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Abstract 

Bac kgr ound: Neur oima ging-based connectome studies have indicated that major depressive disorder (MDD) is associated with dis- 
rupted topological organization of large-scale brain networks. However, the disruptions and their clinical and cognitive relevance are 
not well esta b lished for morphological brain networks in adolescent MDD. 

Objecti ve: To in vestigate the topological alterations of single-subject morphological brain networks in adolescent MDD. 

Methods: Twenty-fiv e first-e pisode, tr eatment-nai v e adolescents with MDD and 19 healthy controls (HCs) underwent T1-weighted 

ma gnetic r esonance ima ging and a batter y of neur opsycholo gical tests. Single-subject morpholo gical br ain netw orks w ere constructed 

se paratel y based on cortical thickness, fractal dimension, gyrification index, and sulcus depth, and topologically c har acterized by 
gr aph-based approac hes. Betw een-group differences w ere inferred by permutation testing. For significant alterations, partial correla- 
tions were used to examine their associations with clinical and neuropsychological variables in the patients. Finally, a support vector 
machine was used to classify the patients from controls. 

Results: Compared with the HCs, the patients exhibited topological alterations only in cortical thic kness-based netw orks c har acter- 
ized by higher nodal centralities in parietal (left primary sensory cortex) but lower nodal centralities in temporal (left parabelt complex, 
right perirhinal ectorhinal cortex, right area PHT and right ventral visual complex) regions. Moreover, decreased nodal centralities of 
some tempor al re gions w er e corr elated with cogniti v e dysfunction and clinical c har acteristics of the patients. These r esults wer e 
largel y r e pr oducib le for binar y and weighted network anal yses. Finall y, topological pr operties of the cortical thickness-based net- 
w orks w er e a b le to distinguish the MDD adolescents fr om HCs with 87.6% accuracy. 

Conclusion: Adolescent MDD is associated with disrupted topological organization of morphological brain networks, and the disrup- 
tions provide potential biomarkers for diagnosing and monitoring the disease. 

Ke yw ords: adolescent major de pr essi v e disorder; structur al MRI; morphological br ain netw ork; cortical thic kness; support vector 
machine 
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Introduction 

Major de pressi ve disorder (MDD) is one of the most pr e v alent psy- 
chiatric disor ders w orldwide (Br omet et al., 2011 ; Ferr ari et al., 2013 ; 
Otte et al., 2016 ), which imposes significant economic and cogni- 
tive costs (Gotlib & Joormann, 2010 ; Greenberg et al., 2015 ). More- 
over, MDD is the leading cause of disability around the world (Vos 
et al., 2016 ). In view of the global pr e v alence and burden of MDD,
it is worthwhile working out the neural mechanism of the disease 
to help its dia gnosis, pr e v ention, and pr ognosis. 

Benefiting fr om adv ances in noninv asiv e neur oima ging tec h- 
niques and sophisticated anal ytical methods, gr eat pr ogr ess has 
been made in the last decade in ma pping br ain structur al and 

functional alterations in MDD. In particular, connectomics anal- 
ysis of m ultimodal ma gnetic r esonance ima ging (MRI) data r e- 
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eals that MDD is related to disrupted topological organization 

f large-scale brain networks (Chen et al., 2017 ; Jiang et al., 2019 ;
orgaonkar et al., 2020 ; Li et al., 2022 ; Shin et al., 2018 ; Yao et
l., 2019 ; Zhang et al., 2021 ), prompting a conceptual proposal
o view MDD as a network dysfunctional syndrome (Gong & He,
015 ). Ho w e v er, these studies mainl y focus on adult patients.
ompared with adult MDD, adolescent MDD is associated with 

n increased risk for the recurrence of MDD during adulthood
Nardi et al., 2013 ) and a higher rate of suicide (Johnson et al.,
018 ). Mor eov er, since adolescence is a period of marked physi-
al, mental and brain development (Balvin & Banati, 2017 ; Belcher
t al., 2021 ; Lenroot & Giedd, 2006 ), MDD in this period could
ead to serious social and educational impairments and misbe- 
a viors (T hapar et al., 2012 ). T her efor e, r esearc hers hav e begun to
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urn their attention to brain network dysfunction in adolescent
DD. 
Curr entl y, se v er al studies have been conducted to examine

unctional brain networks derived from functional MRI or struc-
ur al br ain networks constructed with diffusion MRI in adoles-
ents with MDD (Chu et al., 2018 ; Ho et al., 2017 ; Sacchet et al., 2016 ;
ymofiye v a et al., 2019 ; Wu et al., 2020 ). In addition to these two
ypes of brain network, single-subject morphological brain net-
orks based on structural MRI provide another important way to

tudy human brain networks (for a recent review, see Cai et al.,
023 ). A major adv anta ge of single-subject mor phological br ain
etworks is their high test-r etest r eliability (Jiang et al., 2017 ; Kong
t al., 2015 ; Li et al., 2017 , 2021c ; Tijms et al., 2012 ; Wang et al., 2016 ,
018 ; Yin et al., 2023 ; Yu et al., 2018 ; Zhao et al., 2021 ), which confers
he potential to establish reliable biomarkers in brain diseases.
or e importantl y, single-subject mor phological br ain networks

