
Psychoradiology, 1(4), 2021, 212–224

https://doi.org/10.1093/psyrad/kkab018
Research Article

RESEARCH AR T I C LE

Distinct neuroanatomic subtypes in
antipsychotic-treated patients with schizophrenia
classified by the predefined classification in a
never-treated sample
Qiannan Zhao1,2,3,#, Jiao Li4,5,#, Yuan Xiao1,2,3,#, Hengyi Cao1,6,7,
Xiao Wang4,5, Wenjing Zhang 1,2,3, Siyi Li1,2,3, Wei Liao 4,5,
Qiyong Gong1,2,3,* and Su Lui 1,2,3,*
1Huaxi MR Research Center (HMRRC), Department of Radiology, West China Hospital of Sichuan University,
Chengdu 610041, China
2Research Unit of Psychoradiology, Chinese Academy of Medical Sciences, Chengdu 610041, China
3Functional and Molecular Imaging Key Laboratory of Sichuan Province, West China Hospital of Sichuan
University, Chengdu 610041, China
4The Clinical Hospital of Chengdu Brain Science Institute, School of Life Science and Technology, University of
Electronic Science and Technology of China, Chengdu 610054, China
5MOE Key Lab for Neuroinformation, High-Field Magnetic Resonance Brain Imaging Key Laboratory of Sichuan
Province, University of Electronic Science and Technology of China, Chengdu 610054, China
6Center for Psychiatric Neuroscience, Feinstein Institute for Medical Research, Manhasset, NY 11030, United
States
7Division of Psychiatry Research, Zucker Hillside Hospital, Glen Oaks, NY 11004, United States
∗Correspondence: Su Lui, lusuwcums@tom.com; Qiyong Gong, qiyonggong@hmrrc.org.cn
#Contributed equally to this article (joint first authors).

Abstract

Background: Distinct neuroanatomic subtypes have been identified in never-treated patients with schizophre-
nia based on cerebral structural abnormalities, but whether antipsychotic-treated patients would be stratified
under the guidance of such previously formed classification remains unclear.
Objective: The present study aimed to investigate alterations of brain structures in antipsychotic-treated
patients with schizophrenia based on a predefined morphological classification and their relationships with
cognitive performance.
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Methods: Cortical thickness, surface area, and subcortical volume were extracted from 147 antipsychotic-
treated patients with schizophrenia using structural magnetic resonance imaging for classification. The Brief
Assessment of Cognition in Schizophrenia (BACS) and Positive and Negative Syndrome Scale (PANSS) were used
to assess cognition and symptoms.
Results: Antipsychotic-treated patients were categorized into three subtypes with distinct patterns of brain
morphological alterations. Subtypes 1 and 2 were characterized by widespread deficits in cortical thickness but
relatively limited deficits in surface area. In contrast, subtype 3 demonstrated cortical thickening mainly in
parietal-occipital regions and widespread deficits in surface area. All three subgroups demonstrated cognitive
deficits compared with healthy controls. Significant associations between neuroanatomic and cognitive abnor-
malities were only observed in subtype 1, where cortical thinning in the left lingual gyrus was conversely related
to symbol coding performance.
Conclusions: Similar to drug-naı̈ve patients, neuroanatomic heterogeneity exists in antipsychotic-treated
patients, with disparate associations with cognition. These findings promote our understanding of relation-
ships between neuroanatomic abnormalities and cognitive performance in the context of heterogeneity. More-
over, these results suggest that neurobiological heterogeneity needs to be considered in cognitive research in
schizophrenia.

