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Abstract: The tryptophan hydroxylase-2 (TPH2) gene is considered a promising genetic candidate
regarding its association with a predisposition to major depressive disorder (MDD). Local gyrification
reflects the early neural development of cortical connectivity, and is regarded as a potential neural
endophenotype in psychiatric disorders. They aimed to investigate the alterations in the cortical gyrifi-
cation of the prefrontal cortex and anterior cingulate cortex and their association with the TPH2

rs4570625 polymorphism in patients with MDD. One hundred and thirteen patients with MDD and
eighty-six healthy controls underwent T1-weighted structural magnetic resonance imaging and geno-
typing for TPH2 rs4570625. The local gyrification index of 22 cortical regions in the prefrontal cortex
and anterior cingulate cortex was analyzed using the FreeSurfer. The patients with MDD showed sig-
nificant hypergyria in the right rostral anterior cingulate cortex (P 5 0.001), medial orbitofrontal cortex
(P 5 0.003), and frontal pole (P 5 0.001). There was a significant genotype-by-diagnosis interaction for
the local gyrification index in the right rostral anterior cingulate cortex (P 5 0.003). Their study

Additional Supporting Information may be found in the online
version of this article.

Contract grant sponsor: Basic Science Research Program through
the National Research Foundation of Korea (NRF) funded by the
Ministry of Education, Science and Technology; Contract grant
number: NRF-2014R1A1A2058864; Contract grant sponsor: Korean
Health Technology R&D Project, Ministry of Health & Welfare,
Republic of Korea; Contract grant number: A120004.

The authors declare no conflict of interest.
*Correspondence to: B.-J. Ham; Department of Psychiatry, Korea
University Anam Hospital, 73, Inchon-ro, Seongbuk-gu, Seoul

02841, Republic of Korea. E-mail: hambj@korea.ac.kr OR W.-S.
Tae; Brain Convergence Research Center, Korea University Anam
Hospital, 73, Inchon-ro, Seongbuk-gu, Seoul 02841, Republic of
Korea. E-mail: wstae@korea.ac.kr

Received for publication 22 July 2016; Revised 28 September 2016;
Accepted 24 October 2016.

DOI: 10.1002/hbm.23455
Published online 3 November 2016 in Wiley Online Library
(wileyonlinelibrary.com).

r Human Brain Mapping 38:1299–1310 (2017) r

VC 2016 Wiley Periodicals, Inc.



revealed significant hypergyria of the anterior cingulate cortex and prefrontal cortex and an interactive
effect between the diagnosis of MDD and the genotype in the anterior cingulate cortex. This might be
associated with the dysfunction of neural circuits mediating emotion processing, which could contrib-
ute to pathophysiology of MDD. Hum Brain Mapp 38:1299–1310, 2017. VC 2016 Wiley Periodicals, Inc.

Key words: TPH2 rs4570625; local gyrification index; major depressive disorder; prefrontal cortex;
anterior cingulate cortex; orbitofrontal cortex
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INTRODUCTION

The etiology of major depressive disorder (MDD) is
multifaceted and is characterized by a complex interplay
between genetic variants and environmental exposure that
produces functional and structural alterations in the neural
networks of emotion processing [Kupfer et al., 2012]. The
neural-circuit model of emotion dysregulation in MDD can
be conceptualized as a hyper-activation of subcortical lim-
bic structures, and a failure of emotion control by the lat-
eral and medial prefrontal cortex (PFC) and anterior
cingulate cortex (ACC) [Phillips et al., 2008; Rive et al.,
2013]. Cumulative evidence has supported this model by
consistently reporting morphological and functional abnor-
malities of these brain regions in patients with MDD [Bora
et al., 2012; Koolschijn et al., 2009; Rive et al., 2013]. This
prefrontal–limbic-network system is modulated by seroto-
nin neurotransmission [Kupfer et al., 2012], and the influ-
ence of serotonin-related genetic variants on structural and
morphological changes in the PFC, ACC, and limbic
regions has been reported in numerous imaging genetic
studies [Won and Ham, 2016].

Because gyrification reflects the pattern and degree of
cortical folding, several studies have proposed that abnor-
mal gyrification might be a more stable indicator of corti-
cal pathology than previous neuroanatomical parameters
due to its putative state independence. In addition, gyrifi-
cation can now be evaluated with an automatically recon-
structed cortical surface model [Nenadic et al., 2015]. Local
gyrification is known to reflect the early neural develop-
ment of cortical connectivity in which the fiber tension of
densely connected cortical regions forms gyri and sparsely
connected regions move apart to become separated by sul-
ci during the second trimester of pregnancy [Nanda et al.,
2014]. Abnormal gyrification is thought to reflect disrupted
functional connectivity of the brain cortex [Dauvermann
et al., 2012; Nixon et al., 2014]. Recent research has sug-
gested that the gyrification index could describe a useful
endophenotype of several psychiatric disorders including
schizophrenia, bipolar disorder, and schizoaffective disor-
der [Janssen et al., 2014; Nanda et al., 2014].

