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The clinical and biological heterogeneity of major depressive disorder (MDD) may reflect the aggregation of different conditions
with distinct pathologies under a single diagnostic label. Neuroanatomical heterogeneity in MDD was examined using a
harmonized, age- and sex-matched sample from the ENIGMA MDD consortium (N = 5146; age range: 9-82 years; 64% female).
Analyses of global neurostrucutral variability revealed greater cortical thickness heterogeneity in MDD compared with healthy
controls (Cohen’s d = —0.26). Regionally, increased variability in cortical thickness was most prominent in the cingulate (+6.1 to
+6.6% more variation in MDD) and insular (+5.8%) cortices, as well as in the frontal (+5.7 to +6.8%) and temporal (+6.1 to +6.8%)
lobes. Heterogeneity in cortical thickness was more pronounced among patients using antidepressant medication (Cohen’s d =
-0.39). Patient-specific analyses further showed that individuals with markedly increased cortical thickness variability (<5
percentile relative to the normative range) exhibited greater depressive symptom severity than those within the normative range
(5""—95™ percentile; Cohen’s d = 0.19-0.36). Overall, the results indicate that neuroanatomical heterogeneity in MDD is primarily
expressed in cortical thickness, offering refined insights into the neurobiological complexity of structural alterations associated with
depression. These findings could guide future stratification efforts examining whether regionally confined changes in cortical
thickness within areas of pronounced variability reflect clinically meaningful patient subgroups.

Translational Psychiatry (2026)16:452; https://doi.org/10.1038/s41398-026-04189-x

INTRODUCTION

Major Depressive Disorder (MDD) is the leading mental health
contributor to the global burden of disease [1]. Clinically, MDD is a
polythetic disorder characterized by substantial symptom hetero-
geneity, with a pattern of few prevalent, prototypical symptom
combinations and numerous combinations with low probabilities of
occurrence [2]. Only about 2% of patients with MDD share a fully
overlapping symptom profile, while 14% present with unique profiles

[3]. This heterogeneity extends to treatment outcomes: while initial
antidepressant (AD) therapy achieves remission in approximately 40%
of patients, about 30% remain symptomatic despite multiple
treatment attempts [4, 5]. Such clinical heterogeneity may reflect
the aggregation of distinct conditions with differing etiologies and
pathologies under the same diagnostic label. Research has demon-
strated that in psychiatric disorders reliance on group-level compar-
isons and the concept of an "average" patient can be misleading
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when applied to individuals [6, 7]. To address these challenges,
research efforts should aim to characterize the clinical and biological
heterogeneity in psychiatric populations.

Despite advances in understanding neuroanatomical hetero-
geneity in other psychiatric disorders [8-11], this approach has not
been applied to patients with MDD. Studies investigating
neuroanatomical differences between MDD patients and healthy
controls (HCs) have relied on case-control comparisons. Based on
structural magnetic resonance imaging (sMRI) analysis software
with automated assessment and parcellation of neuroanatomical
features [12], studies traditionally compared cortical thickness (CT),
cortical surface area (CSA), and subcortical volume (SV) measures
between MDD patients and HCs. Seminal research by the
Enhancing Neurolmaging Genetics through Meta-Analysis
(ENIGMA) consortium’s MDD working group has identified
significant neuroanatomical differences between MDD patients
and HCs [13, 14]. Patients with MDD show reductions in bilateral
hippocampal volumes, as well as the amygdala and striatum
[13, 15]. Additionally, decreased CT has been reported in regions
including the prefrontal cortex (PFC), orbitofrontal cortex (OFC),
anterior and posterior cingulate cortex (ACC and PCC), insular
cortex, and temporal gyrus [14]. While these volumetric reductions
are consistently detectable, the effect sizes are modest, with
Cohen's d ranging from -0.1 to -0.15 [13, 14]. Furthermore, a recent
large-scale case-control study reported that neuroanatomical
differences between MDD patients and HCs accounted for less
than 2% of the variance between the groups [16]. This suggests
that neuroanatomical differences are minimal in patients with
MDD, with greater similarities to HCs prevailing.

A potential limitation of these research efforts is that, although
neuroanatomical differences have been identified, they rely on
comparing group-means [17]. This approach inherently assumes
within-group homogeneity, implying that mean comparisons
accurately represent the distributions of all individuals [18]. Such
an assumption overlooks the possibility of increased inter-
individual variability (i.e, heterogeneity) within the patient
population [19, 20]. Neuroanatomical heterogeneity in MDD could
be an explanation for the modest effect sizes observed in previous
case—control studies of neuroanatomical differences [21], as
averaging across patients with diverse alterations could obscure
coherent patterns of structural alteration. Accordingly, shifting the
focus from mean-based group comparisons of structural altera-
tions toward analyses of individual variability and neuroanatomi-
cal heterogeneity may yield more informative insights into the
neurobiological deficits of MDD.

Against this backdrop, the present analysis investigated
neuroanatomical heterogeneity in MDD by comparing global
and regional measures of structural variability between patients
and HCs. Regional heterogeneity was measured using the
coefficient of variation ratio (CVR), which quantifies increased
variance in specific neuroanatomical metrics (e.g., cortical thick-
ness) within distinct brain regions relative to controls [8]. Global
heterogeneity, in turn, was assessed with the person-based
similarity index (PBSI), which reflects inter-individual variation in
the overall configuration of brain structure by computing the
similarity of each individual's multivariate neuroanatomical
pattern to the group-level pattern [22]. Together, these measures
provide complementary perspectives on neuroanatomical hetero-
geneity in depression, extending insights from previous
case-control studies of structural alterations [13, 14]. By quantify-
ing inter-individual variability as a continuous property of the data,
PBSI and CVR capture both global and region-specific sources of
structural variability, offering an efficient and model-free frame-
work for characterizing heterogeneity. Evidence from other
psychiatric conditions (e.g., psychosis, schizophrenia, and bipolar
disorder) has already shown pronounced increases in global and
regional neuroanatomical heterogeneity with these measures
[8-11]. Such a characterization, which allows a more nuanced
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understanding of structural deficits that could provide the
foundation for future, more guided stratification approaches, is
currently lacking in MDD.