Key words: schizophrenia; neuroanatomic heterogeneity; psychoradiology; cognitive function; antipsychotic
medication

Introduction

Schizophrenia is a severe psychiatric disorder with
heterogeneity, based on the current nosology, where
the diagnosis relies heavily on symptom-based crite-
ria (Owen et al., 2016). Patients under the diagnosis of
schizophrenia might be heterogeneous both clinically
and biologically (Owen et al., 2016). Thus, heterogene-
ity is a critical consideration in searching for reliable
biomarkers for the diagnosis, treatment, and progno-
sis of this disorder. This is particularly important in
case-control designs, in which the diagnosed population
was usually treated as a whole, ignoring the variability
between patients. Studies focusing on individual vari-
ability of brain structures have revealed that schizophre-
nia was associated with more significant cortical and
subcortical variability than healthy controls (Brugger and
Howes, 2017; Alnaes et al., 2019). These findings pro-
vide evidence to support the notion that the identifica-
tion of subtypes based on brain morphological features
could potentially penetrate the neurobiological hetero-
geneity of schizophrenia (Voineskos et al., 2020). Strati-
fying schizophrenia into more homogeneous subgroups
might be a workable approach to decompose such het-
erogeneity toward the intention of precision medicine in
psychiatry (Jameson and Longo, 2015).

Recent studies have stratified patients with
schizophrenia based on their neuroanatomic fea-
tures and identified multiple subtypes with different
degrees of abnormalities (Gupta et al., 2017; Chand et
al., 2020; Pan et al., 2020). The main problem for such
studies is that the application and generalization of
such identified patient subsets remain to be clarified.
Explaination is required as to whether the observed
distinct neuroanatomic patterns rather than the sub-
typing algorithms in a specific sample could be used
to guide classification in other patient cohorts. It is of

importance to solve this problem, which will provide
comparisons between patient populations with different
demographics, medications, and psychopathological
profiles and a better understanding of illness-related
and medication-related phenotypes in the context of
heterogeneity.

In our previous work (Xiao et al., 2021), three neu-
roanatomic subtypes were identified in 163 never-treated
patients with schizophrenia using cortical and subcor-
tical features based on a density peak-based clustering
(DPC) algorithm, which is superior to approaches such
as K-means or K-medoids by better detecting nonspheric
clusters and automatically identifying cluster numbers.
In the never-treated sample, subtype 1 was character-
ized by cortical deficits in the cortical-thalamic-cortical
circuits and cortical thickening in the left rostral cingu-
late gyrus, while subtypes 2 and 3 showed near-normal
cortical and subcortical measures relative to controls.
The clustering algorithm applied in the never-treated
sample was successfully used in a multisite cohort with
mid-term illness, indicating the robustness of the three-
subtype solution. This identification of subtypes in a
never-treated sample with schizophrenia provides het-
erogeneous neuroanatomic profiles without the influ-
ence of medication. Antipsychotics have been reported
to relate to neuroanatomic changes such as cortical thin-
ning and increases and decreases of volumes in the basal
ganglia (van Haren et al., 2011; Haijma et al., 2013; Jor-
gensen et al., 2016). Our question is, what would the
neuroanatomic patterns be if a cohort of antipsychotic-
treated patients could be classified by the previously
formed subtypes in the never-treated patients? More-
over, cognitive deficits in multiple domains have been
associated with different brain structural abnormal-
ities (Kelly et al., 2019). Another question is, what
would the associations with cognitive function be for
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neuroanatomic profiles in patients that received medi-
cation in the context of heterogeneity?

In the present study, we aimed to investigate (i)
whether a cohort of patients with schizophrenia that
received antipsychotic medication would be classified
into subtypes based on a predefined classification in a
never-treated sample, and (ii) what the neuroanatomic
patterns and their associations with cognition would
be in the treated sample. It is worth noting that the
antipsychotic-treated sample was recruited from the
same site with the cohort of never-treated patients
used in our previous work (Xiao et al., 2021). All par-
ticipants from these two samples were scanned by a
magnetic resonance scanner with the same parame-
ters and rated by the same trained raters for behav-
ioral assessments. The consistency of research set-
tings helps to eliminate potential confounding factors
across samples. Here, the stratification was performed
based on structural individual-subtype similarity, rep-
resenting the morphological similarity between each
individual in the present study and the three previ-
ously generated subtypes. According to previous stud-
ies (Finn et al., 2015; Shen et al., 2017; Cai et al., 2021),
similarity, measured by Pearson’s correlation coeffi-
cient, has been successfully used for identifying indi-
viduals based on functional connectome. In this work,
we hypothesized that (i) antipsychotic-treated patients
with schizophrenia would be stratified into distinct
neuroanatomic patterns based on the predefined mor-
phological classification, and (ii) three subgroups of
antipsychotic-treated patients with schizophrenia would
have different cognitive patterns and diverse relation-
ships between cognitive performances and cerebral
morphologies.

