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Abstract

Background Obsessive—compulsive disorder (OCD) is one of the most commonly seen mental disorders onset
from childhood. The neural mechanisms underlying OCD development and maintenance remain poorly understood.
Various empirical evidence from structural magnetic resonance imaging (MRI) studies has reported structural dif-
ferences in grey matter (GM) among pediatric OCD patients. However, some of the findings diverge from others,

and the association between GM and individual differences in pediatric OCD remains inconclusive. To address this
gap, we conducted a meta-analysis to synthesize findings quantitatively.

Methods The current research conducted a quantitative meta-analysis of voxel-based GM studies to elucidate exist-
ence of neural correlates in pediatric OCD. A whole brain-based d-mapping approach was utilized to explore GM
changes and further analyze the relationship between GM and individual differences in pediatric OCD patients.

Results Thirteen studies were included with 288 patients and 273 controls. Compared with controls, pediatric OCD
demonstrated significantly greater GM volume in the left insula (SDM value=1.72, p <0.005) and left superior frontal
gyrus (SFG) (orbital part) (SDM value =147, p < 0.005), whereas we showed lower GM volume in the right superior
temporal gyrus (STG) (SDM value =-1.87, p <0.005), left inferior parietal gyri (IPG) (SDM value=-1.60, p <0.005), left
middle occipital gyrus (MOG) (SDM value =-1.66, p < 0.005), and left inferior frontal gyrus (IFG) (SDM value=-1.69,

p <0.005). The increase in SFG (orbital part) and decrease IPG was commonly found in those without psychiatric
comorbidities and treatment-naive subgroup. Meta-regression analysis revealed that longer OCD duration was associ-
ated with less GM volume in IPG (SDM value =-3.057, p < 0.005). Finally, the onset age and the OCD symptoms severity
were positively associated with GM volume in the SFG (SDM z=2.387, p <0.005).

Conclusions Our findings confirmed the most consistent GM differences in pediatric OCD, particularly in the MOG,
IPG and SFG (orbital part), suggesting they are potential markers in pediatric OCD. Larger SFG (orbital part) and smaller
IPG volumes are specific to those without comorbidities and untreated patients. The duration of OCD, symptom
severity and onset age also influence GM structure. This research provides evidence of the underlying neuroanatomi-
cal characteristics of pediatric OCD.
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Background

Obsessive—compulsive disorder (OCD) is a neuropsy-
chiatric disorder characterized by repetitive thoughts
(obsessions) and behaviours (compulsions) that are expe-
rienced as unwanted [1] and commonly seen in children
and adolescents with an estimated prevalence of 1% to
3% [2]. Furthermore, it demonstrates significant continu-
ity from childhood into adulthood, with approximately
80% of adult OCD patients reporting the onset of their
first OCD symptoms before the age of 18 years [3]. The
symptoms of OCD significantly interfere with the daily
activities of children or adolescents, leading to maladjust-
ment in academic performance and social relationships.
The abnormal feedback loops in the cortical-striatal-
thalamic-cortical(CSTC) circuits have been implicated
as crucial in the pathophysiology of OCD [4]. Those find-
ings have been observed in both adult and pediatric OCD
patients [5-7].

However, some differences may exist between adult
and pediatric OCD patients, which may attributed to
brain maturity [8, 9]. Pediatric OCD patients differ from
adults in terms of sex ratio, with pediatric studies often
reporting a higher proportion of males compared to
adult studies [10]. Additionally, pediatric OCD patients
with an earlier onset age may be less responsive to treat-
ments, increasing their susceptibility to comorbid mental
disorders and resulting in poor prognosis [11, 12]. Spe-
cifically, these young patients are more prone to con-
current tic disorders, depression and attention-deficit
hyperactivity disorders (ADHD) [10]. These factors could
potentially influence brain volume. Furthermore, the age
of symptom onset and symptom severity vary consider-
ably among OCD patients, suggesting that both general
and specific etiological factors contribute to the observed
phenotypic heterogeneity [13]. This underscores the
importance of giving special attention to children with
OCD. Nonetheless, the neuroimaging characteristics of
pediatric OCD in this specific population have not been
thoroughly investigated.

Voxel-based morphometry (VBM) analysis using
structural magnetic resonance imaging (MRI) tech-
niques has provided valuable evidence. The meta-
analyses synthesizing mixed pediatric and adult
OCD samples identified consistent GM reductions
in the inferior frontal gyrus, and GM increases in the
striatum [9, 14]. Notably, these findings have pre-
dominantly relied on mixed adult-pediatric samples,
potentially obscuring developmental distinctions in

brain abnormalities. Furthermore, the previous meta-
analysis [9] included fewer than 10 pediatric studies
and reported differences in GM with respect to the
lenticular nucleus, medial frontal cortex and inferior
frontal gyrus in pediatric OCD patients compared to
controls. However, this analysis possessed only a lim-
ited number of studies focused solely on pediatric
populations. Additionally, some studies have reported
that GM volumes decreased in the superior and medial
frontal gyrus [15], occipital and parietal cortex [16, 17],
while GM increased in the orbitofrontal cortex, ante-
rior cingulate cortex, putamen [17], and thalamus [18]
in pediatric patients with OCD. In contrast, smaller
GM volumes in the anterior cingulate gyrus and greater
GM volumes in the cerebellum were observed only in
adult patients with OCD [9]. These inconsistencies may
reflect methodological variability or developmental
heterogeneity not captured in meta-analyses. Despite
growing evidence from structural MRI studies, few
meta-analysis has yet focused exclusively on pediatric
OCD. Existing meta-analyses either combine pediatric
and adult samples [9, 14] or are limited by small pedi-
atric subsamples [9], leading to inconclusive and poten-
tially confounded findings. This gap underscores the
need for a dedicated synthesis of pediatric OCD neuro-
imaging data.