Addressing this gap, this study provides a systematic investiga-
tion of neuroanatomical heterogeneity in MDD. We hypothesized
that patients with MDD would exhibit increased global and
regional neuroanatomical heterogeneity compared to HCs. Prior
research has indicated that demographic and clinical variables
(e.g., AD use, age at illness onset, and recurrence status) influence
neuroanatomical differences between MDD patients and HCs [23].
Therefore, moderation analyses were conducted to assess their
influence on neuroanatomical heterogeneity. To examine the
clinical relevance of global neuroanatomical heterogeneity, we
applied a normative referencing approach to identify MDD
patients whose global neuroanatomical variability was markedly
increased (<5 percentile in similarity relative to the normative
range) [24]. We hypothesized that those patients would exhibit
more severe clinical features of depression.

MATERIALS AND METHODS

Samples

The study sample was drawn from the ENIGMA MDD Working Group, an
international research consortium aggregating neuroimaging and clinical
data from individuals diagnosed with MDD and HC volunteers. The initial
dataset comprised 9 831 participants (MDD: 4 205; HC: 5 626) from 41
cohorts. After data processing and subsequent matching, 4 685
participants were excluded (MDD: 1 632; HC: 3 053; see below and
Supplementary Tables S1-S2 for details), yielding a final analysis sample of
5 146 participants (MDD: 2 573; HC: 2 573). Participants in the analysis
sample were aged 9-82 years, and 64% were female. All participating sites
obtained local ethics approval, and all participants, or their parents or legal
guardians where applicable, provided written informed consent. All
methods were performed in accordance with the relevant guidelines
and regulations.

Neuroimaging data acquisition and processing

Structural 3D T1-weighted MRI scans were acquired and processed locally
at each site using standard FreeSurfer pipelines [12, 25-27] in accordance
with the ENIGMA protocol (https://github.com/ENIGMA-git/). This com-
mon processing approach was applied across all participating cohorts,
including individuals younger than 18 years; no separate pediatric-
specific FreeSurfer pipeline was used in the present consortium dataset.
FreeSurfer segmentation yielded 68 regional measures of cortical
thickness (CT), 68 of cortical surface area (CSA), and 14 subcortical
volumes (SV) based on the Desikan-Killiany atlas [28]. ENIGMA quality
control comprised automated outlier detection (£2 SD) and site-level
visual inspection; regional measures with evidence of poor segmentation
were excluded. Site-specific acquisition parameters are detailed in
Supplementary Tables S3-54.

For the present analysis, participants with >5% missing measures across
CT, CSA, and SV were removed as indicative of poor parcellation [9].
Neuroimaging measures for the remaining participants were harmonized
separately for CT, CSA, SV using neuroComBat [29], adjusting for site-
related batch effects while preserving variance attributable to diagnosis,
age, and sex (specified as preserved covariates in the model matrix); code
is available at GitHub: https://github.com/lusemp/Decomposing-
Neuroanatomical-Heterogeneity-in-Depression-Preprocessing-
Harmonization-Code-/tree/main. To assess harmonization performance,
multivariate site-effect analyses were performed separately for CT, CSA,
and SV before and after harmonization using PERMANOVA and MDMR (999
permutations), and MDS plots were generated to visualize clustering by
site (see Supplementary Material, Supplementary Table S5, and Supple-
mentary Fig. S1). After harmonization, MDD participants missing pre-
defined clinical variables (AD use, age at illness onset, recurrence status)
were excluded. The final case—control sample was then matched 1:1 on
age and sex across cohorts. Additional details on analysis-specific
processing steps are described in the Supplementary Material.

Clinical variables
The clinical variables assessed in this study included AD use (at the time of
MRI scanning; present vs. absent), age at illness onset (adolescent-onset

Translational Psychiatry (2026)16:452
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[£21 years] vs. adult-onset [>21 years]), recurrence status (first episode vs.
recurrent), remission status (acutely depressed [episode within the past
6 months] vs. remitted), depression severity, and number of depressive
episodes. Depression severity was indexed by the clinician-rated Hamilton
Depression Rating Scale-17 (HDRS-17; total score) and the self-report Beck
Depression Inventory-ll (BDI-Il; total score). As an additional severity
indicator, the number of DSM-IV MDD criteria met from a structured
interview was used. Variables were collected by local sites according to the
ENIGMA MDD Working Group protocol and operationalized in line with
prior work [13, 14].

Statistical analyses

Prior work from the ENIGMA MDD working group on a partially
overlapping sample documented case-control mean differences in
neurostructural measures [13, 14]. Here, these findings are extended by
quantifying inter-individual neuroanatomical heterogeneity in MDD using
cross-sectional clinical and neuroimaging data. Statistical analyses were
conducted in R (4.3.2) and MATLAB (R2022b, 9.13). All statistical tests were
two-sided, and false discovery rate correction was applied where
appropriate.

Group-level ~ global  heterogeneity -  person-based  similarity
index (PBSI). Subject-specific estimates of inter-individual variability
within each group (MDD or HC) were quantified using the PBSI [22]. PBSI
scores were calculated separately for CT, CSA, and SV, using the
concatenation of all regional measures of each neuroanatomical metric.
This concatenation created a global brain profile per subject and metric,
and the PBSI score for each subject was computed as the average of all
pairwise Spearman correlations between that subject’s brain profile and
the brain profiles of all other subjects within the same group (see formula
below). The PBSI score reflects how similar an individual’s global brain
profile is to all other members of the same group. PBSI scores range from 0
to 1, with higher scores indicating greater neuroanatomical similarity to
others in the group. The function used to compute the PBSI scores is
available at:  https://www.mathworks.com/matlabcentral/fileexchange/
69158-similarityscore. To investigate whether group differences in hetero-
geneity varied across the three neuroanatomical metrics (CT/CSA/SV), a
linear mixed-effects model was used, with PBSI score as the dependent
variable and Group (MDD/HC), Metric (CT/CSA/SV), and their interaction
(Group x Metric) as fixed effects. The model included the covariates age
and sex as well as a random intercept for participant (1 |ID). Post-hoc
comparisons were conducted using estimated marginal means for pairwise
group comparisons, adjusting for multiple comparisons using the false
discovery rate (FDR). Effect sizes of the global neuroanatomical hetero-
geneity differences between MDD patients and HCs were calculated using
Cohen's d.