Materials and Methods
Participants

This study included 147 antipsychotic-treated patients
with schizophrenia and 147 age- and sex-matched
healthy participants. Patients with schizophrenia were
diagnosed using the Structured Clinical Interview for
DSM-IV Axis I Disorders (SCID). Clinical symptoms were
assessed using the Positive and Negative Syndrome Scale
(PANSS) (Kay et al., 1987), and the Global Assessment of
Functioning Scale (Hall, 1995) was also evaluated. The
average daily dose of antipsychotics was transformed
into chlorpromazine equivalent dose (mg/day) based on
an international consensus study (Gardner et al., 2010).
The nonpatient edition of SCID was completed to con-
firm the absence of lifetime psychiatric disorder for
healthy participants recruited by advertisement. Healthy
individuals with a first-degree relative with major psy-
chotic disorders were excluded. Exclusive criteria for all
participants were as follows: (i) head injury history; (ii)
history of intracranial tumor, hematoma, inflammation,
or other physical diseases; (iii) alcohol or drug abuse;
(iv) age below 16 or over 70 years; and (v) individuals

with magnetic resonance imaging (MRI) contraindica-
tion. The study protocol was approved by the local med-
ical research ethics committee, and written informed
consent was provided by all participants.

For the 163 never-treated patients with schizophrenia
employed in defining original neuroanatomic subtypes,
detailed descriptions can be found in our previous pub-
lication (Xiao et al., 2021). It is worth noting that patients
in the antipsychotic-treated sample were not overlapped
with those in the never-treated sample.

Structural imaging acquisition and preprocessing

We acquired 3D T1-weighted images on a 3.0 Tesla Gen-
eral Electric Signa EXCITE magnetic resonance scan-
ner from all participants. The parameters of magnetic
resonance acquisition and quality inspection procedure
were displayed in the Supplementary Methods. Struc-
tural imaging data of all participants were processed
using recon-all stream by FreeSurfer software version 6.0
(https://surfer.nmr.mgh.harvard.edu). Consistent with
our previous clustering in never-treated patients, we
extracted a total of 150 neuroanatomic features for sub-
typing in antipsychotic-treated patients, including thick-
ness and surface area of 68 cortical regions based on
Desikan–Killiany atlas (Desikan et al., 2006) and vol-
ume of 14 subcortical structures (bilateral thalamus, cau-
date nucleus, putamen, nucleus accumbens, hippocam-
pus, and amygdala). The volume of 68 cortical regions
and global brain measures, such as cortical gray mat-
ter volume (GMV), cerebral white matter volume (WMV),
subcortical GMV, total GMV, total brain volume (TBV),
and estimated total intracranial volume (ICV) was also
obtained for statistical inferences.

Cognitive function assessment

The Brief Assessment of Cognition in Schizophrenia
(BACS) (Keefe et al., 2004) has been widely used to mea-
sure cognition for patients with schizophrenia. It con-
tains six cognitive domains, including verbal memory
(measured by list learning subtest), working memory
(measured by digit sequencing subtest), motor speed
(measured by token motor subtest), verbal fluency (mea-
sured by category instances subtest and controlled oral
word association subtest), attention and speed of infor-
mation processing (measured by symbol coding sub-
test), and executive functioning (measured by Tower of
London subtest). An authorized and certified Chinese
version of BACS was used to assess the cognitive per-
formance of patients and healthy controls. Validity and
high test–retest reliability have been confirmed in the
Chinese version of BACS (Wang et al., 2016). Since bias
might be caused by directly applying western norms of
BACS to the Mandarin-speaking population (Wang et al.,
2017), we reported original scores of the BACS instead of
transforming them into z-scores.

