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A B S T R A C T

Cognitive impairments affect functional capacity in individuals with schizophrenia (SZH), but their neural basis 
remains unclear. The Wisconsin Card Sorting Test (WCST), and the Stroop Task (SCWT), are paradigmatic tests 
which have been used extensively for examining executive function in SZH. However, few studies have explored 
how deficits on these tasks link to brain volume differences commonly seen in SZH. Here, for the first time, we 
tested associations between FreeSurfer-derived frontal brain volumes and performance on both WCST and SCWT, 
in a well-matched sample of 57 SZH and 32 control subjects. We also explored whether these associations were 
dissociable from links to symptom severity in SZH. Results revealed correlations between volumes and task 
performance which were unique to SZH. In SZH only, volumes of right middle frontal regions correlated with 
both WCST and Stroop performance: correlation coefficients were significantly different to those present in the 
control group, highlighting their specificity to the patient group. In the Stroop task, superior frontal regions also 
showed associations with Stroop interference scores which were unique to SZH. These findings provide impor
tant detail around how deficits on these two paradigmatic executive function tasks link to brain structural dif
ferences in SZH. Results align with converging evidence suggesting that neuropathology within right middle 
frontal regions (BA9 and BA46) might be of particular import in SZH. No volumetric associations with symptom 
severity were found, supporting the notion that the structural abnormalities underpinning cognitive deficits in 
SZH differ from those associated with symptomatology.

1. Introduction

Schizophrenia is a debilitating psychotic disorder affecting approx
imately 1% of the global population (Velligan and Rao, 2023). The 
overall cost of Schizophrenia and other psychotic disorders has been 
estimated at £11.8 billion per year in the United Kingdom alone (Ride 
et al., 2020). In addition to the economic burden, the impact on 
well-being and functional capacity is severe (Harvey and Strassnig, 
2012), with broader consequences for society as a whole. Although 
cognitive impairment is not one of the diagnostic criteria, cognition is 
impaired in most individuals with schizophrenia (SZH), and this affects 
daily functioning (Bowie and Harvey, 2006). These cognitive impair
ments are persistent and largely unresponsive to pharmacological 
therapy (Tripathi et al., 2018), and cognitive training is not always 
effective (Best et al., 2019). The brain structural differences in SZH are 
well studied, but the brain structural underpinnings of cognitive 

impairment in SZH are still uncertain.
One common structural alteration in SZH is a progressive reduction 

in Gray Matter Volume (GMV), predominantly observed in frontal and 
temporal brain regions (Jiang et al., 2018; Vita et al., 2012). Previous 
studies have linked this GMV reduction to the key cognitive domains 
impaired in SZH, including executive function (Guo et al., 2014), 
attention (Gur et al., 2000), verbal learning (Antoniades et al., 2018), 
and visual memory (Nestor et al., 2007). Amongst these, executive 
dysfunction is of particular importance since there is considerable evi
dence showing that executive functioning predicts functional outcome 
in SZH (Berberian et al., 2019; Lysaker et al., 1995; Velligan et al., 
2000); this is unsurprising as it encompasses processes critical for 
goal-directed behaviours, such as planning, flexible thinking, and 
cognitive inhibition.

There are various well-established measures of executive func
tioning. The Wisconsin Card Sorting Test (WCST), in which subjects 
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must detect, follow and switch rules for sorting cards into categories, is 
perhaps the most widely used task-based instrument amongst these 
(Nelson, 1976). Many studies have shown that SZH demonstrate poorer 
performance on the WCST (Hartman et al., 2003; Prentice et al., 2008; 
Singh et al., 2017), failing to achieve as many categories as control 
subjects, and showing an elevated rate of perseverative errors, reflecting 
a difficulty in updating a previously-correct rule after receiving negative 
feedback. A handful of studies have looked at links with brain structure: 
in chronic SZH, poorer WCST performance was linked to volume in left 
dorsolateral prefrontal cortex, measured using voxel-based morphom
etry (VBM) (Rüsch et al., 2007); this was not seen in the control group. 
Likewise, Bonilha et al. (2008), found correlations between WCST per
formance measures and volume (again measured using VBM) in frontal 
regions BA9 and BA46 in SZH, but correlations in controls were not 
assessed. This accords with functional MRI studies in SZH showing 
reduced activity in left dorsolateral prefrontal cortex during WCST 
performance (Wilmsmeier et al., 2010); fMRI studies also implicate the 
anterior cingulate cortex (ACC) since activity in that region in particular 
has been associated with better WCST performance in SZH (Pedersen 
et al., 2012). In contrast, other studies could not find any significant 
relationships between GMV and WCST performance in chronic SZH 
(Frascarelli et al., 2015; Nestor et al., 2019). However, Frascarelli et al. 
(2015) used a sample that comprised patients with a wide range of 
duration of illness. Nestor et al. (2019) found that in the control group, 
total left PFC volume correlated with WCST measures of categories 
completed and both nonperseverative and perseverative errors, but for 
the patient group, PFC volumes did not correlate with any of these 
measures. However, the sample size was small (27 SZH, 17 controls); 
indeed, the aforementioned studies have often been hampered by small 
samples. Thus, the relationship between frontal GMV and WCST per
formance in SZH requires further investigation and clarification.