N
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The PBSI; score is the average Spearman correlation between all regional
measures of the i" individual (y;) and the measures of all other individuals
of the same reference group (y;, for j # i). For a given participant i, y;
represents the global brain profile (vector of all regional measures for a
given neuroanatomical metric [CT, CSA or SV]).

Group-level regional heterogeneity — coefficient of variation ratio (CVR). The
CVR was calculated separately for all regional measures of CT, CSA, and SV
to estimate regional differences in inter-individual variability between the
MDD and HC groups. CVR analyses were conducted using the natural
logarithm of the CVR as a mean-scaled measure of group-level
heterogeneity differences (see formula below). The CVR was computed
using the escalc() function from the metafor package [30], and summarized
in forest plots adjusting for multiple comparisons using the FDR within
each neuroanatomical metric. To aid interpretation, log-transformed CVRs
were back-transformed to the original scale; a CVR of 1 indicates no
difference in heterogeneity between MDD and HC groups, a
CVR > 1 suggests greater heterogeneity in MDD, and a CVR< 1 indicates
greater heterogeneity in HCs. The CVR serves as a direct measure of effect
size, quantifying the percentage increase or decrease in variation between
groups for a given regional measure. However, no standardized thresholds
exist for interpreting the magnitude of CVRs in psychiatric neuroimaging
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studies.

InCVR = In (M) —In (SMDD/XMDD> " 1 3 1
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The CVR was computed using the following values: the group means (
Xmpp and Xc) and the unbiased population standard deviations for each
group (Gmpp and Gyc), based on the respective sample sizes (nypp and nyc)
and standard deviations (Sypp and Syc) of the groups.

Moderation analyses of group-level heterogeneity effects. Demographic
(age, sex) and clinical (AD use, recurrence status, age at illness onset) variables
were examined as moderators of group differences in neuroanatomical
heterogeneity at both the global (PBSI) and regional (CVR) levels.

For global heterogeneity, two complementary ANOVA models were
specified. First, a Type Il ANOVA in the full sample tested the influence of
demographic variables, with PBSI as the dependent variable and Group (MDD/
HQ), Age (continuous), Sex (male/female), and their interactions (Group x Age,
Group X Sex) as predictors. For significant effects, post hoc comparisons were
performed using estimated marginal means, adjusting for multiple compar-
isons using the FDR, and effect sizes were expressed as Cohen's d. Second, a
Type Il ANOVA restricted to the MDD group tested the influence of clinical
variables, with PBSI as the dependent variable and AD use (yes/no), recurrence
status (first-episode/recurrent), and age at illness onset (adolescent/adult) as
predictors, adjusting for Age and Sex. For significant effects, post hoc
comparisons were performed using estimated marginal means, adjusting for
multiple comparisons using the FDR, and effect sizes were expressed as
Cohen'’s d.

For regional heterogeneity, MDD patients were stratified by each moderator
(with age dichotomized as adolescent [<21 years] vs. adult [>21 years]).
Subgroup-specific CVRs were then estimated by contrasting each MDD
subgroup with its matched HC subsample, resulting in separate CVRs for each
subgroup-control comparison. The FDR was used to control for multiple
comparisons.

Patient-specific global variability — Norm-PBSI. Norm-PBSI scores for the
MDD group were computed separately for CT, CSA, and SV. The analysis
followed the same procedure as the standard PBSI computation, with one
key difference: for the norm-PBSI, each MDD patient’s global brain profile
was correlated with the global brain profiles of all HCs, which served as the
normative reference set. The resulting norm-PBSI quantified each patient’s
similarity to the HC reference set, with lower values indicating greater
neuroanatomical dissimilarity (i.e, higher variability relative to the
normative range). To classify MDD patients according to their deviation
from the HC normative range, norm-PBS| values were z-standardized to the
HC reference distribution, and patients were categorized using the 5" and
g5th percentiles as thresholds [24]:

. norm: scores between the 5" and 95t percentiles (neuroanatomical
variability within the HC normative range);
IIl. supra-norm: scores above the 95" percentile (markedly reduced
neuroanatomical variability relative to the HC norm);
lll. infra-norm: scores below the 5™ percentile (markedly increased
neuroanatomical variability relative to the HC norm-range).

Pairwise comparisons among the norm, supra-norm, and infra-norm
groups were conducted to assess demographic and clinical differences.
Continuous variables were compared using the Mann-Whitney U test,
dichotomous variables using the chi-squared test, and effect sizes for
continuous contrasts were expressed as Cohen’s d.

RESULTS

Neuroanatomical heterogeneity in MDD was assessed in a harmo-
nized, age- and sex-matched case-control sample of 5 146
participants (MDD: 2 573, HC: 2 573). Detailed demographic and
clinical characteristics of the analysis sample are presented in Table 1.

Neuroanatomical heterogeneity in depression - global (PBSI):
increased only in cortical thickness

MDD patients showed significantly greater global CT hetero-
geneity compared with HCs, reflected by a lower mean PBSI
score (PBSlypp = 0.801, PBSIyc = 0.809, Prpg < 0.001, d = —0.26,
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Table 1. Demographics and clinical characteristics of the final study

sample (1:1 matched for age and sex across sites).

Feature MDD Patients Healthy
(n=2573) Controls

(n=2573

Sample composition

Total participants, n 5146

Included cohorts, n 41

Demographics (both groups)

Age (years), mean (SD) 40.57 (15.13)

Sex, female/male, n (%) 1651 (64) / 922 (36)
Clinical features (MDD only)

Age at onset of illness
(years), mean (SD)

29.88 (14.27) =

Antidepressant use at time Yes: 1405 (55) =

of scanning, n (%) No: 1168 (45)
Recurrence status, n (%) First episode: 1 -
028 (40)
Recurrent: 1 545
(60)
HDRS-17, mean (SD) 13.87 (8.16)* -
BDI-ll, mean (SD) 19.50 (12.12)* -
Number of DSM-IV criteria 479 (2.77)* -

for MDD met, mean (SD)

* Missing data: HDRS-17 = 47.1%; BDI-Il = 36.7%; DSM-IV criteria = 60.4%.
n number, SD standard deviation, MDD major depressive disorder, HDRS-17
hamilton depression rating scale-17, BDI-Il beck depression inventory-Il,
DSM-IV diagnostic and statistical manual of mental disorders, fourth
edition.

