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ABSTRACT

Introduction: Although meta-analysis by combining samples from
multiple studies increases the statistical power, differences in study
designs, participant characteristics, and outcome measures can create
heterogeneity. Therefore, it might be helpful to validate the results of
meta-analysis in independent smaller single site samples. This study
investigates the shape characteristics of subcortical structures in
schizophrenia patients by replicating and extending findings from a large
multi-site meta-analysis using a single-site cohort.

Methods: Employing the ENIGMA shape analysis protocol, we examined
the MRI images of 57 patients and 37 controls using FreeSurfer.

Results: Compared with controls, schizophrenia was associated with
surface contraction in the left hippocampus, bilateral thalamus, bilateral
nucleus accumbens, and right amygdala, alongside surface expansion
in the bilateral putamen, left caudate, and bilateral pallidum; the right
caudate showed both expansion and contraction. Thickness reductions
were observed in the bilateral hippocampus, bilateral thalamus, bilateral
accumbens, and right amygdala, while thickening was most evident in

the right pallidum; the caudate, putamen, and left pallidum showed
bidirectional thickness patterns. Antipsychotic dosage showed no
significant effect on shape measures. Notably, our effect sizes surpassed
those observed in earlier multi-site work. Larger effect sizes observed
in our study could be attributed to the higher sampling variability due
to relatively smaller sample size or increased clinical severity among
patients from our single center compared to the patient populations in
the meta-analysis.

Conclusions: Overall, these findings underscore the utility of shape-
based analyses for understanding schizophrenia neuroanatomy,
emphasize considering the clinical characteristics of the study sample,
and highlight the importance of single-site validation—particularly for
cohorts not represented in larger consortia that have higher baseline
clinical severity.
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INTRODUCTION

Schizophrenia is generally a chronic and debilitating mental disorder
that affects approximately 1 in 100 individuals worldwide (1). It is
characterized by cognitive impairments, emotional aberrations, and
behavioral anomalies, which undermine basic processes of perception,
reasoning, and judgment (2).

Brain structural anomalies are frequently documented in schizophrenia,
with comprehensive meta-analyses identifying extensive cortical
thinning and reduced cortical surface area, with the most significant
effects predominantly observed in the frontal and temporal lobe regions
(3). Schizophrenia is associated with abnormalities in volume (4) and
shape measures (5) of subcortical structures, as well as their asymmetry
(6). The ENIGMA Consortium demonstrated subcortical shape variations
in individuals with schizophrenia, such as the predominance of concave,
disease-related thinning, and surface contraction in the bilateral
amygdala, hippocampus, accumbens, and thalamus. Also, they found
a predominance of convex, disease-related shape differences in the

Highlights

* FreeSurfer was used to analyze subcortical shape in
schizophrenia patients.

+ Altered surface area and thickness of subcortical
structures were observed.

* The dose of antipsychotic medication did not
significantly influence these changes.

bilateral putamen and the pallidum and a mix of concave and convex
shape differences in the caudate (7). Compared to whole-structure
volume approaches, shape analysis-based methods, such as the one used
in this study, may reveal much subtler and more anatomically informative
differences for the questioned areas by considering the complexity of the
subcortical structures.
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In this study, we investigated the shape characteristics of seven subcortical
structures (i.e., the hippocampus, amygdala, caudate, putamen, globus
pallidus, nucleus accumbens, and thalamus). We compared the surface
area and thickness measures of these subcortical structures between
schizophrenia patients and healthy controls by processing the images
using FreeSurfer and subsequently following the subcortical shape
analysis protocol proposed by the ENIGMA Consortium. Unlike the
ENIGMA study, which is based on data from multiple centers, the current
study focuses on data from a single center (SoCAT Lab). Conducting the
study in a single center allows for greater control over variables, helping
to confirm that inter-site differences do not influence the results but
instead reflect a genuine effect. Additionally, a single-center replication
enables researchers to evaluate whether the findings apply to more
specific patient populations or are relevant within a particular institution’s
context.