Another impaired executive function in SZH is cognitive inhibition 
and interference/conflict resolution: this is often measured via the 
classic Stroop task (Krabbendam et al., 2009). The Stroop Colour and 
Word Test (SCWT) is a widely employed neuropsychological assessment 
tool that measures one’s capacity to resolve the cognitive interference 
which arises from colour-word incongruence (the Stroop Effect) 
(Scarpina and Tagini, 2017). SZH exhibit an increased Stroop interfer
ence effect both in terms of response time and accuracy (Westerhausen 
et al., 2011), suggesting a deficiency in inhibition; fMRI studies of the 
Stroop task have linked this to a failure to deactivate medial frontal 
cortex in SZH (Salgado-Pineda et al., 2021). Only a few studies have 
looked at links to brain volumes. Better Stroop performance has been 
linked to higher GMV in right middle frontal gyrus in early-onset SZH 
(Guo et al., 2022), and upper frontal, middle and medial frontal regions 
in first-episode SZH (Zhang et al., 2018). In chronic SZH, associations 
with dorsomedial prefrontal cortex volume have been shown 
(Premkumar et al., 2008a). However, none of these studies contrasted 
with a control group so it is uncertain as to whether relationships are 
unique to SZH.

Thus, current evidence suggests GMV reductions in various brain 
regions within frontal and temporal lobes are associated with WCST and 
Stroop task impairments in SZH, but there are major inconsistencies and 
limitations to the existing evidence base. Of the aforementioned studies, 
many are hampered by small sample sizes of less than 35 patients, with 
some as low as 14 (Bonilha et al., 2008; Chu et al., 2016; Dempster et al., 
2017; Frascarelli et al., 2015; Zhang et al., 2018); further, some studies 
did not contrast with healthy controls. A well-matched control group is 
essential so as to determine the specificity and uniqueness of 
GMV-cognition relationships in SZH. Also, much of the previous work is 
based on VBM techniques rather than modern FreeSurfer-based ap
proaches. Importantly, no study to date has investigated relationships 
with brain volumes on both the WCST and Stroop in a single sample, so it 
uncertain the extent to which structure-performance relationships 
compare and overlap across the two tasks. As these are perhaps the most 
well-used and well-established tests of executive function, both with 

robust deficits demonstrated in SZH, ascertaining and contrasting their 
neural underpinnings in a single sample would provide important in
sights. Therefore, the current study investigated associations between 
GMV and performance on the WCST and Stroop, focusing on the frontal 
brain areas implicated by previous work, and contrasting with a 
well-matched control group. In patients, we also interrogated whether 
these relationships are dissociable from links to symptom severity. 
Leveraging the advanced parcellation methods available within the 
FreeSurfer package, we took a region of interest (ROI) approach that 
encompassed medial and inferior frontal areas, divided by subregion, as 
well as anterior cingulate.

2. Material and methods

2.1. Participants

The sample included 57 SZH (16 females, aged between 21 and 49, 
mean age 37.21, see Table 1), and 32 age and gender-matched healthy 
controls (CON) (10 females, aged between 20 and 65, mean age 33.19, 
see Table 1). The exclusion criteria for both groups consisted of the 
following: any neurological conditions, head injuries resulting in a loss 
of consciousness, prior exposure to the current neuropsychological as
sessments, and substance abuse; for SZH, having an additional Axis I 
disorder diagnosis; for controls, having a personal history of DSM-IV 
Axis I and II disorders or a family history of psychosis. This was 
assessed using SCID-I (First and Gibbon, 2004) and Structured Clinical 
Interview for DSM-IV Axis II Disorders Research Version (SCID-II) (First 
and Gibbon, 2004). Schizophrenia was diagnosed by an experienced 
psychiatrist using the SCID-I. The evaluation of symptoms was con
ducted using the Positive and Negative Syndrome Scale (PANSS) (Kay 
et al., 1987). With the exception of five individuals (who were not 
medication-naïve), all patients were receiving traditional antipsychotic 
medications, either in oral form or through depot injections; the mean 
chlorpromazine equivalent dosage was 453.4 (standard deviation =
300.2), range was 100–1600 mg per day. The study procedures received 
approval from the ethics committee at the Institute of Psychiatry and 

Table 1 
Demographic and clinical characteristics of the sample.