https://surfer.nmr.mgh.harvard.edu
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Figure 1: Scheme of stratification of antipsychotic-treated patients with schizophrenia based on previously defined neuroanatomic subtypes.
(A) Three neuroanatomic subtypes were previously identified in never-treated patients with schizophrenia. In the present work, each patient
from the antipsychotic-treated sample was classified into three subgroups based on their brain structural similarity to the three subtypes. (B)
Brain structural similarity, measured by Pearson’s correlation coefficient, was calculated for patient assignment in the antipsychotic-treated
sample. First, we extracted standardized neuroanatomic features in never-treated patients after regressing out corresponding covariates and z-
scoring and performed a PCA on them. PCs and loadings from the never-treated sample were applied to standardized neuroanatomic features
of treated patients, producing predicted PCs for each participant. Second, we averaged PCs of never-treated patients per subtype, and three
subtypes of PCs were generated. Third, we linked averaged PCs in each subtype by descending order of their contributions, which was also
done for the PCs of each patient from the treated sample. Thus, three subtype vectors from the never-treated sample, and a group of individual
vectors from the treated sample, were generated for subsequent similarity calculations. Fourth, we calculated subtype-individual similarity,
measured by Pearson’s correlation coefficients, between three subtype vectors and each individual vector. Every treated patient was assigned
into one of the three subtypes according to the corresponding largest similarity, and three subgroups of treated patients were finally formed.
S1–S3, Subtypes 1–3 of never-treated patients with schizophrenia.

Subtyping based on neuroanatomic similarity

Each patient in the antipsychotic-treated sample was
classified based on previously identified subtypes in
never-treated patients through individual-subtype
similarity of brain morphology (Fig. 1). In our previ-
ous work (Xiao et al., 2021), 163 never-treated patients
with schizophrenia were clustered into three distinct
neuroanatomic subtypes using a DPC algorithm. The
rationale for the present study is to explore a more gen-
eralizable approach for subtyping participants based on
previously formed subtypes rather than to be restricted
by study-specific algorithms. Thus, we did not classify

antipsychotic-treated patients with DPC-based cen-
ters generated in the never-treated sample but used
brain structural similarity in the subtyping process,
independent of previously used algorithms. A total of
150 neuroanatomic features composed of cortical and
subcortical measures were adopted for subtyping. First,
variance related to age and sex was removed before sub-
typing for 147 antipsychotic-treated patients to be strat-
ified in this study and 163 never-treated patients applied
in our previous work (Xiao et al., 2021). It is worth noting
that variance related to ICV was additionally removed
for surface area and volume features. Features were then
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standardized into z-scores after removing potential con-
founding variance. A principal component analysis (PCA)
was performed among 150 neuroanatomic features in
never-treated patients, where principal components
(PCs) and corresponding loadings were subsequently
applied in the antipsychotic-treated sample. Neu-
roanatomic PCs in never-treated patients were averaged
within three predefined subtypes; thus, three groups of
averaged PCs were generated. Each group of averaged
PCs was ranked in descending order by their contribu-
tions, and three subtype vectors were formed. For each
patient in the antipsychotic-treated sample, generated
individual PCs were also linked as individual vectors. We
then calculated the similarity, quantified by Pearson cor-
relation coefficient, between individual vectors and each
of the three subtype vectors. Every participant in the
antipsychotic-treated sample was classified based on
the subtype that achieved the largest individual-subtype
similarity. Finally, antipsychotic-treated patients were
classified into three groups according to the three
predefined neuroanatomic subtypes in never-treated
patients. We demonstrated similarity distributions for
the antipsychotic-treated sample to better display the
subtyping process (Supplementary Figs S1 and S2). As
a secondary subtyping analysis, variance related to
antipsychotic dose was additionally removed before
subtyping (see Supplementary Materials).