Differences in brain volume reported in pediatric
OCD from previous studies may be confounded by
various factors, such as treatment response (e.g. medi-
cation or cognitive behavioural therapy) [16, 19, 20] or
long-term effects of the disease itself [21, 22]. Specifi-
cally, the study of Lazaro et al. [16] reported increased
GM in parietal regions after medication treatment in
pediatric OCD patients, while the study of Huyser et al.
[20] found that GM increased in orbital frontal gyrus
following cognitive behavioral therapy (CBT). Brain
abnormalities have also been associated with different
ages at onset, which may act as a moderator of some
GM and white matter differences in pediatric OCD
[23]. Early-onset OCD demonstrates greater herit-
ability and familial loading compared to adult-onset
OCD, suggesting a stronger genetic component [24].
The studies of Carmona et al. [25] and Valente et al.
[26] have found negative associations between OCD
severity of symptoms and GM in the hippocampus and
medial thalamus, respectively. However, Pujol et al.
[27] did not find any correlation with disease severity.
Considering the inconsistency of previous evidence,
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the current study also aimed to quantitatively explore
the association between structural imaging results and
related clinical characteristics that may influence these
outcomes.

The VBM analysis allowed standardized synthesis of
whole-brain GM volume differences. The cortical vol-
ume encompasses information from both cortical thick-
ness and cortical surface area [28]. This measurement
integrates the combined influences of genetic factors and
structural phenotypes on cortical thickness and surface
area [29]. Therefore, we posit that GM volume may rep-
resent the most optimal metric for assessing brain mor-
phological characteristics. Consequently, in the current
review, we aimed to conduct a VBM analysis for pedi-
atric OCD patients using anisotropic effect size-signed
differential mapping (AES-SDM) software [30]. We will
also perform jackknife sensitivity analyses to evaluate the
robustness and heterogeneity of the main results. Spe-
cifically, we would carry out subgroup analyses based
on treatment status (treatment-naive or treated pediat-
ric OCD) and the presence of psychiatric comorbidities
(with or without). However, direct statistical compari-
sons between these subgroups (e.g., treated vs. treat-
ment-naive; comorbidity vs. non-comorbidity) were not
feasible due to methodological constraints of coordinate-
based meta-analyses and insufficient overlap in reported
data across studies. Finally, meta-regression analyses will
be conducted to investigate the potential moderating
effects of other relevant clinical factors, including sample
age, age of OCD onset, sex (male ratio), OCD duration,
and symptom severity (assessed by Children’s Yale-Brown
Obsessive Compulsive Scale [CYBOCS] score) on the
reported GM abnormalities. Based on previous evidence,
we hypothesized that, firstly, the GM of pediatric OCD
would significantly differ from the controls; Secondly,
specific GM volume differences would be associated with
treatment status, psychiatric comorbidities, and clinical
characteristics (e.g., symptom severity, illness duration).

Methods

Data source

Systematic and comprehensive searches were conducted
in the PubMed, Google Scholar, Embase, and Cochrane
Library databases to identify studies published up to July
2024, following the PRISMA guideline [31]. This quanti-
tative meta-analysis adhered to a prospectively registered
protocol (PROSPERO, CRD42024601906). The search
keywords included: obsessive—compulsive disorder,
VBM, grey matter, voxel-based morphometry; volumetry,
morphometry or structural MRI. The reference lists of
identified articles and relevant theoretical reviews were
manually scrutinized to obtain additional papers.
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Inclusion/exclusion criteria
Studies were included if they: (1) involved subjects with a
primary diagnosis of OCD meeting the DSM diagnostic
criteria; (2) reported whole-brain GM alterations in MNI
space; (3) use of VBM to explore GM differences between
OCD patients and controls; (4) included participants
aged < 18, with informed consent provided by all partici-
pants; (5) were peer-reviewed original studies; (6) were
published in English (for quality assurance purposes).
Studies were excluded if they: (1) only reported a
region-of-interest or non-whole-brain approaches (e.g.,
hypothesis-driven analyses restricted to predefined brain
regions) instead of unbiased whole-brain VBM results;
(2) included participants aged>18 vyears; (3) original
coordinates were unavailable, and the author did not
respond to email inquiries; (4) were not published in
English; (5) consisted of animal experimental studies,
review or theoretical articles; (6) only reported results
based on small volume correction without whole-brain
findings; (7) analyzed white matter differences or cortical
thickness only (Fig. 1).

Quality assessment

To evaluate the quality of selected studies, we utilized
a checklist (used in other studies [32]) to estimate each
included study based on the reported demographic and
clinical characteristics of the subjects, as well as the imag-
ing methodology. The criteria were as follows: (1) sample
size; (2) demographic matching (e.g., age, sex) minimizes
confounding bias in case—control VBM studies; (3) com-
parison between healthy controls and OCD patients; (4)
method of diagnosis; (5) whole brain analysis; (6) use of
GM volume covariates; (7) MRI machines and smooth
kernels; (8) standard spatial coordinates (e.g., MNI coor-
dinates or TL coordinates); (9) correction of statisti-
cal results for multiple comparisons. Each criterion was
independently evaluated by two reviewers who scored 2,
1 or O if the criterion was fully satisfied, partially satisfied,
or otherwise, respectively. Any study scoring abovel0.0
was included in the meta-analysis. More details are sup-
plemented to Table S1.