All 
Subjects 
(N = 89)

Healthy 
Controls (N 
= 32)

SZH (N =
57)

p

Age, M (SD) 35.76 
(9.53)

33.19 
(11.43)

37.21 
(8.02)

0.055a

Female (N, %) 26 (27.4%) 10 (31.3%) 16 
(25.4%)

0.355b

Education (years) (SD) 14.37 
(2.72)

15.34 (2.62) 13.82 
(2.65)

0.011a

WASI total (Mean/SD) 109.00 
(20.1)

120.09 
(13.86)

103.35 
(20.38)

<0.001a

NART Premorbid IQ 
(Mean/SD)

110.23 
(9.83)

114.62 
(8.47)

107.83 
(9.77)

.002

Medication 
(Chlorpromazine 
equivalents mg/day) 
(SD)

N/A N/A 453.40 
(300.23)

N/A

PANSS (7 items) positive 
symptoms (mean) (SD)

N/A N/A 16.49 
(4.87)

N/A

PANSS (16 items) general 
psychopathology 
(mean) (SD)

N/A N/A 32.75 
(6.75)

N/A

PANSS (7 items) negative 
symptoms (mean) (SD)

N/A N/A 17.97 
(5.01)

N/A

PANNS Total (mean, SD) N/A N/A 67.21 
(13.98)

N/A

Abbreviations. SZH, Schizophrenia; SD, standard deviation; PANSS, Positive and 
Negative Syndrome Scale; N/A, Not Applicable.

a Independent sample t-test.
b Pearson Chi-Square.
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Maudsley Hospital. Additionally, all participants provided written con
sent after being informed about the study and were compensated for 
their time and travel expenses.

2.2. MRI acquisition

Structural images were acquired using a 1.5 T GE NV/i MR Signa 
System (General Electric, Milwaukee, Wisconsin).

Visual inspection of all images was carried out, followed by cortical 
reconstruction using FreeSurfer 6.0.0 (http://surfer.nmr.mgh.harvard. 
edu). Cortical parcellation was determined using the Destrieux atlas 
(Destrieux et al., 2009). To calculate intracranial (ICV)-adjusted vol
umes, we divided the volume in each region of interest (ROI) by the total 
intracranial volume (ICV) and then multiplied the result by 100.

2.3. ROI approach

The regions of interest (ROIs) encompassed various frontal areas, 
based on previous research implicating these areas in structural- 
executive functioning relationships in SZH (Bonilha et al., 2008; Chu 
et al., 2016; Dempster et al., 2017; Frascarelli et al., 2015; Guo et al., 
2014, 2022; Nestor et al., 2019; Premkumar et al., 2008a; Rüsch et al., 
2007; Zhang et al., 2018), these were: left/right superior frontal, left/
right caudal middle frontal, left/right rostral middle frontal, left/right 
pars opercularis, left/right pars orbitalis, left/right pars triangularis, and 
left/right anterior cingulate (14 regions in total).

2.4. Executive function measures

WCST (Heaton et al., 1993)- Participants sorted 64 cards and the 
number of completed categories (WCST categories), the % of 
non-perseverative errors, and % perseverative errors were recorded.

SCWT (Stroop) (Golden et al., 1978)- The standard SCWT test (three 
cards, 100 items each) was used. Full details are in the Supplementary 
Materials. Stroop Interference scores were calculated for each partici
pant, with higher scores reflecting better performance.

We also used the Wechsler Abbreviated Scale of Intelligence (WASI) 
(Wechsler, 1999) as a measure of general Intelligence. Additionally, we 
used the National Adult Reading Test (NART) (Nelson, 1991) as a 
measure of premorbid intelligence.

2.5. Statistical analysis

We conducted statistical analyses using IBM SPSS Statistics 28.0. For 
demographic variables, group comparisons were made using indepen
dent sample t-tests for age and education, and a χ2 test for gender dis
tribution. We used ANCOVA to test for group differences in GMV of the 
ROIs. Checks for normality (Kolmogorov-Smirnov) indicated that 
neither the WCST subscales nor the Stroop interference scores followed a 
normal distribution. Therefore, Mann-Whitney U tests were used for 
group comparisons, and Spearman’s correlations (between executive 
function measures and GMVs) were computed separately for controls 
and SZH. Significance of difference between the correlation coefficients 
for controls and SZH was assessed using the Fisher r-to-z transformation 
(http://vassarstats.net/rdiff.html). In the SZH group, we also performed 
Pearson’s correlations to test the relationship between symptom severity 
and GMVs, and Spearman’s correlations to test the relationship between 
symptom severity and executive function measures. Corrections for 
multiple comparisons were performed using false discovery rate (FDR) 
with the Benjamini- Hochberg method (Benjamini and Hochberg, 1995), 
and the significance level was set at.05.

2.6. Ethical standards

The authors assert that all procedures contributing to this work 
comply with the ethical standards of the relevant national and 

institutional committees on human experimentation and with the Hel
sinki Declaration of 1975, as revised in 2008.