r e incr easingl y demonstr ated to hav e biological under pinnings
y r e v ealing their associations with various properties of corti-
al micr oarc hitectur e, suc h as gene expr ession, c ytoar chitectonic
lassification, and myelin content (Li et al., 2022 ; Sebenius et al.,
023 ; Seidlitz et al., 2018 ; Yang et al., 2021 ; Zhao et al., 2021 ). T hus ,
ingle-subject morphological brain networks are a reliable, bio-
ogicall y plausible a ppr oac h to study cortical or ganization fr om
n integrated perspective. To date, single-subject morphological
rain networks have been used to study various brain diseases,

ncluding adult MDD (Chen et al., 2017 ; Gao et al., 2023 ; Li et al.,
021 , 2023 ), stroke (Lv et al., 2021 ), and m ultiple scler osis (Casas-
oma et al., 2022 ; Collorone et al., 2020 ; Yang et al., 2023 ). With re-
pect to adolescent MDD, ho w e v er, it is lar gel y unknown r egard-
ng whether single-subject mor phological br ain networks ar e dis-
upted and whether the alterations (if observed) are related to
linical manifestations and cognitive deficits of patients. 

In this study, we aimed to disclose topological alterations of
ingle-subject mor phological br ain networks in adolescent MDD,
nd further examine clinical and cognitive relevance of the al-
erations. To this end, we collected structural MRI and neuropsy-
hological data from 25 first-e pisode, treatment-nai ve adoles-
ent MDD patients and 19 age-, sex-, and education-matched
ealthy controls (HCs). Single-subject morphological brain net-
 orks w er e constructed using our pr e vious surface-based single-

ubject method (Li et al., 2021c ; Lv et al., 2021 ). Topological orga-
izations of the netw orks w er e c har acterized by gr a ph-based net-
ork measures, whose between-group differences were examined
ith perm utation testing. Between-gr oup differ ences in r egional
orphology and interregional morphological similarity were also

ompar ed. For observ ed alter ations, their associations with clin-
cal and neur opsyc hological v ariables wer e further examined in
he patients. Finally, we tested whether the alterations can be used
o classify the adolescent MDD patients from HCs using support
 ector mac hine (SVM). We hypothesized that single-subject mor-
hological brain networks were disrupted in adolescent MDD pa-
ients, and the disruptions could account for clinical features and
ognitive disturbances of the patients and distinguish the patients
rom HCs. 

aterials and Methods 

articipants 

 total of 46 participants were recruited in the current study, in-
luding 25 first-e pisode, treatment-nai ve adolescents with MDD
nd 21 age-, sex-, and education-matched HCs . T he MDD pa-
ients wer e r ecruited fr om the Department of Mental Health at the
irst Affiliated Hospital, College of Medicine, Zhejiang University.
atched healthy volunteers were recruited from the local com-
 unity via adv ertisements. MDD was dia gnosed according to the
iagnostic and Statistical Manual of Mental Disorders, IV Edition

DSM-IV) criteria for first-episode current unipolar MDD, which
 as assessed b y tw o pr ofessional psyc hiatrists using structur ed

linical interviews based on the DSM-IV. The inclusion criteria in-
luded: (i) aged 13 to 18; (ii) right handedness; (iii) Han ethnic-
ty; (iv) IQ > 80; and (v) scored at least 40 on the Children’s De-
ression Rating Scale-Revised (CDRS-R) (Poznanski et al., 1984 ) for
he patients . T he exclusion criteria w ere as follo ws: (i) MDD pa-
ients with any form of treatment prior to the study; (ii) significant

edical illness; (iii) a history of neurological and psychiatric dis-
rders; (iv) abnormal signals in conv entional MRI ima ging; (v) an y
ther current psychiatric axis-I or axis-II disorders (except MDD
n the patients); (vi) current alcohol and drug abuse; (vii) pregnant
omen; and (viii) contraindications for MRI scanning, including
etallic implants, r etr actors or br aces, and claustr ophobia. Two
Cs were excluded due to poor image quality . Finally , 44 adoles-
ents (25 MDD and 19 HCs) were included. 

The study was a ppr ov ed by the ethics committee of the First Af-
liated Hospital of the College of Medicine of Zhejiang University
nd conducted in accordance with the Code of Ethics of the World
edical Association (Declaration of Helsinki). To make sure that

he adolescent participants felt respected and thus better engaged
n this stud y, the y were informed of some details beforehand and
ave their consent as well as their parents or legal guardians be-
ore the study began. 

linical and neuropsychological measurements 

n the current study, all participants underwent a battery of clin-
cal and neur opsyc hological tests. Specificall y, clinical tests, as-
essing the se v erity of depr essiv e symptoms, included the 17-item
amilton Depression Rating Scale (HAMD) (Hamilton, 1967 ) and

he Children’s Depression Rating Scale, revised version (CDRS-
) (Poznanski et al., 1984 ). Neur opsyc hological tests included the
isconsin Card Sorting Test (WCST) (Monchi et al., 2001 ), Contin-

ous Performance Test (CPT) (Rosvold et al., 1956 ), Trail-making
est (TMT) (Arnett & Labovitz, 1995 ), and Stroop Color Word Test
Stroop, 1935 ). These tests were chosen since they had been fre-
uently used in previous studies of adult and/or adolescent MDD,
nd were of good practicability (Doom et al., 2021 ; Huang et al.,
012 ; Pan et al., 2020 ). 