Statistical analysis

Between-group comparisons were conducted among
three identified subtypes of antipsychotic-treated
patients and healthy controls. Antipsychotic types
were classified into three categories: treatment with
first-generation antipsychotics, treatment with second-
generation antipsychotics, and treatment with both
types. Distributions of sex, antipsychotic type, and the
status of receiving clozapine treatment or not were
tested using Pearson’s chi-square test. Between-group
differences in age, education level, illness duration, age
at illness onset, the daily dose of antipsychotics, and
psychopathological symptoms were tested with one-
way analysis of variance (ANOVA). One-way analysis of
covariance (ANCOVA) was employed to assess between-
group differences in neuroanatomic and cognitive
features. Specifically, age and sex were treated as covari-
ates for cortical thickness, and ICV was the additional
covariate for other neuroanatomic features. In terms of
cognitive scores, covariates were composed of age, sex,
and education level. Tukey’s HSD tests were used as pair-
wise comparisons for features shown to be significantly
different in main tests of ANOVA or ANCOVA. To explore
relationships between cognitive function and cerebral
structures in each subgroup, correlation analyses were
performed between brain structures and BACS scores
with the prior removal of corresponding covariates.
False discovery rate (FDR) correction was separately
performed for multiple comparisons in each kind of
neuroanatomic features, BACS and PANSS scores. The

FDR correction was also used while multiple correlations
were performed at the same time. Data were analyzed
with R v.4.0.2, and the statistically significant level was
set at two-tailed P < 0.05.

Results
Demographical, clinical, and cognitive
comparisons

Based on neuroanatomic similarity to three predefined
subtypes in a never-treated sample, three subtypes of
antipsychotic-treated patients were identified, including
55 patients (37.4%) in subtype 1, 34 patients (23.1%) in
subtype 2, and 58 patients (39.5%) in subtype 3.

Demographical, clinical, and cognitive comparisons
among three subgroups of patients and (or) healthy con-
trols are displayed in Table 1. Subtype 2 had greater age
at illness onset than both subtypes 1 and 3 (F = 4.86,
P = 0.009). Participants in different groups did not show
any significant differences in age, sex, or education level.
Three subtypes of patients did not differ in illness dura-
tion, antipsychotic dose, antipsychotic type, symptoms,
or general psychopathological function.

Concerning cognitive profiles, three subtypes dis-
played cognitive deficits relative to healthy controls,
involving almost all domains except the domain of verbal
fluency, but no significant between-subtype differences
were observed.

Neuroanatomic comparisons

Three subtypes of antipsychotic-treated patients with
schizophrenia demonstrated distinct neuroanatomic
patterns (Figs 2–4), different from those revealed by the
never-treated sample. In the antipsychotic-treated sam-
ple, neuroanatomic patterns for subtypes identified by
the secondary subtyping analysis were similar to those
primary findings (see Supplementary Figs S3–S5).

Cortical measures
The abnormal patterns in cortical thickness and surface
area for three subtypes were in contrast (Figs 2 and 3).
Subtypes 1 and 2 had severe and widespread thick-
ness deficits involving the most cortical regions, while
subtype 3 showed thicker cortices, mainly in parietal-
occipital regions and the limbic system. Subtype 1 dis-
played surface area deficits in regions such as the pre-
frontal cortex and middle temporal gyrus, and subtype
2 had more severe and widespread deficits than subtype
1. In contrast, subtype 3 displayed the most widespread
surface area deficits involving almost all neocortical
regions. For regional cortical volume, all of the three
subtypes displayed reductions relative to controls. How-
ever, the between-subtype differences in cortical vol-
umes were subtle, which even disappeared in comparing
secondary subtyping findings (Fig. S4 in Supplementary
Materials).
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Figure 2: Cortical statistic maps for comparisons between each of the three subgroups of antipsychotictreated patients with schizophrenia and
healthy controls. Cortical features including (A) cortical thickness, (B) cortical surface area, and (C) cortical volume were used in between-group
comparisons, where age and sex were treated as covariates for thickness, and ICV was as an additional covariate for surface area and volume.
Only regions that survived in multiple comparison corrections were demonstrated and scaled by t statistic.

Subcortical measures
Regarding subcortical abnormalities (see Fig. 4), all three
subtypes showed decreased volumes in the bilateral tha-
lamus and the left nucleus accumbens. Except for these
common abnormalities, subtype 1 displayed reductions
in bilateral caudate and the right nucleus accumbens and
increases in the right pallidum, which is the only finding
of greater subcortical volume than controls revealed by
three subtypes. Subtype 2 showed additional reductions
in the left putamen. Subtype 3 had additional reductions
in the bilateral hippocampus, amygdala, and the right
nucleus accumbens, displaying more severe subcortical
deficits.