Several studies have investigated the regional folding
pattern of the cortex and reported aberrant gyrification of
the ACC, orbitofrontal cortex (OFC), posterior mid-
cingulate cortex, and cortical regions belonging to the
default mode network (DMN) in patients with MDD

[Nixon et al., 2014; Peng et al., 2015; Zhang et al., 2009].
Considering the important role of these cortical regions in
emotion processing and mood regulation [Phillips et al.,
2008; Rive et al., 2013], and their abnormal functional con-
nectivity in patients with MDD [Kaiser et al., 2015b; Work-
man et al., 2016], an aberrant cortical folding pattern
might be deeply implicated in the pathophysiology of
MDD. The above-mentioned analyses on gyrification and
MDD were based on relatively small samples (16–20
patients with MDD), and generated controversy regarding
the direction of the alteration in cortical gyrification (i.e.,
hyper- or hypogyria). Thus, replication of these results is
required with a large sample size.

Even though cumulative evidence has suggested that
local gyrification could be a potential neural endopheno-
type in psychiatric disorders, there have been no studies
to date that have investigated the association between the
cortical folding pattern and candidate variants of genes
involved in serotonin neurotransmission in MDD. There is
an increasing need for a comprehensive imaging genetic
study of MDD that investigates both the level of local gyri-
fication and its potential association with a serotonin-
related genetic candidate using a sufficiently large study
sample. Among the various serotonergic genes, the trypto-
phan hydroxylase-2 (TPH2) gene that encodes the rate-
limiting enzyme responsible for the biosynthesis of seroto-
nin is considered a promising genetic candidate for an
association with MDD [Gao et al., 2012; Serretti et al.,
2011; Won and Ham, 2016]. Strong epidemiological evi-
dence indicates that G-703 T (rs4570625), which is a single-
nucleotide polymorphism (SNP) that is located in the
putative promoter region of this gene, is correlated with
MDD [Gao et al., 2012]. Furthermore, serotonergic neuro-
transmission is capable of modulating neuronal migration,
cell proliferation, synaptogenesis and dendritic maturation
during cortical development [Gaspar et al., 2003; Vitalis
et al., 2007]. Considering that cell proliferation and migra-
tion greatly influence the driving force behind cortical
folding during cortical development [Zilles et al., 2013],
the TPH2 gene which affects serotonergic neurotransmis-
sion in the brain may be associated with changes in local
gyrification observed in patients with MDD.

Therefore, we aimed to investigate altered cortical gyrifi-
cation in patients with MDD by measuring the local gyrifi-
cation index (LGI) in a relatively large sample. We also
aimed to elucidate the association between TPH2
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rs4570625 and LGI in patients with MDD. Based on the
results of our previous imaging genetic study of this SNP
[Yoon et al., 2012], we assumed that the G allele might be
a risk allele for the MDD-related LGI changes. We used
the PFC and the ACC as our regions of interest (ROIs),
because these regions are deeply involved in the patho-
physiology of MDD and play a pivotal role in the emotion
processing network [Phillips et al., 2015]. In addition, most
imaging genetic studies on serotonin-related genes have
reported structural changes in these cortical regions [Won
and Ham, 2016]. Our a priori hypotheses were as follows:
(1) the patients with MDD will demonstrate significantly
altered gyrification in the ACC and/or PFC compared
with healthy controls; (2) the diagnosis of MDD and the
TPH2 rs4570625 genotype will have significant interactive
effects on the LGI of the ACC and/or PFC.

METHODS AND MATERIALS

Participants

A total of 113 patients with MDD were recruited from
the outpatient psychiatric clinic of Korea University Anam
Hospital, located in Seoul, Republic of Korea. The inclu-
sion criteria for the MDD group were as follows: (1) adults
aged 20–65 years; (2) meeting the diagnosis criteria of
MDD in DSM-IV. The diagnosis of MDD based on DSM-
IV criteria was made by a board-certified psychiatrist, and
an independent psychiatrist confirmed the diagnosis using
Structured Clinical Interview for DSM-IV Axis I disorders
(SCID-1) to improve its validity. The concordance rate for
the diagnosis of MDD by the two board-certified psychia-
trists was above 0.95. Two psychiatrists assessed the dura-
tion of illness for the patients with MDD by conducting
interviews using the life-chart methodology. The exclusion
criteria for patients with MDD were as follows: (1) pre-
sumptive primary comorbid diagnosis of any other major
psychiatric illness (based on DSM-IV criteria) on Axis I or
Axis II, within the last 6 months; (2) MDD with psychotic
features; (3) acute suicidal or homicidal patients requiring
inpatient treatment; (4) history of serious or unstable med-
ical illness; (5) abnormal findings in a physical examina-
tion and routine laboratory tests; (6) primary neurological
illness; and (7) any contraindication for MRI including
pacemakers, metal implants, and claustrophobia. A total of
86 healthy participants aged 20–65 years without any his-
tory of psychiatric illness were recruited from the commu-
nity via advertisements as the healthy control group.
Board-certified psychiatrists evaluated the healthy control
participants using SCID-1 and confirmed that they had no
current or previous psychiatric disorders. We also used
the same exclusion criteria as those used for patients with
MDD. We found that all participants in this study were
confirmed as right-handed using the Edinburgh Handed-
ness Test [Oldfield, 1971]. All participants were self-
identified Koreans and their ethnicity was confirmed