mage acquisition 

ll MRI data were acquired using a Philips Ac hie v a 3.0 T TX MRI
ystem (Philips Healthcare, Netherlands) with an eight-channel
ead coil arra y. T he 3D high-resolution T1-weighted images were
cquir ed axiall y using a fast field echo sequence with the fol-
owing imaging parameters: 150 slices, repetition time (TR) = 7.5

s, echo time (TE) = 3.7 ms, flip angle (FA) = 8 ◦, slice thick-
ess/gap = 1/0 mm, voxel size = 1 × 1 × 1 mm 

3 , matrix = 240 × 240
nd field of view (FOV) = 240 × 240 mm 

2 . 

ata preprocessing 

ata pr epr ocessing of structur al ima ges was performed using
he Computational Anatomy Toolbox (CAT12, http://www.neuro.
ni-jena.de/cat ) based on Statistical P ar ametric Ma pping soft-
are (SPM12, http:// www.fil.ion.ucl.ac.uk/ spm/ software/ spm12/ ).
AT12 offers a fast and reliable approach for analysis of cere-
r al surface-based mor phometry, suc h as cortical thic kness (CT),
ractal dimension (FD), gyrification index (GI), and sulcus depth

http://www.neuro.uni-jena.de/cat
http://www.fil.ion.ucl.ac.uk/spm/software/spm12/
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(SD). Briefly, individual structur al ima ges wer e first segmented 

into gray matter, white matter, and cer ebr ospinal fluid. During 
the segmentation process, we used the standard tissue probability 
maps as provided in the SPM12 to initialize the segmentation, the 
ICBM space template (East Asian brains) for affine regularization,
and an optimized shooting a ppr oac h for spatial r egistr ation (Ash- 
burner & F riston, 2011 ). Accor ding to the CAT12 manual, we did 

not use customized tissue probability maps, which are only rec- 
ommended for data obtained in young c hildr en. Then, estimation 

of CT and reconstruction of the central surface were conducted 

based on the projection-based thickness method, which allows 
the handling of partial volume information, sulcal blurring, and 

sulcal asymmetries (Dahnke et al., 2013 ). FD, GI, and SD were fur- 
ther calculated with default parameter settings based on the con- 
structed centr al surface. Finall y, individual mor phological ma ps 
of CT , FD , GI, and SD were resampled into the common fsaverage 
template and smoothed using a Gaussian kernel with 12-mm full- 
width at half-maximum for the CT maps and 25-mm full -width at 
half-maximum for the other maps. According to the recommen- 
dations of the CAT12 manual, the usage of larger smoothing ker- 
nel sizes for the FD, GI, and SD maps was due to the underlying na- 
ture of these folding measures that reflected contributions from 

both sulci and gyri. Ther efor e, the smoothing kernel size should 

exceed the distance between a gyral crown and a sulcal fundus. 

Construction of morphological brain networks 

In this study, morphological brain networks were constructed us- 
ing our pr e vious method (Li et al. , 2021c ; Lv et al. , 2021 ). First,
the Human Connectome Project multi-modal parcellation atlas 
(Glasser et al., 2016 ) was used to parcel the cer ebr al cortical sur- 
face into 360 regions of interest (ROI), each of which represented 

a node . T hen, for eac h mor phological index, all v alues within 

each R OI w ere extracted and used to estimate regional probabil- 
ity density function by the kernel density estimation (MATLAB 

function: ksdensity). Subsequentl y, the pr obability density func- 
tions were converted to corresponding probability distribution 

functions (PDFs). For two regions with PDFs P and Q, respectively,
the Jensen–Shannon div er gence (JSD), a v ariation of the Kullbac k–
Leibler div er gence (KLD), was calculated as: 

J SD ( P ‖ Q ) = 

1 
2 

K LD ( P ‖ M ) + 

1 
2 

K LD ( Q ‖ M ) 

KLD ( P ‖ Q ) = 

n ∑ 

i =1 

P ( i ) log 
P ( i ) 
Q ( i ) 

where M = 

1 
2 ( P + Q ) , and n is the number of sample points (2 8 in 

the current study) (H. Wang et al., 2016 ). Finally, the morphological 
connectivity (MC) between two regions was defined as: 

MC ( P,Q ) = 1 −
√ 

JSD ( P ‖ Q ) 

These pr ocedur es r esulted in four sets of 360 × 360 MC matri- 
ces [i.e. CT-based networks (CTNs), FD-based networks, GI-based 

networks, and SD-based networks]. 

Netw ork anal ysis of morphological br ain 

networks 

T hr eshold selection 

For the MC matrices deriv ed her e, a sparsity-based thr esholding 
pr ocedur e w as emplo y ed to conv ert eac h of them to a set of bi-
nary networks, wherein sparsity is defined as the number of ac- 
tual edges divided by the total number of possible edges in a net- 
work. By a ppl ying a subject-specific MC thr eshold to individual 
MC matrices, the sparsity-based thresholding procedure ensures 
he same number of edges or network cost for the resultant net-
orks across participants. As there are no definitive ways to de-

ermine a single sparsity v alue, the MC matrices wer e r epeatedl y
hr esholded ov er a consecutiv e sparsity r ange fr om 0.02 to 0.4
interval of 0.02). The sparsity range was selected to ensure that
he resultant networks have sparse properties (Achard, 2006 ; He
t al., 2007 ; Wang et al., 2009 ) and are estimable for small-world
ttributes (Watts & Strogatz, 1998 ). In addition to the binary net-
 orks, w e also derived their corresponding weighted networks to

xamine the r epr oducibility of our findings by taking the MC of
upr a-thr eshold edges into account. 

