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Abstract
Objective: To identify the most prominent and replicable fractional anisotropy (FA) 
alterations of white matter associated with obsessive-compulsive disorder (OCD) in 
tract-based spatial statistics (TBSS) studies.
Methods: We reviewed previous TBSS studies (n  =  20) in OCD and performed a 
meta-analysis (n = 16) of FA differences.
Results: No between-group differences in FA were detected in the pooled meta-
analysis. However, reduced FA was identified in the genu and anterior body of corpus 
callosum (CC) in adult OCD. FA reductions in the anterior body of CC were associated 
with a later age of onset in adult patients with OCD. For pediatric OCD, decreased FA 
in earlier adolescence and increased FA in later adolescence were seemingly related 
to an altered trajectory of brain maturation.
Conclusions: Absent in the pooled sample but robust in adults, disrupted microstruc-
tural organization in the anterior part of CC indicates a bias of deficits toward con-
nections in interhemispheric connections of rostral neocortical regions, which could 
lead to deficits of interhemispheric communication and thus contribute to cognitive 
and emotional deficits in adult OCD. The correlation between FA in the anterior body 
of CC and older illness onset suggests that patients with later adult onset of illness 
may represent a biologically distinct subgroup. For pediatric OCD, alterations in neu-
rodevelopmental maturation may contribute to inconsistent patterns of FA alteration 
relative to controls during adolescence. While most studies of OCD have empha-
sized alterations of within hemisphere fronto-striatal circuits, these results indicate 
that between hemisphere connectivity of this circuitry may also represent important 
pathophysiology of the illness.
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1  | INTRODUC TION

Obsessive-compulsive disorder (OCD) is characterized by unwanted, 
ego-dystonic, recurrent and persistent thoughts (i.e., obsessions) 
and urges (i.e., compulsions), and has a lifetime population preva-
lence of approximately 2.3% (Ruscio et al., 2010). Despite its prev-
alence and associated morbidity, it has received relatively modest 
emphasis in psychiatric research programs. In part, for this reason, 
the pathophysiological mechanisms of OCD are not yet fully elu-
cidated, though substantial progress has been achieved in recent 
years. Psychoradiology is an emerging subspecialty of radiology, and 
it's rapid development has led to our better understanding of the 
complex brain abnormalities in patients with psychiatric disorders 
(Gong, 2020). Dysfunction and structural deficits of cortico-stria-
to-thalamo-cortical (CSTC) circuits, especially fronto-striatal cir-
cuits, have been proposed to play a central role in the pathogenesis 
of OCD (Aouizerate et al., 2004; Menzies et al., 2008). Previous 
meta- and mega-analyses of magnetic resonance imaging (MRI) data 
have identified abnormalities of gray matter volumes (GMV) in fron-
to-striatal circuits, including orbitofrontal gyrus (Rotge et al., 2010; 
de Wit et  al.,  2014), cingulate cortex (Eng et  al.,  2015; de Wit 
et al., 2014), striatum (caudate nucleus, putamen, and pallidum), and 
thalamus (Boedhoe et  al.,  2017; Eng et  al.,  2015), and have found 
hyperactivation/hypoactivation in prefrontal, cingulate, and striatal 
brain regions in OCD (Eng et al., 2015; Gursel et al., 2018). Structural 
changes in the hippocampus, dorsolateral prefronto-striatal circuits, 
and in temporo-parieto-occipital associative brain regions have 
also been reported (Boedhoe et al., 2017, 2018; Piras et al., 2015). 
Widespread microstructural abnormalities of white matter (WM) 
tracts have been identified using diffusion tensor imaging (DTI) 
(Koch et al., 2014), consistent with gene association studies indicat-
ing an important role for WM abnormalities in the etiology of OCD 
(Bubb et al., 2018; Gassó et al., 2015).

Fractional anisotropy (FA), the most frequently reported index 
in DTI, measures the proportion of water diffusion in the primary 
direction (generally aligned with the dominant white matter bundle 
within a voxel) compared to other directions and thus reflects char-
acteristics of WM microstructure (e.g., fiber packing, axonal diame-
ter, thickness of myelin sheaths, and directionality of fibers) (Koch 
et al., 2014; Le Bihan et al., 2001). Analyzing FA of whole-brain WM 
using voxel-based analysis (VBA) and tract-based spatial statistics 
(TBSS) can overcome limitations of region of interest (ROI) analy-
sis. The TBSS method restricts analysis to the center of major WM 
tracts by projecting each subject's FA data onto the mean skeleton, 
reducing misalignment problems, and spatial smoothing bias that can 
arise from the use of the VBA method (Smith et al., 2006). Studies of 

OCD using TBSS have reported decreased FA in the corpus callosum 
(CC) (Gan et al., 2017; Zhou et al., 2018), corona radiata (Benedetti 
et al., 2013), superior longitudinal fasciculus (Spalletta et al., 2014), 
and internal capsule (Fontenelle et  al., 2011). Other studies found 
no significant differences in FA between patients with OCD and 
healthy controls (HCs) (Ameis et al., 2016; Magioncalda et al., 2016). 
Some studies reported increased FA in the cerebellum (Hartmann 
et al., 2016), inferior frontal-occipital fasciculus, inferior longitudinal 
fasciculus, and cortical-spinal tract (Zarei et al., 2011). Discrepancies 
of effects across these studies may be explained by heterogeneities 
in sample size, age, clinical characteristics, medication status, pro-
cessing protocols, and analytic method. A meta-analysis may help 
identify the most prominent and replicable FA alterations of WM 
associated with OCD in TBSS studies.

Previous meta-analyses of WM microstructure alterations 
in OCD included VBA studies (Eng et  al.,  2015; Peng et  al.,  2012; 
Radua, Grau, et  al.,  2014) or mixed VBA and TBSS studies (Piras 
et al., 2013) that had potential biases as noted above. The Enhancing 
Neuro-Imaging Genetics through Meta-Analysis (ENIGMA) consor-
tium OCD working group performed a meta-analysis of WM alter-
ations in 874 patients with OCD compared to 789 healthy controls 
by analyzing TBSS data from 19 consortium sites rather than from all 
existing publications. They analyzed data from 25 WM ROIs rather 
than every WM voxel as reported in bioRxiv (Piras et al., 2019). Hu 
et.al integrated published TBSS studies of OCD that used either 
parametric and nonparametric tests and reported a meta-analy-
sis result derived from combined pediatric and adult subjects (Hu 
et al., 2020). Combining groups with significant differences in bio-
logical features such as over the course of adolescent maturation 
can lead to biases in findings.

Seed-based d Mapping (SDM) software, a coordinate-based 
meta-analytic tool (www.sdmpr​oject.com), can integrate various 
findings of previous neuroimaging studies to identify consistent 
conclusions through recreating the effect size maps according to 
reported peak coordinates with anisotropic kernels (Radua, Rubia, 
et  al.,  2014). It has advantages over the activation likelihood esti-
mate or multilevel kernel density analysis methods for combining 
both positive and negative differences in the same map to avoid sig-
nificantly opposite directions in the same voxel erroneously (Radua 
& Mataix-Cols, 2009).

Therefore, in the present study, we conducted a quantitative 
whole-brain meta-analysis in SDM of peer-reviewed and published 
TBSS studies of OCD, enabling results from individual studies to be 
weighted and controlled for multiple characteristics including clini-
cal and imaging information, in order to identify replicable significant 
FA abnormalities. When the numbers of the studies were sufficient, 
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we carried out subgroup meta-analyses to explore WM alterations 
in adults, children and adolescents, studies with 3.0 T versus 1.5 T 
MRI scanners, and studies with statistical threshold correction for 
multiple comparisons. We also performed a multiple meta-regres-
sion analysis to explore potential effects of age, sex, illness duration, 
medication status, age at onset, and clinical symptom severity on FA 
differences in patients with OCD.

2  | MATERIAL AND METHODS

2.1 | Study selection for the meta-analysis

A systematic and extensive retrieval strategy was used to search 
for relevant literature published and “in press” articles in PubMed, 
EMBASE, Web of Science, and Science Direct up to 28 October 
2020. In addition, manual searches were conducted among the ref-
erence sections of retrieved studies and review articles. Keywords 
were “tract-based spatial statistical” or “TBSS” or “diffusion tensor 
imaging” or “diffusion magnetic resonance imaging” or “DTI” or “frac-
tional anisotropy” or “FA”; AND “obsessive-compulsive disorder” or 
“OCD.” The guidelines of Preferred Reporting Items for Systematic 
Reviews and Meta-Analysis (Knobloch et al., 2011) were followed in 
the present study (Table S1).

Studies were included according to the following criteria: (a) 
an original, peer-reviewed journal article; (b) used a sample with 
a primary diagnosis of OCD and HCs; (c) compared whole-brain 
WM microstructural alterations between patients with OCD and 
HCs; and (d) applied the TBSS method to analyze whole-brain vox-
el-based comparisons of DTI data. We included studies regardless of 
whether they corrected for multiple comparisons, but required that 
FA alterations were reported in Talairach or Montreal Neurological 
Institute (MNI) brain coordinates. The corresponding authors of ar-
ticles that did not report coordinates but were suitable for the cur-
rent meta-analysis were contacted by e-mail asking for the pivotal 
information. Studies were excluded in the present meta-analysis 
according to the following criteria: (a) case reports or reviews; (b) 
based on ROI analysis or small volume correction; (c) did not per-
form statistical comparisons between patients and controls; (d) did 
not perform statistical comparisons in FMRIB Software Library (FSL) 
(RRID:SCR_002823) with default non-parametric permutation test 
(Nichols & Holmes, 2002); and (e) peak coordinates for relevant con-
trasts were not reported in manuscripts and were not provided after 
contacting the authors.