through the identification of the ethnicity of three genera-
tions of the participants’ families. The patients with MDD
and healthy control participants were evaluated for the
severity of their depressive symptoms on the same day as
the MRI scans using the 17-item Hamilton Depression Rat-
ing Scale (HDRS) [Hamilton, 1960]. The details of the anti-
depressant treatment in the MDD group are described in
Table I. Our study protocol was approved by the Institu-
tional Review Board of Korea University Anam Hospital.
In accordance with the Declaration of Helsinki, all partici-
pants gave written informed consent to participate in the
study.

Genotyping Analysis

Genomic DNA samples extracted from the peripheral
venous blood of each participant were used in the genotyp-
ing of TPH2 rs4570625 according to a standard protocol, as
previously described [Canli et al., 2005]. Polymerase chain
reaction was performed using the following primers:
forward, 50-TGCA TAGAGGCATCACAGGA-30; reverse,
50-CATTCCAATTC CACTCTTCCA-30; extension, 50-
CTCACACATTTGCATGC ACAAAATTA-30. The genotyp-
ing success rate in our study was above 95%. The details of
the allele frequencies and Hardy–Weinberg equilibrium
were described in Table I.

MRI Data Acquisition

MRI scans were acquired parallel to the anterior-
commissure–posterior-commissure line using a 3.0 T Sie-
mens Trio whole-body imaging system (Siemens Medical
Systems, Iselin, NJ), using 3D T1-weighted magnetization-
prepared rapid gradient-echo (MP-RAGE) with the follow-
ing parameters: 1,900 ms repetition time, 2.6 ms echo time,
220 mm field of view, 256 3 256 matrix size, 1 mm slice
thickness, 176 coronal slices without gap, 0.86 3 0.86 3

1 mm3 voxels, 168 flip angle, number of excitations 5 1.
After individual’s MRI scanning, the artifacts of MRI sys-
tem and motion were visually checked, and when the arti-
facts were observed, the subject’s MRI was rescanned.

Image Processing

The average LGI values of each cortical parcellation in
the bilateral PFC and ACC were calculated in the 3D T1
images with the automated reconstruction process for
whole brain structures that is implemented in the FreeSur-
fer 5.3 Development Version (Massachusetts General Hos-
pital, Boston, http://surfer.nmr.mgh.harvard.edu). The
average LGI was defined as the ratio of the buried cortex
surface area to outer convex (hull) surface area in each
parcellated cortical region. We calculated the LGI values
according to a previously reported standard protocol
[Nanda et al., 2014]. To calculate the LGI values, a three-
dimensional model of the cortical surface reconstructions
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computed from T1 images was pre-processed in FreeSur-
fer. Detailed technical aspects of procedures used in the
cortical reconstruction have been described in previous lit-
erature [Dale et al., 1999; Fischl et al., 1999, 2001, 2002,
2004; Segonne et al., 2007]. After the sequential processes
of cortical reconstruction, the LGI was calculated by mea-
suring the ratio of the sulcal and buried surface to the out-
er hull surface, which indicates the extent of cortical
folding in spherical three-dimensional regions of interest,
using an automated FreeSurfer procedure, as described
previously [Nanda et al., 2014]. Each hemisphere was
automatically parcellated into 33 distinct cortical regions
according to the Desikan–Killiany atlas [Desikan et al.,
2006]. The mean LGI values of these regions were auto-
matically calculated. Among the LGI values of the 33 corti-
cal parcels, those of the 11 cortical regions (per
hemisphere) comprising the PFC or the ACC were used in
the final analysis. We selected the 11 cortical regions with-
in Desikan–Killiany atlas according to a previous imaging

study, which used the PFC and the ACC as their ROIs
[Kremen et al., 2010]. The list of 11 cortical regions included
in the PFC or ACC is described in Table II. The LGI maps
of all subjects which were separately created in the analysis
and the automated cortical parcellation according to the
Desikan–Killiany atlas are shown in Figure 1.

Statistical Analyses

In the main analysis, the LGI values extracted from the
22 cortical regions comprising the PFC or the ACC in both
hemispheres were compared between the MDD and
healthy control groups and the TPH2 rs4570625 genotype
groups (GG vs. TT 1 TG), and the genotype-by-diagnosis
interaction was further investigated. The genotype groups
were divided based on the dominant model (comparing
risk-allele homozygotes with carriers of the non-risk allele)
in accordance with previous imaging studies on the TPH2

gene [Brown et al., 2005; Canli et al., 2005; Inoue et al.,

TABLE I. Demographic and clinical characteristics of patients with major depressive disorder and healthy controls

MDD (n 5 113) HC (n 5 86) P value

Age 42.78 6 1.07 39.23 6 1.46 0.051
Gender (female/male) 90/23 59/27 0.099
Education level

