Multicenter Voxel-Based Morphometry Mega-Analysis of
Structural Brain Scans in Obsessive-Compulsive Disorder

Stella J. de Wit, M.D.

Pino Alonso, M.D., Ph.D.
Lizanne Schweren, M.Sc.

David Mataix-Cols, Ph.D.
Christine Lochner, Ph.D.

José M. Menchén, M.D., Ph.D.
Dan J. Stein, M.D., Ph.D.
Jean-Paul Fouche, M.Sc.

Carles Soriano-Mas, Ph.D.

Joao R. Sato, Ph.D.

Marcelo Q. Hoexter, M.D., Ph.D.
Damiaan Denys, M.D., Ph.D.
Takashi Nakamae, M.D., Ph.D.
Seiji Nishida, M.D., Ph.D.

Jun Soo Kwon, M.D., Ph.D.
Joon Hwan Jang, M.D., Ph.D.
Geraldo F. Busatto, M.D., Ph.D.
Narcis Cardoner, M.D., Ph.D.

Danielle C. Cath, M.D., Ph.D.

Kenji Fukui, M.D., Ph.D.

Wi Hoon Jung, Ph.D.

Sung Nyun Kim, M.D.
Euripides C. Miguel, M.D., Ph.D.
Jin Narumoto, M.D., Ph.D.
Mary L. Phillips, M.D., Ph.D.
Jesus Pujol, M.D., Ph.D.

Peter L. Remijnse, M.D., Ph.D.
Yuki Sakai, M.D., Ph.D.

Na Young Shin, M.A.

Kei Yamada, M.D., Ph.D.

Dick J. Veltman, M.D., Ph.D.

Odile A. van den Heuvel, M.D.,
Ph.D.

Objective: Results from structural neuro-
imaging studies of obsessive-compulsive
disorder (OCD) have been only partially
consistent. The authors sought to assess
regional gray and white matter volume
differences between large samples of OCD
patients and healthy comparison subjects
and their relation with demographic and
clinical variables.

Method: A multicenter voxel-based mor-
phometry mega-analysis was performed

on 1.5-T structural T1-weighted MRI scans
derived from the International OCD Brain
Imaging Consortium. Regional gray and
white matter brain volumes were com-
pared between 412 adult OCD patients
and 368 healthy subjects.

Results: Relative to healthy comparison
subjects, OCD patients had significantly
smaller volumes of frontal gray and white
matter bilaterally, including the dorsome-
dial prefrontal cortex, the anterior cingu-
late cortex, and the inferior frontal gyrus
extending to the anterior insula. Patients
also showed greater cerebellar gray matter
volume bilaterally compared with healthy
subjects. Group differences in frontal gray
and white matter volume were significant
after correction for multiple comparisons.
Additionally, group-by-age interactions
were observed in the putamen, insula,
and orbitofrontal cortex (indicating rel-
ative preservation of volume in patients
compared with healthy subjects with
increasing age) and in the temporal
cortex bilaterally (indicating a relative
loss of volume in patients compared
with healthy subjects with increasing
age).

Conclusions: These findings partially sup-
port the prevailing fronto-striatal models of
OCD and offer additional insights into the
neuroanatomy of the disorder that were
not apparent from previous smaller stud-
ies. The group-by-age interaction effects
in orbitofrontal-striatal and (para)limbic
brain regions may be the result of altered
neuroplasticity associated with chronic
compulsive behaviors, anxiety, or com-
pensatory processes related to cognitive
dysfunction.

(Am J Psychiatry 2014; 171:340-349)