2.2 | Data extraction and quality  
assessment

For all included studies, sample characteristics (sample size, age, 
and gender), clinical data (age at onset, illness duration, medica-
tion status, and symptom severity), scanning parameters, diffusiv-
ity measures obtained, and findings of localized FA alterations were 

extracted. We also extracted the coordinates of results and statisti-
cal values related to effect size, both of which were required for the 
following meta-analysis.

The quality of included studies in our meta-analysis was eval-
uated using a 15-point checklist that was based on both the avail-
able clinical and demographic characteristics of the participants and 
the imaging methodology (Chen et  al.,  2016). Each criterion was 
scored as 1, 0.5, or 0 if the criteria were fully met, partially met, or 
unfulfilled, respectively. An assessed study that had a score above 
7.5 points (50% of the total score) was included in the present me-
ta-analysis. The quality scores for each study are shown in Table S2. 
The study selection, data extraction, and quality assessment were 
independently performed by two authors (Q.L. and Y.J.Z.) and any 
inconsistent results were discussed and resolved by consensus.

2.3 | SDM meta-analysis

We conducted a voxel-wise meta-analysis in SDM software (version 
5.15) (RRID:SCR_002554) according to a standard process. SDM 
used effect sizes to combine the reported peak coordinates of each 
included study and recreated the original maps of the effect size of 
group differences in FA by means of an anisotropic un-normalized 
Gaussian kernel. Studies reporting no group differences were also 
included, which were estimated conservatively to have a null effect 
size. The modality of “DTI-fractional anisotropy (TBSS)”, correlation 
template of “fractional anisotropy,” and mask of “TBSS” were chosen 
in SDM, which account for the anisotropy in the spatial covariance 
of the brain to increase the accuracy of the effect size maps. We 
used the default 20 mm full-width at half-maximum un-normalized 
Gaussian kernel to assign indicators of proximity to reported coordi-
nates (Radua, Rubia, et al., 2014). Following this, a mean map in MNI 
coordinates was created by a random-effects meta-analytic method, 
considering sample size, intra-study variance, and between-study 
heterogeneities. We used the default thresholds (voxel threshold 
p < .005 with peak Z > 1 and a cluster extent of 50 voxels) in SDM 
and reported the results in MNI coordinates. Subgroup meta-analy-
ses were also conducted when the number of studies was sufficient 
as described below.

A meta-regression analysis was performed with age, sex ratio, 
age at onset, illness duration, percentage of patients receiving med-
ication, and symptom severity considered as independent variables. 
To reduce the risk of spurious findings in the meta-regression anal-
yses, the significance threshold was defined as p  <  .0005 (Radua 
et al., 2012). The results from the regression analysis were only con-
sidered significant when those could be detected both in the signif-
icant overall slope and at higher or lower extremes of the regressor 
and were in regions where significant group differences were ob-
served in the main meta-analysis (Radua & Mataix-Cols, 2009).

A whole-brain jackknife sensitivity analysis for the meta-anal-
ysis was conducted to test the replicability of results using the 
same threshold as the meta-analysis. We iteratively repeated the 
main analysis n times (n = the number of total datasets), discarding 
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a dataset each time, to determine whether the results of the me-
ta-analysis remained significant. The between-studies heterogene-
ity of individual clusters from the results of the meta-analysis was 
examined using a random-effects model with Q statistics (p = .005, 
peak Z = 1, cluster extent = 50 voxels). Lastly, for each significant 
peak, the possibility of publication bias was examined using Egger's 
test to assess the asymmetry of funnel plots.

3  | RESULTS

3.1 | Review of 20 TBSS studies included in the 
study

The flow chart of the identification and attrition of studies is pro-
vided in Figure 1. There were 20 TBSS studies included in the review 
(six studies recruiting child/adolescent patients (Ameis et al., 2016; 
Fitzgerald et al., 2014; Jayarajan et al., 2012; Rosso et al., 2014; Silk 
et  al.,  2013; Zarei et  al.,  2011) and 14 studies with adult patients 
(Benedetti et al., 2013; Bollettini et al., 2018; Bora et al., 2011; Fan, 
van den Heuvel, et al., 2015; Fontenelle et al., 2011; Gan et al., 2017; 
Hartmann et al., 2016; Hawco et al., 2017; Magioncalda et al., 2016; 
Nakamae et  al.,  2011; Salles Andrade et  al.,  2019; Spalletta 
et al., 2014; Yagi et al., 2017; Zhou et al., 2018)). Demographic infor-
mation and clinical characteristics of participants in all 20 TBSS stud-
ies, as well as scanning parameters and main findings of FA analyses, 

are shown in Table 1 and Table 2. A detailed review of the 20 TBSS 
studies is provided in Appendix S1.

3.2 | Characteristics of 16 TBSS studies included 
in the meta-analysis

In the 20 studies, peak coordinates of FA alteration could not be re-
trieved after contacting the authors in three studies (Bora et al., 2011; 
Fontenelle et al., 2011; Hartmann et al., 2016), and one study conducted 
statistical comparisons with parametric t tests in Statistical Parametric 
Mapping software (Spalletta et al., 2014). Therefore, 16 studies met 
criteria to be included in the present meta-analysis (six studies recruit-
ing child/adolescent patients (Ameis et al., 2016; Fitzgerald et al., 2014; 
Jayarajan et  al.,  2012; Rosso et  al.,  2014; Silk et  al.,  2013; Zarei 
et al., 2011) and 10 studies with adult patients (Benedetti et al., 2013; 
Bollettini et al., 2018; Fan, van den Heuvel, et al., 2015; Gan et al., 2017; 
Hawco et al., 2017; Magioncalda et al., 2016; Nakamae et al., 2011; 
Salles Andrade et al., 2019; Yagi et  al., 2017; Zhou et al., 2018). No 
study used overlapping patient samples.

All the 16 studies included in the meta-analysis explored diffu-
sivity measurements of FA. Nine studies reported the mean diffusiv-
ity (MD) (Ameis et al., 2016; Fontenelle et al., 2011; Gan et al., 2017; 
Magioncalda et al., 2016; Nakamae et al., 2011; Rosso et al., 2014; 
Salles Andrade et al., 2019; Silk et al., 2013; Zhou et al., 2018), nine 
studies reported radial diffusivity (RD) (Ameis et al., 2016; Benedetti 

F I G U R E  1   Flow diagram for the 
identification and exclusion of diffusion 
tensor imaging (DTI) studies enrolling 
patients with obsessive-compulsive 
disorder (OCD) by using tract-based 
spatial statistics (TBSS) analysis in FMRIB 
Software Library (FSL)
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et al., 2013; Bollettini et al., 2018; Bora et al., 2011; Gan et al., 2017; 
Jayarajan et al., 2012; Magioncalda et al., 2016; Rosso et al., 2014; 
Silk et  al.,  2013), and seven studies reported axial diffusivity (AD) 
(Ameis et  al.,  2016; Benedetti et  al.,  2013; Bora et  al.,  2011; Gan 
et al., 2017; Jayarajan et al., 2012; Rosso et al., 2014; Silk et al., 2013) 
(Table 2 and Table S3). Thus, we performed our primary meta-anal-
ysis on FA measurements available in all 16 studies. Across the 16 

studies, there was no significant difference between patients with 
OCD (male, 267; female, 224) and HCs (male, 281; female, 239) in 
gender ratios (p = .91). A total of 491 patients with OCD (mean age: 
27.8 years) and 520 HCs (mean age: 26.2 years), along with 53 co-
ordinates of regions with significant case-control differences in FA 
extracted from the 16 TBSS studies, were included in the present 
pooled meta-analysis.

TA B L E  1   Summary of demographic and clinical characteristics of 20 TBSS studies

Study

Patients with OCD Healthy controls

No.
Female, n 
(%)

Age, 
y YBOCSa 

Duration, 
y

Onset, 
y

Drug status, 
n (%)e  No.

Female, n 
(%)

Age, 
y

Studies with adult patients with OCD included in the present meta-analysis (n = 10)

Salles Andrade 
et al. (2019)

23 8(34.8%) 39.7 27.7 25.2 14.5c  23(100%) 21 11(52.4%) 37.3

Zhou et al. (2018)b  52 24(46.2%) 32.2 25.3 3.8 28.4c  25(48.1%) 46 22(47.8%) 30.5

Bollettini et al. (2018)b  58 20(34.5%) 34.7 30.9 19.2 14.7 35(60.3%) 58 20(34.5%) 34.3

Yagi et al. (2017) 20 10(50%) 34.1 26.2 11.5 22.7 15(75.0%) 30 16(53.3%) 30.6

Hawco et al. (2017) 38 21(55.3%) 34.6 20.9 14.8 17.8 38(100%) 45 22(48.9%) 33.2

Gan et al. (2017) 24 9 (37.5%) 22.6 32.5 NA NA 13(54.2%) 23 11(47.8%) 23.2

Magioncalda 
et al. (2016)

16 11(68.8%) 27.6 19.7 15.1 12.5c  13(81.3%) 18 10(55.6%) 28.2

Fan, van den Heuvel, 
et al. (2015)

44 22(50%) 38.5 21.5 NA NA 0(0.0%)d  37 19(51.4%) 39.5

Benedetti et al. (2013)b  40 14(35%) 33.9 31.2 19.1 14.1 22(55.0%) 41 21(51.2%) 33.8

Nakamae et al. (2011) 30 16(53.3%) 31.6 23.8 6.7 25 0(0.0%)d  30 15(50%) 30.8

Studies with adult patients with OCD for which coordinates were not available (n = 3)

Hartmann et al. (2016) 30 23(76.7%) 27 26.5 16 11c  17(56.7%) 30 21(70%) 28

Fontenelle et al. (2011) 9 2(22.2%) 26.2 28.5 14.7f  11.5 7(77.8%) 9 2(22.2%) 28

Bora et al. (2011) 21 10(47.6%) 34.4 19.2 NA NA 10(47.6%) 29 15(51.7%) 31.4

Studies with adult patients with OCD that did not perform the statistical comparisons in FSL with non-parametric permutation test (n = 1)

Spalletta et al. (2014) 20 8(40%) 33.1 24.8 13.5 19.6c  12(60.0%) 20 8(40%) 35.2

Studies with child/adolescent patients with OCD included in the present meta-analysis (n = 6)

Ameis et al. (2016) 36 14(38.9%) 12.6 NA NA NA 13(36.1%) 62 25(40.3%) 10.8

Rosso et al. (2014) 17 6(35%) 14.1 17.1 5.2 8.8 14(82.4%) 19 6(32%) 13.6

Fitzgerald et al. (2014) 36 20(55.6%) 14.1 16.7 6.8f  7.3 18(50%) 27 16(59.3%) 14.7

Silk et al. (2013) 16 10(62.5%) 12.8 NA NA NA 14(87.5%) 22 6(27.3%) 11.2

Jayarajan et al. (2012) 15 7(46.7%) 14.1 21.5 1.4 12.7 13(86.7%) 15 7(46.7%) 14.3

Zarei et al. (2011) 26 12(46.2%) 16.6 19.5 5.3 11.2 16(61.5%) 26 12(46.2%) 16.