Elementary and middle school 25 11 0.128
High school or college/university 80 64

Above graduate school 8 11
HDRS-17 score 15.05 6 0.74 2.23 6 0.23 <0.001
Duration of illness (months) 45.81 6 4.60
TPH2 gene rs4570625

TT 26 30 0.174
TG 60 40
GG 27 16
HWE 0.510 0.680
TT 1 TG 86 70 0.391
GG 27 16
T (allele frequency) 112 100 0.105
G (allele frequency) 114 72

Drug-na€ıve/Antidepressant 52/61
TT 1 TG 38/48 0.514
GG 14/13

Antidepressant type
SSRI 31
SNRI 9
NDRI 6
NaSSA 4
Combination 11

Data are means 6 standard error for age, HDRS-17 scores, and duration of illness.
The P values for distributions of gender, education level, TPH2 genotype, allele frequency, and drug-na€ıve patients according to the
genotype were obtained by chi-square test.
The P values for comparisons of age and HDRS-17 scores were obtained using independent t-tests.
Allele frequencies (T/G): MDD patients 0.50/0.50, HC subjects 0.58/0.42.
MDD, major depressive disorder; HC, healthy controls; HDRS-17, Hamilton Depression Rating Scale; HWE, Hardy-Weinberg equilibri-
um; SSRI, selective serotonin reuptake inhibitor; SNRI, serotonin and norepinephrine reuptake inhibitor; NDRI, norepinephrine-
dopamine reuptake inhibitor; NaSSA, noradrenergic and specific serotonergic antidepressant; Combination, combinations of two or
more types of antidepressants.
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2010; Yoon et al., 2012]. The LGI values that were automat-
ically calculated by the FreeSurfer were analyzed with a
two-way analysis of covariance (ANCOVA) that included
the individual LGI values as the dependent variables;
diagnosis and genotype as the independent variables; and
age, gender, education level (scores of 1–3 according to
level in the Korean educational system), and demeaned
value of the total cortical surface area of the whole brain
of each participant (calculated with an automated FreeSur-
fer procedure) as covariates according to the statistical
methods used in previous imaging genetic studies [Carbal-
ledo et al., 2012; Fani et al., 2013; Fani et al., 2014; Kohli
et al., 2011; Murphy et al., 2012]. In order to correct for
multiple comparisons, we applied False Discovery Rate
(FDR) correction [Benjamini and Hochberg, 1995] to both,
the main effect of diagnosis and the diagnosis-by-genotype
interaction using q< 0.05, a total of 44 comparisons (22
comparisons of LGI values according to the diagnosis
group and 22 analyses of the diagnosis-by-genotype inter-
action). Age and HDRS scores were analyzed using inde-
pendent t-tests, and the distributions of gender, education
level, genotype, and drug-na€ıve patients according to
genotype were analyzed using the chi-square test.

Statistical analyses were performed using SPSS version
18.0 (SPSS Inc., Chicago, IL).

RESULTS

Demographic and Genotypic Characteristics

We could not find any significant differences between
the MDD and healthy control groups in terms of age, gen-
der, education level, HDRS score, and genotype distribu-
tion except for the HDRS score (t(197) 5 16.649, P< 0.001),
as shown in the Table I. The proportion of drug-na€ıve
MDD patients did not differ significantly according to the
genotype subgroup (v2 5 0.486, P 5 0.514).

Differences in LGI Values According to Diagnosis

and TPH2 rs4570625 Genotype

The patients with MDD showed significantly greater
LGIs in the medial OFC (mOFC, F(1,198) 5 8.897, P 5 0.003,
Cohen’s f 5 0.216; MDD 5 2.215 6 0.010, HC 5 2.203 6

0.013), rostral ACC (F(1,198) 5 11.576, P 5 0.001, Cohen’s

TABLE II. The differences in local gyrification indexes among groups determined by genotype and diagnosis