METHODS

Study Design

We included 57 patients who applied to the Psychiatry Department
of Ege University School of Medicine between January 01, 2019 -
December 01, 2021, and 37 healthy controls of similar age. Inclusion
criterion for patients: Diagnosis of schizophrenia according to DSM-
5 (Diagnostic and Statistical Manual of Mental Disorders 5th Edition,
2013). Exclusion criteria for patients and controls: 1) Any axis |
disorder (except schizophrenia for patients), 2) Contraindication for
MRI examination (pacemaker or claustrophobia), 3) Head trauma or
neurological disease with loss of consciousness, 4) Being pregnant, 5)
Any uncontrolled medical disease. Healthy controls were excluded
if they had a family history of a psychotic illness. An experienced
psychiatrist confirmed the diagnosis using SCID (Structured Clinical
Interview for DSM Disorders, 2018) and assessed symptom severity
with the Positive and Negative Syndrome Scale (PANSS) and Scale for
the Assessment of Negative Symptoms (SANS) within the week prior to
the magnetic resonance (MR) scan. All participants gave their written
informed consent before the procedures. The Ege University Faculty
of Medicine, Ethics Committee approved the study with the decision
number 24-3T/89 (19-12T/42), and the guidelines of the Declaration
of Helsinki (2013) were followed. Antipsychotic medications were
converted to chlorpromazine (CPZ) equivalent doses to ensure a
homogeneous assessment of drug effects (8).

Magnetic Resonance Imaging (MRI) Acquisition

Magnetic resonance scans were performed within the same week of
clinical assessment. 3D T1-weighted, sagittal, magnetization prepared
rapid gradient echo (MPRAGE) scans of the head (repetition time (TR)/
echo time (TE)/inversion time (TI)=1600/2.21/900 ms; flip angle (FA)=9;
field of view (FOV)=256 mm; number of excitation (Nex)=1; GRAPPA:
acceleration factor=2; matrix=246x256; 1x1x1 mm voxels; slice thickness=1
mm; 160 slices), 2D T2 weighted axial, Turbo Spin Echo (TSE) scans of
the whole brain (TR/TE=2500/117 ms; FOV=200 mm; Nex=1; GRAPPA=2;
matrix=246x256; slice thickness=5 mm; interslice gap=1.8 mm; 0.6x0.6x5
mm voxels; 20 slices) and 3D coronal fluid attenuated inversion recovery
(FLAIR) scans were acquired on a Siemens Magnetom Verio, Numaris/4,
Syngo MR B17, 3T MR scanner with a twelve-channel head coil (Erlangen,
Germany). Turbo spin echo and FLAIR scans were used for clinical
evaluation by a neuroradiologist, and MPRAGE scans were used for the
region of interest analysis. All imaging data were transferred to a PC
workstation for further analysis.

Image Processing
Magnetic resonance scans were processed using FreeSurfer v7.4.1
(9-12) to obtain structural measurements. A summary of the recon-all
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protocol is as follows: First, the skull is stripped from the anatomical
image. Then, the interface between the white and grey matter for both
hemispheres is estimated and refined. This boundary is then used as a
base from which the edge of the grey matter is searched. Once the edge
is reached, the resulting surface, which is the pial surface, is inflated into
a sphere and normalized according to a template called fsaverage. Once
the surface map is normalized to this template, the Desikan-Killiany (13)
and the Destrieux (14) atlases can be used to parcellate the cortex into
anatomically distinct regions.

Quality assessment of the FreeSurfer outputs was conducted via
SynthSeg (15,16), which is a deep learning tool for the automated
analysis of brain magnetic resonance scans that also provides quality
control of segmentation results without the need for retraining. All of the
reconstructions passed the quality check.

To assess the shape measurements of the subcortical regions, namely
the left and right thalamus, caudate, putamen, pallidum, accumbens,
hippocampus, and amygdala, we followed the ENIGMA-Shape pipeline
(17). Asummary of the pipeline is as follows: Mesh models were produced
for the boundaries of the subcortical regions. Shape curvatures and
medial features were matched to a template using the Medial Demons
framework (18,19). For each resulting vertices from the meshes, radial
distance and the natural logarithm of the Jacobian determinant were
calculated to quantify shape. The radial distance indicates how far the
vertex is from the central curve of the structure, serving as a measure of
its thickness. Natural logarithm of the Jacobian determinant shows the
deformation needed to align the subject-specific vertex with a template,
reflecting surface dilation caused by volume changes in specific regions,
thereby providing a localized measurement of the structure’s surface
area. The quality control of the subcortical segmentations was conducted
via visual inspection for any artifacts according to anatomical accuracy
(20).

Statistical Analysis

Vertex-wise unilateral mass-univariate analysis was performed on
R Statistical Software v4.1.2 (21) using the ENIGMA-Shape package
(17). The effects of the diagnosis and the CPZ equivalent doses of
antipsychotic medication administered to the schizophrenia patients
on the thickness and the surface area were tested using linear models,
with sex, age, age centered squared, interaction of age squared centered
and sex, interaction of age centered and sex, intracranial volumes (ICV)
accounted for linearly as covariates. Regression coefficients ($) and
p-values for both group and CPZ analyses, and Cohen’s d effect sizes (22)
for group analysis were calculated. P-values were corrected for multiple
comparisons using a modified searchlight false discovery rate (FDR)
procedure, accounting for spatial dependency between neighboring
vertices, and applied globally across all structures and measures within
each model (23,24).