Abbreviations: FSL, FMRIB Software Library ; NA, not available; No., number; OCD, obsessive-compulsive disorder; TBSS, tract-based spatial 
statistics; YBOCS, Yale-Brown Obsessive-Compulsive Scale.
aFor the studies with children/adolescents with OCD, the Children's Yale-Brown Obsessive-Compulsive Scale (CYBOCS) was used to evaluate 
patients’ clinical symptoms. 
bThese studies also conducted subgroup analyses based on medication status, but we just selected the results of the pooled analysis as the dataset in 
the present meta-analysis. 
cAlthough these studies did not provide the exact age at onset, we calculated it by age minus duration of illness (age at onset = age − duration of 
illness). 
dThe patients recruited in these studies were untreated for at least 4 weeks. 
eThe percentage of patients received drug therapy. 
fAlthough these studies did not provide the exact duration of illness, we calculated it by age minus age at onset (duration of illness = age − age at 
onset). 
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Among the 16 OCD studies in the meta-analysis, two stud-
ies recruited all medicated patients (Hawco et  al.,  2017; Salles 
Andrade et  al.,  2019), two studies included patients unmedi-
cated for at least 4  weeks before the MRI scanning (Fan, van 
den Heuvel, et al., 2015; Nakamae et al., 2011), and the remain-
ing 12 studies enrolled patients with variable treatment status 
(Ameis et al., 2016; Benedetti et al., 2013; Bollettini et al., 2018; 
Fitzgerald et  al.,  2014; Gan et  al.,  2017; Jayarajan et  al.,  2012; 
Magioncalda et al., 2016; Rosso et al., 2014; Silk et al., 2013; Yagi 
et al., 2017; Zarei et al., 2011; Zhou et al., 2018). DTI was acquired 
using a 3.0 T MR scanner in 13 studies, while three studies used a 
1.5 T MR scanner (Hawco et al., 2017; Nakamae et al., 2011; Zarei 
et al., 2011). All 16 studies in the meta-analysis performed TBSS 
analysis with correction for multiple comparisons. We performed 
subgroup meta-analyses in 10 studies with adult patients and 13 
studies using a 3.0 T MR scanner.

3.3 | Results of the pooled meta-analysis

In the pooled meta-analysis that included all 16 TBSS studies, pa-
tients with OCD showed no significant difference with regard to 

FA values compared to controls. Similar findings were observed in 
15/16 datasets in jackknife sensitivity analyses (Table S4).

3.4 | Subgroup meta-analyses

The OCD adult subgroup analysis included 10 studies that compared 
345 patients with OCD (mean age: 33.6  years) with 349 controls 
(mean age: 32.7 years) that provided 12 extracted coordinates of re-
gions with group differences in FA (Benedetti et al., 2013; Bollettini 
et al., 2018; Fan, van den Heuvel, et al., 2015; Gan et al., 2017; Hawco 
et al., 2017; Magioncalda et al., 2016; Nakamae et al., 2011; Salles 
Andrade et al., 2019; Yagi et al., 2017; Zhou et al., 2018). Sex ratios 
(adult patients with OCD: male, 190; female, 155. HCs: male, 182; 
female, 167) did not differ between groups (p = .44). Adult patients 
with OCD showed decreased FA in a region including the genu and 
anterior body of CC (x = −4, y = 28, z = 2; p = .00029, Z = −0.841; 
480 voxels) compared to HCs (Table 3 and Figure 2). These findings 
were robust in the jackknife sensitivity analysis (Table S5). Analysis 
of heterogeneity revealed no significant between-study heteroge-
neity. Egger's test of funnel plot asymmetry did not identify evi-
dence of publication bias in the observed effects (Figure S1).

TA B L E  3   Decreased fractional anisotropy in adult patients with obsessive-compulsive disorder than health controls revealed by meta-
analyses of tract-based spatial statistics studies

WM tract

MNI coordinates

SDM Z score
p value
uncorrected

voxels
n Cluster breakdown (voxels, n)x y z

Genu and anterior 
body of corpus 
callosum

−4 28 2 −0.841 .00029 480 Corpus callosum (434)

Left median network, cingulum (16)

Left anterior thalamic projections (15)

Left striatum (9)

Left inferior network, inferior frontal-
occipital fasciculus (6)

Abbreviations: MNI, Montreal Neurological Institute; SDM , Seed-based d Mapping, WM, white matter.

F I G U R E  2   Decreased fractional anisotropy in the genu and anterior body of corpus callosum (CC) (warm color) was observed in the 
subgroup meta-analysis in adult patients with obsessive-compulsive disorder compared to controls
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A subgroup meta-analysis of children and adolescents with OCD 
(six studies) was precluded given that the number of studies was too 
small to draw reliable conclusions. However, we reviewed the re-
sults of the six studies detailed in Appendix S1 and discussed the 
potential trajectory of FA alterations in pediatric patients with OCD. 
Subgroup meta-analyses in 13 studies with 3.0 Tesla MR scanner, 
which included pediatric and adult patients with OCD, showed no 
differences in FA between patients with OCD and controls, consis-
tent with the result of the pooled meta-analysis with all 16 TBSS 
studies.

3.5 | Meta-regression analysis

For the 10 studies in the subgroup meta-analysis that recruited adult 
patients with OCD, age at onset was negatively correlated with FA in 
the anterior body of CC (x = −8, y = 22, z = 18; r = −0.74, p < .0005, 
Z = −1.294; 68 voxels) (Figure 3). We did not observe significant cor-
relations between FA value and percentage of female patients with 
OCD, age, medication status, Yale-Brown Obsessive-Compulsive 
Scale (YBOCS), or illness duration in adult patients with OCD.

4  | DISCUSSION

The key findings of the current meta-analysis were the following: 
(a) no significant FA differences were observed in the pooled meta-
analysis of 16 studies which included both pediatric and adult pa-
tients; (b) FA was decreased in the region of the genu and anterior 
body of CC in adult patients with OCD; and (c) FA reductions in the 
anterior body of CC were associated with a later age of onset in adult 
patients with OCD. The current findings suggest that microstructural 
abnormalities in the anterior and central subdivisions of CC play an 
important role in the pathophysiology of adult patients with OCD.

The observation of altered WM fiber tracts in adults but not 
pediatric patients with OCD suggests different pathophysiological 
processes in pediatric cases including potential neurodevelopmental 
features. Clinical differences in pediatric OCD have been reported 
in clinical phenotype, gender (males are predominant in pediat-
ric studies), and patterns of psychiatric comorbidity (Geller, 2006). 
Previous studies reported that child/adolescent OCD might be 

a developmental subtype of OCD (Geller et  al.,  1998; Huyser 
et al., 2009), consistent with our observation of greater inconsisten-
cies of FA alterations and suggestions of atypical brain maturational 
trajectories evident in pediatric studies (Fitzgerald et  al.,  2014). 
Variable dysmaturation and inconsistent age-related effects in pe-
diatric patients may be a factor in the failure to find case-control 
differences in the pooled sample (that included both adult and pedi-
atric cases) when significant alterations were evident in adult patient 
studies.

In addition, the effects of head motion also should be taken into 
account. All included studies in our current meta-analysis used the 
FMRIB diffusion Toolbox from the FSL processing software package 
(http://www.fmrib.ox.ac.uk/fsl) (RRID:SCR_002823) to analyze the 
DTI data. The motion and eddy current distortion correction were 
conducted by registering diffusion-weighted images to a nondiffu-
sion-weighted image (b = 0) using affine registration before running 
TBSS, but this may not remove all effects of movements (Smith 
et al., 2006). Benedetti et al.  (2016) and Bollettini et al.  (2018) re-
ported that manual inspection was also executed for head motion 
by trained researchers in their studies. Additionally, the pediatric 
study by Ameis et al. (2016) conducted thorough quality control to 
remove the effects of slice-wise artifacts. Thus, movement artifacts 
as well as varying quality control procedures might add variance 
within samples-especially the pediatric group and reduce sensitivity 
to case-control differences in this age group.