AES-SDM

Structural brain differences between patients with OCD
and controls were analyzed using AES-SDM (available
at http://www.sdmproject.com/). The details of the AES-
SDM method have been described previously [14]. In
brief, the main steps of AES-SDM were as follows: First,
we extracted peak coordinates to create txt files in from
the included studies. The effect size, such as P- or Z- val-
ues for clusters, were transformed into t-statistics by the
SDM online conversion utilities (available at https://www.
sdmproject.com/utilities/). Next, txt files containing
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Identification of studies via databases
'
=
=
=
= Records identified from | Records removed before screening
;E, Databases (n = 1517) Duplicate records removed (n=565)
=
—
—
M) A4
Records screened (n =952 ) »| Records excluded by title and abstract (n = 743)
Reports not retrieved
Y Not original articles (n = 52)
o0 Reports sought for retrieval(n =209 ) > No assessment of GM (n =26)
E Not whole-brain analysis (n = 18)
3
g Not voxel-based morphometry (n = 9)
2 A 4
Reports assessed for eligibility _| Reports excluded
(n=104) Did not report coordinates (n = 3)
Sample overlapped (n = 2)
No healthy controls (n = 5)
Not OCD (n = 41); Not human (n = 3)
—J . )
v Too few OCD patients were included (n = 6)
Not published in English (n=1)
=
] X L . No comparison between OCD and HCS (n = 6)
= Reports included in this meta-analysis (n = 13) .
2 Patients > 18 years (n = 24)
=

Fig. 1 Flowchart of the selection of VBM studies in patients with OCD for meta-analysis

peak coordinates were imported into the SDM soft-
ware to collect raw information and the main outcomes
of the included research, resulting in the creation of a
sdm_table. Finally, we conducted pre-processing (includ-
ing conversion of statistical values (e.g., t-statistics) to
standardized effect sizes, and reconstruction of effect
size maps), mean analysis (denoting the primary meta-
analysis comparing GM volume differences between
pediatric OCD patients and healthy controls, the statis-
tical combination of data from multiple studies to iden-
tify consistent patterns of brain differences), sensitivity
analysis, heterogeneity analyses, subgroup meta-analysis
based on treatment (e.g., without and with other medica-
tions or cognitive behavioural therapy) and comorbidity
status (without and with other psychiatry comorbidities,
such as tic disorders, depression and ADHD). The non-
comorbidity was this determination based mainly on
declarations by the original authors (Table S2). Subgroup
analyses for psychiatric comorbidities were conducted
at the study level. Specifically, studies were classified
into “comorbid” or “non-comorbid” subgroups based on

whether they explicitly included or excluded participants
with concurrent psychiatric diagnoses (e.g., ADHD,
depression). Individual patient data were unavailable for
most studies, precluding within-study subgroup analy-
ses. Treatment status was also grouped in this way. We
also performed meta-regression analyses for mean age,
the proportion of males, CYBOCS total score, CYBOCS
obsessions score, CYBOCS compulsions score, duration
of illness, and age at onset. The studies were assgned dif-
ferent weights based on the number of participants and
quality of the research, with weights calculated as the
square root of the sample size multiplied by the quality
score of each study [30].

A whole brain voxel-based jackknife sensitivity analy-
sis was performed on meta-analysis to assess the repro-
ducibility of the results using the same threshold as
meta-analysis. We repeated the main analysis 13 times,
each time leaving out one different study, to determine
whether the results of the meta-analysis remained sig-
nificant. Conclusions can be drawn if differences for a
brain region remain significant in more than 75% of the
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sensitivity analyses, which used in previous neuroimag-
ing meta-analysis [33, 34]. Furthermore, between-study
heterogeneity of brain abnormalities from meta-analy-
sis results was analyzed using a random effects model
with Q statistics. We used the default threshold in
SDM, which included a voxel threshold of P<0.005,
peak Z>1, and a cluster extent of 10 voxels. Lastly, for
each significant peak, Egger tests were conducted to
examine the possibility of publication bias to identify
the asymmetry in the funnel plots.

Results

Included studies and sample characteristics

As illustrated in Fig. 1, the search strategy yielded 13
studies for inclusion in the meta-analysis. The total
sample comprised 288 patients with OCD (156 males
and 132 females; mean age range: 10.8—-16.6 years) and
273 controls (147 males and 126 females; mean age
range: 10.5-16.5 years). The demographic details of all
included studies are presented in Table 1.

Regional GM differences

In the pooled AES-SDM meta-analysis, pediatric OCD
patients exhibited significantly greater GM volume
in the left insula and left superior frontal gyrus (SFG)
(orbital part) compared to controls. Additionally, these
patients had significantly lower GM volume in the right
superior temporal gyrus (STG), left inferior parietal
gyri (IPG), left middle occipital gyrus (MOG), left infe-
rior frontal gyrus (IFG) compared to controls (Fig. 2a
and b). Table 2 displays the peak coordinates and clus-
ter breakdown.

