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Abstract

Background. Early neurodevelopmental deviations, such as abnormal cortical folding pat-
terns, are candidate biomarkers of major depressive disorder (MDD). We aimed to investigate
the association of MDD with the local gyrification index (LGI) in each cortical region at the
whole-brain level, and the association of the LGI with clinical characteristics of MDD.
Methods. We obtained T1-weighted images from 234 patients with MDD and 215 healthy
controls (HCs). The LGI values from 66 cortical regions in the bilateral hemispheres were
automatically calculated according to the Desikan-Killiany atlas. We compared the LGI values
between the MDD and HC groups using analysis of covariance, including age, sex, and years
of education as covariates. The association between the clinical characteristics and LGI values
was investigated in the MDD group.

Results. Compared with HCs, patients with MDD showed significantly decreased LGI values
in the cortical regions, including the bilateral ventrolateral and dorsolateral prefrontal cortices,
medial and lateral orbitofrontal cortices, insula, right rostral anterior cingulate cortex, and sev-
eral temporal and parietal regions, with the largest effect size in the left pars triangularis
(Cohen’s f>=0.361; p=1.78 x 107"%). Regarding the association of clinical characteristics
with LGIs within the MDD group, recurrence and longer illness duration were associated
with increased gyrification in several occipital and temporal regions, which showed no signifi-
cant difference in LGIs between the MDD and HC groups.

Conclusions. These findings suggest that the LGI may be a relatively stable neuroimaging
marker associated with MDD predisposition.

Introduction

Major depressive disorder (MDD) is one of the most prevalent and debilitating mental ill-
nesses characterized by multifaceted interactions between genetic variants and environmental
exposure, producing functional and structural alterations in the neural networks of emotion
processing (Kupfer, Frank, & Phillips, 2012; Otte et al., 2016). Considered by the World
Health Organization to be the leading cause of incapacity, the functional and psychological
deficits that result from MDD are pervasive, often chronic, recurring, progressive, and highly
disabling (Malhi & Mann, 2018). Many neuroimaging studies have reported structural and
functional abnormalities in the brain in MDD and have helped increase the neurobiological
understanding of the disorder (Kupfer et al., 2012; Li et al,, 2018; Phillips et al., 2015;
Williams, 2016). However, the underlying neural basis of MDD remains to be clarified.

Emerging evidence has proposed a neurodevelopmental perspective on the pathophysi-
ology of MDD related to disturbances in neural circuitry (Ansorge, Hen, & Gingrich, 2007;
Gatlecka, Blizniewska-Kowalska, Maes, Su, & Gatlecki, 2021; Gatecki & Talarowska, 2018;
Lima-Ojeda, Rupprecht, & Baghai, 2018). Previous neuroimaging studies, including
meta-analyses, have identified functional alterations in the limbic structures, lateral and medial
prefrontal cortex (PFC), anterior cingulate cortex (ACC), orbitofrontal cortex (OFC), and
insula in MDD (Li et al., 2018; Rive et al., 2013; Williams, 2016). Similarly, structural inves-
tigations have reported aberrations in the prefrontal-limbic circuitry, including the lateral PFC,
ventromedial PFC, dorsomedial PFC, OFC, ACC, and hippocampus (Li et al., 2020; Schmaal
et al., 2016; Schmaal et al., 2017).

Recent functional neuroimaging studies highlight the involvement of these cortical regions
in various emotion regulation-related neural circuits, which are associated with specific depres-
sion symptomatology: elevated ventral limbic network during excessive negative mood (dys-
phoria); decreased activity in the frontal-striatal reward network accounting for loss of
interest, motivation, and pleasure (anhedonia); enhanced default mode network in depressive
rumination; and diminished activity in the dorsal cognitive control network in cognitive dys-
control, particularly in regulating negative thoughts and emotions (Li et al., 2018).
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Most brain morphometric parameters are affected by state-
dependent factors (Nenadic et al., 2015). Cortical folding, on
the other hand, is a structural morphological index referring to
the developmental process of the brain cortex in the formation
of the gyrus and sulcus (Striedter, Srinivasan, & Monuki, 2015;
White, Su, Schmidt, Kao, & Sapiro, 2010). As an indicator closely
related to principal neural connectivity, it is generally considered
a neurodevelopmental hallmark reflecting surface complexity
and the early neural development of cortical connectivity
(Dauvermann et al., 2012; Nixon et al., 2014). Because neurode-
velopmental markers guarantee the capture of mechanisms asso-
ciated with vulnerability to MDD, such information is critical in
further comprehending the pathophysiology of MDD (Depping
et al., 2018).

Previous studies investigating patterns of abnormal cortical
gyrification in MDD have provided valuable insights; however,
the reported findings on cortical folding are controversial. A
study comparing cortical gyrification between MDD and border-
line personality disorder reported a common reduction in the cor-
tical folding of the precuneus, superior parietal gyrus, and
parahippocampal gyrus in both groups when compared to healthy
individuals (Depping et al., 2018). Patients with MDD also
demonstrated hypogyrification in the middle frontal and fusiform
gyri. Similarly, another study highlighted hypogyrification in the
fusiform gyrus in MDD (Chen et al., 2021). Conversely, other
studies have identified an increase in cortical folding, specifically
in regions including the frontal pole, precentral and postcentral
gyrus, cingulate, superior temporal gyrus, lingual gyrus, and fusi-
form gyrus (Han et al., 2017a; Schmitgen et al., 2019).

Despite these efforts, previous studies have been limited by
their small sample size and lack of investigation of the association
between clinical characteristics of MDD, including recurrence, ill-
ness duration, severity of depression, remission status, medication,
and the pattern of gyrification (Depping et al., 2018; Han et al,
2017a; Long et al, 2020; Schmitgen et al., 2019; Zhang et al,
2009). Only a scarce number of studies including, Depping
et al. (2018) and Long et al. (2020) reported significant associa-
tions between the age of onset and hypogyrification of frontal
gyrus in patients with MDD (Depping et al., 2018), and negative
correlations between Hamilton Anxiety Rating Scale (HARS)
scores and the local gyrification index (LGI) score of the right
posterior superior temporal sulcus (Long et al., 2020). Our previ-
ous study investigated correlations between depression severity,
illness duration, and LGI values and has recounted no significant
correlations (Han et al., 2017a). It is critical to establish a relation-
ship between the clinical characteristics of MDD and cortical fold-
ing patterns to clarify whether cortical gyrification is a stable
indicator reflecting the traits of MDD or a marker reflecting the
state of illness.