S!ructural and functional brain changes in the frontal-
basal ganglia-thalamic loops and the limbic circuit have
been associated with obsessive-compulsive disorder (OCD)
symptoms and associated neurocognitive dysfunctions, but
probably also extend to other brain circuits (1). With voxel-
based morphometry, it is possible to assess alterations in
regional gray and white matter volume across the whole
brain in an automated unbiased fashion.
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Recent meta-analyses (2-5) that included 10-14 partially
overlapping adult and pediatric voxel-based morphome-
try studies consistently showed smaller frontal gray matter
volume in OCD, mainly of the dorsomedial prefrontal and
anterior cingulate cortex (2-5), regions associated with
cognitive control and performance monitoring (6). Find-
ings in other brain regions, such as the orbitofrontal and
inferior frontal cortex, which are implicated in behavioral
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inhibition and flexibility (1, 7), have been less consistent,
with reports of normal (2, 3), greater (4), or smaller (4, 5)
gray matter volumes. Greater striatal volume is often found
in OCD patients compared with healthy subjects (2-5),
whereas reports on gray matter volume alterations outside
the frontal-striatal circuit in OCD are less consistent (2-5).
The involvement of white matter volume alterations in OCD
remains unclear as well, with either nonsignificant findings
(e.g., reference 8), smaller dorsal frontal (9, 10) and temporal
white matter volume (11), or greater ventral frontal white
matter volume (10). Although white matter volume infor-
mation is automatically available in voxel-based morphom-
etry, many studies do not report such findings, suggesting a
reporting bias. Inconsistent findings can probably be at-
tributed to differences between individual studies in the
analysis methods used, heterogeneity of study samples (e.g.,
varying age groups), and lack of power because of limited
sample sizes.

It has been suggested that regional brain volume ab-
normalities in OCD may result from altered neurodevel-
opment (endophenotype model), with additional effects of
abnormal aging trajectories (8). Development- and aging-
dependent effects on brain structure in OCD would ex-
plain the differential effects that inclusion of pediatric
samples had on previous meta-analytical results (2—4). As-
sessing the effects of aging on brain structure in OCD is
important, since age-by-disorder interactions may provide
leads as to whether changes in brain structure are related to
developing the disorder (present in young patients) or are
the result of persistent OCD symptoms, compensatory
processes, or treatment effects (present in older patients).
Additionally, heterogeneity in clinical characteristics
such as OCD illness severity (2), illness onset time or
duration, medication exposure (12), comorbidity (13, 14),
and symptom dimensions (8, 9) may affect regional brain
volume. In meta-analyses, only group-level demographic
and clinical information is available, so accounting for effects
of participant-level variability is problematic. An image-
based mega-analysis, in which a large sample of raw images
from multiple sources is pooled and processed in a uni-
form preprocessing and analysis pipeline, improves statis-
tical power compared with meta-analyses because of noise
reduction and information preservation (15). Moreover,
compared with previously published well-powered inde-
pendent studies (e.g., reference 8), an image-based mega-
analysis may have greater sensitivity in revealing significant
but small effects and additionally allows generalization of
findings across ethnic groups. Multicenter data pooling for
voxel-based morphometry mega-analysis in other neuro-
psychiatric disorders has been proven successful (e.g.,
reference 16).

In this study, we aimed to overcome the limitations of
previous structural brain imaging research in OCD by
pooling data from six academic OCD centers, across three
continents (Asia, Europe, and South America), participat-
ing in the international OCD Brain Imaging Consortium.
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With high-quality data from 412 adult OCD patients and
368 healthy comparison subjects, this is, to our knowledge,
the largest structural neuroimaging study in OCD conducted
so far. This approach provides greater power to study subtle
alterations in regional gray and white matter volume and to
examine the effects of demographic and clinical factors,
including medication use, comorbidity, and OCD symptom
dimensions. We hypothesized that OCD patients would
exhibit abnormalities in frontal-striatal-thalamic and (para)
limbic gray matter and interconnecting white matter.
Additionally, we hypothesized age-by-disorder interac-
tion effects in relevant structures previously implicated
in the disorder.

Method

Participants

Six research centers contributed data to the OCD Brain
Imaging Consortium (VU University Medical Center, Amsterdam;
Hospital de Bellvitge, Barcelona, Spain; Institute of Psychiatry,
King’s College London, London; University of Sdo Paulo Medical
School, Sao Paulo, Brazil; Kyoto Prefectural University of Medicine
Hospital, Kyoto, Japan; and Seoul National University College of
Medicine, Seoul, Republic of Korea). Each study was approved by
the local ethical review board, and all participants provided
written informed consent to participate in the different studies
performed at each center. All centers obtained permission to
participate in the consortium from their local ethical review board,
and permission for multicenter data analysis was obtained from
the ethical review board of the VU University Medical Center.