Sensitivity, heterogeneity analyses and publication
bias

As shown in Table 2, a whole-brain jackknife sensitivity
analysis of the findings indicated that GM volume differ-
ences in the left insula and left SFG were highly replicable
and persisted when each study was individually removed.
GM volume differences in the right STG (orbital part)
remained significant in 12 out of 13 combinations.
Results in the left IPG and left MOG remained significant
in 11 out of 13 combinations. The result in the left IFG
remained significant in 10 out of 13 combinations. Het-
erogeneity was detected in a few regions with GM vol-
ume differences in the left insula and left SFG (P<0.05)
(Table S3). To examine potential publication bias, funnel
plots and Egge’s tests were conducted, the Egger tests of
funnel plot asymmetry did not reveal any statistically sig-
nificant in all clusters except the left IFG (Figure S1).
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Subgroup meta-analyses

Treatment-naive pediatric OCD patients showed
greater GM volume in the left SFG (orbital part) and
smaller GM volume in the left IPG and left MOG
(Table 3 and Fig. 2c). Treated pediatric OCD patients
(eg., those receiving selective serotonin reuptake inhib-
itors or tricyclic antidepressants or mood stabilizers
or stimulants or Desyrel or clonidine or memantine
or atomoxetine or lorazepam or CBT etc.) exhibited
greater GM volume in the left SFG (medial orbital), and
smaller GM volume in right rolandic operculum and
left median cingulate/paracingulate gyri (Table 3 and
Fig. 2d).

Pediatric OCD patients in studies without psychiat-
ric comorbidities showed greater GM volume in the
left SFG (orbital part) (Table 3 and Fig. 2e). Pediatric
OCD patients with any other psychiatry comorbidities
(eg., generalized anxiety disorder, simple phobia, ago-
raphobia, major depression, tourette’s or ADHD, etc.)
showed greater GM volume in the left insula and right
striatum, and smaller GM in the right cingulate gyrus
(Table 3 and Fig. 2f).

Meta-regression analysis

As shown in Fig. 3, meta-regression analysis revealed
that the age of the entire sample was negatively associ-
ated with GM volume in the left IFG (MNI coordinates:
—48,26,18; SDM z=-2.113; P=0.00124; 284peak vox-
els (Fig. 3a). The male ratio of the sample was negatively
associated with GM volume in the left MOG (MNI
coordinates: —26, —82, 12; SDM z=-2.153; P=0.0004;
124 peak voxels) (Fig. 3b). GM volume in the left SFG
(orbital part) was positively associated with CYBOCS
total score (MNI coordinates: —16, 60, —10; SDM
z=3.684; P= ~0; 1140 peak voxels) and CYBOCS
compulsion score (MNI coordinates: —18, —58,—8;
SDM z=2.688; P= ~0; 1641 peak voxels) in the pedi-
atric patients with OCD (Fig. 3¢ and d). CYBOCS
obsessions score from pediatric patients with OCD
were not linearly correlated with GM volume. Studies
included subjects with longer OCD duration reported
less GM volume in the left IPG (MNI coordinates: —54,
—44,42; SDM z=—3.057; P=0.00006; 1094 peak voxels)
(Fig. 3e). Finally, we found that the age of onset in pedi-
atric OCD symptoms was positively association with
GM volume in the left SFG (orbital part) (MNI coor-
dinates: —20, 58, —6; SDM z=2.387; P=0.00023; 221
peak voxels) (Fig. 3f), with the older age of the onset
corresponding to larger GM volume in the left SFG
(orbital part).



Page 6 of 15

(2025) 25:267

Li et al. BMC Psychiatry

payidads 10U sp ‘2135 dAIS|NAWO)) BAISSISGQ UMOIG-3|BA S,UIP|IYD SIOFAD ‘S|043U0D AY3|eay SHH “U9pIosIp SAIS|NdWOd-3AISS3SG0 0D0

oLl (1102

SN 151 F1)591 (r1)9C N (%59) A (6€)86 (6€)L6 @56l Cralal! rees (5199l (Pl)or ‘e 18IeZ
[£1](8007)

8 1S (Craloa! (6)9C (%08'€) A N (ceoeL Fr8el (09)6+¢ v'6 o€ (Lo0¢l (Pl)LE |12 ONzZSazS
[17]

(0zoT) e 19

8 Loe€ (rnsol ®)el N N SN SN 78l SN SN 611 (96 CECIIN
[ov] (7102)

8 Loe€ (Loest (cQor N (%06°€8) A SN SN (©8)08l 6Tl 9€T (ravst (9€)79  ‘|e19 oueze]
[911(6002)

1 1Sl (alad) ®)s1 N N Crald) (€P6LL (99)6'5C (L06LL LU (SOLeEl (8)sl ‘|19 oleze]
l6€l

(SL0Q)e 39

SN Loe  (Slolevl ®)S1 (%0%) A (%£8) A (treool  (regol (Wl (U8LELTL FourL  BLOELYL @®)sL uefesefer
[0zl (€102)

8 Loe  (eL99¢l (L6 (9608) A N (Goeoel  WooreETl  (S67)98%¢C (CX9YAN4] (€09  (857)8LEl (L1)6C 233 48sANH
[S11(8007)

SN 1Sl Qavel ol N N (reel (6Ll (r'5)s9C SN SN Vaalxd) oL eI 1D
[8€1(9102)

8 Loe (casol (8l)og N N (I'v)zol Gt (§9)e8l 801 0 (1ggol (81)0¢  ‘[e18 Buay)
[£€1(€102)

8 Loe (coslLl Ot N N SN SN €v)LLe oLl £90 oLt (r)8 e Uy
e

(£002) 1R 1

8 1S1 (ooeoel (€18l (%01176) A (%SS)A  (LTW¥P60L  (8TH)8TOL  (88G)6ELT SN SN (947098l (€1)8l euowed
[9¢] (6102)

ol Loe  @uvlLl oLyl (©679) A SN SN SN SN SN SN @ UpLLL Ol |19 es2iqe)
[sel(0L02)