Global brain measures
Three subtypes of antipsychotic-treated patients showed
reductions in cortical GMV, total GMV, cerebral WMV, and
TBV, and subtypes 2 and 3 additionally had reductions

in subcortical GMV. However, no significant between-
subtype differences in global brain volumes were found
(Table S1 in Supplementary Materials).

Differences between subtypes identified in two samples
Compared with findings revealed by our previous work
(Xiao et al., 2021), three subtypes of antipsychotic-treated
patients displayed different patterns of neuroanatomic
abnormalities from those in the never-treated patients.
Specifically, significant cortical and subcortical abnor-
malities in subtypes 2 and 3 were only observed in
antipsychotic-treated patients instead of the never-
treated sample. Regarding subtype 1, in which both sam-
ples displayed neuroanatomic alterations, antipsychotic-
treated patients showed some overlaps in cortical sur-
face area and thalamic deficits but more severe reduc-
tions in cortical thickness relative to never-treated
patients.
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Figure 3: Cortical statistic maps for comparisons between three subgroups of antipsychotic-treated patients. Cortical features including (A)
cortical thickness, (B) cortical surface area, and (C) cortical volume were employed in between-group comparisons, where age and sex were
treated as covariates for thickness, and ICV was as an additional covariate for surface area and volume. Only regions that survived in multiple
comparison corrections are demonstrated and scaled by t statistic.

Correlation between cognitive or clinical profiles
and neuroanatomic features

Three subtypes of antipsychotic-treated patients with
schizophrenia demonstrated disparate profiles in terms
of associations with cognitive function or clinical pro-
files.

Significant correlations with cognitive scores were
only observed in subtype 1 (Fig. 5). For regional brain
measures, a significant correlation was found between
cortical thinning in the left lingual gyrus and cognitive
score of symbol coding (r = −0.57, PFDR = 0.012) in sub-
type 1. Concerning global brain volumes, significant cor-
relations were found between general cognitive function
and decreased cerebral WMV (r = 0.42, PFDR = 0.012),
total GMV (r = 0.42, PFDR = 0.012), and TBV (r = 0.45,
PFDR = 0.012) in subtype 1.

In subtype 1, right middle temporal volume was
significantly correlated with age at onset (r = 0.50,

PFDR = 0.009), which were not found in subtypes 2
or 3 (see Supplementary Fig. S6). No significant corre-
lations between neuroanatomic features and antipsy-
chotic dose or illness duration were found in any sub-
types of antipsychotic-treated patients.

Discussion

We classified antipsychotic-treated patients with
schizophrenia into three subtypes based on their neu-
roanatomic similarity with three predefined subtypes
of a never-treated schizophrenia sample. Three neu-
roanatomic subtypes of antipsychotic-treated patients
displayed distinct patterns of morphological abnormali-
ties, which were different from the patterns revealed by
the never-treated sample. Compared with healthy con-
trols, subtypes 1 and 2 were characterized by widespread
deficits in cortical thickness but limited deficits in
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Figure 4: Subcortical statistic maps for comparisons among three subgroups of antipsychotic-treated patients and healthy controls. In sub-
cortical volume comparison, age, sex, and ICV were treated as covariates. Only regions that survived in multiple comparison corrections are
demonstrated and scaled by t statistic. Comparison results in the nucleus accumbens cannot be demonstrated in this 2D figure but described
in the Results.

cortical surface area. In contrast, subtype 3 displayed cor-
tical thickening affecting limited regions but widespread
deficits in surface area. Significant correlations between
neuroanatomic measures and cognitive function were
only found in subtype 1. Specifically, cortical thinning
in the left lingual gyrus was conversely associated with
symbol coding scores, and decreased cerebral WMV, total
GMV, and TBV were correlated with general cognitive
function.