Cortical regions

MDD vs. HC GG vs. TT 1 TG
Diagnosis 3 Genotype

interaction

F P Cohen’s f F P Cohen’s f F P Cohen’s f

L superior frontal cortex 0.273 0.602 0.038 1.214 0.272 0.080 0.147 0.702 0.028
L rostral anterior cingulate cortex 2.817 0.095 0.121 0.196 0.659 0.032 0.684 0.409 0.060
L caudal anterior cingulate cortex 0.184 0.668 0.031 0.185 0.668 0.031 0.475 0.492 0.050
L rostral middle frontal cortex 0.245 0.621 0.036 0.893 0.346 0.068 2.349 0.127 0.111
L caudal middle frontal cortex 0.005 0.945 0.005 2.063 0.153 0.104 0.517 0.473 0.052
L medial orbitofrontal cortex 4.234 0.041 0.149 MDD>HC 0.657 0.419 0.059 1.451 0.230 0.087
L lateral orbitofrontal cortex 2.272 0.133 0.109 2.451 0.119 0.113 2.414 0.122 0.112
L pars opercularis 1.534 0.217 0.090 1.788 0.183 0.097 1.275 0.260 0.082
L pars orbitalis 0.009 0.923 0.007 3.797 0.053 0.141 0.028 0.866 0.012
L pars triangularis 0.005 0.946 0.005 0.876 0.350 0.068 0.243 0.622 0.036
L frontal pole 2.097 0.149 0.105 0.526 0.469 0.053 0.306 0.581 0.040
R superior frontal cortex 2.617 0.107 0.117 0.110 0.740 0.024 2.059 0.153 0.104
R rostral anterior cingulate cortex 11.576 0.001a 0.246 MDD>HC <0.001 0.994 0.001 9.265 0.003a 0.220
R caudal anterior cingulate cortex 1.969 0.162 0.102 <0.001 0.982 0.002 0.328 0.567 0.041
R rostral middle frontal cortex 2.470 0.118 0.114 0.129 0.720 0.026 0.057 0.811 0.017
R caudal middle frontal cortex 0.778 0.379 0.064 0.632 0.428 0.058 3.325 0.070 0.132
R medial orbitofrontal cortex 8.897 0.003a 0.216 MDD>HC 0.137 0.712 0.027 5.609 0.019 0.171
R lateral orbitofrontal cortex 2.738 0.100 0.120 0.714 0.399 0.061 3.822 0.052 0.141
R pars opercularis 0.457 0.500 0.049 0.026 0.873 0.012 1.345 0.248 0.084
R pars orbitalis 2.489 0.116 0.114 1.435 0.232 0.087 2.347 0.127 0.111
R pars triangularis 1.877 0.172 0.099 0.004 0.950 0.005 0.993 0.320 0.072
R frontal pole 12.248 0.001a 0.253 MDD>HC 0.615 0.434 0.057 3.677 0.057 0.139

The F and P values were obtained using two-way analysis of covariance adjusted for age, gender, education level, and total surface
area as covariates.
The False Discovery Rate (FDR) was applied in the analyses of diagnosis effect (MDD vs. HC) and diagnosis-by-genotype interaction.
aCortical regions that remained significant after FDR correction are marked with an asterisk.
MDD, major depressive disorder; HC, healthy controls; GG, GG genotype of rs4570625; TT 1 TG, TT or TG genotype of rs4570625; L,
left hemisphere; R, right hemisphere.
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f 5 0.246; MDD 5 2.163 6 0.009, HC 5 2.154 6 0.014), and
frontal pole (F(1,198) 5 12.248, P 5 0.001, Cohen’s f 5 0.253;
MDD 5 2.233 6 0.012, HC 5 2.205 6 0.013) in the right
hemisphere compared with healthy controls (Table II and
Fig. 2). We also observed significant diagnosis-by-
genotype interactive effects on the LGI value of the right
rostral ACC (F(1, 198) 5 9.265, P 5 0.003, Cohen’s f 5 0.220),
as shown in Table II. The above-mentioned findings
remained significant after FDR correction. The genotype
alone did not influence the LGI values in the main analy-
sis (Table II).

We performed post-hoc analyses of the LGI value in the
right rostral ACC which showed significant diagnosis-by-
genotype interaction. We compared the LGI extracted from
the right rostral ACC between MDD patients and healthy
controls within each genotype group using a one-way
ANCOVA, controlling for the same covariates as those used
in the main analysis. In the G-homozygous group, MDD
patients with G-homozygote showed significantly increased
LGI values in the right rostral ACC (F(1,42) 5 13.551, P 5 0.001,
Cohen’s f 5 0.605; MDD 5 2.195 6 0.012, HC 5 2.105 6 0.026)
compared with healthy controls with G-homozygote, as
shown in Table III and Figure 3. In the T allele carrier group,
the LGI values of the right rostral ACC did not differ between
MDD patients and healthy controls (P> 0.1). The detailed
data are described in Table III and Figure 3.

As a secondary analysis, we performed the same statisti-
cal tests on LGI values extracted from cortical regions (44
cortical regions in both hemispheres) which are not includ-
ed in the PFC or the ACC in the Desikan–Killiany atlas.
No findings remained significant after correcting for

multiple comparisons (Supporting Information Table SI).
The details of the results are described in Supporting
Information Table SI.

Association of LGIs with Medication, Depression

Severity, and Duration of Illness

To assess the effects of psychotropic medication on gyri-
fication, we compared LGI values of the ROIs between
medicated and medication-na€ıve patients using a one-way
ANCOVA with the same covariates as those used in the
main analysis. We did not find any significant difference
in LGI values between medication-na€ıve and medicated
patients (right superior frontal cortex, P> 0.05; all other
ROIs, P> 0.1). The data regarding the influence of psycho-
tropic medication use are described in detail in Supporting
Information Table SII. We also investigated correlations
between the HDRS score and the LGI values of 22 cortical
regions in MDD patients using partial correlation analysis
and adjusting for age, gender, education level, and total
cortical surface area, but could not find any significant cor-
relations (Supporting Information Table SIII; all P> 0.1,
except for the right pas opercularis: P> 0.05). In the corre-
lation analysis between duration of illness and LGI values
of ROIs in patients with MDD using the same statistical
methods as those used for the HDRS score, we observed a
correlation in the right superior frontal cortex (r 5 20.235,
P 5 0.033; Supporting Information Table SIV). However,
this finding did not remain significant after FDR correction
for 22 comparisons in both hemispheres. No other cortical
regions showed significant findings (all P> 0.1; except for

Figure 1.