Therefore, in the present study, we aimed to investigate the
association between the diagnosis of MDD and LGI with a fairly
large sample of 234 patients with MDD and 215 healthy controls
(HCs). We also aimed to investigate the association between the
LGI and clinical characteristics of MDD, such as recurrence,
remission status, illness duration, severity of depression, and
medication use in patients with MDD. We hypothesized that
patients with MDD would show significant hypogyria in the
PFEC, OFC, insula, and ACC, which are deeply involved in emo-
tion regulation, compared to HCs. We also hypothesized that
the LGI would be identified to be a stable neuroimaging marker,
not associated with the state-dependent clinical characteristics of
MDD.
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Methods
Participants

A total of 234 patients with MDD (139 women and 96 men) and
215 HCs (129 women and 86 men) were included in the present
study. The study protocol was approved by the Institutional
Review Board (IRB) of the Korea University Anam Hospital
(2015AN0009, 2016AN0213, 2017AN0185, and 2019AN0174).
All participants provided written informed consent to participate
in the study. The study methodology was in accordance with
approved guidelines and the Declaration of Helsinki. Patients
with MDD were recruited between July 2015 and August 2021
from the outpatient psychiatric clinic of Korea University Anam
Hospital in Seoul, Republic of Korea. The inclusion criterion
for the MDD group was adults aged 19-65 years. The diagnosis
of MDD was determined by two experienced board-certified psy-
chiatrists (K.-M. Han and B.-J. Ham) using the Structured
Clinical Interview for the DSM-IV-TR (Diagnostic and
Statistical Manual of Mental Disorders, Fourth Edition, Text
Revision) Axis I Disorders (SCID-I). The exclusion criteria were
as follows: (i) comorbidity of any other major psychiatric disor-
ders (including personality and substance use disorders), (ii)
MDD with psychotic features, (iii) acute suicidal or homicidal
patients requiring inpatient treatment, (iv) history of a serious
or unstable medical illness, (v) primary neurological illness (for
example, Parkinson’s disease, cerebrovascular disease, or epi-
lepsy), (vi) recent abnormal results on physical examination or
laboratory tests, (vii) pregnant or currently nursing, and (viii)
any contraindication for magnetic resonance imaging (MRI). A
total of 215 HCs, aged 19-65 years, were recruited from the com-
munity using advertisements. HCs were assessed by two psychia-
trists using the same exclusion criteria as those used for the
patients in the MDD group. Participants were included in the
HC group if two board-certified psychiatrists confirmed that
they had no ongoing or past history of Axis I or II disorders.

Clinical assessments

Sociodemographic and clinical data were collected from both
groups. The severity of depressive symptoms of all participants
was recorded using the 17-item Hamilton Depression Rating
Scale (HDRS) at the time of the MRI scan (Hamilton, 1960).
The duration of illness was assessed as the lifetime cumulative
number of months of depressive episode(s) using the life-chart
methodology. According to psychiatric interviews and medical
records, patients were classified into patients with their first epi-
sode of MDD (FE-MDD) and those who experienced two or
more major depressive episodes (that is, recurrent MDD;
R-MDD). For remission status, we classified patients with an
HDRS score of 7 or lower as remitted patients. To assess the pos-
sible impact of current psychopharmacological treatment, psycho-
tropic medication was assessed and coded 0 for drug-naive
patients and 1 for those taking psychopharmacological medica-
tion. Detailed information regarding the psychotropic medica-
tions is provided in Table 1.

MRI data acquisition

We obtained T1-weighted images of the participants using a
3.0-Tesla TrioTM whole-body imaging system (Siemens
Healthcare GmbH, Erlangen, Germany) at the Korea University
MRI Center. The T1-weighted images were acquired parallel to
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Table 1. Demographic and clinical characteristics of patients with major depressive disorder and healthy controls

Characteristics MDD (n=234) HC (n=215) p value (t, x2)
Age 37.59+£13.76 36.66 + 14.52 0.487 (t=0.696)
Sex (Female/Male) 139/95 129/86 0.897 (x%=0.017)
Education years 13.04 +2.84 13.48 +3.50 0.141 (t=—1.473)
HDRS-17 score 16.20 +6.26 1.02+1.65 <0.001 (t=35.740)
First-episode/Recurrent episodes 104/130 NA NA
Remission state/depressive state 22/212 NA NA
Illness duration (months) 23.32+21.53 NA NA
TICV (cm3) 1442.80 + 205.44 1466.67 + 157.86 0.171 (t=-1.372)
Drug-naive/Drug-treated patients (n) 53/181 NA NA
Medication, n
Antidepressants

SSRI 83 NA

SNRI 34

NDRI 3

NaSSA 9

etc 10

Combination of AD 41
Antipsychotics

None 142

AP 33

Combination of AP 6

HCs, healthy controls; MDD, major depressive disorder; HDRS-17, 17-item Hamilton Depression Rating Scale; TICV, total intracranial cavity volume; SSRI, selective serotonin reuptake inhibitor;
SNRI, serotonin and norepinephrine reuptake inhibitor; NDRI, norepinephrine-dopamine reuptake inhibitor; NaSSA, noradrenergic and specific serotonergic antidepressant; Combination of
AD, combinations of two or more types of antidepressants; APs, antipsychotics; ADs, antidepressants.

Data are presented as mean + standard deviation for age, education years, HDRS-17 scores, illness duration, and TICV.

p values for sex distribution were obtained using the y* test.

p values for comparisons of age, education years, HDRS scores, and TICV were obtained using independent t tests.

the anterior-commissure-posterior-commissure line using the 3D
T1-weighted magnetization-prepared rapid gradient-echo
(MP-RAGE) sequence with the following parameters: repetition
time (TR), 1900 ms; echo time (TE), 2.6 ms; field of view, 220
mm; matrix size, 256 x 256; slice thickness, 1 mm; number of cor-
onal slices, 176 (without gap); voxel size, 0.86 x 0.86 x 1 mm?; flip
angle, 16° and number of excitations, 1.