RESULTS

Sample Characteristics
Patient demographic data and other descriptive information are included
in Table 1.

Group Differences

3.2.1. Shape surface area

Compared with healthy controls, schizophrenia patients showed lower
surface area in the left hippocampus (Cohen’s d=-0.72; 4.41% of vertices),
right thalamus (d=-0.68; 33.75%), left thalamus (d=-0.80; 57.23%), right
amygdala (d=-0.76; 13.40%), right accumbens (d=-0.76; 44.67%), and left
accumbens (d=-0.62; 21.58%). Regions demonstrating higher surface area
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Table 1. Clinical and demographic variables of patient and control groups

Demographic and clinical data Patients (N=57) Control group (N=37) Comparison
Sex distribution (male %) 46 (80.7%) 14 (37.8%) X2 =16, p <0.001*
Mean age (+ SD) 344:83 339 (7.7) W=1017, p >0.05*
Antipsychotic chlorpromazine equivalent dose (mg/day) | 97.5-2735; mean=746.37 + 552.7 - -

PANSS positive subscale score (+ SD) 12 (£5.7) - -

PANSS total score (+ SD) 62 (x14.7) - -

SANS score (+ SD) 39.4 (£20.1) - -

SD: standard deviation; PANSS: positive and negative syndrome scale; SANS: scale for the assessment of negative symptoms; *: Chi-squared test; **: Wilcoxon rank sum test.
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Figure 1. Vertex-wise effects of diagnosis (i.e., schizophrenia vs. control) on each hemisphere for surface dilation/contraction (log Jacobian determinant), with a color scale that
indicates the intensity of Cohen'’s d effect sizes. Cooler colors (i.e., negative effect sizes) indicate surface contraction for schizophrenia as compared to controls, and warmer colors (i.e.,
positive effect sizes) indicate surface dilation, with grey color indicating nonsignificant surface vertices after multiple comparisons correction. (A) Tensor based morphometry (TBM).
(B) TBM mirrored.
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included the right putamen (d=0.64; 1.80%), left putamen (d=0.62; 8.58%),  and lower surface area (d=0.78 and -0.66; 28.21%). No significant surface
left caudate (d=0.86; 27.61%), right pallidum (d=0.72; 16.36%), and left  area effects were observed in the right hippocampus or left amygdala.
pallidum (d=0.77; 54.57%). The right caudate demonstrated both higher  Vertex-wise effects of diagnosis for surface area are provided in Figure 1.
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Figure 2. Vertex-wise effects of diagnosis (i.e., schizophrenia vs. control) on each hemisphere for thickness, with a color scale that indicates the intensity of Cohen's d effect sizes. Cooler
colors (i.e., negative effect sizes) indicate thinning for schizophrenia as compared to controls, and warmer colors (i.e., positive effect sizes) indicate thickening, with grey color indicating
nonsignificant surface vertices after multiple comparisons correction. (A) Radial distance (RAD). (B) RAD mirrored.
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Shape thickness

Schizophrenia patients (n=57) showed lower thickness in the right
hippocampus (Cohen’s d=-0.67; 19.15% of vertices), left hippocampus
(d=-0.76; 20.12%), right thalamus (d=-0.72; 42.40%), left thalamus (d=-
0.81; 71.78%), right amygdala (d=-0.73; 9.19%), right accumbens (d=-
0.71; 17.16%), and left accumbens (d=-0.66; 25.28%). The right pallidum
demonstrated higher thickness (d=0.68; 21.19%). Regions demonstrating
both higher and lower thickness included the right putamen (d=0.65 and
-0.66; 4.53%), left putamen (d=0.65 and -0.69; 10.34%), right caudate
(d=0.76 and -0.69; 14.92%), left caudate (d=0.74 and -0.70; 14.97%), and
left pallidum (d=0.74 and -0.56; 58.57%). No significant thickness effects
were detected in the left amygdala. Vertex-wise effects of diagnosis for
thickness are provided in Figure 2.

Antipsychotic Effect

Vertex-wise linear models estimating § coefficients for the association
between antipsychotic dose and subcortical shape measures revealed
no vertices that remained significant after multiple comparisons
correction.