The local gyrification index (LGI) map and the automated cortical parcellation. The panel A rep-

resents the LGI maps of all subjects which were separately created in the analysis, and the color

bar represents LGI scale. The panel B represents the cortical parcellation criteria of the Desi-

kan–Killiany atlas. [Color figure can be viewed at wileyonlinelibrary.com]
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the left frontal pole, P> 0.05). The data for the severity of
depression, duration of illness, and LGI values in MDD
patients are described in detail in Supporting Information
Tables SIII and SIV.

DISCUSSION

This study firstly demonstrated evidence for an associa-
tion between aberrant cortical folding in the PFC and ACC
and a candidate gene related to the pathophysiology of
MDD. We observed significant hypergyrification of the

right mOFC, rostral ACC, and frontal pole in patients with
MDD. There were significant interactions between TPH2
rs4570625 and a diagnosis of MDD on the LGI of the right
rostral ACC in our subjects. The G allele-homozygous
patients showed higher LGI values in the right rostral
ACC compared with the patients with the G allele-
homozygous healthy controls, while no significant differ-
ence of LGI between the MDD and healthy control group
within T allele carrier group.

Only three studies have explored alterations of cortical
gyrification in patients with MDD, and there have been

Figure 2.

Significant difference of the mean local gyrification index (LGI)

values between the patients with major depressive disorder

(MDD) and healthy controls (HCs). The panel A represents the

statistical comparison map of LGI values between the MDD and

HC group, and the panel B shows significant difference of LGI

values between the groups. Hypergyria in the right rostral ante-

rior cingulate cortex (rACC, P 5 0.001), medial orbitofrontal

cortex (mOFC, P 5 0.003), and frontal pole (FP, P 5 0.001) was

observed in the patients with MDD compared with HCs. [Color

figure can be viewed at wileyonlinelibrary.com]
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controversies regarding the direction of the changes in cor-
tical gyrification related to MDD among the findings of
these three studies. Zhang et al. firstly investigated LGI in
medication-na€ıve patients, and reported hypogyria in the
OFC, ACC, and posterior mid-cingulate cortex [Zhang
et al., 2009]. One later study investigated LGI measure-
ments of cortical regions included in the DMN using a
sample of recovered-state MDD patients, and found hypo-
gyria of the bilateral precuneus and hypergyria of the left
ACC [Nixon et al., 2014], which is consistent with our
observation of an increased LGI in the rostral ACC. The
most recent study investigating the LGI in patients experi-
encing their first episode of MDD suggested that the
patients had higher LGIs in the precentral and supramar-
ginal region compared with healthy controls [Peng et al.,
2015]. The three studies mentioned above have several dif-
ferent sample characteristics including psychotropic-
medication status, and duration of illness. Peng et al. sug-
gested that different illness durations might lead to differ-
ent gyrification levels and this could account for
differences between the results of these three studies.
However, in our study, the factors that could reflect the
clinical state of patients with MDD including severity of
depression and duration of illness did not influence the
LGI values in the PFC and ACC. Psychotropic medication
also had no effect on cortical gyrification. Our findings are
based on a relatively large sample size compared with pre-
vious studies (16–20 patients per group), along with con-
servative multiple comparison correction parameters and
exclusion of confounding factors.

The tension-based morphogenetic hypothesis, which is
widely accepted, states that the process of gyrification is
deeply implicated in cortical connectivity and that regional
variations in tension during brain development induce
specific cortical folding patterns and spatial organization
of the connectome [Zilles et al., 2013]. The intensity of cor-
tical folding is associated with the segregation of cortex
into functional and cytoarchitectonic areas, and abnormali-
ties in the LGI could lead to cerebral dysfunction by
changing corticocortical and corticosubcortical connections
[Zilles et al., 2013]. Multiple neuroimaging studies investi-
gating functional connectivity in patients with MDD have

suggested that MDD is characterized by abnormal cortico-
cortical and corticosubcortical connectivity in the neural
network for emotion processing [Kaiser et al., 2015a;
Mulders et al., 2015; Rive et al., 2013]. According to the
tension-based morphogenetic hypothesis, the degree and
pattern of axonal connectivity could influence cortical sur-
face morphology through gyrification during brain devel-
opment [Palaniyappan and Liddle, 2012], and the mOFC
and ACC are the most important neural hubs and pivotal

Figure 3.

Comparison of the local gyrification index (LGI) values of the right

rostral anterior cingulate cortex (rACC) among groups deter-

mined by genotype and diagnosis. Significant diagnosis-by-

genotype interaction was observed in the right rACC (P 5 0.003).