etwork measure calculation 

n this study, 4 (morphological index: CT/FD/GI/SD) × 2 (network 
ype: binary/weighted) × 20 (sparsity le v el: 0.02–0.4) mor pholog- 
cal netw orks w er e constructed for eac h participant. For eac h
etw ork, w e calculated gr a ph-based global (clustering coefficient,
 p , c har acteristic path length, L p , normalized C p , and normalized
 p ) and nodal (degree, efficienc y, betw eenness, eigenvector, and
 a geRank) pr operties with the GRETNA toolbox (Wang et al., 2015 ).
etailed formulas and interpretations of these measures can be 

ound else wher e (Rubino v & Sporns , 2010 ). Giv en that all gr a ph-
ased network measur es wer e calculated as functions or curves
f sparsity, we further computed the area under the curve for
ac h measur e to pr ovide sparsity-independent summary scalars
or subsequent statistical analysis. 

ta tistical anal ysis 

etween-gr oup differ ences in demographic, clinical and neu- 
opsychological variables 
or discrete sex data, a χ2 test was used to examine between-
r oup differ ences. For other continuous v ariables, Lilliefors tests
ere first used to determine whether they follo w ed normal distri-
ution within each group. For variables conforming to normal dis-
ribution within both the patient and control groups, two-sample 
 -tests were used to test their between-group difference; other- 
ise, Wilcoxon rank sum tests were used instead. 

etween-gr oup differ ences in MRI-based variables 
or eac h mor phological index, between-gr oup differ ences wer e
xamined for the mean morphological value within each ROI,
C between each pair of ROIs and eac h gr a ph-based network
easur e with non-par ametric perm utation test (10 000 times)

ased on the t statistics derived from two-sample t -tests. Dur-
ng the comparisons , age , sex, and education were treated as co-
ariates . A false disco very rate (FDR) procedure was used to cor-
ect for multiple comparisons for intraregional mean morpholog- 
cal v alue (acr oss 360 ROI), for eac h nodal pr operty (acr oss 360
OI), and for global network properties (across four properties).
or interregional MC, a threshold-free network-based statistics 
TFNBS) method (Baggio et al., 2018 ) was used to correct for mul-
iple comparisons across all connections . T hese corr ections wer e
erformed within each type of single-subject morphological brain 

etworks. For the FDR pr ocedur e, the first step involved the sorting
f the original P values (e.g. 360 P values derived from between-
roup comparisons of nodal degree for binary CTNs) in ascend-
ng order. Then, the k th element in the ascending P values ( p k )
as determined according to the following form ula, whic h was

he threshold that would restrict the expected proportion of type
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Table 1: Demogr a phic and clinical c har acteristics. 

MDD HCs P value 

Gender (M/F) 8/17 6/13 0 .976 a 

Age (years) 16 (2.25) 16 (1) 0 .250 b 

Education (years) 9 (2.25) 9.32 ± 1.67 0 .961 b 

HAMD 25.56 ± 5.11 0 (2) < 0 .001 b 

CDRS-R 71.63 ± 12.59 17 (2.75) < 0 .001 b 

Age of onset (years) 16 (3.25) – –
Course of illness (months) 6 (10) – –

Data ar e pr esented as mean ± standard deviation or median (interquartile 
range) depending on whether the v ariables ar e normall y distributed (Lilliefors 
test). M, male; F, female; HAMD, Hamilton Depression Scale; CDRS-R, Children’s 
Depression Rating Scale-Revised. 
a The P value was obtained by a c hi-squar e test. 
b The P values were obtained by Wilcoxon rank sum tests. 

R
D
v
T  

a  

s  

c  

c  

r  

w  

t

A
v
N  

H  

l

A
M
N  

H  

p

A
s
a
T  

s  

t  

h  

e  

p  

P  

n  

c  

P  

q  

(  

l  

s  

q  

i  

−  

P  
 errors to q < 0.05: 
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here n denotes the number of tests. All tests with a P value equal
r smaller than p k were considered significant. 

elationships between MRI-based measures and clinical and
europsychological variables 
or MRI-based measures showing significant alterations in the
dolescent MDD patients, Spearman partial correlation was used
o examine their relationships with clinical variables (age of on-
et, course of illness, HAMD, and CDRS-R) in the patients. Ef-
ects of sex, age, and education were controlled for the MRI-
ased measur es. Similarl y, Spearman partial corr elation anal y-
es were performed between the MRI-based measures and neu-
 opsyc hological tests showing significant alterations in the ado-
escent MDD patients with sex, age, and education as co variates .
he FDR pr ocedur e was used to corr ect for m ultiple comparisons
cross all correlation analyses between 17 MRI-based measures
howing significant alterations in the patients and eight clini-
al and neur opsyc hological v ariables (17 × 8 = 136 correlation
nalyses). 

lassification 

 linear kernel SVM algorithm was implemented to distinguish
he adolescent MDD from HCs with all network properties de-
iv ed fr om both the binary and weighted CTNs as initial featur es.
 10-fold cr oss-v alidation pr ocedur e was used to e v aluate the
ut-of-sample prediction performance . T he ratio of the sample
ize in the training set to the test set was ∼9:1. More specifi-
ally, the sample sizes were 40 versus 4 in 6 out of the 10 folds
nd 39 versus 5 in the other folds. In each fold, a SVM classifier
as trained based on features that exhibited significant between-

r oup differ ences ( P < 0.05; perm utation test) in the tr aining set.
he classifier was then applied to the unseen test set to predict the
roup labels of left-out participants . T he pr edictiv e ability of the
VM classifier was assessed by means of accuracy , sensitivity , and
pecificity: 