To our knowledge, our research is the first study to
stratify antipsychotic-treated patients with schizophre-
nia based on the similarity of brain structures with the
predefined neuroanatomic subtypes of a never-treated
sample. The three generated subtypes of antipsychotic-
treated patients displayed various patterns of neu-
roanatomic abnormalities, different from those revealed
by the never-treated sample. It is worth noting that
such across-sample differences in neuroanatomic pat-
terns were not driven by potential confounding factors.
All participants from the two cohorts were from a single
site, scanned with the same scanner, with no comorbidi-
ties or substance use history, allowing us to better char-
acterize neuroanatomic heterogeneity in different illness
stages and medication conditions. The successful sub-
typing based on previously formed neuroanatomic sub-
types indicates a workable way to apply and generalize

predefined data-driven subtypes. Our attempt moves for-
ward toward the notion that the translational impact of
subtyping individuals with psychiatry into subtypes will
ultimately depend on their utility (Voineskos et al., 2020).

A somewhat unexpected finding is that subtype 3
of antipsychotic-treated patients with schizophrenia
displayed cortical thickening in the parietal-occipital
regions and the limbic system. Cortical thinning has
been frequently observed in schizophrenia no matter
whether patients received antipsychotics or not (Rimol
et al., 2012; Xiao et al., 2015; Zhang et al., 2015; van Erp
et al., 2018). In contrast, cortical thickening is a less
observed phenomenon, reported in untreated patients or
individuals at-risk mental state with affected parietal-
occipital areas. (Xiao et al., 2015; Zhang et al., 2015;
Suzuki et al., 2020). This evidence from individuals with-
out antipsychotic medications indicates that our find-
ing in subtype 3 might be an illness-related character-
istic rather than the results of antipsychotic treatment.
The result that no significant correlations between neu-
roanatomic features and antipsychotic dose found in any
of the three subtypes also supports this notion. However,
the influence of antipsychotics on the thicker posterior
cortices cannot be eliminated entirely. It is worth not-
ing that the effects of antipsychotic treatment on brain
structures might be complicated. Multiple aspects in
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Figure 5: Correlation between cognitive function and neuroanatomic features in each of the three subtypes of antipsychotic-treated patients
with schizophrenia. Correlation analyses were conducted between cognitive scores and neuroanatomic features in each of the three identified
subtypes of antipsychotic-treated patients with schizophrenia. We employed cortical thickness, cortical surface area, cortical and subcortical
volumes, and global brain volumes for analysis. Covariates for cognitive and neuroanatomic features were removed before analyzing. Specifi-
cally, age and sex were treated as covariates for cortical thickness, and ICV was the additional covariate for other neuroanatomic features. For
cognitive scores, age, sex, and education level were treated as covariates. FDR-corrected P-values smaller than 0.05/3 were recognized as signif-
icant and marked with asterisks because multiple correlation analyses were performed in three subtypes. Only features involved in significant
correlations in any of the three subtypes were displayed in this figure. PFDR, FDR-corrected P-value; r, Pearson’s correlation coefficient.
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antipsychotic treatment, such as current dose (Fusar-
Poli et al., 2013), accumulative dose across the illness
course (Vita et al., 2015), treatment intensity that reflects
antipsychotic dose in a specific interval (Andreasen et
al., 2013), and antipsychotic types (Vita et al., 2015)
might affect gray matter morphologies. The daily dose
of antipsychotics representing treatment conditions
around magnetic resonance scanning and the cross-
sectional design in our work makes it challenging to
clarify the relationship between cortical thickening and
medication effects. Thus, research with a long-term
follow-up that will establish relationships between neu-
roanatomic features and effects of antipsychotic treat-
ments in the context of heterogeneity is highly required.