Imaging processing

According to a previously described protocol in our study on the
LGI (Choi et al., 2022), we extracted LGI values of each cortical
parcellation in the whole brain using automated procedures
implemented in the FreeSurfer 7.2 version (Laboratory for
Computational Neuroimaging, Athinoula A. Martinos Center
for Biomedical Imaging, Charlestown, MA, USA; http:/surfer.
nmr.mgh.harvard.edu). FreeSurfer provides a three-dimensional
reconstruction model of the cortical surface using pre-processed
T1-weighted images obtained from the participants. Detailed pro-
cedures regarding cortical reconstruction performed in FreeSurfer
were described in our previous studies (Choi et al., 2022; Han
et al., 2014; Han et al, 2017a; Han et al, 2017b). The average
LGI was determined as the ratio of the buried cortical surface
area to the outer convex (hull) surface area in each parcellated
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cortical region [that is, buried cortical surface area (mm?)/outer
convex surface area (mm?)] (Choi et al, 2022). The extraction
of LGI values from cortical parcellations was performed according
to a previously reported standard protocol (Nanda et al.,, 2014),
and detailed information about the processes has been described
in our previous studies on the LGI (Choi et al., 2022). LGI values
were extracted based on the Desikan-Killiany atlas (Desikan et al.,
2006), and each hemisphere was parcellated into 33 cortical
regions according to the atlas (Desikan et al., 2006). We used
the LGI values from 66 cortical regions in both hemispheres in
the analyses. A list of cortical regions is shown in Table 2.
Furthermore, total intracranial cavity volume (TICV) was auto-
matically calculated in FreeSurfer for the comparison between
two groups.

Statistical analyses

As the main analysis, a one-way analysis of covariance
(ANCOVA) was performed to compare the LGI values between
patients with MDD and HGCs, including the extracted 66 LGIs
from each cortical parcellation as dependent variables, the groups
(MDD v. HC group) as independent variables, and age, sex, and
years of education as nuisance covariance in the analysis. For
multiple comparisons, we applied Bonferroni correction to all
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Table 2. Comparison of the local gyrification index between patients with major depressive disorders and healthy controls

MDD (n =234) HC (n=215) MDD v. HC

Cortical regions Mean s.D. Mean s.D. F(1, 448) p value Cohen’s >

Left hemisphere
Caudal anterior cingulate cortex 191 0.11 1.93 0.11 5.983 0.015 0.116
Caudal middle frontal gyrus 3.19 0.21 3.27 0.19 23.028 2.18x10°° 0.228
Cuneus 3.06 0.20 3.10 0.19 4.173 0.042 0.097
Entorhinal cortex 2.64 0.13 2.67 0.13 6.879 0.009 0.124
Fusiform gyrus 2.78 0.12 2.81 0.11 12.057 5.66x10°* 0.165
Inferior parietal cortex 3.36 0.19 3.41 0.17 11.049 9.61x107* 0.158
Inferior temporal gyrus 2.82 0.12 2.84 0.12 2.432 0.120 0.074
Isthmus of cingulate cortex 2.83 0.19 2.88 0.18 8.978 0.003 0.142
Lateral occipital cortex 2.72 0.13 2.75 0.13 6.048 0.014 0.117
Lateral orbitofrontal cortex 2.71 0.14 2.76 0.14 18.744 1.85%x10°° 0.205
Lingual gyrus 2.86 0.16 2.92 0.15 14.765 1.40x107* 0.182
Medial orbitofrontal cortex 2.16 0.10 2.19 0.10 11.963 5.95x10°* 0.164
Middle temporal gyrus 3.49 0.23 3.56 0.22 10.518 0.001 0.154
Parahippocampal gyrus 2.87 0.18 2.93 0.16 12.381 4.79x107* 0.167
Paracentral lobule 2.39 0.15 241 0.11 2.826 0.093 0.080
Pars opercularis 4.25 0.33 4.44 0.33 46.182 3.48x10° 0.323
Pars orbitalis 3.08 0.22 3.15 0.22 10.740 0.001 0.156
Pars triangularis 3.83 0.31 4.02 0.29 57.751 1.78x10° "3 0.361
Pericalcarine cortex 2.93 0.18 297 0.18 6.809 0.009 0.124
Postcentral gyrus 3.56 0.23 3.63 0.18 17.892 2.84%107° 0.201
Posterior cingulate cortex 2.26 0.14 2.28 0.13 3.305 0.070 0.086
Precentral gyrus 3.48 0.23 3.57 0.18 31.556 3.42x10°° 0.267
Precuneus 2.98 0.19 3.03 0.17 10.842 0.001 0.156
Rostral anterior cingulate cortex 2.06 0.11 2.10 0.10 9.575 0.002 0.147
Rostral middle frontal gyrus 2.81 0.18 2.88 0.16 27.962 1.95x10°7 0.251
Superior frontal gyrus 2.20 0.10 2.23 0.10 13.354 2.89x107* 0.173
Superior parietal cortex 3.08 0.15 3.11 0.15 3.770 0.053 0.092
Superior temporal cortex 4.23 0.30 4.35 0.27 23.982 1.36x10°° 0.232
Supramarginal gyrus 3.65 0.24 3.72 0.19 13.298 2.97x107* 0.173
Frontal pole 2.12 0.12 2.15 0.11 9.176 0.003 0.144
Temporal pole 2.50 0.18 2.52 0.14 0.621 0.431 0.037
Transverse temporal cortex 4.84 0.38 4.99 0.34 24.624 9.94x10°7 0.236
Insula 4.39 0.36 4.55 0.31 30.774 4.99 x10~® 0.263

Right hemisphere
Caudal anterior cingulate cortex 1.96 0.11 1.98 0.11 6.062 0.014 0.117
Caudal middle frontal gyrus 3.16 0.19 3.24 0.19 25.333 7.02x1077 0.239
Cuneus 3.25 0.22 3.30 0.20 8.401 0.004 0.138
Entorhinal cortex 2.65 0.14 2.71 0.13 20.470 7.79%10°° 0.215
Fusiform gyrus 2.75 0.13 2.78 0.12 6.095 0.014 0.117
Inferior parietal cortex 3.35 0.18 341 0.17 17.619 3.26x10°° 0.199

(Continued)
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Table 2. (Continued.)