95% Cl [—0.32, —0.21]) (Fig. 1A). The averaged PBSI score
indexes the degree of global neuroanatomical similarity within a
group, with lower mean PBSI values indicating reduced within-
group similarity and, consequently, greater global heterogeneity
[11]. No group differences were observed in global neuroana-
tomical similarity for CSA or SV (Supplementary Fig. S2;
Supplementary Table S6).

Neuroanatomical heterogeneity in depression - regional
(CVR): increased only in cortical thickness, confined to
cingulate, insular, frontal, and temporal regions

Regional analyses revealed focal increases in CT heterogeneity
in MDD compared with HCs. Significant effects were observed in
the frontal and temporal lobes, as well as the cingulate and
insular cortices (CVR > 1, Pgpg < 0.05) (Fig. 1B). Regions surviving
multiple-comparison correction included the right transverse
temporal gyrus (+6.8% more variation, 95% Cl [2.7, 11.1]),
bilateral precentral gyrus (left: +6.8%, 95% Cl [2.7, 11.0]; right:
+5.7%, 95% ClI [1.6, 9.8]), bilateral isthmus cingulate cortex (left:
+6.1%, 95% Cl [2.0, 10.3]; right: +6.6%, 95% CI [2.5, 10.9]), left
fusiform gyrus (+6.1%, 95% CI [2.0, 10.3]), left rostral anterior
cingulate cortex (+5.9%, 95% Cl [1.9, 10.2]), and left insula
(+5.8%, 95% Cl [1.7, 10.0]) (Supplementary Table S7). The CVR
quantifies regional heterogeneity as the relative variability in
patients versus controls and can be interpreted as the
percentage increase in variation observed in patients [31]. The
significant CT effects clustered within a relatively narrow range
(5.7%-6.8% higher variability in MDD), indicating similar effect
sizes across the affected regions. No group differences in
regional heterogeneity were observed for CSA or SV after FDR
correction (Supplementary Figs. S3, S4).
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Moderation analysis of demographic factors: stable patterns
without age- or sex-specific effects on cortical thickness
heterogeneity in depression

For global CT heterogeneity (PBSI), the Type Ill ANOVA revealed
significant main effects of group (p < 0.001), age (p < 0.01), and sex
(p < 0.01), with no significant group X age (p = 0.567) or group x
sex (p =0.064) interactions (Supplementary Table S8). Subgroup
contrasts confirmed higher global CT heterogeneity in MDD
relative to matched HCs across all comparisons: adults (N =4 490
[MDD: 2 245, HC: 2 245]; Prpr < 0.001, d = —0.27, 95% CI [ — 0.32,
—0.21]), adolescents (N = 656 [MDD: 328, HC: 328]; Prpg < 0.001, d
= —0.25,95% Cl [ — 0.41, —0.10]), males (N = 1 844 [MDD: 922, HC:
922]; Prpr<0.01, d = —0.35, 95% Cl [ — 0.44, —0.26]), females
(N=3 302 [MDD: 1 651, HC: 1 651]; Prpr < 0.001, d = —0.22, 95%
Cl [ —0.29, —0.15]) (Supplementary Tables S9-510).

For regional CT heterogeneity (CVR), significant focal increases
emerged after FDR correction (CVR> 1, Pgpg < 0.05). Specifically,
adults with MDD showed greater heterogeneity than adult HCs in
the right precentral gyrus (+7.8%, 95% Cl [3.4, 12.4]); adolescents
with MDD showed greater heterogeneity in the inferior parietal
cortex (+23.3%, 95% Cl [10.6, 37.5]); and males with MDD
exhibited increased heterogeneity in the right precentral gyrus
(+13.6%, 95% Cl [6.4, 21.2]) and left rostral anterior cingulate
cortex (+11.5%, 95% Cl [4.5, 19.0]). No regional effects were
observed in females with MDD after FDR correction (Fig. 2A-B;
Supplementary Tables S11-S14; Supplementary Figs. S5-56).

Moderation analysis of clinical factors: antidepressant use
linked to greater cortical thickness heterogeneity in
depression

For global cortical thickness (CT) heterogeneity (PBSI), the MDD-
only Type Il ANOVA revealed a significant main effect of AD use
(p <0.001), whereas recurrence status (p=0.364) and age at
illness onset (p = 0.187) were not significant (Supplementary Table
S15; Supplementary Figs. S8-S11). Subgroup contrasts indicated
greater global heterogeneity in MDD patients using antidepres-
sants (N = 1 405) compared with HCs (N = 2 573; Pgpr < 0.001, d =
—0.39, 95% CI [ — 0.45, —0.32]), and with MDD patients without
antidepressants (N=1 168; Pgppr<0.001, d = —0.27, 95% Cl
[ —0.34, —0.20]). In contrast, MDD patients without antidepres-
sants did not differ significantly from HCs (Prpg = 0.056). (Fig. 3A;
Supplementary Table S16).

For regional CT heterogeneity (CVR), significant focal increases
emerged for MDD patients with antidepressants versus matched
HCs after FDR correction (CVR> 1, Pgpg < 0.05) (Fig. 3B). Specifi-
cally, higher heterogeneity was observed in the bilateral
precentral gyrus (left: +11.9%, 95% Cl [6.2, 18.0]; right: +9.5%,
95% ClI [3.8, 15.4]), bilateral fusiform gyrus (left: +7.8%, 95% Cl [2.3,
13.6]; right: +9.4%, 95% Cl [3.8, 15.3]), right transverse temporal
gyrus (+9.4%, 95% Cl [3.8, 15.3]), bilateral insula (left: +8.9%, 95%
Cl [3.3, 14.8]; right: +7.8%, 95% Cl [2.3, 13.7]), and left posterior
cingulate cortex (+7.8%, 95% Cl [2.3, 13.6]) (Fig. 3C; Supplementary
Table S17). No regional CVR differences survived FDR correction
for MDD without antidepressants versus matched HCs (Fig. 3C;
Supplementary Table S18), nor for MDD with versus without
antidepressants (Supplementary Fig. S7).