DISCUSSION

In this single-center study, we used the ENIGMA-Shape pipeline to
characterize vertex-wise subcortical morphometry differences between
individuals with schizophrenia and healthy controls, adjusting for ICV and
nonlinear age and sex interaction terms in our linear models. Overall, our
findings converge with prior multi-center ENIGMA work by demonstrating
a predominance of surface contraction and thinning in limbic and thalamic
structures in schizophrenia, alongside surface expansion and/or thickening
in parts of the basal ganglia. Specifically, schizophrenia patients showed
reduced surface area in the left hippocampus, bilateral thalamus, bilateral
nucleus accumbens, and the right amygdala, while surface area increases
were observed in the bilateral putamen, left caudate, and bilateral
pallidum. For thickness, patients exhibited widespread thinning in the
bilateral hippocampus, bilateral thalamus, and bilateral accumbens, as
well as the right amygdala, with thickening most clearly observed in the
right pallidum. Importantly, several structures -particularly the caudate and
putamen, and to a lesser extent the left pallidum- showed bidirectional
patterns (co-occurring regions of both increases and decreases),
underscoring that schizophrenia-related morphometric alterations are
spatially heterogeneous within individual nuclei rather than uniformly
expressed across an entire structure.

Our results are broadly consistent with large-scale volumetric ENIGMA
analyses. Van Erp et al. (2016) (4) reported smaller hippocampus,
amygdala, thalamus, and nucleus accumbens, and larger pallidum, with
less consistent findings for the caudate and putamen. Our vertex-wise
shape results parallel these volumetric patterns but provide additional
spatial specificity, indicating that basal ganglia structures may exhibit
mixed, regionally-specific expansions and contractions that could cancel
out at the whole-structure volume level. This is particularly relevant for
the caudate and putamen, where we observed bidirectional thickness
effects and, for the right caudate, bidirectional surface area effects. Such
heterogeneity may help explain why some prior volume studies report
null or inconsistent findings for these nuclei despite the presence of
localized abnormalities.

The findings on thickness and surface area also align with the ENIGMA-
Shape meta-analysis by Gutman et al. (2021) (7), which described
predominant thinning and contraction in the hippocampus, thalamus,
accumbens, and amygdala, and predominant thickening/expansion in
the putamen and pallidum, with mixed effects in the caudate. In our
sample, the thalamus showed the broadest spatial extent of abnormality
(across both thickness and surface area), consistent with the thalamus
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being a key hub in cortico-striato-thalamo-cortical circuitry implicated
in schizophrenia (7). At the same time, our results suggest some laterality
differences in this cohort -most notably no significant effects in the left
amygdala, and a hippocampal pattern in which thinning was bilateral,
while surface contraction was more evident on the left.

Testing continuous CPZ equivalent dose within the schizophrenia group
using vertex-wise linear models (B estimates) with the same covariate
structure revealed that no vertices survived multiple comparisons
correction for associations between CPZ equivalent dose and either
thickness or surface area. This null finding should be interpreted
cautiously. First, current CPZ equivalent dose may not adequately capture
cumulative exposure, medication history, adherence, or antipsychotic
class effects. Second, antipsychotic dose is subject to confounding by
indication, where higher doses may index more severe illness or treatment
resistance rather than being a direct driver of morphometric differences.
Finally, our sample size limits power to detect subtle dose-related effects
that may be detectable in very large cohorts. Notably, Gutman et al.
(2021) (7) reported small but significant medication-related associations
in their large meta-analysis; differences in sample size, heterogeneity, and
statistical power may therefore account for the discrepancy. Longitudinal
designs with detailed medication exposure metrics (e.g., cumulative
dose, duration, class, polypharmacy, and treatment changes) will be
important for clarifying whether and how antipsychotic exposure relates
to subcortical shape.

It is also important to consider the differences in effect sizes between our
study and those in Gutman et al. (2021) (7). Larger effect sizes observed
in our study could be attributed to the higher sampling variability due to
relatively smaller sample size or increased clinical severity among patients
from our single center compared to the patient populations in the meta-
analysis. Marek et al. (2022) (25) demonstrated that effect sizes can be
inflated in small sample sizes due to higher sampling variability. However,
in our study population, which constitutes data from a tertiary university
hospital that represents the burden of the disease from that region
sufficiently, there exists higher clinical severity which can be observed
through SANS scores and antipsychotic doses (Table 1). This may serve
as a potential indicator for the difference in effect sizes between our
underrepresented study population and the larger meta-analysis, rather
than random inflation, as higher clinical severity was demonstrated to be
correlated with the progression of the disease in terms of morphological
changes (7). Future work in larger and more diverse samples -especially
those that better represent clinically severe subgroups- will be necessary
to determine whether stronger localized effects reflect true clinical
enrichment versus sampling variability.