In the G allele-homozygous group, MDD patients showed signifi-

cantly increased LGI value in the right rACC compared with

healthy controls (P 5 0.001), while in the T allele carrier group,

LGI value did not differ between MDD patients and healthy con-

trols (P 5 0.547). (MDD-GG, patients with MDD and the GG

genotype; MDD-T, patients with MDD and the T allele; HC-GG,

healthy controls with the GG genotype; HC-T, healthy controls

with the T allele; Error bars represent standard error of LGI val-

ue.). [Color figure can be viewed at wileyonlinelibrary.com]

TABLE III. Post-hoc analysis of the local gyrification index of right rostral anterior cingulate cortex according to

diagnosis and the genotype

Cortical regions

GG TG 1 TT

MDD HC F P Cohen’s f MDD HC F P Cohen’s f

R rostral anterior
cingulate cortex

2.195 6 0.063 2.105 6 0.102 13.551 0.001 0.605 2.154 6 0.106 2.165 6 0.132 0.365 0.547 0.049

Data are means 6 standard error (values of local gyrification index).
The F and P values were obtained using one-way analysis of covariance adjusted for age, gender, education level, and total surface area
as covariates.
MDD, major depressive disorder; HC, healthy controls; GG, GG genotype of rs4570625; TT 1 TG, TT or TG genotype of rs4570625; L,
left hemisphere; R, right hemisphere.
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in the neural networks of emotion and mood regulation [Phil-
lips et al., 2015; Rive et al., 2013]. Thus, aberrant gyrification
in the ACC, mOFC, and frontal pole resulting from abnormal
connectivity in the emotion-processing neural circuits might
lead to disturbances in mood regulation and, eventually, a
predisposition to MDD. However, we could not verify this
hypothesis because our study did not include functional con-
nectivity as an imaging modality. The results of a study that
simultaneously investigated cortical gyrification and func-
tional connectivity suggested that regional hypergyrification
is associated with reduced long-range functional connectivity
in patients with MDD [Nixon et al., 2014].

We observed hypergyria in the rostral ACC, mOFC, and
frontal pole. Structural changes in these regions are the
most replicable findings in neuroimaging or post-mortem
histopathological studies on MDD. The reduction in the
volume of the ACC in patients with MDD has been
reported consistently by meta-analysis studies using voxel-
based morphometry [Arnone et al., 2016; Bora et al., 2012;
Lai, 2013; Wise et al., 2016]. Investigations using FreeSurfer
have revealed cortical thinning of the ACC in patients
with MDD [Wagner et al., 2012], and a post-mortem study
of depressed patients has also reported a decrease in neu-
ronal cell size and glial cell density in the ACC [Cotter
et al., 2001]. The volume reduction of the mOFC in
patients with MDD has been reported by several neuroim-
aging [Arnone et al., 2016; Koolschijn et al., 2009; Van
Eijndhoven et al., 2013; Wise et al., 2016] and post-mortem
studies [Rajkowska, 2000; Rajkowska et al., 1999]. A recent
study using microstructurally-informed subdivision- and
voxel-wise morphometric analysis has found that patients
with MDD showed a reduced volume in the medial frontal
pole, and the decrease in the volume of the region was
correlated with disease severity and duration [Bludau
et al., 2015]. The ACC and mOFC are the core structures
in neural circuits responsible for emotion regulation [Phil-
lips et al., 2008]. According to the dysregulated cortico-
limbic network model of depression, the rostral and sub-
genual part of the ACC and mOFC are involved in the
automatic and involuntary control of emotions that are
generated by subcortical structures of emotion and reward
processing including the amygdala, insula, and ventral
striatum [Rive et al., 2013]. The top-down cognitive and
voluntary control of emotions by the lateral prefrontal cor-
tical system including the dorsolateral and ventrolateral
PFC is mediated by the ventral part of the ACC and
mOFC [Phillips et al., 2008; Rive et al., 2013]. Based on our
findings, we speculate that alteration of cortical gyrifica-
tion in the rostral ACC and mOFC might be associated
with dysfunctional emotion regulation which could con-
tribute to pathophysiology of MDD. Previous studies indi-
cating abnormal gyrification of the ACC and mOFC in
patients with MDD also support our results [Nixon et al.,
2014; Zhang et al., 2009].

In this study, along with the observation of hypergyria
in the rostral ACC in depressed patients, we found a

significant diagnosis-by-genotype interactive effect in the
rostral ACC with regard to TPH2 rs4570625. The patients
with MDD showed increased LGI values for the rostral
ACC only in the G allele-homozygote group. Our explana-
tion for these results is that abnormalities in the cortical
folding pattern together with the genetic risk conferred by
TPH2 rs4570625 might be associated with the dysregula-
tion of neural circuitry involved in emotion regulation
which could lead to a depressive mood. Growing evidence
has indicated that serotonin plays a critical role in refining
the organization of the cerebral cortex during development
[Vitalis et al., 2007]. We presumed that alterations in neu-
ronal migration and cell proliferation modulated by sero-
tonergic neurotransmission and TPH2 rs4570625 might
affect the driving force behind fiber tension and eventual
cortical folding during cortical development [Gaspar et al.,
2003; Vitalis et al., 2007; Zilles et al., 2013]. Recently, an
animal study indicated that serotonin depletion in TPH2
gene knockout mice was associated with delayed matura-
tion of the upper cortical layers during postnatal cortical
development [Narboux-Neme et al., 2013]. However, fur-
ther evidence establishing a direct correlation between the
TPH2 gene and cortical folding is required.