An interesting finding is that the thinning cortex in
the left lingual gyrus is conversely associated with scores
of symbol coding in subtype 1 of antipsychotic-treated
patients with schizophrenia. Cortical thinning in the lin-
gual gyrus has been reported in schizophrenia (Narr et
al., 2005; Oertel-Knochel et al., 2013; Reavis et al., 2017).
As a part of the visual cortex, the lingual gyrus is located
in the medial occipital lobe and associated with visual
processing (Palejwala et al., 2021). Activations in the lin-
gual gyrus were found during the picture presentation
task of functional MRI in patients with schizophrenia
and healthy controls, indicating the function of visual
perception of this area (Stephan-Otto et al., 2016). In the
symbol coding paradigm, participants are requested to
match numbers to symbols within the allowed time, and
this test performance is sensitive to cognitive deficits
in a range of conditions (Jaeger, 2018), where patients
with schizophrenia generally showed great effect sizes
of deficits in this test (Dickinson et al., 2007). The symbol
coding paradigm measures a range of cognitive profiles,
such as attention, processing speed, visuoperceptual
function, motor speed, and working memory. The lingual
gyrus was activated in healthy adults during the symbol
coding test (Usui et al., 2009). Functions involved in the
symbol coding test, such as visual attention (Cornette et
al., 1998; Mechelli et al., 2000) and working memory (Han-
ford et al., 2019), are related to lingual gyrus in healthy
populations or patients with schizophrenia. Based on
the evidence of associations between lingual gyrus and
symbol coding, we infer that more significant cortical
thinning may be a biomarker of relative better perfor-
mance in a subset of antipsychotic-treated patients. The
microstructural cause of cortical thinning in the lin-
gual gyrus in schizophrenia was unclear. Further work
is needed to investigate pathophysiological mechanisms
for this abnormality and its relationships with cognition
to provide potential biomarkers for cognition-targeted
treatment.

It is an expected finding that three subtypes of
antipsychotic-treated patients demonstrated differ-
ent patterns of neuroanatomic alterations from those
revealed by the never-treated sample. Disparate profiles
in antipsychotic medications or illness stages between
the two samples might contribute to their differences

in neuroanatomic patterns. In line with the notion
that schizophrenia is a disorder with progressive brain
changes (Olabi et al., 2011; Kubota et al., 2015), brain
morphological alterations in the antipsychotic-treated
sample at later illness stages were considerably more
evident than those in the never-treated sample. More-
over, these across-sample differences in neuroanatomic
patterns across samples align with the well-established
roles of antipsychotics in cortical thinning and volumet-
ric changes in the basal ganglia (van Haren et al., 2011;
Haijma et al., 2013; Jorgensen et al., 2016).

Several limitations of the present study need to be
taken into account. First, as a cross-sectional design, the
effects of antipsychotics and illness progression could
hardly be evaluated when interpreting the heterogene-
ity of brain structures and their relationships with cog-
nitive performance, although no between-group differ-
ences in antipsychotic dose and illness duration were
revealed among three antipsychotic-treated subgroups.
Thus, the stratification should be further employed in
longitudinal research to explore such heterogeneity at
different illness stages with comparable antipsychotic
treatments. Second, as a structural MRI study, it is chal-
lenging to investigate potential neurobiological mech-
anisms of the distinct patterns of cerebral structural
abnormalities among three subgroups of patients. Longi-
tudinal research with antipsychotic use in animal mod-
els and analysis extending to genetics and molecular
biology is required to characterize the neurobiological
process for our findings. Last, we aimed to explore the
neuroanatomic patterns if a cohort of antipsychotic-
treated patients could be classified by the predefined
subtypes in a never-treated sample. This rationale led
us to use neuroanatomic similarity to perform subtyp-
ing rather than use data-driven approaches, limiting
us to use any advanced clustering algorithms in the
antipsychotic-treated sample. We used similarity, mea-
sured by Pearson’s correlation coefficient, for patient
subtyping. As a linear modeling approach, this method
could hardly detect complex nonlinear relationships.
Moreover, it tends to overfit data, although we performed
dimensional reductions procedures (i.e. PCA) on neu-
roanatomic features before subtyping. Future work may
seek to conduct patient subtyping using multivariate
algorithms with larger sample size.

Conclusions

We stratified patients with schizophrenia into three sub-
groups based on cerebral structures. The three sub-
types of patients demonstrated distinct patterns of neu-
roanatomic abnormalities but also disparate relation-
ships between brain morphologies and cognitive func-
tioning. These findings corroborate the existence of neu-
robiological heterogeneity in schizophrenia and suggest
that heterogeneity is a critical consideration in under-
standing the complex associations between structural
alterations and cognitive functioning.
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