Patient-specific global variability (Norm-PBSI): no differences
in the number of norm-deviating patients across
neuroanatomical metrics

Based on the individual norm-PBSI classification, 20% of MDD
patients (N=1509) were identified as infra-norm deviators,
showing marked neuroanatomical dissimilarity to HCs (<5™
percentile) in at least one neuroanatomical metric (N =211,
Ncsa = 187, Nsy = 229), including 49 patients deviating in multiple
metrics and 3 in all three. In contrast, 78% of MDD patients (N =1
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Region CVR N
RH-transversetemporaltt* 1.068 — 5127
LH-precentraltt* 1.068 —— 5117
RH-isthmuscingulatett* 1.066 —— 5139
LH-isthmuscingulatet1* 1.061 —— 5133
LH-fusiformtt* 1.061 —— 5137
LH-rostralanteriorcingulatett* 1.059 — 5126
LH-insulatt* 1.058 —— 5108
RH-precentraltt* 1.057 — 5129
RH-fusiformtt 1.053 —.— 5138
LH-superiortemporalt 1.053 —— 5001
RH-superiortemporalt 1.053 —— 5092
LH-posteriorcingulatet 1.052 — 5137
RH-cuneust 1.048 — 5116
RH-inferiortemporalt 1.045 —— 5114
RH-insulat 1.041 —— 5093
RH-rostralanteriorcingulatet ~ 1.041 — 5135
LH-precuneust 1.041 —— 5131
RH-paracentralt 1.04 —— 5140
LH-caudalanteriorcingulate 1.04 —— 5131
RH-precuneus 1.039 — 5139
LH-supramarginal 1.039 ——— 5095
LH-postcentral 1.038 — 5105
LH-inferiortemporal 1.038 —— 5088
RH-postcentral 1.038 — 5122
LH-medialorbitofrontal 1.038 —— 5110
LH-middletemporal 1.036 ——— 5005
RH-lateraloccipital 1.036 ——— 5133
RH-posteriorcingulate 1.036 —— 5142
RH-caudalanteriorcingulate 1.033 —— 5141
RH-superiorfrontal 1.032 —— 5137
RH-inferiorparietal 1.031 —— 5132
RH-medialorbitofrontal 1.028 —_— 5127
LH-temporalpole 1.027 —— 5131
LH-parahippocampal 1.026 — 5138
LH-superiorfrontal 1.024 —_—— 5139
RH-rostralmiddlefrontal 1.024 —— 5133
LH-parsopercularis 1.022 —— 5136
RH-frontalpole 1.022 —— 5140
RH-supramarginal 1.02 — 5116
LH-paracentral 1.02 —— 5139
LH-frontalpole 1.02 — 5144
RH-bankssts 1.019 ——— 5097
RH-parahippocampal 1.016 —— 5141
RH-superiorparietal 1.015 —— 5139
RH-lingual 1.014 — 5130
LH-parstriangularis 1.014 —— 5134
LH-transversetemporal 1.012 —— 5133
RH-middletemporal 1.011 —— 5122
RH-pericalcarine 1.011 —— 5108
LH-entorhinal 1.01 —_—— 5027
LH-lateralorbitofrontal 1.01 — 5129
LH-parsorbitalis 1.01 — 5134
LH-superiorparietal 1.009 —— 5131
RH-entorhinal 1.009 ——— 4963
LH-rostralmiddlefrontal 1.007 —_—— 5136
LH-bankssts 1.007 —— 4946
RH-parsopercularis 1.006 —— 5133
LH-caudalmiddlefrontal 1.006 —— 5128
LH-pericalcarine 1.006 —— 5121
LH-lateraloccipital 1.006 — 5133
LH-cuneus 1.005 ——— 5123
LH-lingual 1.002 ——— 5125
LH-inferiorparietal 1 — 5129
& RH-parstriangularis 0.997 —_—— 5135
RH-lateralorbitofrontal 0.992 —— 5134
RH-temporalpole 0.984 — 5132
RH-parsorbitalis 0.98 —— 5142
RH-caudalmiddlefrontal 0.974 y »I—.—I- : ' y 5134
pTt<.01,1<.05 090 095 10 105 11 115
FDR * <.05 Variation in MDD
Lower Higher

Fig. 1 Global and regional cortical thickness heterogeneity in MDD compared with HCs. A Violin and box plots of global cortical thickness
heterogeneity quantified using the person-based similarity index, in MDD patients and age- and sex-matched HCs (median and interquartile
range). B Brain maps illustrating the percentage of variation in cortical thickness among MDD patients relative to HCs, with color intensity
reflecting the magnitude and direction of effects (red = higher, blue = lower variation). C Forest plot of the coefficient of variation ratio for
cortical thickness across brain regions, where CVR > 1 indicates greater heterogeneity in MDD. CVR = coefficient of variation ratio; CT =
cortical thickness; FDR = false discovery rate; HC = healthy control; LH = left hemisphere; MDD = major depressive disorder; PBSI = person-

based similarity index; RH = right hemisphere.

965) were within the normative range (5"-95™ percentile), and
2% (N=49) were classified as supra-norm deviators, showing
greater similarity to HCs (>95" percentile) in a single metric
(Nt = 14, Ncsa = 34, Nsy = 1), with no patients deviating in more

than one metric (Supplementary Fig. S12).
Patient-specific global variability (Norm-PBSI): infra-norm
deviation in cortical thickness linked to higher symptom

severity
Patients identified as infra-norm deviators for CT (N=211)

showed significantly higher depression severity compared with

Translational Psychiatry (2026)16:452

norm patients for CT (N=2 331). Infra-norm classification
indicates markedly increased global neuroanatomical variability,
meaning that CT patterns in these patients deviated markedly
from the HC reference range. Specifically, infra-norm patients
exhibited higher clinician-rated symptom scores (HDRS-17: mean
difference = 1.59, p < 0.05,d = 0.19, 95% Cl [0.02, 0.37]) and self-
reported symptom scores (BDI-ll: mean difference = 4.34,
p<0.01, d=0.36, 95% Cl [0.11, 0.63]), as well as a trend-level
difference in the number of DSM-IV criteria met for MDD (mean
difference = 0.68, p=0.065, d=0.25, 95% Cl [-0.03, 0.54])
(Fig. 4). No significant differences in depression severity were
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% of Variation in CT of MDD patients
(Adult) - (Adolescent)