The study included 436 OCD patients and 382 healthy com-
parison subjects who underwent 1.5-T structural T;-weighted
MRI scanning (see Tables 1 and 2). All participants were screened
for DSM-IV axis I disorders with a standardized structured
interview (see the Supplemental Methods section in the data
supplement that accompanies the online edition of this article).
Patients were recruited through local outpatient or specialist
OCD clinics, and healthy subjects through local advertisements.
Exclusion criteria were age under 18 or over 65 years, a current
psychotic disorder, a recent history of a substance use disorder,
mental retardation, and severe organic or neurological pathology,
except tic disorder. In patients, psychiatric comorbidity (including
tic disorders) was not an exclusion criterion provided that OCD
was the primary diagnosis. Healthy comparison subjects had no
current axis I psychiatric disorders.

Detailed sociodemographic and clinical data were collected at
each center. Age at onset, OCD illness severity ratings, symptom
dimension scores, and current medication use were available
from most patients (see the online data supplement).

Data Acquisition and Quality Control

The parameters of the structural scans are listed in Table S1 in
the online data supplement. After extensive quality checking (see
the data supplement and Table 2), 780 participants (412 patients
and 368 healthy subjects; Table 1) were included in the analysis.
Data on 530 of these 780 participants have not been published
before or been included in previous meta-analyses (see Table
S1 in the data supplement).

Statistical Analysis

Group differences in sample characteristics were assessed with
SPSS, version 20 (IBM, Armonk, N.Y.). The significance threshold
was set at 0.05, two-tailed.
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TABLE 1. Demographic and Clinical Characteristics of OCD Patients and Healthy Comparison Subjects

Characteristic?

OCD Patients (N=412)

Healthy Subjects (N=368) Statistical Analysis

Mean SD
Age (years) 32.1 9.6
Education level (years) 13.7 2.8
OCD illness severity score? 24.9 6.2
Age at onset of clinical symptoms (years) 20.1 8.7
Total gray matter volume (mL) 700.6 63.3
Total white matter volume (mL) 513.6 49.2
N %

Male 202 49.0
Right-handed 354 85.9
Ethnicity

Caucasian 195 473

Asian 171 41.5

Other 6 1.5
Medication use at time of scan 176 42.7
Current comorbidity 149 36.2
Lifetime comorbidity 213 51.7
Prepubertal OCD onset 51 13.0
0CD symptom dimensions©

Aggressive/checking 236 57.2

Contamination/cleaning 202 49.0

Symmetry/ordering 168 40.8

Sexual/religious 130 31.6

Hoarding 87 211

Mean SD t df p
30.2 93 29 778 0.004
14.6 31 —-4.0 760 <0.001

705.1 66.2 -09 778 0.33

511.7 52.6 0.5 778 0.60
N % X P

195 53.0 1.2 1 0.28

330 89.7 1.0 2 0.65

2.7 2 0.26

192 52.2

146 39.7
11 3.0

0 0.0 2101 1 <0.001
0 0.0 174.0 1 <0.001
7 1.9 253.7 1 <0.001

@ Missing data for characteristics ranged from N=0 to N=40.

b As measured with the Yale-Brown Obsessive Compulsive Scale (YBOCS) total score. Mean score on the obsessions subscale, 12.6 (SD=3.4);

mean score on the compulsions subscale, 12.3 (SD=3.8).

¢ As measured with the YBOCS symptom checklist.

TABLE 2. Number of Scans Provided and Included for OCD Patients and Healthy Comparison Subjects at Each Center

Initial Number of Scans

Included After Quality Check

Exclusions

Site OCD Patients  Healthy Subjects  Total ~ OCD Patients  Healthy Subjects  Total  Pathology  Poor Quality?  Total
Amsterdam 55 50 105 53 49 102 1 2 3
Barcelona 88 103 191 86 102 188 1 2 3
Kyoto 89 48 137 84 48 132 1 4 5
London 55 37 92 44 33 77 3 12 15
Sdo Paulo 60 46 106 58 39 97 0 9 9
Seoul 89 98 187 87 97 184 1 2 3
Total 436 382 818 412 368 780 7 31 38

@ Poor quality is an umbrella term referring to scans being either nonsegmentable or having artifacts related to motion, poor contrast, or

imaging.