9 Lo¢€ Fo9€l (€1)ot (©€2) A (9%001) A (5988 6€)99 (L9vst '8 0oLy rosel (6)sL  ‘[e1o uonlg

K
[EIUEY] Jauueds 1K (%) (%) uoisindwod  suoissasqo |exo} 19sUo0  ‘ssau||l jo 1K
yioows YW ‘ebeuespy (sojew)oN Aupigiowo)  judwieasy SD09AD SD09AD SO09AD joaby uoneing ‘obeuealy (sajew)oN

KBojopouya iy SOH syuaned >0 Apms

sisAjeue-e1aW ay1 Ul Apnis aya Ul syuedioiled DO duielpad ayl 4o soisuadeIeyd [ediuld pue diydelbowad L djqeL



Li et al. BMC Psychiatry ~ (2025) 25:267 Page 7 of 15

Fig. 2 Meta-analysis results. GM volume differences in pediatric patients with OCD relative to HCS. a pediatric OCD patients vs. HCS (GM from left
to right: SFG (orbital part), insula, MOG, IFG, IPG, STG); b Spatial visualization of the differential GM; ¢ Treatment-naive pediatric OCD patients vs. HCS
(GM from left to right: SFG (orbital part), MOG, IPG); d Treatment pediatric OCD patients vs. HCS (GM from left to right: SFG (medial orbital), rolandic
operculum, median cingulate / paracingulate gyri); e pediatric OCD patients without other psychiatry comorbidities (GM difference in SFG (orbital
part); f pediatric OCD patients with other psychiatry comorbidities (GM from left to right: insula, striatum, cingulate gyrus); GM enlargements

are indicated in red and GM reductions in blue. Abbreviations: GM, grey matter; OCD, obsessive—compulsive disorder; HCS, healthy controls; SFG,
superior frontal gyrus; STG, superior temporal gyrus; IPG, inferior parietal gyrus; MOG, middle occipital gyrus; IFG, inferior frontal gyrus

Table 2 Grey matter alterations in pediatric patients with OCD compared with controls in the pooled meta-analysis

Anatomical regions MNI coordinates x,y,z SDMvalue p-value Number Breakdown Jackknife
of voxels sensitivity
analysis
OCD>HCS
Left insula, BA 48 —28,20,6 172 0.00004 1176 Left insula, BA 48; Left striatum; Left  13/13
lenticular nucleus, putamen, BA 48
Left superior frontal gyrus, orbital  —20,66, —4 1.47 0.00038 152 Left superior frontal gyrus, orbital 13/13
part, BA 11 part, BA 11, BA10
OCD<HCS
Right superior temporal gyrus, 60, —38,18 -1.87 0.00063 614 Right superior temporal gyrus, BA 12/13
BA 48 42,48; Right rolandic operculum,
BA 48
Left inferior parietal gyrus, BA40  —56, —44,42 -1.60 0.00282 148 Left inferior parietal gyri, BA 40; Left  11/13
angular gyrus, BA 39
Left middle occipital gyrus, BA19  —32,-84,14 -1.66 0.00205 118 Left middle occipital gyrus, BA 19,18 11/13
Left inferior frontal gyrus, BA45 ~ —48,26,20 -1.69 0.00183 43 Left inferior frontal gyrus, BA 4548  10/13

OCD obsessive—compulsive disorder, HCS healthy controls, MNI Montreal Neurological Institute, SDM signed differential mapping, BA Brodmann area
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Table 3 Regional differences of grey matter changes between pediatric patients with OCD and HCS in the subgroup meta-analysis

Anatomical regions MNI coordinates x,y,z SDMvalue p-value Number Breakdown Jackknife
of voxels sensitivity
analysis
Samples from treatment-naive (n=7)
GM greater (OCD >HCS)
Left striatum -20,6,4 1.897 0.0001 350 Left striatum; Left insula, BA 48, 5/7
BA47
Left superior frontal gyrus, orbital —20, 62, —4 1.529 0.0006 106 Left superior frontal gyrus, orbital 5/7
part, BA 11 part, BA 11, BA10
GM smaller (OCD < HCS)
Left inferior parietal gyri, BA 40 —50, —44,44 -1.936 0.00004 874 Left inferior parietal gyri, BA 40, 6/7
BA39
Left middle occipital gyrus —36,—84,12 —1.552 0.00117 220 Left middle occipital gyrus, BA19,  6/7
BA18
Samples from treatment OCD (n=5)
GM greater (OCD >HCS)
Left superior frontal gyrus, medial —18, 58, -8 1.004 ~0 917 Left superior frontal gyrus, medial 4/5
orbital, BA 11 orbital, BA 11
GM smaller (OCD < HCS)
Right rolandic operculum, BA48 46, -18,14 —2.033 0.00032 567 Right rolandic operculum, BA 48, 4/5
BA42, BA22;
Right superior temporal gyrus, BA
22,BA42, BA48
Left median cingulate / paracin-  —8,28,30 —2.288 0.00011 59 Left median cingulate / paracingu- ~ 5/5
gulate gyri, BA 32 late gyri, BA 24
Samples without other psychiatry comorbidities (n=7)
GM greater (OCD >HCS)
Left superior frontal gyrus, -20,60, -6 1.161 0.00009 155 Left superior frontal gyrus, orbital 6/7
orbital part, BA 11 part, BA 11
GM smaller (OCD < HCS)
Left inferior parietal gyri, BA 40 —54,-42,42 —-1836 0.0015 344 Left inferior parietal gyri,BA40 4/7
Samples with other psychiatry comorbidities (n=6)
GM greater (OCD >HCS)
Leftinsula, BA 48 -32,12,2 2.251 0.00056 353 Left insula, BA 48; Left lenticular 5/6
nucleus, putamen, BA 48;
Left striatum
Right striatum 22,12,-2 1.558 0.00139 76 Right striatum; right lenticular 5/6
nucleus, putamen, BA 48
GM smaller (OCD < HCS)
Right cingulate gyrus, BA23 2,-26,32 -1.620 0.00062 164 Right cingulate gyrus, BA23; Left 5/6

cingulate gyrus, BA23

OCD obsessive—compulsive disorder, HCS healthy controls, MNI Montreal Neurological Institute, SDM signed differential mapping, BA Brodmann area