MDD (n=234) HC (n=215) MDD v. HC
Cortical regions Mean S.D. Mean S.D. F(1, 448) p value Cohen’s f>
Inferior temporal gyrus 2.75 0.13 2.77 0.13 2.385 0.123 0.073
Isthmus of cingulate cortex 2.94 0.21 2.99 0.20 7.993 0.005 0.134
Lateral occipital cortex 2.74 0.13 2.77 0.13 6.448 0.011 0.121
Lateral orbitofrontal cortex 2.64 0.15 271 0.14 26.210 4.57x10"" 0.243
Lingual gyrus 297 0.18 3.01 0.18 7.273 0.007 0.128
Medial orbitofrontal cortex 2.16 0.10 2.21 0.10 22.035 3.57x10°° 0.223
Middle temporal gyrus 3.43 0.21 3.46 0.20 3.592 0.059 0.090
Parahippocampal gyrus 2.89 0.18 2.94 0.17 8.326 0.004 0.137
Paracentral lobule 2.39 0.13 2.41 0.11 5.730 0.017 0.114
Pars opercularis 4.28 0.35 4.46 0.36 34.676 7.69x10~° 0.279
Pars orbitalis 3.07 0.25 3.10 0.23 1.591 0.208 0.060
Pars triangularis 3.86 0.31 3.99 0.31 21.325 5.08 x10~° 0.219
Pericalcarine cortex 3.09 0.21 3.15 0.20 9.523 0.002 0.146
Postcentral gyrus 3.51 0.21 3.59 0.19 22.760 2.49x10°° 0.226
Posterior cingulate cortex 2.25 0.15 2.28 0.13 5.057 0.025 0.107
Precentral gyrus 3.44 0.20 3.52 0.18 27.866 2.04x1077 0.251
Precuneus 3.12 0.21 3.19 0.19 12.040 5.72x107* 0.165
Rostral anterior cingulate cortex 2.10 0.11 2.14 0.11 13.154 3.20x10°* 0.172
Rostral middle frontal gyrus 2.79 0.17 2.87 0.17 23.576 1.67x10°° 0.230
Superior frontal gyrus 2.25 0.10 2.28 0.10 11.908 6.12x10°* 0.164
Superior parietal cortex 3.05 0.15 3.10 0.14 15.036 1.21x107* 0.184
Superior temporal cortex 4.20 0.29 4.30 0.28 17.179 4.07x10°° 0.197
Supramarginal gyrus 3.64 0.22 3.71 0.20 16.101 7.05%10°° 0.190
Frontal pole 2.15 0.12 2.18 0.11 6.913 0.009 0.125
Temporal pole 2.48 0.14 2.54 0.14 20.504 7.66x10°° 0.215
Transverse temporal cortex 4.86 0.39 4.98 0.35 14.802 1.37x107* 0.183
Insula 4.37 0.33 4.49 0.31 17.242 3.95x10°° 0.197

MDD, major depressive disorder; HC, healthy control; s.o., standard deviation.

F and p values were obtained using one-way analysis of covariance (ANCOVA) with adjustment for age, sex, and education years as covariates.

Bonferroni correction was applied; p <0.05/66 = 0.000758.
Significant group differences are presented in a bold face.

analyses [that is, p < 0.05/66 = 0.000758 (66 cortical regions in the
bilateral hemispheres)].

In the secondary analyses, we investigated the potential associ-
ation between clinical characteristics of MDD - recurrence of
MDD, psychopharmacological treatment, illness duration, sever-
ity of depressive symptoms (and remission status), and LGIs
within the MDD group with the following methods: (1) recur-
rence: comparison of LGIs between FE-MDD and R-MDD
using ANCOVA with covariates of age, sex, years of education,
HDRS score, and medication; (2) remission status: comparison
of LGIs between remitted (HDRS score <7) and non-remitted
patients (HDRS score > 8) using ANCOVA with covariates of
age, sex, years of education, illness duration, and medication;
(3) psychopharmacological treatment: comparison of LGIs
between drug-naive patients (DN-MDD) and those taking
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medications (M-MDD) with covariates of age, sex, years of edu-
cation, HDRS score, and illness duration; (4) illness duration:
Pearson’s partial correlation analysis between illness duration
and LGIs with covariates of age, sex, years of education, HDRS
score, and medication; and (5) severity of depressive symptoms:
Pearson’s partial correlation analysis between HDRS score and
LGIs with covariates of age, sex, years of education, illness dur-
ation, and medication. Bonferroni correction was applied to all
analyses (p < 0.05/66 = 0.000758).

For investigating the sociodemographic and clinical differences
between the MDD and HC groups, we used the independent ¢ test
to analyze age, years of education, HDRS scores, and TICV, and
the chi-square test to analyze the differences in sex distribution.
All statistical analyses were performed using IBM SPSS Statistics
for Windows (version 24.0; IBM Corp., Armonk, NY, USA).
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Results
Sociodemographic and clinical characteristics of the sample

The sociodemographic and clinical characteristics of the partici-
pants are presented in Table 1. The MDD and HC groups did
not significantly differ in terms of age, sex, years of education,
and TICV (all p>0.1), while the MDD group showed signifi-
cantly higher HDRS scores than the HC group (p<0.001).
Among the 234 patients, 104 (44.4%) were in their first episode
of MDD and 22 (9.4%) were in remission. The mean duration
of illness was 23.32 +21.53 months. For psychopharmacological
treatment, 53 (22.6%) were drug-naive and 181 (77.4%) were tak-
ing psychotropic medication during MRI scanning. Detailed
information about the psychotropic medications is presented in
Table 1.