3. Results

3.1. Participant characteristics

Summary demographic data are presented in Table 1. There were no 
statistically significant differences between the SZH and healthy control 
groups in terms of age and sex (all p values > .05), but controls had a 
significantly higher level of education (M = 15.34, SD = 2.62) compared 
to SZH (M = 13.82, SD = 2.65, p = .011). On WASI, controls (M =
120.09, SD = 13.86) also had significantly higher premorbid IQ scores 
(NART) compared to SZH (M = 103.35, SD = 20.38).

3.2. Neurocognitive measures

Means and standard deviations for all executive function scores are 
reported in Table 2. SZH, compared to controls, had significantly lower 
performance on all measures, with the exception of Stroop Interference, 
where a strong trend was present (1- tailed p = .055).

3.3. Correlations between symptom severity and executive function 
measures

We tested associations between symptom severity (PANNS positive, 
negative, and general psychopathology) and each of the executive 
function measures. After FDR correction, WCST performance correlated 
significantly with PANSS Negative, in terms of higher % Perseverative 
Errors, and lower Categories performance (Supplementary Table 1). No 
other associations were found.

3.4. MRI–GMV differences between SZH and controls

We found reduced GMVs in SZH, in left superior frontal (pFDR =

.039), right caudal middle frontal (pFDR = .035), right pars opercularis 
(pFDR = .035), and right anterior cingulate (pFDR = .037), after FDR 
correction for multiple comparisons (see Supplementary Table 2). Un
corrected, there were also reduced GMVs in SZH evident in right supe
rior frontal (unadjusted p = .031), left caudal middle frontal (unadjusted 
p = .037), left pars opercularis (unadjusted p = .030), and bilateral pars 
triangularis (unadjusted right: p = .033, unadjusted left: p = .021), No 
significant differences were observed in left/right rostral middle frontal, 
left/right pars orbitalis, left anterior cingulate (all p values > .05).

3.5. Correlations between executive function and GMV

WCST % Perseverative Errors: In SZH, WCST perseverative error 
scores negatively correlated with GMV in left caudal middle frontal 
(unadjusted p = .004) and right rostral middle frontal (unadjusted p =
.018), however, neither of these relationships survived FDR correction. 
No associations were seen in healthy controls, but Fisher’s Z test indi
cated that only the correlation coefficient for right rostral middle frontal 
was significantly different between SZH and controls (Supplementary 
Table 3).

WCST % Non-Perseverative Errors: In SZH, there was an (uncorrected) 
negative relationship between right hemisphere rostral middle frontal 
GMV and WCST non-perseverative errors (unadjusted p = .019). How
ever, this relationship did not survive FDR correction. No associations 
were seen in healthy controls, but Fisher’s Z test indicated that the 
correlation coefficients for right rostral middle frontal was not signifi
cantly different between SZH and controls (Supplementary Table 4).

WCST Categories: In SZH, WCST categories scores positively corre
lated with GMV in right hemisphere caudal middle frontal (pFDR = .042, 
Fig. 1a) and right hemisphere rostral middle frontal (pFDR = .042, 
Fig. 1b) after FDR correction. Uncorrected, there was also a positive 
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Table 2 
Group differences in executive function performance.

Executive Function Controls Schizophrenia Group Comparisons

Mean Rank Sum of Ranks Mean Rank Sum of Ranks z P (1-tailed)

WCST % Perseverative Errors 26.81 724 49.93 2846 − 4.062 <.001a

WCST % non-perseverative errors 31.44 849 47.74 2721 − 2.863 .002a

WCST categories 53.93 1456 37.09 2114 − 3.202 <.001a

Stroop interference score 47.48 1282.00 38.56 2121 − 1.594 .055

Z scores are from Mann-Whitney U test used as the variables were not normally distributed.
*p < .05.

a p < .01.

Fig. 1. The relationship between GMV and executive functioning tasks. (a) GMV in right hemisphere caudal middle frontal region correlated with WCST Categories 
performance in SZH (rho = .369, p = .005). (b) GMV in right hemisphere rostral middle frontal region correlated with WCST Categories performance in SZH (rho =
.359, p = .006). (c) GMV in right hemisphere superior frontal correlated with Stroop Interference in SZH (rho = .420, p = .001). (d) GMV in left hemisphere superior 
frontal correlated with Stroop Interference in SZH (rho = .317, p = .018). (e) GMV in right hemisphere caudal middle frontal correlated with Stroop Interference in 
SZH (rho = .350, p = .009). (c) GMV in right hemisphere pars opercularis correlated with Stroop Interference in SZH (rho = .376, p = .005). Note that higher Stroop 
Interference scores indicate better performance.
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correlation between WCST categories and right hemisphere pars orbi
talis GMV (unadjusted p = .044) in SZH. No associations were seen in 
healthy controls, but Fisher’s Z test indicated that only the correlation 
coefficient for right rostral middle frontal was significantly different 
between SZH and controls (Supplementary Table 5).

