occipital gyrus −36 −73.5 24 22.3 3.83 340

Amygdala extending into 
hippocampus proper

−30 −4.5 −22.5 23 3.82 958

Inferior temporal sulcus −52.5 −45 −15 28.3 3.75 267

Parietal operculum/insula 49.5 −1.5 4.5 40.8 3.62 425

Thalamus (WM) 13.5 −9 18 43.2 3.60 154

Posterior hippocampus 21 −37.5 −4.5 62 3.48 365

Middle frontal gyrus 36 39 21 64.3 3.46 110

Parietal operculum −46.5 −36 31.5 91.3 3.34 231

Inferior temporal gyrus 51 −55.5 −15 169 3.12 82

Ventromedial-orbitofrontal 
cortex

0 45 −25.5 183.4 3.09 80

Note: The whole brain analysis threshold was p < .005, contigueous voxels > 80, which is chosen based on the suggestions of Woo et al. (2014), to enhance 
spatial localization and interpretability.
Abbreviations: mm, millimeter; SZ, schizophrenia spectrum disorders.
aPresented p and t-values are related to the peak of the cluster. For readability, p-values are transformed (p-value × 10−5).
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APPENDIX B

APPENDIX C

T A B L E  A 3   Voxel-based morphometry results of left and right IFG ROIs.

Response Coefficient Estimate [95% C.I.] E.E. Hypothesis p.p. B.F.

Right IFG Hits 3.9 [1.69, 6.13] 1.13 Hits = 0 .02 0.02

CRs 1.37 [−2.57, 5.89] 2.13 CRs = 0 .77 3.27

Group 0.99 [0, 2.02] 0.04 Group = 0 .97 32.58

Left IFG Hits 3.2 [0.96, 5.11] 1.05 Hits = 0 .16 0.14

CRs 0.97 [−3.04, 4.89] 2.02 CRs = 0 .82 4.58

Group 0.36 [−0.59, 1.32] 0.49 Group = 0 .99 157.63

Note: Highlighted Bayes factor and posterior probabilities show at least substantial evidence supporting the tested hypothesis (van Doorn et al., 2021). The 
model used was: 

(

GMVmPFC, GMVright_IFG, GMVleft_IFG, GMVCN,GMVputamen

)

∼ CRs + Hits + Group.
Abbreviations: B.F., Bayes Factor; C.I., credential interval; E.E., estimation error; IFG, inferior frontal gyrus; p.p., posterior probability; SZ, schizophrenia 
spectrum disorder.

T A B L E  A 2   Voxel-based morphometry results of a-priori-defined anatomical ROIs for patients only.

Response Coefficient Estimate [95% C.I.] E.E. Hypothesis p.p. B.F.

mPFC CPZ −0.0008 [−0.001, 0.002] 0.0007 CPZ = 0 >.999 6890

TIV 0.01 [0.009, 0.017] 0.002 TIV >0 >.999 >9999

Age −0.13 [−0.19, −0.08] 0.04 Age <0 >.999 1499

Gender −0.68 [−2.37, 0.97] 0.84 Gender = 0 .89 8.24

IFG CPZ −0.0003 [−0.001, 0.001] 0.0005 CPZ = 0 >.999 >9999

TIV 0.004 [0.002, 0.007] 0.001 TIV >0 .998 520.7

Age −0.09 [−0.13, −0.05] 0.02 Age <0 >.999 1499

Gender −0.05 [−1.14, 1.04] 0.55 Gender = 0 .95 18.75

CN CPZ −0.0001 [−0.001, 0.001] 0.0001 CPZ = 0 >.999 >9999

TIV 0.001 [0.0004, 0.002] 0.0004 TIV >0 .994 168.01

Age −0.01 [−0.02, −0.01] 0.01 Age <0 .95 17.21

Gender 0.01 [−0.23, 0.42] 0.16 Gender = 0 .98 52.05

Putamen CPZ −0.0001 [−0.001, 0.001] 0.0002 CPZ = 0 >.999 >9999

TIV 0.001 [0.00, 0.002] 0.0007 TIV >0 .94 15.99

Age −0.01 [−0.03, 0.00] 0.01 Age <0 .92 10.92

Gender 0.18 [−0.31, 0.68] 0.25 Gender = 0 .97 31.88

Note: Highlighted Bayes factor and posterior probabilities show at least substantial evidence supporting the tested hypothesis (van Doorn et al., 2021).
Abbreviations: B.F., Bayes Factor; C.I., credential interval; CN, caudate nucleus; E.E., estimation error; IFG, inferior frontal gyrus; mPFC, medial prefrontal 
cortex; p.p., posterior probability; SZ, schizophrenia spectrum disorder.
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