Discussion

The current meta-analysis, utilizing AES-SDM and
based on VBM studies with relatively large sample
sizes, revealed GM volume alterations in pediatric
OCD patients. It was found that, compared to con-
trols, pediatric OCD patients demonstrated GM vol-
ume increase in the left insula and left SFG (orbital
part), and GM volume decreased in the right STG, left
IPG, left MOG and left IFG. Second, the GM increase
in SFG (orbital part) volume and GM decrease in IPG
volume were observed in those without psychiatric

comorbidities and in the treatment-naive subgroup.
Meta-regression analysis indicated that GM volume
in the IFG decreased with higher mean age, GM vol-
ume in the SFG (orbital part) was positively associated
with symptom severity and onset age, GM volume in
the MOG was negatively associated with percentages
of males, OCD duration was associated with reduced
GM volume in the IPG. To our knowledge, this is one
of the few meta-analyses exclusively focused on pediat-
ric OCD using voxel-based methods. While ENIGMA-
OCD consortium studies [42, 43] included pediatric
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Fig. 3 Meta-regression analysis results. a GM volume in the left IFG was significantly negatively associated with the mean age in pediatric OCD
patients. b GM volume in the left MOG was significantly negatively associated with the male ratio in pediatric OCD patients. ¢ GM volume in the left
SFG (orbital part) was significantly positively associated with CYBOCS score in pediatric OCD patients. d GM volume in the left SFG (orbital part)

was significantly positively associated with CYBOCS compulsion score in pediatrics OCD patients. @ GM volume in the left IPG was significantly
negatively associated with duration illness in pediatric OCD patients. f GM volume in the left SFG (orbital part) was significantly positively associated
with onset age in pediatric OCD patients. The blue color represents GM reduction, and the red color represents GM increase

subsamples, their primary focus on combined adult-
pediatric cohorts limits developmental specificity.

The results revealed a significantly increased GM vol-
ume in the insula in pediatric OCD patients compared to
controls, which aligns with previously published studies
and reviews [10, 15, 44]. The insula, a region of the brain
located deep within the lateral sulcus, is part of the inhib-
itory network in both children and adults [45, 46]. It is a
key component of habit learning, motivation, emotional
regulation, interoceptive awareness, and salience-events
detection, contributing to activation of target brain
regions in generating appropriate behavioural responses
to salient stimuli [47]. Those stimuli are regulated by
dopaminergic activity, and increased striatal synaptic

dopamine has been found in OCD, which may be related
to enhanced volumes observed [48—51]. Consequently,
dopamine antagonists are effective as augmentation
medications in OCD [52]. Another contributing factor
may be the consistent evidence for abnormal salience-
processing networks in OCD [53]. The enlarged GM in
the insula in paediatrics OCD may be a neuroplastic con-
sequence of increased insula activation during symptom
provocation [54], which may mediate habitual compul-
sions, goal-directed action control, and misattributions of
behavioural and emotional salience to symptom-provok-
ing stimuli [54]. Enhanced bottom-up detection by the
insula in pediatric OCD may increase automatic or habit-
ual responding and heightened interoceptive processing
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at the cost of goal-driven behaviour, such as inhibitory
control [48]. The insula’s GM enlargement may reflect
altered salience processing, consistent with its role in
OCD pathophysiology [55]. Furthermore, enlarged insula
volume has also been found in adult OCD in the previ-
ous study [56]. Given that the increase in insula persists
from childhood to adulthood, we therefore hypothesize
that the larger insula in OCD could be the consequence
of illness chronicity.