-10 5 0 5 10

Region CVR N
LH-precentral

Adult (MDD vs HO)ttH*  1.078 | —— 4465
Adolescent (MDD vs HO)t  1.124 — > 6%
RH-ransversetemporal !
Adult (MDD vs HC)tt  1.069 | —— 4472
Adolescont (MDD vs HC) 1058 ——+—=——— 655
LH-rostralanteriorcingulate !
Adult (MDD vs HC)t+ 1.06 | —— a2
Adolescent (MDD vs HC) 0979 <——a+——— 654
Rh-precentral !
Adult (MDD vsHO)t 1,056 |—— 4474
Adolescent (MDD vs HO)Yt 113 |—————> 65
LH-superiortemporal !
Aot (MDD Vs HOJt 1,054 —.— 4361
Adolescent (MDD vsHC) 1067 ~ ———=——— 640
RHisthmuscingulate !
Adult (MDD vsHO)t 1,052 \—— 4483
Adolescent (MDD vs HC) 1074 ~ —+——=——— 656
LH-posteriorcingulate. !
Adult (MDD vs HC)t 1051 \—— 4484

Adolescent (MDD vs HC) 0972 «—a———— 653
RH-superiortemporal

Adult (MDD vs HC) 101

Adolescent (MDD vs HC)tt  1.069
LH-fusiform

Adult (MDD vs HC)t 105 4482

Adolescent (MDD vs HC) 1057 ~———=———— 655

LH-isthmuscingulate

T

4443
649

*1

-

Adult (MDD vs HC)t  1.047 4481
Adolescent (MDD vs HC) 1086 ~—1—e———— 652

RH-cuneus !

Adult (MDD vs HC)t 1.047 —— 4469

Adolescent (MDD vs HC) ~ 1.011 ———&——— 647
RH-fusiform i

Adult (MDD vs HC)  1.047 —— 4484

Adolescent (MDD vs HC) 1059 ~ ——=——— 654
RH-inferiortemporal i

Adult (MDD vs HC) 1027 e 4458

Adolescent (MDD vs HCO)tY 118 | ——= 6%
RH-ateraloceipital i

Adult (MDD Vs HC)  1.022 o 4479

Adolescent (MDD vs HC)tt 1163 [ )
LH-inferiortemporal i

Adult (MDD vs HC) 102 e 4437

Adolescent (MDD vs HC)f 1122 (——— 51
LH-middletemporal i

Adult (MDD vs HC) 1.016 —t— 4367

Adolescent (MDD vs HC)f 1134 | ——— 638
LH-temporalpole. i

Adult (MDD Vs HC)  1.013 —— 4476

Adolescent (MDD vs HC)f 1122 ——— 655
RH-supramargil i

Adult (MDD vs HC)  1.008 —— 4462

Adolescent (MDD vs HC)t 1118 ——— 65
RhH-inferiorparietal i

Adult (MDD vs HC) 1.007 —A‘I-— 4477

Adolescent (MDD vs HC)tH*  1.233 | —— 655
RH-superiorparietal i

AGL(MDDVSHC) 0999 —d— 4486

Adolescent (MDD vs HC) 1167 ——
LH-superiorparietal I

Adult (MDD vs HC) 0993  —a— 4476

Adolescent (MDD vs HC)tt ~ 1.156 | ———— 655
RH-parsopercularis. I

Adult (MDD vs HC) 0986  —wi— 4480

Adolescent (MDD vs HC)tt ~ 1.165 | ——=— 65
LH-cuneus i

Adult (MDD Vs HC) 0984  —ai— 4473

Adolescent (MDD vs HC)t 1117 ——— 50
LH-inferiorparietal i

Adult (MDDVSHC) 0982 —al— 4473

Adolescent (MDD vs HC)Y 1134 ——=—> 656

RH-middletemporal
Adult(MDDVSHC) 098 —a-— 4471
Adolescent (MDD vs HC)tt ~ 1.167 ———=> 651

p 1t <.001, 1 <.01,1<.05 09 1
FDR*<.05 Variation in MDD

— —
Lower Higher

% of Variation in CT of MDD patients
(Male) - (Female)

Region CVR N
RH-precentral '
Male (MDD vs HO)tt1*  1.136 {
Female (MDDVs HC) ~ 1.003 ~ —&— 3290
LH-rostralanteriorcingulate
Male (MDD vs HO)Ttt*  1.115

Female (MDD vs HC) ~ 1.031 -+ 3285
RH-temporalpole “

Male (MDD vs HC)tt 14 | —=—— 1839

Female (MDD vs HO)tt 0928 <a— | 3293
RH-transversetemporal i

Male (MDD vs HC)tt  1.093 l—a— 183

Female (MDD vs HC)t  1.051 . 3291

LH-precentral

i
Male (MDD vs HC)t ~ 1.075 —— 1832
Female (MDD vs HC)t ~ 1.059 |—— 3285
LH-isthmuscingulate }
Male (MDD vs HC)t ~ 1.072 — 1838
Female (MDD vs HC)t  1.052 —— 3295
RH-rostralanteriorcingulate i
Male (MDD vs HC)t  1.069 e 1839
Female (MDD vs HC) ~ 1.024 —— 3296
RH-fusiform i
Male (MDD vs HC)t ~ 1.068 —— 1839
Female (MDD vs HC)  1.043 —— 3299
LH-fusiform ;
Male (MDD vs HC) ~ 1.064 —— 1839
Female (MDD vs HC)t ~ 1.057 —— 3298
LH-insula {
Male (MDD vs HC) 1.06 - 1833
Female (MDD vs HC)t ~ 1.054 —— 3275
RH-isthmuscingulate |
Male (MDD vs HC) ~ 1.059 —_— 1839
Female (MDD vs HC)tt 1.07 | —— 3300
LH-posteriorcingulate “
Male (MDD vs HC) ~ 1.033 —— 1842
Female (MDD vs HC)t ~ 1.063 |—— 3295
RH-superiortemporal '
Male (MDD vs HC) ~ 1.032 e 1825
Female (MDD vs HC)tt 107 f—— 3267
RH-insula i
Male (MDD vsHC) 1029 —ra—— 1828
Female (MDD vs HC)t 108 —— 3265
LH-superiortemporal }
Male (MDD vsHC) 1017 —+a—— 1787
Female (MDD vs HC)tt 108 | —— 214
LH-middletemporal i
Male (MDD vs HC) 1.014 —1-— 1787
Female (MDD vs HC)t 1.083 — 3218
09 1 12