Previous meta-analyses in OCD including VBA studies (Eng 
et al., 2015; Peng et al., 2012; Radua, Grau, et al., 2014) or mixed 
VBA and TBSS studies (Piras et  al.,  2013) reported FA alterations 
in anterior midline tracts including CC though the direction var-
ied. This variability might be due to alignment inaccuracies and less 
standard approaches for choosing a smoothing extent, which limits 
direct comparisons with the present results. Consistent with the re-
port from the OCD working group of ENIGMA (Piras et al., 2019), we 
also identified decreased FA in CC in adult patients. However, we 
did not find FA alterations in posterior thalamic radiations or sagittal 
stratum as reported in the unpublished preprint from the ENIGMA 
study. In addition to differences in the patient cohort, different data 
processing protocols might contribute to these differences. The 
ENIGMA study performed a TBSS analysis using the ENIGMA-DTI 
template and Johns Hopkins University ROIs atlas rather than using 
the default template in FSL which provides a whole-brain voxel-wise 

F I G U R E  3   Fractional anisotropy (FA) 
value in the anterior body of corpus 
callosum (CC) was negatively related 
to age at onset in adult patients with 
obsessive-compulsive disorder as revealed 
in the meta-regression analysis

http://www.fmrib.ox.ac.uk/fsl
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analysis. Compared with the study by Hu et al.  (2020), we did not 
observe decreased FA in orbitofrontal WM, which again might be 
attributed to the different patient composition or study inclusion 
criteria. Our present study only included studies using the default 
permutation test in FSL to control the effects of different image 
analysis procedures across studies. In addition, Hu et  al.  (2020) 
treated a previous study (Benedetti et al., 2013) as two datasets 
where there were drug-naive and drug-treated patients compared 
to one group of controls, so the same control group was included 
twice in the initial statistical comparisons. In order to explore the 
potential relationship between the FA alteration and percentage 
of medicated patients with OCD, we treated this study as a single 
dataset rather than as two datasets with 0% and 100% medicated 
patients, respectively.

4.1 | FA alterations in adult patients with OCD

The anterior segment of the CC has a relatively high FA perhaps in-
creasing sensitivity to illness-related changes. FA decrease in this 
region might be due to demyelination, reduced packing density, in-
creased axon diameter, and other maturational and trophic factors 
(Le Bihan et al., 2001). Some studies reported decreased FA with in-
creased RD but without alteration of AD in CC (Bollettini et al., 2018; 
Bora et al., 2011; Gan et al., 2017), suggesting greater diffusion al-
teration across tract membranes rather than along tracts, consistent 
with deficits of myelination in this region in OCD. From a genetic 
point of view, the neurotrophic tyrosine kinase receptor type 3 
(NTRK3) gene has been associated with OCD symptoms, and NTRK3 
gene is known to modulate the microstructural organization of CC 
(Alonso et al., 2008; Braskie et al., 2013). The oligodendrocyte line-
age transcription factor 2 gene which is involved in myelination has 
also been associated with symptoms in patients with OCD (Vieira-
Fonseca et al., 2019). The myelin oligodendrocyte glycoprotein gene 
plays a vital role in the myelination process and has also been as-
sociated with OCD (Zai et  al.,  2004). The tumor necrosis factor-α 
could induce WM injury by exerting cytotoxic effects on neurons 
and oligodendrocyte progenitors (Wang et al., 2014), and it has been 
shown to be increased in patients with OCD (Konuk et al., 2007) and 
negatively correlated with FA in CC (Benedetti et al., 2016).

The identified disruption of microstructural organization in CC 
might lead to a slower speed of interhemispheric communication 
(Cherbuin & Brinkman,  2006), and thus to cognitive deficits asso-
ciated with the illness (Gonçalves et al., 2011). Consistent with this 
possibility, Garibotto et al. (2010) reported that FA alteration in CC 
was associated with cognitive dysfunction (decision-making impair-
ment and visuospatial deficits) in patients with OCD. Besides the 
microstructural alteration of FA, a previous study showed a shorter 
length of fiber bundles passing through the CC in OCD using fiber 
tractography methods, adding insight into anatomic alterations that 
might reduce the interhemispheric transfer of information in OCD 
(Gan et al., 2017). Further, callosal thickness and WM density anal-
ysis revealed that patients with OCD have thinner CC and lower CC 

density compared to controls (Di Paola et al., 2013), and thickness 
in the anterior part of CC has been associated with neuropsycho-
logical deficits and compulsive checking behaviors in OCD (Di Paola 
et al., 2013; Jaafari et al., 2013). Consistent with our findings, Radua, 
Grau, et al. (2014)) reported decreased FA in anterior midline tracts, 
which crossed between the body of CC and anterior part of cingulum 
bundle (CB) in their meta-analysis with VBA studies in adult patients 
with OCD. Thus, the previously published literature, in aggregate, 
provides evidence for the importance of rostral CC alterations in the 
neurobiology of OCD.

The genu of the CC provides interhemispheric connections 
for the lateral and medial aspects of the prefrontal cortex, and 
the anterior body of CC connects homologous cerebral areas in-
cluding premotor, supplementary motor, and motor regions. Thus, 
these CC regions provide the large bulk of interhemispheric neo-
cortical connectivity of fronto-striatal circuitry (Saito et al., 2008). 
Microstructural alterations in CC might underlie or result from pre-
viously identified structural and functional abnormalities in regions 
innervated by the rostral aspect of the CC in OCD. Patients with 
OCD have shown decreased GMV and WM volume in the bilateral 
prefrontal cortex (Heuvel et al., 2009; Togao et al., 2010). A recent 
mega-analysis reported cortical thickness reductions in bilateral 
frontal cortex (Fouche et al., 2017) and Qin et al. (2019) found fewer 
fiber counts in the bilateral frontal cortex in OCD patients. Apart 
from structural abnormalities, functional studies also highlight the 
importance of trans-callosal connectivity alterations in OCD. Adult 
patients with OCD have been reported to have decreased functional 
connectivity between the right ventral lateral prefrontal cortex and 
left insula (Chen et al., 2018) and decreased voxel-mirrored homo-
topic connectivity in the precentral gyrus and orbitofrontal cortex 
(Deng et al., 2019). Additionally, increased functional frontal asym-
metry in patients with OCD has been observed in electroencepha-
lography studies (Perera et al., 2019).

Normally, FA in CC initially and rapidly increases during child-
hood, then reaches a plateau at approximately 11  years of age, 
and subsequently remains relatively stable and does not change 
or slowly decreases in adulthood (Keshavan et  al.,  2002; Lebel & 
Beaulieu, 2011; Lebel et al., 2008). In the present study, age at onset 
ranged from 12.5 to 28.4 years in studies with adult patients with 
OCD, and our meta-regression analysis showed that lower FA in the 
anterior body of CC was associated with later age at onset in adult 
patients with OCD. This suggests a potentially important biological 
feature distinguishing pediatric and adult-onset illness, potentially 
with later onset cases having illness-related atrophic changes in ros-
tral CC regions.

However, with this and other findings, the potential impact of 
psychotropic medications on WM needs to be taken into consid-
eration when interpreting our findings. For example, patients with 
an earlier/pediatric age at onset may more likely receive drug ther-
apy at an earlier age when refinement of brain circuitry and related 
cognitive processes are still active. Selective serotonin reuptake in-
hibitors, the most commonly prescribed medicine to treat OCD, pos-
sess neuroprotective and neurotrophic effects. These treatments 
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also increase the serum level of brain-derived neurotrophic factor 
(Hunsberger et al., 2009), which has been implicated in the progress 
of nervous system myelination (Xiao et al., 2010). Thus, treatments 
may impact WM microstructural organization in ways that require 
further investigation as has recently been shown with antipsychotic 
medications (Meng et al., 2019).

4.2 | FA alterations in child and adolescent patients 
with OCD

In an important study, Fitgerald and colleagues observed two pat-
terns of FA alteration in pediatric OCD: FA decrease in CC in pa-
tients 8–11 years of age, and FA increase in CC and CB in patients 
16–19  years of age (Fitzgerald et  al.,  2014). This raises the possi-
bility that decreased FA in child and early adolescent patients and 
increased FA in late adolescents with OCD that was observed by 
Fitzgerald et al. (2014) might reflect an altered neurodevelopmental 
trajectory of callosal fiber tracts. For example, delayed pruning of 
axonal connections into adolescence might account for this pattern 
of findings. Consistent with the possibility of abnormal maturation 
of CC fiber tracts in OCD, the mean age of pediatric patients with 
OCD in the study by Rosso et al. (2014) (14.1 years) was somewhat 
less than that of the study by Zarei et  al.  (2011) (16.6  years), and 
the former study reporting decreased FA and the latter reported 
increased FA in CC. In addition to these neurobiological considera-
tions, complex age-related effects in pediatric OCD may make it dif-
ficult to identify case-control differences in pediatric patients.

Other studies have also reported neurodevelopmental abnor-
malities in pediatric patients with OCD. Rosenberg et  al.  (1997) 
reported that the age-related increased length and size of CC and in-
creased volume of anterior cingulate volumes in HCs were absent in 
pediatric patients with OCD (Rosenberg & Keshavan, 1998). Huyser 
et al.  (2009) identified developmentally mediated abnormalities of 
CSTC and limbic circuitry in pediatric OCD by reviewing both struc-
tural and functional neuroimaging studies, proposing an alteration of 
myelinization and neurodevelopmental pruning of neural networks 
in OCD. These findings and the heterogeneity of pediatric OCD find-
ings with regard to WM studies highlight the need for more intensive 
and longitudinal studies of neurodevelopment in pediatric OCD.

4.3 | Limitations

A majority of studies in the current meta-analysis (12/16) recruited 
patients receiving a variety of doses and types of medications. 
Thus, subgroup meta-analysis with medicated and medication-naive 
patients could not be performed to explore potential medication 
effects on FA in OCD. Some cross-sectional and potentially un-
derpowered TBSS studies found there were no significant FA dif-
ferences in CC between medicated and unmedicated OCD groups 
(Bora et al., 2011; Gan et al., 2017; Zhou et al., 2018), while the study 
by Bollettini et al.  (2018) reported that some drug treatments may 

have a robust effect on the observed FA decrease in CC. As illness 
may be associated with reduced FA and drug treatments may en-
hance myelination and FA or decrease them (Fan, Bhatt, et al., 2015; 
Konopaske et al., 2008), sorting out medication effects on the brain 
in greater detail is needed to understand illness-associated brain al-
terations. In this context, drug dose and type may have increased 
variability of findings across studies, with a potential effect of reduc-
ing the ability to consistently see WM alterations in regions outside 
rostral CC. Future studies are needed to clarify drug effects on brain 
anatomy and its development in OCD patients.