Imaging data processing and analysis were done using opti-
mized voxel-based morphometry (17) in the SPM8 program
(www.fil.ion.ucl.ac.uk/spm/software/spm8). After manual reor-
ientation, images were segmented into gray and white matter
with the “New Segment” tool (default settings) and resampled
to a resolution of 1.5X1.5X1.5 mm. Using the diffeomorphic
anatomical registration through exponential Lie algebra algo-
rithm (DARTEL [17], default settings), an analysis-specific group
template was created (i.e., with N=780 for the main group analysis
and N=412 for within-patient analyses). The gray and white matter
images were first warped to the group-specific template using the
flow fields (specifying the deformations between each participant’s
individual scan and the group-specific template) and subsequently
to Montreal Neurological Institute (MNI) standard space using the
warping parameters of the group template to the tissue prior map
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in standard space. To preserve regional volumetric information,
images were modulated during the warping. To increase the
signal-to-noise ratio, images were smoothed with a 10-mm
isotropic Gaussian kernel.

Group effects and age-by-group interactions on regional gray
and white matter volume were investigated by feeding the pre-
processed gray and white matter images of OCD patients (N=412)
and healthy subjects (N=368) into general linear models that always
included total gray or white matter, scan sequence, age, gender,
and education level as covariates. Aging in healthy individuals is
associated with both bilinear (an even rate of change over time)
and nonlinear (quadratic; acceleration/deceleration of the rate of
change over time) patterns of regional brain volume loss or pre-
servation as compared with global brain volume loss (see reference
18, for example). We therefore assessed the effect of age and age-
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FIGURE 1. Regional Gray and White Matter Volume Differences Between OCD Patients (N=412) and Healthy Comparison

Subjects (N=368)?

@ Compared with healthy subjects, OCD patients exhibit smaller (blue/green) regional medial and inferior frontal gray (panel A) and white
(panel B) matter volume and greater (red/yellow) regional cerebellar gray matter volume (panel C). Brain slices in panels A-C are in coronal
(left), sagittal (middle), and axial (right) direction; left side of brain is on the left. MNI coordinates (x, y, z) of panel A, -1, 18, 0; of panel B, 11,
23, 12; of panel C, 6, =55, —40. All presented imaging results are T-statistic images overlain over the SPM8 single-subject T, standard brain
with MRIcron (www.mccauslandcenter.sc.edu/mricro/mricron) and thresholded at p<<0.001 uncorrected with a minimum cluster extent of
100 voxels. T values are displayed from red/blue (T=3.1) to yellow/green (T=4.0).

by-group interactions using both age (bilinear) and age squared
(nonlinear) as covariates (18). Multiple linear regression models
were used to investigate the effects of age at onset, illness duration,
severity of OCD, comorbid major depressive disorder, comorbid
anxiety disorders, OCD symptom dimensions, and medication use
within patients. To maximize statistical sensitivity by including
only relevant within-brain voxels, absolute masking was applied at
an estimated optimal threshold of 0.2 (19). For maximal com-
parability with previous results in the field (e.g., references 9, 20,
21; see also references 2-5), resulting T-maps were thresholded at
p<0.001 uncorrected at the voxel level and a minimum cluster
extent of 100. Additionally, whole-brain family-wise error, multiple
comparison, and nonstationarity corrected cluster-level statistics
are reported at a family-wise error corrected p threshold of 0.05 (22).

Results

Group Comparisons

The OCD group (N=412) and the healthy comparison
group (N=368) did not differ in gender, handedness,

Am | Psychiatry 171:3, March 2014

ethnicity, and total gray matter and white matter volume,
but on average the OCD group was significantly older, had
a lower education level, and scored higher on all clinical
measures (Table 1). As shown in Figure 1, compared with
healthy subjects, patients had smaller regional gray matter
volume in the left and right dorsomedial frontal cortex
(Brodmann’s area [BA] 6/8/9) extending to the anterior
cingulate cortex (BA 24/32) and inferior frontal cortex/
anterior insula (BA 13/47); greater cerebellar gray matter
volume bilaterally; and smaller frontal white matter volume
bilaterally (Table 3). Post hoc analyses (see the Supplemen-
tal Results section in the online data supplement) showed
that scan sequence/site and current medication use did not
affect group interaction results.