Differences in LGl between patients with MDD and HCs

Among 66 cortical regions in the bilateral hemispheres, patients
with MDD showed significantly lower LGIs in 35 cortical regions,
including the ventrolateral PFC (VLPEC, i.e. pars triangularis and
opercularis), dorsolateral PFC (DLPFC, i.e. caudal and rostral
middle frontal gyri), OFC, insula, ACC, and several temporal
and parietal regions, compared to HCs, which remained signifi-
cant after Bonferroni correction (all p<0.000758, Table 2,
Fig. 1). For the prefrontal regions, the MDD group showed signifi-
cant hypogyria in the pars triangularis, pars opercularis, rostral
and caudal middle frontal gyri, superior frontal gyri, lateral and
medial OFC, and precentral gyri in the bilateral hemispheres
compared to the HC group (Table 2). The MDD group also
showed significant hypogyria in the bilateral insula and right
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rostral ACC compared to the HC group (Table 2). For the tem-
poral regions, patients with MDD showed significantly lower
LGI in the bilateral superior and transverse temporal gyri, right
entorhinal cortex, parahippocampal gyrus, and temporal pole
than HCs (Table 2). For the parietal regions, significant hypogyria
was observed in the bilateral postcentral and supramarginal gyri,
left lingual and fusiform gyri, and right superior and inferior par-
ietal gyri and precuneus in the MDD group compared to the HC
group (Table 2). No cortical regions showed significantly higher
LGIs in the MDD group than in the HC group (Table 2).

Among 35 cortical regions with significant hypogyria in the
MDD group, the left pars triangularis showed the highest effect
size (F(, 448 =57.751, p=178x10""°, Cohen’s f*=0.361),
which is approximate to large effect size (that is, 0.40); the left
(F(1, 448 = 46.182, p=3.48 x 107", Cohen’s f*=0.323) and right
(F1, 448y =34.676, p=7.69 x 107°, Cohen’s f2 =0.279) pars oper-
cularis, left (F(, 448 =31.556, p=3.42x10"°, Cohen’s f =
0.267) and right (F(;, 445 =27.866, p=2.04 x 10”7, Cohen’s f* =
0.251) precentral gyrus, left insula (F(;, 445y = 30.774, p =4.99 x
1078, Cohen’s f*>=0.263), and left rostral middle frontal gyrus
(F1, 448=27.962, p=1.95x10"7, Cohen’s f>=0.251) showed
medium effect size (that is, 0.25; Fig. 2). Other significant cortical
regions showed small effect sizes (Table 2).

As a post-hoc analysis, we performed an additional vertex-wise
whole-brain analysis to compare the LGIs between MDD and HC
group. The analysis included age, sex, and years of education as
covariates, and the results were corrected for multiple compari-
sons using a Monte Carlo simulation with 10000 iterations, a
vertex-wise threshold of p <0.001, and a cluster-wise threshold
of p<0.05. In the analysis, the clusters mapped to the following
cortical regions had significantly decreased LGI in the MDD

Figure 1. Schematic maps of the cortical regions with significantly decreased gyrification in patients with major depressive disorder (MDD). Thirty-five cortical
regions according to the Desikan-Killiany atlas show significantly lower local gyrification index (LGl) in the MDD group compared to the HC group after
Bonferroni correction. The (blue) color bar represents Cohen’s f* value in the comparison of the LGl between the two groups; the darker color represents the

greater Cohen’s f* for the decreased gyrification in the MDD group.
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Figure 2. Comparisons of the local gyrification index (LGI) between the MDD and HC groups. Seven cortical regions demonstrated significantly different LGI in
the comparison after Bonferroni correction with above the medium effect size (that is, 0.25) on the Cohen’s % The asterisk represents significantly lower LGls
(p <0.000758). The error bar represents one standard deviation. MDD, major depressive disorder; HC, healthy control; () left hemisphere; (r) right hemisphere.

group compared to the HC group: bilateral VLPFC including the
pars triangularis, left middle frontal gyrus, right lateral OFC,
bilateral lingual gyrus, inferior temporal gyrus, left precuneus,
entorhinal cortex, and right lateral occipital cortex (online
Supplementary Table S1 and Fig. S1). We found that large clusters
mainly mapped on the left pars triangularis and the right lateral
OFC, which also showed significantly decreased LGIs in patients
with MDD in the main analysis, showed hypogyrification in the
MDD Group (online Supplementary Fig. S1).

We performed secondary analyses to investigate whether the
TICV and psychotropic medication (i.e. antidepressant and anti-
psychotics) affect the main results as potential confounding fac-
tors. Thus, for the secondary analyses for the comparison of
LGIs between the MDD and HC groups, ANCOVA was per-
formed in three models according to the following additional cov-
ariates: (1) TICV, including TICV as an additional covariate (i.e. age,
sex, education years, and TICV). TICV was automatically calculated
using FreeSurfer for each participant; (2) antidepressants and antipsy-
chotics, including fluoxetine-equivalent dose (for antidepressants)
and olanzapine-equivalent dose (for antipsychotics) as additional
covariates (i.e. age, sex, education years, fluoxetine-equivalent dose,
and olanzapine-equivalent dose). The doses of antidepressants and
antipsychotics were converted to equivalent doses of fluoxetine and
olanzapine, respectively, based on previous studies on equivalent
doses (e.g. fluoxetine 40 mg/day = escitalopram 18 mg/day; olanza-
pine 1 mg/day = quetiapine 40 mg/day) (Hayasaka et al, 2015;
Leucht, Samara, Heres, & Davis, 2016); and (3) TICV, antidepres-
sants, and antipsychotics, including TICV, fluoxetine-equivalent
dose, and olanzapine-equivalent dose as additional covariates (i.e.
age, sex, education years, TICV, fluoxetine-equivalent dose, and
olanzapine-equivalent dose).

For the first model including TICV and an additional covari-
ate, among the 35 cortical regions that showed significant hypo-
gyrification in the MDD group in the main analysis, 30 cortical
regions remained significant after Bonferroni correction (online
Supplementary Table S2 in the supplementary materials).
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For the second model, which included antidepressant and
antipsychotic equivalent doses as additional covariates, 31 out
of 35 cortical regions (i.e. significantly decreased LGIs in MDD
in the main analysis) showed significant hypogyrification in the
MDD group (online Supplementary Table S3). For the third
model, including TICV and antidepressant and antipsychotic
equivalent doses as additional covariates, among the 35 cortical
regions with significantly decreased LGIs in the MDD group for
the main analysis, 28 cortical regions showed significant hypogyr-
ification in the MDD group (online Supplementary Table S4). We
found that all of the seven cortical regions, which showed signifi-
cantly decreased LGIs with Cohen’s f 2> 0.25 in the main analysis,
remained significant in three models including additional
covariates.