Other limitations of our study also need to be acknowledged. 
First, there are heterogeneities of MRI scanning parameters across 
studies that may impact our findings, though we note that the same 
negative effect as our primary pooled analysis was seen in the 
subgroup analysis of studies using a 3.0  T MRI scanner. Second, 
additional diffusivity parameters (MD, AD, and RD) were reported 
in some studies, but too few to perform a meta-analysis of these 
features that might provide a more comprehensive picture of the 
mechanisms underlying WM alteration in OCD. Third, the number 
of TBSS studies focusing on pediatric patients with OCD was too 
small to conduct a quantitative subgroup meta-analysis of pediat-
ric patients. Fourth, based on a tensor model and a limited number 
of diffusion directions, an analysis of DTI data has limited accuracy 
in regions of crossing tracts thus potentially creating false tracts 
(Alexander et al., 2007), which TBSS method could not resolve this 
problem yet (Smith et al., 2006). Recently developed diffusion mod-
els (e.g., multi-compartment model) and protocols (e.g., neurite ori-
entation dispersion and density imaging and high-angular-resolution 
diffusion imaging) may help address this issue in future research. DTI 
images acquired with echo-planar readout have inevitable suscepti-
bility-induced geometric distortions. Although TOPUP, a tool in FSL, 
is available to provide robust and effective performance in correct-
ing distortions, advanced DTI scanning protocols acquiring images 
in two opposite phase encoding directions (right-to-left and left-to-
right) may further minimize the distortions. In addition, the TBSS 
method cannot fully remove all movement-related effects (Smith 
et al., 2006).

5  | CONCLUSION

In conclusion, our study revealed robust disruptions of WM in the 
CC (genu and anterior body) reflected in a significant FA decrease 
in adult OCD. Adult patients with older age at OCD onset had more 
severe FA alterations in the anterior body of CC. For pediatric OCD, 
alterations in neurodevelopmental maturation may contribute to 
inconsistent patterns of FA alteration relative to matched controls 
during adolescence.

ACKNOWLEDG MENTS
This study was supported by the National Natural Science 
Foundation of China (Grant Nos. 81621003, 81761128023, 
81820108018, 82027808, and 81401396). Dr. Li would like to 



12 of 15  |     LI et al.

acknowledge the support from the Sichuan Science and Technology 
Program (2019YJ0098).

CONFLIC T OF INTERE S T
Dr. Sweeney has consulted to VeraSci. Other authors declare no bio-
medical financial interests or potential conflicts of interest.

AUTHOR CONTRIBUTION
FL and QYG designed the study. QL and YJZ drafted the manuscript. 
QL, YJZ, ZXH, YG, JYL, LKL, and WFY conducted literature searches, 
data management, and analysis, as well as data interpretation. QL, 
YJZ, LKL, and WFY made the figures and tables. JAS, FL, and QYG 
critically revised the manuscript. All authors approved the final 
manuscript.

DATA AVAIL ABILIT Y S TATEMENT
Data sharing is not applicable to this article as no new data were cre-
ated in the current study.

ORCID
Fei Li   https://orcid.org/0000-0002-4737-5710 

R E FE R E N C E S
Alexander, A. L., Lee, J. E., Lazar, M., & Field, A. S. (2007). Diffusion 

tensor imaging of the brain. Neurotherapeutics: the Journal of the 
American Society for Experimental NeuroTherapeutics, 4(3), 316–329. 
https://doi.org/10.1016/j.nurt.2007.05.011

Alonso, P., Gratacòs, M., Menchón, J. M., Segalàs, C., González, J. R., 
Labad, J., Bayés, M., Real, E., de Cid, R., Pertusa, A., Escaramís, 
G., Vallejo, J., & Estivill, X. (2008). Genetic susceptibility to obses-
sive-compulsive hoarding: The contribution of neurotrophic tyro-
sine kinase receptor type 3 gene. Genes, Brain, and Behavior, 7(7), 
778–785.

Ameis, S. H., Ameis, S. H., Lerch, J. P., Taylor, M. J., Lee, W., Viviano, J. 
D., Pipitone, J., Nazeri, A., Croarkin, P. E., Voineskos, A. N., Lai, M.-C., 
Crosbie, J., Brian, J., Soreni, N., Schachar, R., Szatmari, P., Arnold, P. 
D., & Anagnostou, E. (2016). A diffusion tensor imaging study in chil-
dren with ADHD, autism spectrum disorder, OCD, and matched con-
trols: Distinct and non-distinct white matter disruption and dimen-
sional brain-behavior relationships. American Journal of Psychiatry, 
173(12), 1213–1222.

Aouizerate, B., Guehl, D., Cuny, E., Rougier, A., Bioulac, B., Tignol, J., & 
Burbaud, P. (2004). Pathophysiology of obsessive-compulsive disor-
der: A necessary link between phenomenology, neuropsychology, 
imagery and physiology. Progress in Neurobiology, 72(3), 195–221. 
https://doi.org/10.1016/j.pneur​obio.2004.02.004

Benedetti, F., Giacosa, C., Radaelli, D., Poletti, S., Pozzi, E., Dallaspezia, S., 
Falini, A., & Smeraldi, E. (2013). Widespread changes of white matter 
microstructure in obsessive-compulsive disorder: Effect of drug sta-
tus. European Neuropsychopharmacology, 23(7), 581–593. https://doi.
org/10.1016/j.euron​euro.2012.07.002

Benedetti, F., Poletti, S., Hoogenboezem, T. A., Mazza, E., Ambrée, O., 
de Wit, H., Wijkhuijs, A. J. M., Locatelli, C., Bollettini, I., Colombo, 
C., Arolt, V., & Drexhage, H. A. (2016). Inflammatory cytokines in-
fluence measures of white matter integrity in bipolar disorder. 
Journal of Affective Disorders, 202, 1–9. https://doi.org/10.1016/j.
jad.2016.05.047

Boedhoe, P. S. W., Schmaal, L., Abe, Y., Alonso, P., Ameis, S. H., Anticevic, 
A., Arnold, P. D., Batistuzzo, M. C., Benedetti, F., Beucke, J. C., 

Bollettini, I., Bose, A., Brem, S., Calvo, A., Calvo, R., Cheng, Y., Cho, K. 
I. K., Ciullo, V., Dallaspezia, S., … van den Heuvel, O. A. (2018). Cortical 
abnormalities associated with pediatric and adult obsessive-compul-
sive disorder: Findings from the ENIGMA Obsessive-Compulsive 
Disorder Working Group. American Journal of Psychiatry, 175(5), 453–
462. https://doi.org/10.1176/appi.ajp.2017.17050485

Boedhoe, P. S. W., Schmaal, L., Abe, Y., Ameis, S. H., Arnold, P. D., 
Batistuzzo, M. C., Benedetti, F., Beucke, J. C., Bollettini, I., Bose, A., 
Brem, S., Calvo, A., Cheng, Y., Cho, K. I. K., Dallaspezia, S., Denys, 
D., Fitzgerald, K. D., Fouche, J.-P., Giménez, M., … Zhao, Q. (2017). 
Distinct subcortical volume alterations in pediatric and adult OCD: A 
worldwide meta- and mega-analysis. American Journal of Psychiatry, 
174(1), 60–69. https://doi.org/10.1176/appi.ajp.2016.16020201

Bollettini, I., Mazza, M. G., Muzzarelli, L., Dallaspezia, S., Poletti, S., Vai, 
B., Smeraldi, E., & Benedetti, F. (2018). White matter alterations as-
sociate with onset symptom dimension in obsessive-compulsive dis-
order. Psychiatry and Clinical Neurosciences, 72(1), 13–27. https://doi.
org/10.1111/pcn.12563

Bora, E., Harrison, B. J., Fornito, A., Cocchi, L., Pujol, J., Fontenelle, L. F., 
Velakoulis, D., Pantelis, C., & Yücel, M. (2011). White matter micro-
structure in patients with obsessive-compulsive disorder. Journal of 
Psychiatry and Neuroscience, 36(1), 42–46. https://doi.org/10.1503/
jpn.100082

Braskie, M. N., Kohannim, O., Jahanshad, N., Chiang, M.-C., Barysheva, 
M., Toga, A. W., Ringman, J. M., Montgomery, G. W., McMahon, 
K. L., de Zubicaray, G. I., Martin, N. G., Wright, M. J., & Thompson, 
P. M. (2013). Relation between variants in the neurotrophin re-
ceptor gene, NTRK3, and white matter integrity in healthy young 
adults. NeuroImage, 82, 146–153. https://doi.org/10.1016/j.neuro​
image.2013.05.095

Bubb, E. J., Metzler-Baddeley, C., & Aggleton, J. P. (2018). The cingu-
lum bundle: Anatomy, function, and dysfunction. Neuroscience and 
Biobehavioral Reviews, 92, 104–127. https://doi.org/10.1016/j.neubi​
orev.2018.05.008

Chen, L., Hu, X., Ouyang, L., He, N., Liao, Y. I., Liu, Q. I., Zhou, M., Wu, M., 
Huang, X., & Gong, Q. (2016). A systematic review and meta-analysis 
of tract-based spatial statistics studies regarding attention-deficit/
hyperactivity disorder. Neuroscience and Biobehavioral Reviews, 68, 
838–847. https://doi.org/10.1016/j.neubi​orev.2016.07.022

Chen, Y. H., Li, S. F., Lv, D., Zhu, G. D., Wang, Y. H., Meng, X., Hu, Q., Li, 
C. C., Zhang, L. T., Chu, X. P., Wang, X. P., & Li, P. (2018). Decreased 
intrinsic functional connectivity of the salience network in drug-na-
ive patients with obsessive-compulsive disorder. Frontiers in 
Neuroscience, 12, 889.