Variation in MDD
— —
Lower Higher

ptt<.001,tt<.01,1<.05
FDR "< .05

Fig. 2 Age and sex effects on regional cortical thickness heterogeneity in MDD compared with HCs. A Forest plots and brain maps
showing significant coefficients of variation ratio values (Prpg < 0.05) for cortical thickness heterogeneity in adult (> 21 years) and adolescent
(< 21 years) MDD subgroups relative to age- and sex-matched HCs. B Forest plots and cortical surface maps showing significant coefficients of
variation ratio values (Pgpg < 0.05) for cortical thickness heterogeneity in male and female MDD subgroups relative to age-matched HCs. For
both (A) and B, CVR > 1 indicates greater heterogeneity in MDD, and color intensity represents the magnitude of the percentage difference in
variation between subgroups (red = higher, blue = lower variation). CVR = coefficient of variation ratio; CT = cortical thickness; HC = healthy
control; LH = left hemisphere; MDD = major depressive disorder; RH = right hemisphere.

observed for supra-norm deviators for CT (Supplementary
Table S19).

A sex difference was also observed between the infra-norm and
norm groups for CT (x> = 5.14, p < 0.05), with the infra-norm group
showing a higher proportion of females (71%) compared with the
norm group (62%) (Supplementary Table S19). No significant
differences in sex distribution were observed for the supra-norm
group for CT, and no additional clinical or demographic
differences were found among the infra-norm, norm, and supra-
norm groups for CT (Supplementary Table S19).

Detailed results of subgroup contrasts between infra-norm,
norm, and supra-norm patients for CSA and SV are provided in
Supplementary Tables S20-S21.

DISCUSSION

The aim of this study was to investigate global and regional
neuroanatomical heterogeneity in MDD compared with HCs
across three structural metrics: CT, CSA, and SV. In addition,
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patient-specific variability relative to the normative range defined
by the HC group was examined to explore the potential clinical
relevance of increased neuroanatomical variability.

Three key findings emerged: First, MDD patients showed
greater global (whole-brain) and regional (region-specific) hetero-
geneity in CT, whereas no such differences were observed for CSA
or SV. Second, increased CT heterogeneity (global & regional) was
most pronounced among patients receiving AD medication at the
time of scanning, while AD-free patients and HCs displayed
comparable levels of CT heterogeneity. Third, patients exhibiting
markedly increased CT variability (<5™" percentile relative to the
normative range) showed higher depressive symptom severity
compared with patients whose CT variability fell within the
normative range.

The finding of increased global CT heterogeneity in MDD
extends prior work showing widespread case-control CT differ-
ences [14, 15, 32, 33]. The absence of similar effects for CSA or SV
suggests that CT may be the most dynamic structural marker of
disorder-related variation. CT is known to be particularly sensitive
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Fig. 3 Effect of antidepressant use on global and regional cortical thickness heterogeneity in MDD compared with HCs. A Violin and box
plots of global cortical thickness heterogeneity (PBSI scores) in MDD subgroups with and without antidepressant use compared with age- and
sex-matched HCs (median and interquartile range). B Forest plots showing significant coefficients of variation ratio values (Pgpg < 0.05) for
cortical thickness heterogeneity in AD-use and no-AD-use subgroups compared with HCs, where CVR > 1 indicates greater heterogeneity in
MDD. C Brain maps illustrating differences in cortical thickness heterogeneity between AD-use and no-AD-use MDD patients relative to HCs,
with color intensity reflecting the percentage difference in variation between subgroups (red = higher, blue = lower variation). AD =
antidepressant; CVR = coefficient of variation ratio; CT = cortical thickness; FDR = false discovery rate; HC = healthy control; IQR =
interquartile range; LH = left hemisphere; MDD = major depressive disorder; PBSI = person-based similarity index; RH = right hemisphere.

to neuroplastic processes such as synaptic remodeling, dendritic
pruning, and glial changes, all mechanisms that have been
repeatedly implicated in the pathophysiology of depression [23].
In contrast, CSA and SV represent more stable neuroanatomical
traits, reflecting early neurodevelopmental or genetic influences
rather than state-dependent alterations [34-37]. This distinction
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aligns with evidence that CSA is more heritable and potentially
less influenced by environmental or illness-related factors
compared to CT [35, 36].

Regionally, increased CT heterogeneity in MDD was most
pronounced in the precentral, transverse temporal, and fusiform
gyri, as well as in the isthmus and rostral anterior cingulate and
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Fig. 4 Depression severity by neuroanatomical varlablllty in MDD. Violin and box plots comparlng depression severity between infra-norm
MDD patients (with markedly increased dissimilarity in structural variability patterns to HCs, < 5™ percentile; pink) and norm MDD patients
(with similar structural variability patterns to HCs, 5t"-95™ percentile; turquoise) across measures of cortical thickness, cortical surface area,
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Depression Inventory-Il; CT = cortical thickness; CSA = cortical surface area; DSM-IV = Diagnostic and Statistical Manual of Mental Disorders,
Fourth Edition; HC = healthy control; HDRS-17 = Hamilton Depression Rating Scale-17; MDD = major depressive disorder; SV = subcortical

volume.

insular cortices, brain areas consistently implicated in both
structural and functional alterations in depression [14, 38-40].
These regions support diverse functions spanning motor control,
sensory integration, and emotion regulation, suggesting that
structural heterogeneity in MDD may arise across diverse yet
interacting functional domains. Previous meta-analyses have
reported predominantly cortical thinning in these regions, though
localized CT increases, particularly in the transverse temporal
gyrus and posterior cingulate cortex, have also been observed
[41, 42]. Such bidirectional changes in CT could help explain the
observed heterogeneity and may reflect region-specific variability
in neuroplastic adaptations to illness progression or treatment
exposure. This interpretation aligns with evidence suggesting that
CT changes may vary in relation to different behavioral
manifestations. For example, variability in the precentral gyrus
may correspond to individual differences in psychomotor
symptoms such as retardation or agitation [43], whereas hetero-
geneity in the fusiform gyrus and cingulate cortex may relate to
altered perceptual or emotional processing [44, 45]. Although
such interpretations remain largely speculative at this stage, the
present findings nonetheless suggest that CT heterogeneity in
certain regions may reflect variable structural adaptations rather
than uniform cortical changes. Whether this variability represents
distinct pathophysiological mechanisms, treatment-related effects,
or downstream consequences of symptom expression remains to
be determined.