Stroop Interference: In SZH, Stroop Interference scores positively 
correlated with GMV in bilateral superior frontal (right: pFDR = .014, 
left: pFDR = .049, Fig. 1c and d), right hemisphere caudal middle frontal 
(pFDR = .042, Fig. 1e), right hemisphere pars opercularis (pFDR = .035, 
Fig. 1f), and left hemisphere anterior cingulate (pFDR = .049). Uncor
rected, there was also positive correlations between Stroop interference 
and left hemisphere pars triangularis GMV (unadjusted p = .048) and 
right hemisphere rostral middle frontal (unadjusted p = .037). No as
sociations were seen in healthy controls, and Fisher’s Z test indicated 
that only the correlation coefficients for left superior frontal, right 
rostral, and right caudal middle frontal, were significantly different 
between SZH and controls (Supplementary Table 6).

3.6. Correlations between symptom severity and GMV

There was no association between symptom severity (PANNS posi
tive, negative, and general psychopathology) and GMV in any of the 
ROIs, even prior to FDR correction (Supplementary Table 7).

4. Discussion

This study set out to clarify the frontal lobe GMV correlates of WCST 
and Stroop task performance in SZH. Although previous studies in pa
tients have linked impaired performance on these well-used tasks to 
brain volumetric reductions, no previous imaging study has investigated 
associations for both of these tasks within the same sample, so the cur
rent work provides valuable insights into how regional brain volumes 
reductions contribute differentially to each task. Further, previous work 
has often neglected to include a control sample. This is important so as to 
ascertain whether volume-performance associations are specific and 
unique to patients. Here, we derived volume estimates using FreeSurfer 
(offering better accuracy than older studies using VBM approaches) and 
investigated links to performance, across SZH and control groups, within 
a pre-defined set of frontal ROIs implicated by previous work.

SZH and control groups were well matched in terms of age and sex, 
although it should be noted that the control group were better educated 
and scored higher on IQ. As expected, reduced volumes were observed 
across most of the ROIs in patients, in line with the neuroimaging 
literature (Haijma et al., 2013). The patient group performed signifi
cantly worse on all the WCST measures, in accordance with the litera
ture (Hartman et al., 2003; Prentice et al., 2008; Singh et al., 2017), but 
the Stroop deficit was present only as a strong trend (p = .055). In line 
with previous work showing that it is negative symptoms in particular 
that correlate with poorer reasoning and set shifting, higher negative 
symptoms were associated with worse WCST performance in the SZH 
group (Tyburski et al., 2021).

Regarding links to volume, a number of interesting associations were 
observed, although not all survived multiple comparison correction. 
Amongst patients only, the number of WCST categories successfully 
completed correlated positively with volumes of right caudal and rostral 
middle frontal regions, and these remained significant after FDR 
correction; in the rostral subdivision, the correlation coefficient was 
significantly different to that of the control group. To derive the ROI 
volumes, we used FreeSurfer, which automatically parcellates the mid
dle frontal gyrus into rostral and caudal subdivisions (Desikan et al., 
2006). The caudal part of the middle frontal gyrus includes BA9 as well 
as the premotor area and the frontal eye fields (Bruno et al., 2022), while 
the rostral portion encompasses BA46 and a portion of BA9 (Kikinis 
et al., 2010). Our finding of links between WCST performance and 
volumes within dorsolateral prefrontal (DLPFC) regions accords with a 
VBM study (Bonilha et al., 2008) which found that WCST performance 

measures correlated with volume in regions BA9 and BA46 (although a 
control group was not included); also, Hartberg et al. (2010) found 
correlations between WCST performance and right inferior and superior 
frontal cortical thickness, but the relationship did not differ between 
SZH and controls.

A meta-analysis of fMRI executive task studies (Buchsbaum et al., 
2005) in healthy individuals concluded that right middle frontal is 
responsible for the inhibitory aspects of WCST performance. Given that 
we found volumes in these regions to correlate with number of cate
gories completed on the WCST, this suggests that integrity of BA9 and 
BA46 might be of particular importance in SZH, with regard to inhibi
tory control, allowing better set-switching and category completion. 
Work by Wilmsmeier et al. (2010) supports this: they focused on 
set-shifting within the WCST, contrasting SZH with controls, using fMRI. 
After negative feedback events, controls showed activation in both left 
and right BA46, whereas patients showed activation in right BA46 only, 
again suggesting a critical role for right middle frontal in patients 
(Wilmsmeier et al., 2010). Relatedly, a concurrent TMS/fMRI study 
found that TMS stimulation of left BA9 led to less activation of right BA9 
in SZH vs. healthy controls, pointing to impaired interhemispheric 
connectivity in patients, suggesting perhaps that SZH rely more on 
right-lateralised middle frontal as a compensatory strategy. Interest
ingly, Nestor et al. (2019) found that total left PFC volume correlated 
with WCST performance in controls but could find no associations with 
PFC volumes in SZH. Here, in a larger sample and a higher degree of 
frontal regional parcellation, we found right-lateralised volumes to be 
important in SZH but not controls. Taken together, these findings could 
be seen as an indicator of reduced lateralisation of function in SZH, as 
shown by various imaging studies, albeit usually in the domains of 
language and sensorimotor processing (Walter et al., 2003).