Differences in the LGl according to clinical characteristics
(recurrence, remission, medication) in the MDD group

For the secondary analysis of the comparison of the LGI between
patients with first episode and recurrent MDD, the RC-MDD
group showed significantly higher LGI than the F-MDD group
in the right lateral occipital cortex (F(;, 227)=17.702, p=3.72 x
107>, online Supplementary Table S5), which showed no signifi-
cant difference in the LGI in the comparison between the MDD
and HC groups in the main analysis (Table 2). In the secondary
analysis regarding remission status, there was no significant dif-
ference in LGIs between remitted and non-remitted patients
(online Supplementary Table S6). We also did not find a signifi-
cant difference in the LGI between the DN-MDD and M-MDD
groups in the secondary analysis (online Supplementary
Table S7). We applied Bonferroni correction to all secondary
comparisons of the LGIs within the MDD group (p < 0.000758).

As a secondary analysis, we performed correlation analysis
between LGI and equivalent antidepressant dose (i.e.
fluoxetine-equivalent dose) in patients with MDD including
age, sex, education year, illness duration, and HDRS score as
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covariates. In the correlation analysis, no significant correlation
remained after Bonferroni correction (online Supplementary
Table S8). For the antipsychotics, we also performed correlation
analysis between LGI and equivalent antipsychotic doses (i.e.
olanzapine-equivalent dose) in patients with MDD using the
same statistical method as for the antidepressants, and we
found no significant correlation after Bonferroni correction
(online Supplementary Table S9).

Correlations of illness duration and severity of depression with
the LGl in the MDD group

In the secondary analysis of illness duration, LGIs in the right
(r=0.333, p=2.49x1077) and left (r=0.285 p=121x10"")
occipital cortex and the left inferior temporal gyrus (r=0.238,
p=2.75x10"", which showed no significant difference in the
LGI in the comparison between the MDD and HC groups in
the main analysis, demonstrated significant positive correlations
with illness duration within the MDD group after Bonferroni cor-
rection (online Supplementary Table S10). We did not find a sig-
nificant correlation between HDRS scores and LGIs within the
MDD group (online Supplementary Table S10).

Discussion

In the present study, we observed that patients with MDD showed
significant hypogyria in the cortical regions including the bilateral
VLPFC and DLPFC, medial and lateral OFC, insula, right rostral
ACC, and several temporal and parietal regions compared to HCs,
with the highest effect size in the left pars triangularis. Regarding
the association between clinical characteristics and LGIs within
the MDD group, remission status, psychotropic medication, and
severity of depression were not associated with LGIs. However,
the recurrence and illness duration of MDD were associated
with hypergyria in several occipital and temporal regions, which
showed no significant difference in LGIs between the MDD and
HC groups.

The main finding of this study was the significant degree of
hypogyria observed in patients with MDD. The tension-based
theory (Van Essen, 1997) proposes that cortical folding is related
to the forces compelling the wiring of the cortico-cortical connec-
tions of the cortical surface. On the other hand, the convolutional
developmental theory (Richman, Stewart, Hutchinson, &
Caviness, 1975) suggests that the variance in the rate of growth
in the cortical layers affects the degree of cortical folding. Based
on these theories, Long et al. (2020) suggested that the decreased
LGI may be an aftermath of disrupted maturation of early white
matter or cortical structures.

Consistent with the abnormal cortical folding patterns
observed in previous studies, we observed a significant reduction
in cortical folding in the prefrontal regions (that is, VLPFC and
DLPFC) (Depping et al., 2018), OFC (Zhang et al., 2009), insula
(Zhang et al.,, 2009), ACC (Zhang et al., 2009), and several tem-
poral and parietal regions (Chen et al, 2021; Depping et al,
2018; Long et al., 2020; Zhang et al., 2009).

Alterations in the PFC in MDD have also been reported in pre-
vious structural reports showing gray matter volume reduction in
the VLPFC and DLPFC (Lener et al., 2016; Wang et al., 2019;
Zhang et al., 2020). Functional MRI studies have demonstrated
similar patterns of reduced cortical activity in the VLPFC (Light
et al., 2011) and DLPFC (Murrough et al., 2016) of patients
with MDD. The VLPFC and DLPFC have been widely explored
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in MDD in association with the processing of emotionally salient
external cues and modulation of negative and positive emotions,
potentially revealing a vital role of the PFC in the pathophysiology
of MDD (Li et al., 2018; Phillips et al.,, 2015; Rive et al., 2013;
Williams, 2016).

Along with alterations in the PFC, hypogyrification has been
identified in the OFC, right rostral ACC, insula, and several tem-
poral and parietal regions. A study by Zhang et al. (2009) demon-
strated a very analogous pattern of hypogyrification in the
mid-posterior cingulate, ACC, OFC, temporal operculum, and
insula. They indicated that the altered regions of the ACC and
OFC were emotion-regulation-related regions; this may be due
to the cortical architecture changes caused by white matter abnor-
malities, as previous diffusion tensor imaging studies have
revealed lower fractional anisotropy in these regions in MDD
(Alexopoulos et al., 2008; Li et al, 2007; Yuan et al, 2007).
Several structural and functional neuroimaging studies have iden-
tified volumetric decreases and hypoactivity in the ACC, OFC,
and PFC (Carballedo et al, 2011; Hooley et al, 2009; Lai,
Payne, Byrum, Steffens, & Krishnan, 2000; Schlosser et al.,
2008). Several studies have demonstrated that both environmental
and genetic factors have a significant effect on gyrification pat-
terns (Besteher, Gaser, Spalthoff, & Nenadi¢, 2017; Criséstomo,
Duarte, Moreno, Gomes, & Castelo-Branco, 2021; Hasan et al,,
2011; Rogers et al, 2010; Schmitgen et al, 2019; White et al,,
2010); thus, it is possible that genetic predisposition and psycho-
social environmental factors, such as childhood abuse during the
developmental period, might have contributed to the decreased
gyrification in the emotion regulation-related cortical regions.