Cherbuin, N., & Brinkman, C. (2006). Efficiency of callosal transfer and 
hemispheric interaction. Neuropsychology, 20(2), 178–184. https://
doi.org/10.1037/0894-4105.20.2.178

de Wit, S. J., Alonso, P., Schweren, L., Mataix-Cols, D., Lochner, C., 
Menchón, J. M., Stein, D. J., Fouche, J.-P., Soriano-Mas, C., Sato, J. 
R., Hoexter, M. Q., Denys, D., Nakamae, T., Nishida, S., Kwon, J. S., 
Jang, J. H., Busatto, G. F., Cardoner, N., Cath, D. C., … van den Heuvel, 
O. A. (2014). Multicenter voxel-based morphometry mega-analysis 
of structural brain scans in obsessive-compulsive disorder. American 
Journal of Psychiatry, 171(3), 340–349. https://doi.org/10.1176/appi.
ajp.2013.13040574

Deng, K., Qi, T., Xu, J., Jiang, L., Zhang, F., Dai, N., Cheng, Y., & Xu, X. 
(2019). Reduced interhemispheric functional connectivity in obses-
sive-compulsive disorder patients. Frontiers in Psychiatry, 10, 418.

Di Paola, M., Luders, E., Rubino, I. A., Siracusano, A., Manfredi, G., 
Girardi, P., Martinotti, G., Thompson, P. M., Chou, Y.-Y., Toga, A. W., 
Caltagirone, C., & Spalletta, G. (2013). The structure of the corpus 
callosum in obsessive compulsive disorder. European Psychiatry, 
28(8), 499–506. https://doi.org/10.1016/j.eurpsy.2012.07.001

Eng, G. K., Sim, K., & Chen, S. H. (2015). Meta-analytic investigations 
of structural grey matter, executive domain-related functional 

https://orcid.org/0000-0002-4737-5710
https://orcid.org/0000-0002-4737-5710
https://doi.org/10.1016/j.nurt.2007.05.011
https://doi.org/10.1016/j.pneurobio.2004.02.004
https://doi.org/10.1016/j.euroneuro.2012.07.002
https://doi.org/10.1016/j.euroneuro.2012.07.002
https://doi.org/10.1016/j.jad.2016.05.047
https://doi.org/10.1016/j.jad.2016.05.047
https://doi.org/10.1176/appi.ajp.2017.17050485
https://doi.org/10.1176/appi.ajp.2016.16020201
https://doi.org/10.1111/pcn.12563
https://doi.org/10.1111/pcn.12563
https://doi.org/10.1503/jpn.100082
https://doi.org/10.1503/jpn.100082
https://doi.org/10.1016/j.neuroimage.2013.05.095
https://doi.org/10.1016/j.neuroimage.2013.05.095
https://doi.org/10.1016/j.neubiorev.2018.05.008
https://doi.org/10.1016/j.neubiorev.2018.05.008
https://doi.org/10.1016/j.neubiorev.2016.07.022
https://doi.org/10.1037/0894-4105.20.2.178
https://doi.org/10.1037/0894-4105.20.2.178
https://doi.org/10.1176/appi.ajp.2013.13040574
https://doi.org/10.1176/appi.ajp.2013.13040574
https://doi.org/10.1016/j.eurpsy.2012.07.001


     |  13 of 15LI et al.

activations, and white matter diffusivity in obsessive compulsive dis-
order: An integrative review. Neuroscience and Biobehavioral Reviews, 
52, 233–257. https://doi.org/10.1016/j.neubi​orev.2015.03.002

Fan, L. W., Bhatt, A., Tien, L. T., Zheng, B., Simpson, K. L., Lin, R. C. S., Cai, 
Z., Kumar, P., & Pang, Y. (2015). Exposure to serotonin adversely af-
fects oligodendrocyte development and myelination in vitro. Journal 
of Neurochemistry, 133(4), 532–543.

Fan, S., van den Heuvel, O. A., Cath, D. C., van der Werf, Y. D., de Wit, S. 
J., de Vries, F. E., Veltman, D. J., & Pouwels, P. J. W. (2015). Mild white 
matter changes in un-medicated obsessive-compulsive disorder pa-
tients and their unaffected siblings. Frontiers in Neuroscience, 9, 495.

Fitzgerald, K. D., Liu, Y., Reamer, E. N., Taylor, S. F., & Welsh, R. C. (2014). 
Atypical frontal-striatal-thalamic circuit white matter development 
in pediatric obsessive-compulsive disorder. Journal of the American 
Academy of Child and Adolescent Psychiatry, 53(11), 1225–1233, 
33.e1–9.

Fontenelle, L. F., Bramati, I. E., Moll, J., Mendlowicz, M. V., de Oliveira-
Souza, R., & Tovar-Moll, F. (2011). White matter changes in OCD re-
vealed by diffusion tensor imaging. CNS Spectrums, 16(5), 101–109. 
https://doi.org/10.1017/S1092​85291​2000260

Fouche, J. P., du Plessis, S., Hattingh, C., Roos, A., Lochner, C., Soriano-
Mas, C., Sato, J. R., Nakamae, T., Nishida, S., Kwon, J. S., Jung, W. 
H., Mataix-Cols, D., Hoexter, M. Q., Alonso, P., OCD Brain Imaging 
Consortium, de Wit, S. J., Veltman, D. J., Stein, D. J., & van den 
Heuvel, O. A. (2017). Cortical thickness in obsessive-compulsive dis-
order: Multisite mega-analysis of 780 brain scans from six centres. 
British Journal of Psychiatry, 210(1), 67–74.

Gan, J., Zhong, M., Fan, J., Liu, W., Niu, C., Cai, S., Zou, L., Wang, Y. 
A., Wang, Y. I., Tan, C., Chan, R. C. K., & Zhu, X. (2017). Abnormal 
white matter structural connectivity in adults with obsessive-com-
pulsive disorder. Translational Psychiatry, 7(3), e1062. https://doi.
org/10.1038/tp.2017.22

Garibotto, V., Scifo, P., Gorini, A., Alonso, C. R., Brambati, S., Bellodi, 
L., & Perani, D. (2010). Disorganization of anatomical connectiv-
ity in obsessive compulsive disorder: A multi-parameter diffusion 
tensor imaging study in a subpopulation of patients. Neurobiology 
of Diseases, 37(2), 468–476. https://doi.org/10.1016/j.
nbd.2009.11.003

Gassó, P., Ortiz, A. E., Mas, S., Morer, A., Calvo, A., Bargalló, N., Lafuente, 
A., & Lázaro, L. (2015). Association between genetic variants related 
to glutamatergic, dopaminergic and neurodevelopment pathways 
and white matter microstructure in child and adolescent patients 
with obsessive-compulsive disorder. Journal of Affective Disorders, 
186, 284–292. https://doi.org/10.1016/j.jad.2015.07.035

Geller, D. A. (2006). Obsessive-compulsive and spectrum disorders in 
children and adolescents. Psychiatric Clinics of North America, 29(2), 
353–370. https://doi.org/10.1016/j.psc.2006.02.012

Geller, D., Biederman, J., Jones, J., Park, K., Schwartz, S., Shapiro, S., & 
Coffey, B. (1998). Is juvenile obsessive-compulsive disorder a de-
velopmental subtype of the disorder? A review of the pediatric lit-
erature. Journal of the American Academy of Child and Adolescent 
Psychiatry, 37(4), 420–427. https://doi.org/10.1097/00004​583-
19980​4000-00020

Gonçalves, Ó. F., Carvalho, S., Leite, J., Pocinho, F., Relvas, J., & Fregni, 
F. (2011). Obsessive compulsive disorder as a functional interhemi-
spheric imbalance at the thalamic level. Medical Hypotheses, 77(3), 
445–447. https://doi.org/10.1016/j.mehy.2011.06.004

Gong, Q. (2020). Psychoradiology, Neuroimaging Clinics of North America 
(vol. 30, pp. 1–123). New York: Elsevier Inc..

Gursel, D. A., Avram, M., Sorg, C., Brandl, F., & Koch, K. (2018). 
Frontoparietal areas link impairments of large-scale intrinsic brain 
networks with aberrant fronto-striatal interactions in OCD: A me-
ta-analysis of resting-state functional connectivity. Neuroscience and 
Biobehavioral Reviews, 87, 151–160. https://doi.org/10.1016/j.neubi​
orev.2018.01.016

Hartmann, T., Vandborg, S., Rosenberg, R., Sorensen, L., & Videbech, 
P. (2016). Increased fractional anisotropy in cerebellum in obses-
sive-compulsive disorder. Acta Neuropsychiatrica, 28(3), 141–148.

Hawco, C., Voineskos, A. N., Radhu, N., Rotenberg, D., Ameis, S., 
Backhouse, F. A., Semeralul, M., & Daskalakis, Z. J. (2017). Age 
and gender interactions in white matter of schizophrenia and ob-
sessive compulsive disorder compared to non-psychiatric controls: 
Commonalities across disorders. Brain Imaging and Behavior, 11(6), 
1836–1848. https://doi.org/10.1007/s1168​2-016-9657-8

Hu, X., Zhang, L., Bu, X., Li, H., Gao, Y., Lu, L., Tang, S., Wang, Y., Huang, 
X., & Gong, Q. (2020). White matter disruption in obsessive-compul-
sive disorder revealed by meta-analysis of tract-based spatial statis-
tics. Depress Anxiety, 37(7), 620–631.

Hunsberger, J., Austin, D. R., Henter, I. D., & Chen, G. (2009). The neu-
rotrophic and neuroprotective effects of psychotropic agents. 
Dialogues in Clinical Neuroscience, 11(3), 333–348.

Huyser, C., Veltman, D. J., de Haan, E., & Boer, F. (2009). Paediatric 
obsessive-compulsive disorder, a neurodevelopmental disorder? 
Evidence from neuroimaging. Neuroscience & Biobehavioral Reviews, 
33(6), 818–830. https://doi.org/10.1016/j.neubi​orev.2009.01.003

Jaafari, N., Frasca, M., Rigalleau, F., Rachid, F., Gil, R., Olié, J.-P., Guehl, 
D., Burbaud, P., Aouizerate, B., Rotgé, J.-Y., Vibert, N.; for Insight 
Study Group (2013). Forgetting what you have checked: A link be-
tween working memory impairment and checking behaviors in ob-
sessive-compulsive disorder. European Psychiatry, 28(2), 87–93.