Accuracy = 

T P + T N 

T P + T N + F P + F N 

Sensit ivit y = 

T P 
T P + F N 

Speci f icity = 

T N 

T N + F P 

here TP , TN, FP , and FN r epr esent true positiv e, true negativ e,
alse positive, and false negativ e, r espectiv el y. To r obustl y assess
hese measures, the 10-fold cross-validation procedure was re-
eated 100 times and the resultant mean accuracy , sensitivity , and
pecificity wer e calculated. Meanwhile, featur es that wer e con-
istently selected across all folds and repeats were recorded to-
ether with their weights in contributing to the SVM classifiers av-
r a ged acr oss the folds and r epeats. Finall y, to e v aluate whether
he trained SVM classifiers performed by c hance, a P v alue was
epar atel y estimated for the accuracy , sensitivity , and specificity
y gener ating corr esponding empirical null distributions based on
he initial features with reshuffled group labels (1000 times). No-
abl y, befor e the classification pr ocedur es, effects of age, sex, and
ducation wer e r egr essed out fr om all the featur es via m ultiple
inear r egr ession. 
esults 

emographic, clinical, and neuropsychological 
ariables 

he demogr a phic and clinical c har acteristics of all participants
re shown in Table 1 . There were no significant differences in age,
ex, or education between the two groups (all P > 0.05). Ho w e v er,
ompared with the HCs, the adolescent MDD patients had signifi-
antly higher HAMD and CDRS-R scores (both P < 0.001). For neu-
 opsyc hological v ariables, the adolescent MDD patients sho w ed
orse performance on the TMT B, SCWT A, SCWT B, and SCWT C

han the HCs (all P < 0.05) (Table 2 ). 

lternations in intraregional morphological 
alue in adolescent MDD 

o significant differences were found between the patients and
Cs in the mean mor phological v alue within any region regard-

ess of the morphological index ( P > 0.05, FDR corrected). 

lternations in interregional MC in adolescent 
DD 

o significant differences were found between the patients and
Cs in the MC between any pair of regions regardless of the mor-
hological index ( P > 0.05, TFNBS corrected). 

lternations in topological organization of 
ingle-subject morphological brain networks in 

dolescent MDD 

opological alterations in the adolescent MDD patients were ob-
erv ed onl y in the CTNs ( q < 0.05). Specificall y, compar ed with
he HCs, the adolescent MDD patients exhibited significantly
igher nodal degree ( t 39 = 4.097, P = 2.3 × 10 −4 , q = 0.037) and
igenvector ( t 39 = 3.743, P = 3.3 × 10 −4 , q = 0.034) in the left
rimary sensory cortex, lo w er nodal eigenvector ( t 39 = −4.345,
 = 1.3 × 10 −4 , q = 0.034) in the left parabelt complex, lo w er
odal degree ( t 39 = −4.134, P = 1.5 × 10 −4 , q = 0.037) and effi-
iency ( t 39 = −4.211, P = 1.0 × 10 −4 , q = 0.018) in the right area
HT, and lo w er nodal eigenvector ( t 39 = −3.854, P = 2.2 × 10 −4 ,
 = 0.034) in the right v entr al visual complex for the binary CTNs
Fig. 1 ). Analysis of the weighted CTNs generated largely simi-
ar results (Fig. 2 ). That is, the adolescent MDD patients sho w ed
ignificantly higher nodal efficiency ( t 39 = 4.061, P = 2.3 × 10 −4 ,
 = 0.026) and eigenvector ( t 39 = 3.724, P = 3.2 × 10 −4 , q = 0.033)
n the left primary sensory cortex, lo w er nodal eigenvector ( t 39 =
4.360, P = 0.8 × 10 −4 , q = 0.025) and efficiency ( t 39 = −3.587,
 = 5.2 × 10 −4 , q = 0.029) in the left parabelt complex, lo w er nodal
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Table 2: Neur opsyc hological c har acteristics. 

MDD HCs P value 

Wisconsin Card Sorting Test 
Total number of trials 48 (2.5) 48 (3) 0.702 a 

Number of correct trials 35 (9.75) 36 (8) 0.673 a 

Total number of errors 15.30 ± 10.50 14.39 ± 8.51 0.765 b 

Number of perse v er ativ e err ors 10.00 ± 7.33 8.94 ± 7.70 0.657 b 

Number of random errors 4 (3) 5.72 ± 3.27 0.339 a 

Number of completed categories 5 (3) 5 (2) 0.373 a 

Continuous Performance Test 
1 11 (1.75) 11 (0) 0.423 a 

2 9 (3) 9.28 ± 2.82 0.894 a 

3 11 (3) 12 (1) 0.113 a 

Trail Making Test 
A 42.30 ± 13.09 32 (10.53) 0.057 a 

B 82 (27.25) 68.93 ± 15.36 0.001 a 

Stroop Color-Word Test 
A 46.30 ± 10.22 40.19 ± 8.59 0.049 b 

B 72 (17.5) 62.41 ± 13.29 0.008 a 

C 120 (41.25) 93.29 ± 27.87 0.008 a 

Interference 45 (27.75) 30.88 ± 23.08 0.095 a 

Data are presented as mean ± standard deviation or median (interquartile range) depending on whether the variables are normally distributed (Lilliefors test). Of 
note, data of the neur opsyc hological tests were missing for two patients and one control. 
a The P values were obtained by Wilcoxon rank sum tests. 
b The P values were obtained by two-sample t -tests. 
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eigenvector ( t 39 = −3.768, P = 5.5 × 10 −4 , q = 0.041), efficiency 
( t 39 = −4.210, P = 0.6 × 10 −4 , q = 0.013) and betweenness ( t 39 = 