An expanding number of literature braces the concept that
MDD is not an aftermath of an aberrant response in an individual
brain region, but rather, is associated with widespread brain
network dysfunction involved in emotion regulation, reward pro-
cessing, cognitive control, or self-referential thinking (Li et al.,
2018; Williams, 2016). Thus, it is conceivable that the hypogyri-
fication observed in the present study may also indicate further
or prior disturbances in functional brain networks. Long et al.
(2020) investigated altered LGI and the corresponding functional
connectivity in medication-free patients with MDD, and by taking
altered LGI areas as seed regions for a functional connectivity
analysis, they have identified corresponding aberrant functional
connectivity in regions that showed decreased LGI (Long et al.,
2020). Therefore, hypogyrification may be closely related to
brain network dysfunction and is comprehensively compromised
in patients with MDD.

Although the pattern of hypogyrification has been reported in
most previous studies (Chen et al., 2021; Depping et al., 2018;
Long et al., 2020; Zhang et al., 2009), several studies have reported
increased LGI in patients with MDD (Han et al, 2017a;
Schmitgen et al., 2019). For example, Schmitgen et al. (2019)
reported hypergyrification in the frontal, cingulate, parietal, tem-
poral, and occipital regions in patients with MDD compared with
HCs. The reason for the controversies regarding the direction of
alterations in cortical gyrification is unclear. However, according
to the tension-based morphogenetic hypothesis, the process of
gyrification is involved in cortical connectivity and regional
alterations during brain development, resulting in certain cortical
folding patterns and the spatial body of the connectome (Zilles,
Palomero-Gallagher, & Amunts, 2013). Previous cortical studies
in MDD have also yielded controversies regarding the presence
of both cortical thinning and thickening in MDD groups com-
pared with HCs (Canu et al, 2015; Fonseka, Jaworska,
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Courtright, MacMaster, & MacQueen, 2016; Grieve, Korgaonkar,
Koslow, Gordon, & Williams, 2013; Liu et al., 2015; Peng et al,,
2015; Suh et al., 2019). Similarly, a systematic review investigating
functional connectivity in MDD reported heterogeneity in the
altered frontolimbic mood regulation circuitry in patients with
MDD (Helm et al., 2018). Such diversities induced by various fac-
tors, including medication, temporal dynamics of connectivity,
clinical characteristics, and the presumed existence of biotypes
in MDD, characterized by varying symptom combinations and
patterns of functional dysconnectivity, suggest that heterogeneity
not only exists regarding the combination of symptoms, but also
in brain features correlated to such combinations (Drysdale et al.,
2017; Helm et al, 2018). Accordingly, as supported by the
tension-based morphogenetic hypothesis, such heterogeneity in
other brain features may have comprehensively stemmed from
the variability in cortical folding patterns. Alternatively, sample
characteristics (i.e. sample size, illness duration, and medication)
may also have prompted such contradictory findings. Previous
studies with contradictory results (Han et al., 2017a; Schmitgen
et al,, 2019), in particular, had smaller sample sizes of approxi-
mately 30-100 study populations in each group. In contrast, we
were two hundred and thirty-four patients with MDD and two
hundred and fifteen healthy individuals, which is noticeably
greater than previous LGI studies in general. To confirm this
proposition, future studies with relatively larger study populations
are indispensable.

We also confirmed that there was no association between gyr-
ification patterns and clinical characteristics, including remission
status, psychotropic medication, and severity of depression.
However, recurrence and illness duration of MDD were positively
associated with hypergyria in several occipital and temporal
regions, which showed no significant differences in the LGI
between the two groups. Previous studies have reported inconsist-
ent findings regarding the association between clinical character-
istics and cortical folding. While a previous study noted a negative
association of the LGI in the right superior frontal region and a
positive association in the left frontal pole with illness duration
(Han et al., 2017a), another study identified a negative association
in the left fusiform gyrus and a positive association in the right
precentral gyrus and right precuneus (Schmitgen et al., 2019).
Schmitgen et al. (2019) also revealed negative associations
between cortical folding of the left fusiform gyrus and right post-
central gyrus and the number of depressive episodes.

The association between recurrence and LGI in the right lateral
occipital cortex may be explained by the relationship with illness
duration, because the recurrent MDD group showed significantly
longer illness duration than the first-episode MDD group. For the
relationship between LGI and illness duration, given that patients
with MDD and a history of childhood maltreatment are more
likely to have a more chronic course of the disease (i.e. longer ill-
ness duration) compared to those without (Lippard & Nemeroff,
2020), one possible explanation is that early psychosocial environ-
mental factors such as childhood abuse or neglect, which were not
assessed in the present study, may mediate the positive correlation
between illness duration and LGI, independent of the impact of
MDD on the cortical folding pattern (i.e. MDD-related hypogyr-
ification). Our recent study on childhood abuse and gray-matter
volume changes reported that childhood sexual abuse was asso-
ciated with decreased cortical volume in the right middle occipital
gyrus, which belongs to the lateral occipital gyrus in the Desikan-
Killiany atlas, regardless of MDD diagnosis (Kim et al., 2023).
However, we cannot provide a clear explanation as to why this
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correlation had a positive direction or significant findings in
other regions (i.e. the left inferior temporal gyrus). Further studies
are required to resolve this issue. Various factors, including study
sample characteristics, may have induced such variations in the
association between the clinical characteristics and LGI. In add-
ition, in the present study, the cortical regions identified as having
positive correlations with recurrence and illness duration were not
significantly different between the MDD and HC groups. This
suggests that hypogyria in the MDD group may reflect trait fac-
tors associated with the pathophysiology of MDD rather than
the state of MDD. Large longitudinal studies are necessary to val-
idate this hypothesis and examine the predictive values of such
neurodevelopmental parameters, with respect to the longitudinal
aspects of MDD (Choi et al., 2022; Schmitgen et al., 2019).