Jayarajan, R. N., Venkatasubramanian, G., Viswanath, B., Reddy, Y. C. J., 
Srinath, S., Vasudev, M. K., & Chandrashekar, C. R. (2012). White mat-
ter abnormalities in children and adolescents with obsessive-com-
pulsive disorder: A diffusion tensor imaging study. Depress Anxiety, 
29(9), 780–788. https://doi.org/10.1002/da.21890

Keshavan, M. S., Diwadkar, V. A., DeBellis, M., Dick, E., Kotwal, R., 
Rosenberg, D. R., Sweeney, J. A., Minshew, N., & Pettegrew, J. W. 
(2002). Development of the corpus callosum in childhood, adoles-
cence and early adulthood. Life Sciences, 70(16), 1909–1922. https://
doi.org/10.1016/S0024​-3205(02)01492​-3

Knobloch, K., Yoon, U., & Vogt, P. M. (2011). Preferred reporting items 
for systematic reviews and meta-analyses (PRISMA) statement and 
publication bias. Journal of Cranio-Maxillo-Facial Surgery, 39(2), 91–
92. https://doi.org/10.1016/j.jcms.2010.11.001

Koch, K., Reess, T. J., Rus, O. G., Zimmer, C., & Zaudig, M. (2014). Diffusion 
tensor imaging (DTI) studies in patients with obsessive-compulsive 
disorder (OCD): A review. Journal of Psychiatric Research, 54, 26–35. 
https://doi.org/10.1016/j.jpsyc​hires.2014.03.006

Konopaske, G. T., Dorph-Petersen, K.-A., Sweet, R. A., Pierri, J. N., Zhang, 
W., Sampson, A. R., & Lewis, D. A. (2008). Effect of chronic antipsy-
chotic exposure on astrocyte and oligodendrocyte numbers in ma-
caque monkeys. Biological Psychiatry, 63(8), 759–765. https://doi.
org/10.1016/j.biops​ych.2007.08.018

Konuk, N., Tekın, I. O., Ozturk, U., Atik, L., Atasoy, N., Bektas, S., & 
Erdogan, A. (2007). Plasma levels of tumor necrosis factor-alpha 
and interleukin-6 in obsessive compulsive disorder. Mediators of 
Inflammation, 2007, 65704. https://doi.org/10.1155/2007/65704

Le Bihan, D., Mangin, J.-F., Poupon, C., Clark, C. A., Pappata, S., Molko, 
N., & Chabriat, H. (2001). Diffusion tensor imaging: Concepts and 
applications. Journal of Magnetic Resonance Imaging, 13(4), 534–546. 
https://doi.org/10.1002/jmri.1076

Lebel, C., & Beaulieu, C. (2011). Longitudinal development of human 
brain wiring continues from childhood into adulthood. Journal of 
Neuroscience, 31(30), 10937–10947.

Lebel, C., Walker, L., Leemans, A., Phillips, L., & Beaulieu, C. (2008). 
Microstructural maturation of the human brain from childhood to 
adulthood. NeuroImage, 40(3), 1044–1055. https://doi.org/10.1016/j.
neuro​image.2007.12.053

Magioncalda, P., Martino, M., Ely, B. A., Inglese, M., & Stern, E. R. (2016). 
Microstructural white-matter abnormalities and their relationship 

https://doi.org/10.1016/j.neubiorev.2015.03.002
https://doi.org/10.1017/S1092852912000260
https://doi.org/10.1038/tp.2017.22
https://doi.org/10.1038/tp.2017.22
https://doi.org/10.1016/j.nbd.2009.11.003
https://doi.org/10.1016/j.nbd.2009.11.003
https://doi.org/10.1016/j.jad.2015.07.035
https://doi.org/10.1016/j.psc.2006.02.012
https://doi.org/10.1097/00004583-199804000-00020
https://doi.org/10.1097/00004583-199804000-00020
https://doi.org/10.1016/j.mehy.2011.06.004
https://doi.org/10.1016/j.neubiorev.2018.01.016
https://doi.org/10.1016/j.neubiorev.2018.01.016
https://doi.org/10.1007/s11682-016-9657-8
https://doi.org/10.1016/j.neubiorev.2009.01.003
https://doi.org/10.1002/da.21890
https://doi.org/10.1016/S0024-3205(02)01492-3
https://doi.org/10.1016/S0024-3205(02)01492-3
https://doi.org/10.1016/j.jcms.2010.11.001
https://doi.org/10.1016/j.jpsychires.2014.03.006
https://doi.org/10.1016/j.biopsych.2007.08.018
https://doi.org/10.1016/j.biopsych.2007.08.018
https://doi.org/10.1155/2007/65704
https://doi.org/10.1002/jmri.1076
https://doi.org/10.1016/j.neuroimage.2007.12.053
https://doi.org/10.1016/j.neuroimage.2007.12.053


14 of 15  |     LI et al.

with cognitive dysfunction in obsessive-compulsive disorder. Brain 
and Behavior, 6(3), e00442.

Meng, L., Li, K., Li, W., Xiao, Y., Lui, S. U., Sweeney, J. A., & Gong, Q. 
(2019). Widespread white-matter microstructure integrity reduc-
tion in first-episode schizophrenia patients after acute antipsy-
chotic treatment. Schizophrenia Research, 204, 238–244. https://doi.
org/10.1016/j.schres.2018.08.021

Menzies, L., Chamberlain, S. R., Laird, A. R., Thelen, S. M., Sahakian, B. 
J., & Bullmore, E. T. (2008). Integrating evidence from neuroimag-
ing and neuropsychological studies of obsessive-compulsive dis-
order: The orbitofronto-striatal model revisited. Neuroscience and 
Biobehavioral Reviews, 32(3), 525–549. https://doi.org/10.1016/j.
neubi​orev.2007.09.005

Nakamae, T., Narumoto, J., Sakai, Y., Nishida, S., Yamada, K., Nishimura, 
T., & Fukui, K. (2011). Diffusion tensor imaging and tract-based 
spatial statistics in obsessive-compulsive disorder. Journal of 
Psychiatric Research, 45(5), 687–690. https://doi.org/10.1016/j.jpsyc​
hires.2010.09.016

Nichols, T. E., & Holmes, A. P. (2002). Nonparametric permutation tests 
for functional neuroimaging: A primer with examples. Human Brain 
Mapping, 15(1), 1–25. https://doi.org/10.1002/hbm.1058

Peng, Z., Lui, S. S. Y., Cheung, E. F. C., Jin, Z., Miao, G. D., Jing, J., & Chan, 
R. C. K. (2012). Brain structural abnormalities in obsessive-compul-
sive disorder: Converging evidence from white matter and grey mat-
ter. Asian Journal of Psychiatry, 5(4), 290–296.

Perera, M. P. N., Bailey, N. W., Herring, S. E., & Fitzgerald, P. B. (2019). 
Electrophysiology of obsessive compulsive disorder: A systematic 
review of the electroencephalographic literature. Journal of Anxiety 
Disorders, 62, 1–14.

Piras, F., Piras, F., Abe, Y., Agarwal, S. M., Anticevic, A., Ameis, S., Arnold, 
P., Bargalló, N., Batistuzzo, M. C., Benedetti, F., Beucke, J., Boedhoe, 
P. S., Bollettini, I., Brem, S., Calvo, A., Kevin Cho, K. I., Dallaspezia, 
S., Dickie, E., … ENIGMA OCD Working Group (2019). White matter 
microstructure and its relation to clinical features of obsessive-com-
pulsive disorder: Findings from the ENIGMA OCD Working Group. 
bioRxiv. 855916.

Piras, F., Piras, F., Caltagirone, C., & Spalletta, G. (2013). Brain circuit-
ries of obsessive compulsive disorder: A systematic review and 
meta-analysis of diffusion tensor imaging studies. Neuroscience and 
Biobehavioral Reviews, 37(10 Pt 2), 2856–2877.

Piras, F., Piras, F., Chiapponi, C., Girardi, P., Caltagirone, C., & Spalletta, 
G. (2015). Widespread structural brain changes in OCD: A system-
atic review of voxel-based morphometry studies. Cortex, 62, 89–108. 
https://doi.org/10.1016/j.cortex.2013.01.016

Qin, J., Sui, J., Ni, H., Wang, S., Zhang, F., Zhou, Z., & Tian, L. (2019). 
The shared and distinct white matter networks between drug-na-
ive patients with obsessive-compulsive disorder and schizophrenia. 
Frontiers in Neuroscience, 13, 96.

Radua, J., Grau, M., van den Heuvel, O. A., de Schotten, M. T., Stein, D. 
J., Canales-Rodríguez, E. J., Catani, M., & Mataix-Cols, D. (2014). 
Multimodal voxel-based meta-analysis of white matter abnormalities 
in obsessive-compulsive disorder. Neuropsychopharmacology, 39(7), 
1547–1557.

Radua, J., & Mataix-Cols, D. (2009). Voxel-wise meta-analysis of grey matter 
changes in obsessive-compulsive disorder. British Journal of Psychiatry, 
195(5), 393–402. https://doi.org/10.1192/bjp.bp.108.055046

Radua, J., Mataix-Cols, D., Phillips, M. L., El-Hage, W., Kronhaus, D. M., 
Cardoner, N., & Surguladze, S. (2012). A new meta-analytic method 
for neuroimaging studies that combines reported peak coordinates 
and statistical parametric maps. European Psychiatry, 27(8), 605–611. 
https://doi.org/10.1016/j.eurpsy.2011.04.001

Radua, J., Rubia, K., Canales-Rodríguez, E. J., Pomarol-Clotet, E., Fusar-
Poli, P., & Mataix-Cols, D. (2014). Anisotropic kernels for coordi-
nate-based meta-analyses of neuroimaging studies. Frontiers in 
Psychiatry, 5, 13.