These dorsolateral prefrontal regions BA9 and 46 are also implicated 
in working memory (Owen et al., 2005), which is central for good per
formance on the WCST due to the need to keep track of feedback in
formation while simultaneously updating and maintaining sorting rules. 
Abnormal frontal activity within dorsolateral prefrontal regions has 
been consistently shown in SZH performing working memory tasks 
(Glahn et al., 2005), one study found that right middle frontal activity 
was the only feature differentiating SZH from controls during a task that 
required explicit manipulation of information held in memory (Cannon 
et al., 2005). Thus, physiological disturbances in the dorsolateral pre
frontal cortex appear to be highly important in relation to cognitive 
impairment in SZH, for the WCST (as observed here), and for the com
ponents of executive function that contribute to WCST performance 
(inhibitory control, set-shifting and working memory). Studies con
trasting cognitively impaired vs near-normal SZH subgroups have 
identified volume and cortical thickness reductions in rostral and caudal 
middle frontal that characterise the impaired subgroup (Van Rheenen 
et al., 2018). Volumes in right middle frontal (BA9) have also been 
shown to correlate with levels of metacognitive insight amongst SZH 
(Spalletta et al., 2014), again supporting the notion that loss of volume 
in this region is an important contributor to impaired higher-order 
cognitive functioning in SZH. Various other lines of evidence also sup
port the notion that this region is of particular importance for SZH, with 
studies identifying genes that are differentially expressed in BA46 in 
SZH (Dean et al., 2007), morphological changes in that region (Larsen 
et al., 2022), alongside recent evidence of viral signatures in BA46 
which may represent a SZH biomarker (Ghorbani, 2023). Also, BA46 
volume loss is consistently reported in the literature (Aoyama et al., 
2007; Kikinis et al., 2010); interestingly, it has been shown that in bi
polar patients, reduced volume within (specifically) right BA46 differ
entiates those with a history of psychosis from those without (Ekman 
et al., 2017). Here, volumetric reductions vs. controls were only evident 
in right caudal, not rostral middle frontal, but on WCST category and 
perseverative error scores, correlation coefficients differed significantly 
between the SZH and control groups scores in the right rostral middle 
frontal sub-region specifically, supporting the assertion that this region 
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is of unique importance in SZH.
No associations with any of the ROI volumes were seen in the control 

group. However, one noteworthy issue in relation to the control group is 
that of ceiling effects on the WCST, which reduces the ability to detect 
correlations with structural parameters. Given their higher perfor
mance, coupled with a smaller sample size, this could explain why no 
significant associations were found. Rüsch et al. (2007) found volumes 
(from VBM) in left dorsolateral prefrontal cortex to associate with WCST 
performance in chronic SZH but not controls, but we did not replicate 
this relationship here.

Uncorrected, there was also a positive correlation between WCST 
category performance and right hemisphere pars orbitalis volume. This 
was only evident in patients, although it should be noted that the cor
relation coefficient was not significantly different to that of the control 
group. Right pars orbitalis is thought to be involved in the generation of 
alternative hypotheses in cognitive tasks in which a variety of solutions 
are possible (Vartanian and Goel, 2005), providing a theoretical expla
nation for the volume-performance link found here. Previous work, 
comparing cognitively impaired SZH to controls, identified thinner 
cortices in this specific ventrolateral frontal region; this thinning was not 
present in cognitively-spared patients (Cobia et al., 2011).

On the SCWT (Stroop) task we identified various regions whose 
volumes correlated with performance, in SZH only. We found positive 
correlations with GMV in bilateral superior frontal, right caudal middle 
frontal, right pars opercularis and left anterior cingulate. Right rostral 
middle frontal showed a relationship, but this did not survive multiple 
comparisons correction. Amongst these, the right caudal and rostral 
middle frontal regions had correlation coefficients that were signifi
cantly different to controls, as did left superior frontal (right superior 
frontal at trend). These findings are in accordance with the limited 
previous work on this subject. Using VBM, Premkumar et al. (2008a)
found associations with volumes of dorsomedial prefrontal cortex 
(which includes BA9 and anterior cingulate) in chronic SZH. In patients 
with early-onset schizophrenia, Guo et al. (2022) linked Stroop perfor
mance to higher GMV in right middle frontal gyrus, as seen here. Zhang 
et al. (2018) found associations with upper frontal, middle and medial 
frontal volumes in a first-episode cohort. However, none of these studies 
contrasted with a control group so it was uncertain whether these re
lationships were specific to SZH. Here, we provide evidence that vol
umes of right middle frontal regions, and superior frontal regions, might 
of unique importance in relation to the impaired Stroop performance 
often observed in SZH.