Recently, researchers have hypothesized that MDD has a neu-
rodevelopmental origin (Ansorge et al, 2007; Galecki &
Talarowska, 2018; Lima-Ojeda et al., 2018; Martin et al., 2021).
From this perspective, it has been proposed that MDD is formed
through a combination of genetic and environmental factors dur-
ing an individual’s developmental process. Environmental factors
have been shown to influence the morphology of brain circuits
from the perspective of neuroplasticity (Bernardoni et al., 2018;
Besteher et al., 2017; Hasan et al., 2011; Mishra, Patni, Hegde,
Aleya, & Tewari, 2021; White et al., 2010). Therefore, our findings
may imply genetic heritability, which interacts with psychosocial
environmental factors, inducing early neurodevelopment in
abnormal cortical folding patterns principally in the PFC, OFC,
ACC, and insula, ultimately leading to a dysfunction in emotion
regulation neural circuits as a predisposition to MDD. Previous
studies have reported a presence of significant basis in shared gen-
etic factors in phenotypic local correlation and a strong correl-
ation with the degree of local cortical folding suggesting a
patterned genetic influences on the development of cortical fold-
ing (Alexander-Bloch et al.,, 2020; Llinares-Benadero & Borrell,
2019; van der Meer et al., 2021). In a study canvassing the genetic
architecture of human cortical folding (van der Meer et al., 2021),
an evolutionary significance of cortical folding was emphasized
proposing an interplay between mechanical forces and cellular
mechanisms via mutations of genes primarily coupled to cell cyc-
ling and neurogenesis in human cortical folding and have add-
itionally identified higher heritability of cortical folding
compared to other cortical features.

Although the LGI has not yet been extensively explored, it has
long been considered a cytoarchitectural parameter influenced by
the microstructure of neuronal sheets and axonal connectivity
(Richman et al., 1975; Van Essen, 1997; White et al., 2010). As
an index of cortical complexity, the LGI has been noted to reveal
the underlying structural configuration of the brain, potentially
shedding light on the evolutionary aspect of MDD influenced
by early neurodevelopment (Choi et al, 2022; Kelly et al,
2013). Previous studies have identified close associations between
the LGI and functional connectivity, providing a neural basis for
the reciprocated disrupted functional connectivity observed with
altered gyrification patterns (Hou, Zhang, Huang, & Zhou,
2022; Long et al, 2020; Palaniyappan & Liddle, 2014).
Therefore, from a neurodevelopmental perspective, the LGI may
be a more reliable indicator of vulnerability to MDD than other
neuroimaging markers (Libero, Schaer, Li, Amaral, & Nordahl,
2019). Specifically, as a stable marker of vulnerability to MDD,
the LGI may potentially serve as a tool for the early diagnosis
of high-risk groups who have not yet developed MDD but are
at greater risk of doing so. Nonetheless, a longitudinal study
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design in the future is crucial for deeper insight into the mechan-
ism underlying the pathophysiology of MDD and cortical folding
patterns. Considering the complexity of the pathophysiology of
MDD, the comprehensive use of LGI with other imaging markers
could facilitate further understanding and determination of
MDD.

In addition, while we have not directly compared LGI between
patients with MDD and BD, compared with our previous study
reported decreased cortical gyrification patterns in patients with
BD (Choi et al., 2022), we found that in patients with MDD,
hypogyrification was mostly centered around the PFC.
Although, no study to the best of our knowledge, has directly
compared and reported differences in LGI between MDD and
BD, the differences in cortical folding patterns between MDD
and BD may be partially explained by findings from previous
studies using other neuroimaging features and their contrasting
disease traits. Previous structural MRI studies have found reduced
gray matter volume in the PFC, particularly in the DLPFC, in
patients with MDD (Bora, Fornito, Pantelis, & Yiicel, 2012;
Chang et al.,, 2011; Salvadore et al,, 2011; Ye et al,, 2012; Zhao
et al., 2014). In contrast, several previous studies have reported
increased gray matter volume in the PFC of patients with BD
(Adler, Levine, DelBello, & Strakowski, 2005; Bora, Fornito,
Yiicel, & Pantelis, 2010; Moore et al., 2009). Furthermore, mag-
netic resonance spectroscopy studies in MDD groups have
found decreased levels of glutamate in the PFC, whereas patients
with BD have been found to have elevated levels of glutamate in
the PFC, particularly during manic episodes (Abdallah et al,
2015; Frye et al., 2007; Karolewicz et al., 2010; Michael, Erfurth,
& Pfleiderer, 2009; Michael-Titus, Bains, Jeetle, & Whelpton,
2000; Shirayama, Takahashi, Osone, Hara, & Okubo, 2017).
Previous studies have found associations between glutamate levels,
cortical folding, and functional connectivity (Kapogiannis, Reiter,
Willette, & Mattson, 2013; Thomson et al., 2016; Wang et al,
2018), and the imbalance in the glutamate level may also poten-
tially have contributed to such differences in the alteration pat-
terns of the LGI in the two groups. Nevertheless, future studies
directly comparing cortical folding in MDD and BD would best
reveal the exact relationship between the two groups.

Despite these strengths, the present study has several limita-
tions. This was a cross-sectional study, which could not determine
the causal relationship between hypogyria in specific cortical
regions and the development of MDD. We suggest that longitu-
dinal studies should be designed in the future to fully understand
the developmental changes in the LGI in patients with MDD.
Furthermore, although no significant association was identified
between psychotropic medication and the LGI in the MDD
group, we cannot deny the potential influence of medications in
the cortical folding patterns, as patients under medications were
included in the study. Furthermore, the present study did not
include psychosocial environmental factors such as childhood
adversity, including abuse, neglect, and trauma, which could affect
early neurodevelopment and ultimately alter cortical folding pat-
terns (Choi et al,, 2022; Kelly et al., 2013).

In conclusion, we identified significant hypogyria in the bilat-
eral VLPFC and DLPFC, medial and lateral OFC, insula, right
rostral ACC, and several temporal and parietal regions in patients
with MDD compared to HCs. Given that these cortical regions
have been revealed to play an important role in emotion regula-
tion by numerous neuroimaging studies, abnormal cortical fold-
ing patterns may be associated with dysfunction of emotion
regulation-related neural circuits. Furthermore, we suggest that
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the LGI may be a relatively stable neuroimaging marker associated
with predisposition to MDD. We hope that our findings will pro-
vide a deeper understanding of the neurodevelopmental aspects of
structural brain variations and the pathophysiology of MDD.

Supplementary material. The supplementary material for this article can
be found at https://doi.org/10.1017/S0033291723001216
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