The SFG is a component of the frontostriatal circuitry,
which plays a crucial role in regulating behaviour and
cognitive processes [57, 58]. Dysregulation in this cir-
cuitry can impair executive functioning in OCD, mak-
ing it difficult for patients to control obsessive thoughts
and compulsive actions effectively [59]. Increased SFG
in pediatric OCD also aligns with evidence of GM over-
growth that appears to stabilize later in life [60]. The
SEG, involved in higher cognitive functions like decision-
making, planning, and self-control, has been identified
as a potential region in the pathophysiology of pediatric
OCD [15, 57], and is also thought to relate to inhibitory
control processes [61]. The increased volume of SFG
may reflect the excessive excitation of this circuit, lead-
ing to the failure of the control of compulsive behavior
[5]. Furthermore, we also identified that positive asso-
ciation between GM in the SFG (orbital part) and the
severity of OCD symptoms in pediatric patients. The
meta-analysis by Norman et al. [44] indicated that pre-
frontal structural abnormalities were specifically associ-
ated with OCD symptom dimensions such as compulsive
behaviors. Possible mechanisms were that severe OCD
symptoms might drive excessive activation of SFG,
and long-term increased neural activity may lead to
increased GM volume through synaptic remodelling or
gliosis [20]. The present study found that SFG (orbital
part) volume was greater in pediatric OCD patients with
a later age of onset. This result supports the hypoth-
esis of neurodevelopmental heterogeneity in OCD [62].
Early-onset OCD and late-onset OCD may have differ-
ent neural mechanisms. Early-onset OCD is often asso-
ciated with a stronger genetic burden and family history
[1], and its SFG may not fully develop due to abnormal
synaptic pruning or delayed myelination, resulting in
a smaller SFG [13]. Increased SFG volume in late-onset
patients may reflect adaptive changes in neuroplasticity
during adolescence, such as compensatory responses to
stress or environmental factors [15]. In addition, hor-
monal changes during puberty (such as dopaminergic
system maturation) may affect the developmental trajec-
tory of SFG [17]. Subgroup analysis showed a more sig-
nificant increase in SFG (orbital part) volume without
other psychiatry comorbidities and untreated patients,
whereas this difference was attenuated after treatment
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[16]. For example, Huyser et al. [20] found that CBT
reversed orbitofrontal GM abnormalities in adolescents
with OCD, suggesting that SFG volume changes may be
treatment-sensitive. This plasticity may achieve symptom
improvement by regulating the overactivity of the CSTC
circuit [63]. The absence of other psychiatric comorbidi-
ties can sometimes simplify the clinical presentation.
Therefore, SFG volume may be used as a potential bio-
marker for treatment response. Notably, this pattern was
not observed in other regions (e.g., insula, IFG, MOG),
which may reflect distinct neuroplastic mechanisms in
the SFG. The GM increase in SFG (orbital part) among
treatment-naive and non-comorbid subgroups suggests
its potential role in early neurodevelopmental abnormali-
ties, as observed in other neurodevelopmental disorders
(e.g., ASD [64] and ADHD [65]). However, whether this
reflects compensatory mechanisms or pathological over-
growth requires longitudinal investigation.

Our results also reported the consistent GM volume
difference in IPG, which also found in the treatment-
naive and non-comorbid pediatric OCD subgroup. Given
that the duration of illness in OCD can significantly
affect symptom severity and treatment response [66],
our meta-regression linked longer illness duration to
reduced IPG volume, aligning with evidence that chronic
OCD may accelerate structural decline in regions sup-
porting sensory integration [67]. Patients with a longer
duration of OCD may show different responses to treat-
ment compared to those with a shorter duration [66].
Chronic course of illness might require more intensive
or prolonged interventions to achieve symptom relief
[68]. Comorbidities (e.g., ADHD, tic disorders) are often
accompanied by extensive brain structural changes [44],
and the reduced IPG in the group without comorbidi-
ties is more likely to be specifically associated with sen-
sory integration deficits in OCD. The ENIGMA study by
Boedhoe et al. [42] found that parietal abnormalities exist
independently of comorbidities in pediatric OCD, which
is consistent with the results of this study. Compared
to treatment group, we found GM reduction in the IPG
disappeared. Thus, we highlight the importance of early
intervention and comprehensive treatment approaches to
mitigate long-term neural and functional impacts.

In addition, the occipital cortex is believed to be associ-
ated with visuospatial function, playing a crucial role in
visual-spatial processing and information reception [69].
Alterations in this brain region may affect how pediatric
patients with OCD perceive and respond to visual cues
[70]. In pediatric OCD, the reduction of GM volume in
MOG may reflect abnormalities in the visual process-
ing network, closely related to the patient’s excessive
attention to detail (such as obsessive checking of con-
tamination or symmetry) [71]. Olatunji et al. [72] found
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that patients with OCD have enhanced activation in
the occipital cortex when exposed to pollution-related
stimuli, and structural abnormalities may impair their
adaptive filtering of visual information and exacerbate
obsessive anxiety. In addition, visual processing deficits
may further sustain compulsive behavior by affecting cog-
nitive flexibility, such as difficulty in moving from local
details to global context [69]. Furthermore, our findings
found that GM volume in the MOG was negatively cor-
related with the proportion of males in the sample, sug-
gesting that male patients with OCD may be more prone
to structural abnormalities in the brain regions related to
visual processing. The male brain undergoes more signifi-
cant GM pruning during adolescence [29], and the early
onset of OCD (with a male predominance) may be asso-
ciated with an acceleration or disruption of this process.
Studies have found that male OCD patients have more
significant abnormalities in the prefrontal-striatal circuit
[73], and the structural abnormalities of the MOG, as the
hub of the visual-prefrontal connection, may exacerbate
the symptoms of male patients. Our results also revealed
that the GM volume differences in MOG were observed
in pediatric OCD in the treatment-naive groups but not
in adult OCD samples in previous studies [9]. Pharma-
cological treatment (such as SSRIs) or CBT may improve
MOG function by modulating visual-prefrontal connec-
tivity, thereby partially reversing structural abnormalities
[20]. For example, Lazaro et al. [16] found an increase in
occipital GM volume in children with OCD after drug
treatment, suggesting that treatment may repaire visual
processing networks through neuroplasticity. The reduc-
tion in MOG volume in the untreated group may repre-
sents pathological progression without intervention, and
reflects the abnormality of visual processing network in
pediatric OCD, which is different from that in adults, and
the structural differences in male patients and untreated
subgroups may mark the core pathological mechanism of
the disease.

Finally, we found that the IFG volume was significantly
negatively associated with the mean age of the samples.
Younger patients exhibited greater GM volume in the
IFG, a region implicated in cognitive control circuits,
potentially reflecting delayed maturation of cognitive
control circuits. While prior work links IFG structure
to cognitive flexibility [35], our study did not assess this
behavior, thus, this association remains speculative. This
finding further implies that neurodevelopmental differ-
ences during childhood and adolescence can influence
the IFG’s role in OCD, potentially leading to variations in
symptomatology and brain function across different age
groups [62].