Beyond the overall increase in CT heterogeneity in MDD,
moderation analyses identified AD use as a key factor contributing
to structural variability in CT. Only patients receiving ADs at the
time of scanning showed greater global and regional CT
heterogeneity, whereas non-medicated patients and HCs exhib-
ited comparable levels. This pattern may reflect inter-individual
differences related to treatment exposure. ADs have been shown
to promote neuroplastic processes in mood-regulating regions
such as the frontal lobe and cingulate cortex [46, 47]. Regionally,
increased CT heterogeneity in AD-treated patients was most
pronounced within precentral, fusiform, and insular regions,
aligning with previous reports linking structural and metabolic
alterations in these areas to antidepressant response and
remission [48, 49]. However, the current cross-sectional data do
not allow any causal or mechanistic inferences. AD-treated
patients were also older, more symptomatic, and more often
recurrent, clinical features previously associated with structural
brain alterations in MDD [14, 19]. Although the groups were age

SPRINGER NATURE

and sex matched and analyses adjusted for clinical and demo-
graphic factors, residual confounding by unmeasured variables
such as concomitant or lifetime medication exposure cannot be
ruled out. In particular, antipsychotic augmentation, which has
been shown to affect CT in other psychiatric disorders [50], may
have contributed to the observed CT variability. Therefore, the
present findings should be interpreted with caution. Rather than
representing a unitary effect of ADs, the observed increase in
structural variability likely reflects a complex interplay between
treatment-related processes and greater illness burden, suggest-
ing that multiple factors jointly shape CT variability in MDD.
Prospective and longitudinal studies will be crucial to disentangle
these influences and clarify the mechanisms underlying increased
CT heterogeneity in AD-treated patients.

To examine the clinical relevance of neuroanatomical variability
at the individual level, a normative referencing approach was
applied to identify patients exhibiting markedly increased
structural variability relative to the HC range. Across all three
neuroanatomical metrics, 78% of patients remained within the
normative range, suggesting that pronounced neuroanatomical
deviation was absent in most individuals with MDD. This was
consistent with the absence of significant heterogeneity differ-
ences for CSA and SV. Although CT heterogeneity was increased in
MDD, most patients also remained within the normative range for
CT, suggesting a subtle group-level shift and/or greater dissim-
ilarity concentrated in a subset of patients rather than widespread
marked deviation. Patients with markedly increased CT variability
showed significantly higher symptom severity compared to those
within the normative range. This pattern was consistent across
both clinician-rated (HDRS-17) and self-reported (BDI-Il) measures
of depression, suggesting that patients with the most atypical CT
profiles relative to controls tend to experience more severe
depressive symptomatology. Prior studies have reported both
cortical thinning and thickening in relation to depressive
symptom severity, reflecting potentially divergent neuroplastic
mechanisms that encompass both degenerative and compensa-
tory processes [51-53]. Accordingly, greater CT variability in more
severely affected patients may capture the interplay of these
opposing structural dynamics across individuals. Notably, this link
between patient-level variability and symptom severity was
specific to CT and not observed for CSA or SV, reinforcing the
view that cortical thickness is particularly sensitive to dynamic
neuroplastic processes in depression [32, 54]. However, these
findings represent only an initial step, and further work is needed
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to clarify the clinical relevance of variable CT alterations in
depression.

This study is limited by its cross-sectional design, which
precludes conclusions about causality or temporal dynamics in
neuroanatomical variation. A further limitation relates to the
matching procedure, which was performed at the pooled rather
than within-site level in order to retain sufficient sample size. In
addition, FreeSurfer version varied across cohorts and was closely
linked to site, such that some residual processing- and site-related
influences may remain, despite validation analyses indicating
marked attenuation of site-related multivariate structure after
harmonization. Harmonization was performed using neuroCom-
Bat, although the broad age range means that nonlinear age
effects cannot be fully excluded. Future lifespan studies may
therefore benefit from harmonization approaches such as
ComBat-GAM, which explicitly model nonlinear age effects.
Interpretation of clinical factors associated with greater CT
heterogeneity is further limited by the lack of detailed information
on AD class, dosage, duration, prior exposure, and concurrent
medications. Moreover, the comparison between medicated and
non-medicated patients is constrained by the likelihood that the
non-medicated group included both antidepressant-naive and
previously treated individuals, limiting attribution of the observed
effects in AD-treated patients to direct pharmacological influ-
ences. Limited item-level clinical data across sites further
precluded dimensional analyses of specific symptom domains in
relation to neuroanatomical heterogeneity.

Despite these limitations, several methodological strengths
support the findings. The large sample size provided substantial
statistical power and broad representation across cohorts.
Standardized ENIGMA MRI processing and quality-control proce-
dures enhanced comparability and reproducibility of the imaging
measures. Age- and sex-matching improved the precision of
case—control comparisons, and the additional harmonization
validation analyses supported effective attenuation of site-
related multivariate structure. Finally, this study provides one of
the first large-scale characterizations of neuroanatomical hetero-
geneity in MDD and extends prior case-control work through
complementary global, regional, and patient-specific measures of
neurostructural variability.

Taken together, this study advances understanding of structural
brain alterations in MDD by highlighting increased heterogeneity
in CT. Future neuroimaging research should build on these
findings by disentangling sources of neurostructural variability
through item-level symptom data and transdiagnostic frameworks
that map specific symptom dimensions onto patterns of
neuroanatomical change. Prospective multimodal studies using
advanced computational approaches will be crucial to determine
whether the CT variability observed here reflects a dynamic
process linked to illness course and treatment, and whether
distinct biological or clinical subtypes can be identified within
these heterogeneous patterns. Recent advances in data-driven
phenotyping provide promising directions for such efforts [55-57].
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