Rosenberg, D. R., & Keshavan, M. S. A. E. (1998). Bennett Research 
Award. Toward a neurodevelopmental model of obsessive–compul-
sive disorder. Biological Psychiatry, 43(9), 623–640.

Rosenberg, D. R., Keshavan, M. S., Dick, E. L., Bagwell, W. W., Master, 
F. P. M., & Birmaher, B. (1997). Corpus callosal morphology in treat-
ment-naive pediatric obsessive compulsive disorder. Progress in 
Neuro-Psychopharmacology and Biological Psychiatry, 21(8), 1269–
1283. https://doi.org/10.1016/S0278​-5846(97)00163​-2

Rosso, I. M., Olson, E. A., Britton, J. C., Stewart, S. E., Papadimitriou, G., 
Killgore, W. D. S., Makris, N., Wilhelm, S., Jenike, M. A., & Rauch, S. L. 
(2014). Brain white matter integrity and association with age at onset 
in pediatric obsessive-compulsive disorder. Biology of Mood & Anxiety 
Disorders, 4(1), 13. https://doi.org/10.1186/s1358​7-014-0013-6

Rotge, J.-Y., Langbour, N., Guehl, D., Bioulac, B., Jaafari, N., Allard, M., 
Aouizerate, B., & Burbaud, P. (2010). Gray matter alterations in ob-
sessive-compulsive disorder: An anatomic likelihood estimation me-
ta-analysis. Neuropsychopharmacology, 35(3), 686–691. https://doi.
org/10.1038/npp.2009.175

Ruscio, A. M., Stein, D. J., Chiu, W. T., & Kessler, R. C. (2010). The epidemi-
ology of obsessive-compulsive disorder in the National Comorbidity 
Survey Replication. Molecular Psychiatry, 15(1), 53–63. https://doi.
org/10.1038/mp.2008.94

Saito, Y., Nobuhara, K., Okugawa, G., Takase, K., Sugimoto, T., Horiuchi, 
M., Ueno, C., Maehara, M., Omura, N., Kurokawa, H., Ikeda, K., 
Tanigawa, N., Sawada, S., & Kinoshita, T. (2008). Corpus callosum in 
patients with obsessive-compulsive disorder: Diffusion-tensor imag-
ing study. Radiology, 246(2), 536–542.

Salles Andrade, J. B. D., Ferreira, F. M., Suo, C., Yücel, M., Frydman, I., 
Monteiro, M., Vigne, P., Fontenelle, L. F., & Tovar-Moll, F. (2019). An 
MRI study of the metabolic and structural abnormalities in obses-
sive-compulsive disorder. Frontiers in Human Neuroscience, 13, 186. 
https://doi.org/10.3389/fnhum.2019.00186

Silk, T., Chen, J., Seal, M., & Vance, A. (2013). White matter abnormali-
ties in pediatric obsessive-compulsive disorder. Psychiatry Research: 
Neuroimaging, 213(2), 154–160. https://doi.org/10.1016/j.pscyc​
hresns.2013.04.003

Smith, S. M., Jenkinson, M., Johansen-Berg, H., Rueckert, D., Nichols, T. 
E., Mackay, C. E., Watkins, K. E., Ciccarelli, O., Cader, M. Z., Matthews, 
P. M., & Behrens, T. E. J. (2006). Tract-based spatial statistics: 
Voxelwise analysis of multi-subject diffusion data. NeuroImage, 31(4), 
1487–1505. https://doi.org/10.1016/j.neuro​image.2006.02.024

Spalletta, G., Piras, F., Fagioli, S., Caltagirone, C., & Piras, F. (2014). Brain 
microstructural changes and cognitive correlates in patients with 
pure obsessive compulsive disorder. Brain and Behavior, 4(2), 261–
277. https://doi.org/10.1002/brb3.212

Togao, O., Yoshiura, T., Nakao, T., Nabeyama, M., Sanematsu, H., 
Nakagawa, A., Noguchi, T., Hiwatashi, A., Yamashita, K., Nagao, E., 
Kanba, S., & Honda, H. (2010). Regional gray and white matter vol-
ume abnormalities in obsessive-compulsive disorder: A voxel-based 
morphometry study. Psychiatry Research, 184(1), 29–37.

van den Heuvel, O. A., Remijnse, P. L., Mataix-Cols, D., Vrenken, H., 
Groenewegen, H. J., Uylings, H. B. M., van Balkom, A. J. L. M., & 
Veltman, D. J. (2009). The major symptom dimensions of obses-
sive-compulsive disorder are mediated by partially distinct neural 
systems. Brain, 132(Pt 4), 853–868.

Vieira-Fonseca, T., Fontenelle, L. F., & Kohlrausch, F. B. (2019). OLIG2 
gene polymorphisms are associated with nasty, unpleasant and 
uncontrollable thoughts in obsessive-compulsive disorder. Journal 
of Clinical Neuroscience, 70, 202–207. https://doi.org/10.1016/j.
jocn.2019.08.050

Wang, L.-W., Chang, Y.-C., Chen, S.-J., Tseng, C.-H., Tu, Y.-F., Liao, N.-S., Huang, 
C.-C., & Ho, C.-J. (2014). TNFR1-JNK signaling is the shared pathway of 
neuroinflammation and neurovascular damage after LPS-sensitized hy-
poxic-ischemic injury in the immature brain. Journal of Neuroinflammation, 
11, 215. https://doi.org/10.1186/s1297​4-014-0215-2

https://doi.org/10.1016/j.schres.2018.08.021
https://doi.org/10.1016/j.schres.2018.08.021
https://doi.org/10.1016/j.neubiorev.2007.09.005
https://doi.org/10.1016/j.neubiorev.2007.09.005
https://doi.org/10.1016/j.jpsychires.2010.09.016
https://doi.org/10.1016/j.jpsychires.2010.09.016
https://doi.org/10.1002/hbm.1058
https://doi.org/10.1016/j.cortex.2013.01.016
https://doi.org/10.1192/bjp.bp.108.055046
https://doi.org/10.1016/j.eurpsy.2011.04.001
https://doi.org/10.1016/S0278-5846(97)00163-2
https://doi.org/10.1186/s13587-014-0013-6
https://doi.org/10.1038/npp.2009.175
https://doi.org/10.1038/npp.2009.175
https://doi.org/10.1038/mp.2008.94
https://doi.org/10.1038/mp.2008.94
https://doi.org/10.3389/fnhum.2019.00186
https://doi.org/10.1016/j.pscychresns.2013.04.003
https://doi.org/10.1016/j.pscychresns.2013.04.003
https://doi.org/10.1016/j.neuroimage.2006.02.024
https://doi.org/10.1002/brb3.212
https://doi.org/10.1016/j.jocn.2019.08.050
https://doi.org/10.1016/j.jocn.2019.08.050
https://doi.org/10.1186/s12974-014-0215-2


     |  15 of 15LI et al.

Xiao, J., Wong, A. W., Willingham, M. M., van den Buuse, M., Kilpatrick, 
T. J., & Murray, S. S. (2010). Brain-derived neurotrophic factor 
promotes central nervous system myelination via a direct effect 
upon oligodendrocytes. Neurosignals, 18(3), 186–202. https://doi.
org/10.1159/00032​3170

Yagi, M., Hirano, Y., Nakazato, M., Nemoto, K., Ishikawa, K., Sutoh, C., 
Miyata, H., Matsumoto, J., Matsumoto, K., Masuda, Y., Obata, T., 
Iyo, M., Shimizu, E., & Nakagawa, A. (2017). Relationship between 
symptom dimensions and white matter alterations in obsessive-com-
pulsive disorder. Acta Neuropsychiatrica, 29(3), 153–163. https://doi.
org/10.1017/neu.2016.45

Zai, G., Bezchlibnyk, Y. B., Richter, M. A., Arnold, P., Burroughs, E., Barr, 
C. L., & Kennedy, J. L. (2004). Myelin oligodendrocyte glycopro-
tein (MOG) gene is associated with obsessive-compulsive disorder. 
American Journal of Medical Genetics, 129B(1), 64–68. https://doi.
org/10.1002/ajmg.b.30077

Zarei, M., Mataix-Cols, D., Heyman, I., Hough, M., Doherty, J., Burge, 
L., Winmill, L., Nijhawan, S., Matthews, P. M., & James, A. (2011). 
Changes in gray matter volume and white matter microstruc-
ture in adolescents with obsessive-compulsive disorder. Biological 
Psychiatry, 70(11), 1083–1090.

Zhou, C., Xu, J., Ping, L., Zhang, F., Chen, W., Shen, Z., Jiang, L., Xu, X., 
& Cheng, Y. (2018). Cortical thickness and white matter integrity 
abnormalities in obsessive-compulsive disorder: A combined mul-
timodal surface-based morphometry and tract-based spatial statis-
tics study. Depress Anxiety, 35(8), 742–751. https://doi.org/10.1002/
da.22758

SUPPORTING INFORMATION
Additional supporting information may be found online in the 
Supporting Information section.

How to cite this article: Li Q, Zhao Y, Huang Z, et al. 
Microstructural white matter abnormalities in pediatric and 
adult obsessive-compulsive disorder: A systematic review and 
meta-analysis. Brain Behav. 2021;11:e01975. https://doi.
org/10.1002/brb3.1975

https://doi.org/10.1159/000323170
https://doi.org/10.1159/000323170
https://doi.org/10.1017/neu.2016.45
https://doi.org/10.1017/neu.2016.45
https://doi.org/10.1002/ajmg.b.30077
https://doi.org/10.1002/ajmg.b.30077
https://doi.org/10.1002/da.22758
https://doi.org/10.1002/da.22758
https://doi.org/10.1002/brb3.1975
https://doi.org/10.1002/brb3.1975