The predominance of concordant thinning and surface contraction
across limbic structures (hippocampus, amygdala, nucleus accumbens)
and the thalamus suggests a potential structural basis for core symptom
domains in schizophrenia, given their roles in memory, emotion
regulation, and reward-guided behavior (2,4). Inward deformation
within this circuitry may be associated with cognitive inefficiency and
emotional and motivational disturbances that contribute to functional
impairment. Large ENIGMA studies have shown that these same
subcortical regions are consistently smaller at the whole-structure
level (4) and demonstrate a meta-analytic predominance of concave,
disease-related thinning and contraction patterns (7), supporting the
view that vertex-wise inward deformation may be a sensitive marker of
clinically meaningful network compromise. Although longitudinal and
symptom-linked analyses are needed, our findings encourage future
work to test whether limbic inward deformation tracks dimensional
outcomes in affect, cognition, and memory, and whether it can help
stratify patients for interventions aimed at improving cognitive and
functional outcomes (2,7).
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From a neurobiological perspective, the pattern of thinning and
contraction in the thalamus and nucleus accumbens is consistent with
postmortem reports of reduced cellular elements in these regions (26).
Pakkenberg (1990) (26) reported reduced numbers of neurons and glial
cells in the mediodorsal thalamic nucleus and nucleus accumbens in
schizophrenia, with less clear differences in the ventral pallidum and
basolateral nucleus of the amygdala. In our data, the thalamus and
accumbens showed robust and spatially extensive reductions, which may
be compatible with cellular-level reductions and/or altered neuropil.
In contrast, the pallidum showed surface expansion bilaterally and
thickening on the right, suggesting that pallidal abnormalities may reflect
different mechanisms (e.g., altered connectivity, tissue composition, or
medication- and illness-related neuroplasticity), and emphasizing the
need for studies that bridge MRI-derived morphometry with cellular and
molecular measures.

Within the medial temporal lobe, schizophrenia-related abnormalities in
the hippocampus have been linked to interneuron and synaptic pathology
(27). While Schmitt et al. (2009) (27) did not find group differences in
total neuron number or astrocyte density in the hippocampus, other
work suggests deficits in interneuron density in hippocampal formation,
particularly in male patients (28). In our cohort (predominantly male), the
hippocampus showed consistent thinning bilaterally, which may relate to
alterations in interneuron populations and/or microcircuit organization
that may not be detectable by gross neuron counts alone. The amygdala
findings in our sample were more lateralized, with significant thinning
and contraction in the right amygdala but not the left. Kreczmanski et
al. (2007) (29) reported reduced neuron number in the lateral nucleus
of the amygdala and putamen, and reduced total neuron number in the
caudate. Our observation of localized abnormalities and bidirectional
patterns in the caudate and putamen is compatible with the idea
that multiple, potentially competing processes (neurodevelopmental
alterations, compensatory remodeling, and/or treatment- or illness-
related plasticity) may contribute to heterogeneous shape effects within
basal ganglia structures.

Several limitations should be noted. The study is cross-sectional and single-
center, which restricts causal inference and may limit generalizability.
Clinical and treatment variables are complex and may be incompletely
captured by a single current-dose measure. Nonetheless, a key strength
of this work is its implementation of an ENIGMA-consistent modeling
strategy -including ICV, and nonlinear age and sex interaction terms-
and its contribution of data from Turkiye, an often underrepresented
population in large neuroimaging consortia. Replication in larger
regional samples and inclusion in future meta-analytic efforts will help
clarify the reproducibility and clinical relevance of these spatially specific
shape alterations.

As a result, the findings from this study align with those of the larger
ENIGMA investigation of subcortical structures in schizophrenia,
emphasizing the value of vertex-wise shape analysis for revealing
anatomically specific alterations that may be obscured in volume-based
approaches. Rather than random inflation, the higher observed effect
sizes may be attributable to the relatively greater baseline clinical severity
of our study population with a relatively smaller but moderate sample
size, which is also an often-underrepresented population in broader
consortia. This study not just validates the results of the meta-analysis, but
also paves the way for clinically more severe subgroups of populations
that are underrepresented to be integrated in larger studies. These results
underscore the importance of considering the clinical characteristics of
the study sample when interpreting neuroanatomical alterations, as they
can significantly influence effect sizes and the overall interpretation of
brain changes in schizophrenia.
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