−4.316, P = 0.3 × 10 −4 , q = 0.011) in the right area PHT, and lo w er 
nodal eigenvector ( t 39 = −3.845, P = 2.9 × 10 −4 , q = 0.033) and 

efficiency ( t 39 = −3.662, P = 6.8 × 10 −4 , q = 0.030) in the right 
v entr al visual complex. In addition, lo w er nodal eigenvector ( t 39 

= −3.678, P = 6.5 × 10 −4 , q = 0.041) and efficiency ( t 39 = −3.827,
P = 4.9 × 10 −4 , q = 0.029) were observed in the patients in the right 
perirhinal ectorhinal cortex. No significant between-group differ- 
ences were found in any global properties for either the binary or 
weighted CTNs ( q > 0.05). 

Rela tionships betw een altered nodal centr alities 

and clinical/neuropsychological variables in 

adolescent MDD 

No significant correlations were observed for altered nodal cen- 
tralities in the CTNs with any clinical or neur opsyc hological v ari- 
ables in the adolescent MDD patients ( q > 0.05). Using a uncor- 
r ected significance le v el of P < 0.05, nodal eigenvector (binary 
CTNs: rho = −0.565, P = 0.010, q = 0.623; weighted CTNs: rho 
= −0.550, P = 0.012, q = 0.593) and efficiency (weighted CTNs: 
rho = −0.535, P = 0.015, q = 0.593) of the left parabelt complex 
wer e negativ el y corr elated with the SCWT A, nodal eigenv ector 
(binary CTNs: rho = 0.425, P = 0.043, q = 0.593; weighted CTNs: 
rho = 0.436, P = 0.038, q = 0.602) of the left parabelt complex was 
positiv el y corr elated with the onset a ge of illness, nodal eigen- 
vector (weighted CTNs: rho = 0.548, P = 0.008, q = 0.602) and 

efficienc y (w eighted CTNs: rho = 0.549, P = 0.008, q = 0.602) of 
the right perirhinal ectorhinal cortex wer e positiv el y corr elated 

with the course of illness, and nodal betweenness (weighted CTNs: 
rho = 0.532, P = 0.016, q = 0.602) of the right area PHT was posi- 
tiv el y corr elated with the SCWT C (Fig. 3 ). 

Classification results 

The SVM classifiers based on all network pr operties fr om both 

the binary and weighted CTNs exhibited good performance in 
istinguishing the adolescent MDD patients from HCs (accu- 
acy = 0.876, P < 0.001; sensitivity = 0.963, P < 0.001; speci-
city = 0.762, P < 0.001; AUC = 0.958, P < 0.001). Out of all net-
 ork properties, 73 w ere consistently selected to train the SVM

lassifiers across all folds and repeats (Fig. 4 ). The properties were
ainl y involv ed in fr ontal and parietal r egions in addition to those

howing significant between-group differences as mentioned be- 
ore. 

iscussion 

n this study, we explored the topological alterations of morpho-
ogical brain networks in adolescents with MDD. Compared with 

he HCs, the adolescents with MDD sho w ed increased nodal cen-
ralities in parietal but decreased nodal centralities in temporal 
egions in the CTNs . T he alterations were related to cognitive im-
airments and clinical c har acteristics of the patients, and could
istinguish the patients from HCs . T hese findings pro vide prelim-

nary evidence for network dysfunction in adolescent MDD from 

he perspective of morphological brain networks, and may help 

linical diagnosis of the disease and monitor cognitive deficits as
he disease pr ogr esses. Ne v ertheless, we highlight that the find-
ngs observed in this study should be explained with cautions ow-
ng to the small sample size and uncorr ected natur e of the corre-
ating results. 

We found that the adolescent MDD patients exhibited in- 
reased nodal centralities in the left primary sensory cortex. The
rimary sensory cortex is located in the postcentral gyrus, the
rimary somatosensory cortex that responds to somatosensory 
tim uli specificall y (Glasser et al., 2016 ). MDD is known to cause
lterations in various sensorimotor functions, such as reduced vi- 
ual contrast sensitivity (Bubl et al., 2010 ), altered pain tolerance
Thompson et al., 2016 ), and reduced heartbeat perception accu-
acy (Pollatos et al., 2009 ). In a recent study, Ray and colleagues
ho w ed that altered effective connectivity in sensorimotor re-
ions might act as a promising and quantifiable candidate marker 
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F igure 1: Betw een-gr oup differ ences in nodal pr operties deriv ed fr om the binary CTNs. Four r egions wer e identified to show alter ed nodal centr alities 
in the adolescent MDD patients. Values in the violin plots are residuals of the nodal centralities after removing the effects of age, sex, and education 
via multiple linear regression. 