Considering there is much evidence linking TPH2
rs4570625 with structural and functional alterations in
emotion-processing neural circuits [Won and Ham, 2016],
we speculate that hypergyria in the rostral ACC could be
a neural endophenotype of this gene regarding the devel-
opment of MDD. Nanda et al. [2014] suggested that aber-
rant local gyrification could be an endophenotype of
psychotic bipolar and schizoaffective disorders by demon-
strating that LGI abnormalities had a significant illness
association, heritability, and state independence. Although
we observed that patients with MDD showed hyper-
gyrification in the rostral ACC, which was associated with
TPH2 rs4570625, further studies on LGI and MDD are
required to confirm that hypergyria in the rostral ACC has
sufficient heritability and confers a greater predisposition
to MDD in unaffected family members in order to meet
the criteria for a useful endophenotype proposed by Got-
tesman and Gould and others [Bearden and Freimer, 2006;
Gottesman and Gould, 2003; Kendler and Neale, 2010].

The association between TPH2 rs4570625 and a predis-
position to MDD has been suggested by numerous genetic
studies [Ma et al., 2015; Waider et al., 2011; Won and
Ham, 2016]. A meta-analysis study has indicated that,
among the 28 SNPs in 12 independent loci of the TPH2
gene, rs4570625 has the strongest epidemiological evidence
of a relationship with MDD [Gao et al., 2012]. In imaging
genetic studies using healthy control participants,
rs4570625 was associated with morphological changes in
brain structures involved in emotion-processing neural cir-
cuits including the hippocampus, amygdala, and OFC.
Inoue et al. [2010] found that T allele carriers showed sig-
nificantly smaller volumes in the bilateral amygdala and
hippocampus and higher reward dependence than did
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homozygotes with the G allele. In our previous study
investigating the whole brain of healthy controls using the
VBM method, G homozygous subjects had reduced gray-
matter concentrations in the inferior OFC compared with T
allele carriers, and this reduction was correlated with the
degree of anger-related personality traits [Yoon et al., 2012].
However, to our best knowledge, there has not yet been a
study investigating the relationship between genetic var-
iants of TPH2 rs4570625 and structural changes to neural cir-
cuitry including the PFC and ACC in patients with MDD.

There are certain limitations to consider in this study.
First, sixty-one patients (54.0%) were treated with antide-
pressants with or without benzodiazepine in this study,
and we could not exclude the possibility that
psychotropic-medication status influenced our results. We
did not find any effect of medication on the LGIs of the
ROIs in a secondary analysis; similarly, a previous study
on LGIs in MDD also found no significant correlation
between medication status and local gyrification [Nixon
et al., 2014], However, the correlation between the use of
psychotropic medication and the changes in cortical fold-
ing pattern could be confirmed by future studies with
larger sample sizes including medicated as well as un-
medicated depressed participants. Second, the age range
of the participants in our study was 20–65 years, and we
cannot exclude the possibility that the inclusion of partici-
pants who were aged 60 or older might have affected our
results. However, the age range in our study was similar
to those in recent imaging genetic studies on patients with
MDD (18–65 range) [Carballedo et al., 2012; Frodl et al.,
2010; Murphy et al., 2012; Tozzi et al., 2016] and two of
the three previous studies on LGI and MDD [24–64 range,
Nixon et al., 2014; 18–60 range, Zhang et al., 2009]. We
suggest that the influence of age range on the results was
minimal because the percentages of patients with MDD and
healthy controls who were 60 or older were only 7.1% (8
patients with MDD) and 3.5% (3 healthy controls), respec-
tively. In addition, the age of the participants was controlled
in the study, and this factor was included in all the analyses
of our study. Third, we did not include environmental fac-
tors such as childhood adversity or maltreatment, which
could influence the cortical folding pattern [Kelly et al.,
2013], and thus, we could not explore genetic–environmental
interactive effects on local gyrification in patients with MDD.
Finally, the cross-sectional design of this study might have
weakened our ability to find the presumptive causal relation-
ship between the hypergyria of the PFC and ACC and a pre-
disposition to MDD and limited our postulation that
hypergyria is a stable indicator that is independent of the
clinical state. Therefore, these findings need to be replicated
in future studies with longitudinal designs.

CONCLUSION

In conclusion, our study revealed that patients with
MDD had significant hypergyria of the rostral ACC, the

mOFC, and the frontal pole, compared with healthy con-
trols. We speculate that these changes might be associated
with dysfunction in the emotion processing circuitry,
which could contribute to pathophysiology of MDD. Our
study first explored the effects of the interaction of a MDD
diagnosis and TPH2 rs4570625 on the gyrification of the
PFC and ACC, and we found that homozygosity for the G
allele was associated with a higher LGI in the rostral ACC
in the patients with MDD. We hope that this study has
extended the neurobiological basis for alterations in corti-
cal folding and provided additional evidence for the influ-
ence of TPH2 rs4570625 on structural changes to the
neural networks involved in emotion regulation.
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