The links to right middle frontal regions are in accordance with the 
arguments around inhibition outlined above. The Stroop task is the 
paradigmatic test of inhibitory control, as it requires the participant to 
inhibit prepotent responses in the presence of distracting stimuli. SZH 
exhibit an increased Stroop interference effect (Westerhausen et al., 
2011) and fMRI evidence suggests that patients show reduced activation 
in the DLPFC and/or the ACC while performing the task (Cadena et al., 
2018; Köhler et al., 2019; Reid et al., 2010). As discussed, right middle 
frontal gyrus (BA9 and 46) are implicated in inhibitory control 
(Buchsbaum et al., 2005), and these regions also seem to be of particular 
importance with regard to SZH neuropathology and its impact on 
cognitive function. The association between Stroop interference and left 
superior frontal volume, unique to SZH, is also noteworthy in the 
context of a recent connectivity imaging study suggesting that connec
tivity between left superior frontal and the rest of the brain might 
represent a possible endophenotype for SZH (Ding et al., 2019): analyses 
of global brain connectivity showed that both patients and unaffected 
siblings had enhanced functional connectivity with left superior frontal 
gyrus specifically. Also, Li et al. (2017) found increased functional 
connectivity between left superior frontal gyrus and other key regions, 
in first episode SZH. Further, work using machine learning to differen
tiate SZH from controls based on structural MRI features indicated that 
volume reduction in left superior frontal was the most informative 
classifier amongst all frontal regions (Zhu et al., 2022).

For both WCST and Stroop, no relationships between brain volumes 
and performance were identified in the control group. Since we focused 
on frontal ROIs only, it is possible that volumetric relationships were 
present in other regions of the brain, for example in the temporal lobe as 
identified by previous work studying the volumetric correlates of WCST 
performance (Premkumar et al., 2008b). Our approach was to study 
relationships within a comprehensive and fine-grained set of frontal 
ROIs implicated by previous work, and this necessarily restricted our 
analyses. It is also noteworthy that the control group was smaller in size, 
and had a more restricted range of cognitive scores, than the SZH group. 
Although this situation is common in the literature, and sample sizes still 
compare favourably to much previous work in the field, this could 
contribute to the lack of structure-cognitive effects observed in controls. 
Future work should address this issue; it would also be useful to inves
tigate whether the current study findings generalise to other executive 
function tasks as well.

We examined associations between volumes and symptom severity 
for all of the ROIs under study and no relationships were identified. This 
accords with previous work pointing to a lack of overlap between 
structure-cognition and structure-symptom associations in SZH (Alkan 
et al., 2021; Alkan and Evans, 2022a,b; Alkan and L. H. Evans, 2022; 
Goghari et al., 2014), as well as evidence that trajectories of change in 
symptoms and cognitive function are divergent (Hughes et al., 2003). 
Cognitive impairments in SZH are generally more stable than symp
tomatology, and tend not to respond to antipsychotic treatment, which 
again lends support to the notion of dissociable underlying neuropath
ological causes.

The current findings add important detail to the literature: to date, 
no study has explored the volumetric correlates of these two paradig
matic and commonly-used tests of executive function within the same 
cohort. Also, as highlighted previously, few amongst the limited number 
of previous studies examining volume-performance links on these tasks 
have included a control group, which limits interpretation around the 
uniqueness of the relationships identified. Thus, the current results 
address key knowledge gaps in the literature. Of particular significance 
is the finding that volumes of right middle frontal regions correlated 
with both WCST and Stroop performance in SZH only. This novel insight 
highlights the value of the approach taken,and as these relationships 
were unique to the patient group, points to a significant role for right 
middle frontal cortex in relation to executive dysfunction in SZH. This 
aligns well with various lines of evidence suggesting that neuropa
thology within right middle frontal regions (BA9 and BA46) might be of 
particular import in SZH. Further, no overlap regarding volumetric as
sociations with symptom severity were observed, supporting the notion 
that the neuropathological processes underlying cognitive deficits are 
independent from those associated with other aspects of symptomology 
in SZH.
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Théberge, J., Williamson, K.E., Williamson, P.C., 2007. Longitudinal grey-matter and 
glutamatergic losses in first-episode schizophrenia. Br. J. Psychiatry 191 (4), 
325–334.

Benjamini, Y., Hochberg, Y., 1995. Controlling the false discovery rate: a practical and 
powerful approach to multiple testing. J. Roy. Stat. Soc. B 57 (1), 289–300.