o  

H  

m  

s  

l  

c  

o  

a  

e  

p  

p  

m  

c  

t  

s  

e  

b  

t
 

M  

t  

v  

p  

t  

r  

&  

r  

t  

e  

i  

o  

s  

i  

C  

M  

s  

w  

p  

(  

r  
f depr ession se v erity and tr eatment r esponse (Ray et al., 2021 ).
ere, our finding implies that network dysfunction of sensori-
otor components may occur in adolescent MDD as well. More

pecifically, our finding suggests a more interactive state of the
eft primary sensory cortex in adolescent MDD as the higher nodal
entr alities mean mor e centr al r oles in maintaining the integrity
f and coordinating information flow within a network. Presum-
bly, this might be the consequence of compensatory adaption to
nsure global function of patients’ brains, and is consistent with a
r e vious study showing increased functional homogeneity in the
ostcentral gyrus in adolescent MDD (Mao et al., 2020 ). Ho w e v er,
or phological comparisons r e v ealed cortical thinning in the post-

entral gyrus in adolescent MDD (Fallucca et al., 2011 ), and the
hinning was linked to enhanced vulnerability to futur e depr es-
ion during the adolescent-young adulthood transition (Meruelo
t al., 2021 ). The discrepancy may suggest different mechanisms
etween structural and functional and between local and connec-
iv e alter ations of sensorimotor r egions in adolescent MDD. 

In addition to the increased nodal centralities, the adolescent
DD patients were found to show decr eased centr alities in four
empor al r egions (the left par abelt complex, right ar ea PHT, right
 entr al visual complex and right perirhinal ectorhinal cortex). The
arabelt complex, located in the superior temporal gyrus, con-
ributes to the early auditory cortex as the higher-order field sur-
ounding the primary auditory core region and belt areas (Kaas
 Hackett, 2000 ; Saenz & Langers, 2014 ), and is activated in overt
 eading par adigm (Zac hlod et al., 2020 ). A pr e vious study sho w ed
hat patients with MDD exhibited a lo w er ov ert r eading speed (Ah-
rn & Semko vska, 2017 ). T hus , the decr eased nodal centr alities
n the parabelt complex may be related to the impairments of
v ert r eading in adolescent MDD. This speculation sounds plau-
ible given the negative correlation between nodal centralities
n the parabelt complex and the reaction time in the Stroop
olor Word Test (word reading condition) in the adolescents with
DD, although the correlation did not pass multiple compari-

on corr ection. Notabl y, a pr e vious gr a y matter co variance net-
ork study in adult MDD found lo w er nodal centrality in the su-
erior temporal gyrus, in which the parabelt complex is located

Singh et al., 2013 ). The consistency may imply a common neu-
 al mec hanism shar ed by adult and adolescent MDD that under-
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F igure 2: Betw een-gr oup differ ences in nodal pr operties deriv ed fr om the weighted CTNs. Fiv e r egions wer e identified to show alter ed nodal 
centralities in the adolescent MDD patients. Values in the violin plots are residuals of the nodal centralities after removing the effects of age, sex, and 
education via multiple linear regression. 
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lies dysfunctional visual stimuli processing and overt reading in 

patients. 
Area PHT is located in the posterior middle temporal gyrus, and 

is str ongl y associated with the task positiv e network, wher ein r e- 
gions show consistent activ ations acr oss differ ent tasks particu- 
larly those involving attention (Blumenfeld, 2016 ; Glasser et al.,
2016 ). The decreased nodal centralities in the area PHT thus may 
r eflect distr action and difficulty of adolescents with MDD in focus- 
ing on targets . T his finding is consistent with a pr e vious functional 
brain network study showing decreased nodal centralities in the 
middle temporal gyrus in first-episode adolescents with MDD (Wu 

et al., 2020 ). T hus , it seems that the middle temporal gyrus, in par- 
ticular the area PHT, may play an important role in understanding 
why adolescents with MDD typically fail to orient their attention 

to important environmental cues. 
Finall y, the v entr al visual complex and the perirhinal ectorhi- 

nal cortex are both located in the fusiform gyrus, with the for- 
mer activated in place- and tool-related working memory tasks 
(Glasser et al., 2016 ; Weiner et al., 2014 ), whereas the latter is ac- 
tivated in the face-related working memory tasks (Glasser et al.,
2016 ). Despite diverse responses to different types of visual stim- 
uli, both the sub-regions of the fusiform gyrus contribute to vi- 
sual working memory (Glasser et al., 2016 ), whic h r equir es pr o- 
cessing of visual information (Bad dele y, 1992 ). T hus , we spec- 
ulate that the decreased nodal centralities in the entral visual 
complex and the perirhinal ectorhinal cortex may suggest im- 
paired visual working memory in adolescent MDD. These find- 
ings are consistent with a previous functional MRI study showing 
hypo-activation in the fusiform gyrus in facial emotion identifi- 
cation task in adolescent MDD (Ho et al., 2016 ). Ho w e v er, in adult 
DD a voxel-based meta-analysis of functional MRI studies re- 
 ealed str onger r esponse in the fusiform gyrus in working mem-
ry tasks, and the increased response became more evident in
atients with mor e se v er e depr ession symptoms (X. Wang et al.,
021 ). The discrepancy implies differential roles of the fusiform
yrus in contributing to impaired visual working memory, in par-
icular face-related visual processing, between adolescent and 

dult MDD. Future direct comparison studies may help clarify 
his issue. It should be noted that we found a positive correla-
ion between nodal centralities of the perirhinal ectorhinal cor- 
ex and course of illness of the patients . T hat is , as the course of
llness incr eases, nodal centr alities incr ease and the deviation to
Cs decreases in the perirhinal ectorhinal cortex. This counter- 

ntuiti ve positi ve correlation need further confirmation in future
tudies. 