Above all, GM in the IFG and insula were similarly
observed in the previous meta-analysis studies [9, 14, 56],
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which included across samples of adults and youths, sug-
gesting these regions are stable neural markers of OCD.
Our study reported the GM difference in the MOG,
while the analysis by Norman et al. [44] did not cover the
vision-related regions. This discrepancy may stem from
the latter’s focus on the frontostriatal-mediated inhibi-
tory control circuit, whereas our whole-brain analysis has
unveiled more extensive brain structural abnormalities.
Meanwhile, the adult OCD study by Radua et al. [5] did
not report GM differences in MOG, SFG and IPG. The
possible explanation posits that the pediatric brain is in a
dynamic process of maturation, with the prefrontal cor-
tex (e.g., SFG) and visual networks (e.g., MOG) poten-
tially undergoing critical remodelling during adolescence,
leading to abnormal patterns that differ from those
observed in adults. The current study focused on inves-
tigating the GM alterations in pediatric OCD, confirming
abnormalities consistent across age groups (e.g., IFG and
insula) while uncovering pediatric-specific brain regions
(e.g., MOG, SFG and IPG). These findings underscore the
importance of dissecting the neural mechanisms of OCD
within a developmental framework and provide novel
targets for future pediatric research. Finally, our findings
in the IPG align with ENIGMA-OCD reports of abnor-
malities [43]. This cross-method convergence (VBM
vs. cortical thickness) strengthens confidence in these
regions as transdiagnostic OCD markers. Unlike ENIG-
MA’s report of enlarged thalamus volumes in unmedi-
cated youth [42], we observed SFG/IPG abnormalities.
The possible reason is that our VBM approach vs. ENIG-
MA’s region-of-interest focus may prioritize distinct
spatial patterns. Furthermore, the predominance of left-
hemisphere abnormalities (insula, SFG, IFG, IPG, MOG)
aligns with pediatric OCD’s association with language-
mediated obsessions (e.g., taboo thoughts) and left-lat-
eralized executive networks [62]. The left insula and IFG
are hubs for language processing and cognitive control
[45], which are developmentally prioritized in early ado-
lescence. Aberrant left-hemisphere growth patterns may
reflect disrupted maturation of these circuits, predispos-
ing to compulsive verbal rituals and impaired inhibition
[35]. Notably, adult OCD studies report more bilateral
changes [5], suggesting pediatric leftward anomalies may
spread with ageing.

Limitation

There are several limitations to note. First, the current
review only identified and included cross-sectional stud-
ies, which limits our ability to determine causal relation-
ships between GM differences and clinical variables.
Further longitudinal studies are necessary to establish
the relationships. Second, we utilized peak coordinates
and effect size from published studies rather than the



Li et al. BMC Psychiatry (2025) 25:267

original data, potentially overlooking subtle differences
in individual studies and potentially result in less accu-
rate findings [74]. Third, the sample size for the subgroup
meta-analysis may be significantly reduced due to limited
available data, such as treated OCD (less than half of the
13 studies provided this information), necessitating cau-
tious interpretation of these results. Fourth, although
voxel-based meta-analysis methods effectively control
for false positive results, false negative results remain dif-
ficult to avoid [75]. Fifth, heterogeneity analysis revealed
significant statistical heterogeneity in many brain regions
with altered GM across studies. To explore the factors
contributing to this heterogeneity, we conducted sub-
group analysis and meta-regression analysis [5] to elu-
cidate these effects. Sixth, due to small sample sizes and
imbalanced recruitment in the comorbid/non-comorbid
and treated/treatment-naive subgroups, direct statistical
comparisons between these groups were not possible in
the current study. Future research with more carefully
designed data collection is needed to address this issue.
Meanwhile, combining treatments (e.g., CBT vs. medi-
cation) and comorbidities (e.g., ADHD vs. depression)
into single subgroups may obscure modality or disorder-
specific effects. Future studies with larger samples should
explore these nuances. In addition, subgroup analyses
for comorbidities and treatment status were conducted
at the study level due to the lack of individual patient
data. This approach assumes homogeneity within stud-
ies (e.g., all participants in a “non-comorbid” study were
free of comorbidities), which may not fully capture het-
erogeneity in real-world clinical populations. Finally, in
the current research, the GM difference in VBM reflect
a combination of cortical thickness, cortical surface area,
and cortical folding differences which are closely related
to the neurodevelopmental nature of pediatric OCD.
Future research should specifically aim to identify these
robust cortical imaging markers associated with pediatric
OCD.

Conclusion

In conclusion, our findings indicate that GM volume
increased in the left insula and left SFG (orbital part),
and GM volume decreased in the right STG, left IPG, left
MOG and left IFG in pediatric patients with OCD. These
brain regions may play an additional role in the patho-
physiology of pediatric OCD, with the observed volu-
metric abnormalities and their associations with clinical
variables providing further evidence of their involvement
in the disorder. Future longitudinal studies should track
the outcomes of pediatric OCD into adulthood to vali-
date the current findings and identify targets for early
diagnosis and intervention.
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OoCD Obsessive—compulsive disorder
MRI Magnetic resonance imaging
GM Grey matter
VBM Voxel-based morphometry
CBT Cognitive behavioural therapy
MNI Montreal Neurological Institute
CYBOCS Children'’s Yale-Brown Obsessive Compulsive Scale
SFG Superior frontal gyrus
STG Superior temporal gyrus
IPG Inferior parietal gyri
MOG Middle occipital gyrus
IFG Inferior frontal gyrus
AES-SDM  Anisotropic effect size-signed differential mapping
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