Berberian, A.A., Gadelha, A., Dias, N.M., Mecca, T.P., Comfort, W.E., Bressan, R.A., 
Lacerda, A.T., 2019. Component mechanisms of executive function in schizophrenia 
and their contribution to functional outcomes. Br. J. Psychiatry 41 (1), 22–30.

Best, M.W., Milanovic, M., Iftene, F., Bowie, C.R., 2019. A randomized controlled trial of 
executive functioning training compared with perceptual training for schizophrenia 
spectrum disorders: effects on neurophysiology, neurocognition, and functioning. 
Am. J. Psychiatr. 176 (4), 297–306.

Bonilha, L., Molnar, C., Horner, M.D., Anderson, B., Forster, L., George, M.S., Nahas, Z., 
2008. Neurocognitive deficits and prefrontal cortical atrophy in patients with 
schizophrenia. Schizophr. Res. 101 (1–3), 142–151.

Bowie, C.R., Harvey, P.D., 2006. Cognitive deficits and functional outcome in 
schizophrenia. Neuropsychiatric Dis. Treat. 2 (4), 531–536.

Bruno, A., Bludau, S., Mohlberg, H., Amunts, K., 2022. Cytoarchitecture, intersubject 
variability, and 3D mapping of four new areas of the human anterior prefrontal 
cortex. Front. Neuroanat. 16.

Buchsbaum, B.R., Greer, S., Chang, W.L., Berman, K.F., 2005. Meta-analysis of 
neuroimaging studies of the Wisconsin card-sorting task and component processes. 
Hum. Brain Mapp. 25 (1), 35–45.

Cadena, E.J., White, D.M., Kraguljac, N.V., Reid, M.A., Lahti, A.C., 2018. Evaluation of 
fronto-striatal networks during cognitive control in unmedicated patients with 
schizophrenia and the effect of antipsychotic medication. NPJ schizophrenia 4 (1), 8.

Cannon, T.D., Glahn, D.C., Kim, J., Van Erp, T.G., Karlsgodt, K., Cohen, M.S., 
Nuechterlein, K.H., Bava, S., Shirinyan, D., 2005. Dorsolateral prefrontal cortex 
activity during maintenance and manipulation of information in working memory in 
patients with schizophrenia. Arch. Gen. Psychiatr. 62 (10), 1071–1080.

Chu, W.L., Huang, M.W., Jian, B.L., Hsu, C.Y., Cheng, K.S., 2016. A correlative 
classification study of schizophrenic patients with results of clinical evaluation and 
structural magnetic resonance images. Behav. Neurol., 7849526, 2016. 

Cobia, D.J., Csernansky, J.G., Wang, L., 2011. Cortical thickness in neuropsychologically 
near-normal schizophrenia. Schizophr. Res. 133 (1), 68–76.

Dean, B., Keriakous, D., Scarr, E., Thomas, E.A., 2007. Gene expression profiling in 
brodmann’s area 46 from subjects with schizophrenia. Aust. N. Z. J. Psychiatr. 41 
(4), 308–320.
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Lebiecka, Z., Preś, J., Sagan, L., Samochowiec, J., Jansari, A.S., 2021. Executive 

dysfunctions in schizophrenia: a critical review of traditional, ecological, and virtual 
reality assessments. J. Clin. Med. 10 (13).

Van Rheenen, T.E., Cropley, V., Zalesky, A., Bousman, C., Wells, R., Bruggemann, J., 
Sundram, S., Weinberg, D., Lenroot, R.K., Pereira, A., Shannon Weickert, C., 
Weickert, T.W., Pantelis, C., 2018. Widespread volumetric reductions in 
schizophrenia and schizoaffective patients displaying compromised cognitive 
abilities. Schizophr. Bull. 44 (3), 560–574.

Vartanian, O., Goel, V., 2005. Task constraints modulate activation in right ventral 
lateral prefrontal cortex. Neuroimage 27 (4), 927–933.

Velligan, D.I., Bow-Thomas, C.C., Mahurin, R.K., Miller, A.L., Halgunseth, L.C., 2000. Do 
specific neurocognitive deficits predict specific domains of community function in 
schizophrenia? J. Nerv. Ment. Dis. 188 (8), 518–524.

Velligan, D.I., Rao, S., 2023. The epidemiology and global burden of schizophrenia. 
J. Clin. Psychiatry 84 (1).

Vita, A., De Peri, L., Deste, G., Sacchetti, E., 2012. Progressive loss of cortical gray matter 
in schizophrenia: a meta-analysis and meta-regression of longitudinal MRI studies. 
Transl. Psychiatry 2 (11), e190.

Walter, H., Wunderlich, A.P., Blankenhorn, M., Schäfer, S., Tomczak, R., Spitzer, M., 
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