It should be emphasized that all these temporal regions are
ngaged in emotional processing. Although the most investigated 

r ain r egions r elated to emotional pr ocessing ar e pr efr ontal and
imbic areas (Maletic et al., 2007 ), temporal regions are increasingly
 ecognized to involv e in the higher sta ges of emotional pr ocess-
ng, such as appraisal and reactivity (Leppänen, 2006 ). A recent
tudy proposed that adolescent MDD was more subject to disrup-
ions in primary emotional processes (e.g. perception) (Li & Wang,
021 ), which is mainly related to the primary and secondary vi-
ual cortices, fusiform gyrus, and superior temporal gyrus (Lep- 
änen, 2006 ; Li & Wang, 2021 ). In adolescent MDD, hyperactivities

n the superior and middle temporal gyri have been reported dur-
ng emotional processing (Li & Wang, 2021 ). T herefore , presum-
bl y the decr eased nodal centr alities in the tempor al r egions as
bserved in this study may be relevant to the biased emotional
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Figure 3: Relationships between nodal properties derived from the CTNs and clinical and neuropsychological variables in the adolescent MDD 

patients. Values in the scatter plots were residuals of the nodal centralities and clinical and neuropsychological variables after removing the effects of 
age, sex, and education via multiple linear regression. SCWT, Stroop Color-Word Test. 
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nosis of the disease. 
rocessing in adolescent MDD. Future studies may provide further
nsights into this speculation by examining the relationships of
hese regions with emotional processing capacity in adolescents
ith MDD. 
In this study, topological alterations in adolescent MDD were

bserv ed onl y in the CTNs but not FD-based networks, GI-based
etworks, or SD-based networks . T his ma y be partially due to dif-
erent cellular mechanisms between CT and folding-based mor-
hological indices (i.e. FD, GI, and SD). Specificall y, CT r eflects the
ize, density, and arrangement of cells in the cer ebr al cortex (Narr
t al., 2005 ), while the folding-based morphological indices r epr e-
ent the complexity of the cer ebr al surface (Luders et al., 2006 ;
an Essen et al., 2006 ; Yotter et al., 2011 ). Inter estingl y, our pr e vi-
us study found that a ge-r elated c hanges in the topological or-
anization of single-subject mor phological br ain netw orks w ere
lso mainly embodied in the CTNs (Ruan et al., 2023 ). As MDD is
ssociated with neur ode v elopmental abnormalities in lar ge-scale
rain networks (Charlton et al., 2015 ; Li et al., 2022 ), it is important
o explore how the CTNs deviate from normal developmental and
 ging tr ajectories in patients with MDD. In addition, we noted that
he topological alterations in the CTNs were observed only nodal
ut not global network measures . T his might be because the ado-
escents with MDD recruited in this study were at the early stage
f the disease (median course of illness 6 months), which is not
nough to disrupt the topological organization of single-subject
or phological br ain networks at a global le v el. Finall y, our anal y-
is of local cortical mor phology r e v ealed no significant alterations
n an y r egions . T his finding lends support to the popular view of

DD as a network dysfunctional syndrome (Gong & He, 2015 ), and
ighlights the important roles of network analysis in studies of
dolescent MDD. 

Ther e wer e se v er al limitations in this study. First, the sample
ize was small because it was difficult to recruit first-episode,
r eatment-naiv e adolescents with MDD in China. In addition, our
orr elation r esults wer e not corr ected for m ultiple comparisons.
 hus , the findings observed in this study should be considered
s exploratory, and need to be validated by independent, large-
ample studies in the future. Second, this study concerned ex-
lusiv el y the topological alterations of mor phological br ain net-
orks in adolescent MDD . T o what extent the alter ations ar e simi-

ar to those derived from functional and structural brain networks
hould be illustrated by future multimodal studies. In particular,
t is interesting to examine whether combining different types of
rain networks can improve the discriminant accuracy of ado-
escent MDD. Finall y, ther e ar e se v er al differ ent methods for con-
tructing single-subject morphological brain networks (Seidlitz et
l., 2018 ; Tijms et al., 2012 ; Wang et al., 2016 ; Yu et al., 2018 ). A natu-
al topic is to test which method is the most sensitive in detecting
dolescent MDD-r elated alter ations to help individualized diag-
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Figure 4: Consistent network properties derived from the CTNs that were selected to train the SVM classifiers. Seventy-three properties were 
consistently selected to train the SVM classifiers across all folds and repeats . T he properties were mainly involved in frontal and parietal regions in 
addition to those showing significant between-group differences. 
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Conclusion 

In this study, we explored the topological alterations of morpho- 
logical brain networks in adolescents with MDD. Compared with 

the HCs, the adolescents with MDD sho w ed increased nodal cen- 
tralities in parietal but decreased nodal centralities in temporal 
egions in the CTNs . T he alterations were related to cognitive
eficits and clinical c har acteristics of the patients and could dis-
inguish the patients from HCs . T hese findings ma y help under-
tand the neuropathology of adolescent MDD and the observed 

lterations may serve as potential biomarkers to help diagnose 
nd monitor the disease. 
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