To ensure that the observed group differences were not
confounded by age or education level, we performed
a post hoc analysis (N=645) in patient (N=329) and healthy
(N=316) samples that were matched on all demographic
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TABLE 3. Regional Brain Volume Differences Between OCD Patients (N=412) and Healthy Comparison Subjects (N=368)?

MNI Coordinates

Region and Contrast Side BA ke X y z z pb
Gray matter
Healthy subjects > OCD patients
Inferior frontal cortex/anterior insula L 47/13/45 1,295 —44 17 -3 4.97 0.05
Dorsomedial prefrontal cortex/anterior R/L 32/9/8/6/24 2,008 0 9 45 4.1 0.01
cingulate cortex -3 38 36 3.95
2 41 51 3.91
Inferior frontal cortex/anterior insula R 4713 165 47 17 -5 3.77 033
OCD patients > healthy subjects
Cerebellum (extending through R/L 581 9 —48 —48 3.96 0.74
flocculonodular, anterior, and -5 =51 —44 3.48
posterior lobes) -5 -57 -36 3.24
L 223 -12 -56 -26 3.51 0.81
White matter
Healthy subjects > OCD patients
Frontal white matter
Medial L 945 =11 33 27 4.71 0.04
-12 39 18 4.70
Inferior/middle L 968 -30 29 6 3.91 0.07
-29 20 12 3.78
Medial L 104 -9 12 47 3.52 0.52
Inferior/middle 592 29 20 12 3.82 0.23
24 27 23 3.30
35 27 6 3.12
Thalamic region R 216 15 -26 9 3.44 0.50
11 -20 14 3.29

OCD patients > healthy subjects: ns

@ Analysis of covariance thresholded at p<<0.001 uncorrected and a minimum cluster extent (ke) of 100 voxels. Table shows local maxima more
than 8.0 mm apart. Results are corrected for age, gender, education level, total gray matter or white matter volume, and scan sequence.
BA=Brodmann’s area; MNI=Montreal Neurological Institute; L=left; R=right; ns=not significant.

b Whole-brain cluster family-wise error corrected and nonstationarity corrected p value.

variables (see the data supplement). Results of this post
hoc analysis were similar to those in the larger sample (see
Table S2 in the data supplement).

Group-by-Age Interactions

The linear group-by-age interaction analyses (Table 4,
Figure 2) showed a relative preservation of right putamen/
insular gray matter volume with aging in OCD patients
compared with healthy subjects and greater loss of tem-
poral gray matter volume bilaterally. The nonlinear analysis
showed a greater loss of fusiform and parahippocampal
gray matter and preservation of frontal white matter
volume with aging in OCD patients compared with healthy
subjects (see the data supplement for within-group effects).

Post hoc matched samples analysis (see Table S3 in the
data supplement) confirmed these group-by-age inter-
action effects, with the putamen/insula cluster reaching
family-wise error corrected significance and the nucleus
accumbens and inferior and orbitofrontal gray matter
reaching the statistical threshold.

Effect of Clinical Variables on Brain Structure
in Patients

Illness severity, illness duration, and age at onset were
not significantly related to regional brain volume. Patients

344 ajp.psychiatryonline.org

on medication at the time of the scan (N=176; mean age,
33.2 years; median time on medication, 24 weeks; missing,
N=46) showed significantly greater operculum/posterior
insula gray matter volumes and smaller middle frontal
gray matter and posterior frontal white matter volumes
compared with patients who were not on medication
(N=222; mean age, 30.9 years; see Table S4 in the data
supplement). Since medicated and unmedicated patients
differed in several characteristics, we used stepwise multiple
linear regression (see the data supplement) to assess whether
the results truly could be attributed to medication. After
controlling for demographic and clinical variability, medica-
tion effects remained significant only in middle frontal gray
matter volume (p=0.014).

OCD patients with one or more comorbid anxiety dis-
orders (N=83) had greater left cerebellar gray matter volume
and smaller volumes of the right temporo-occipital gray
matter, left superior frontal gyrus, midcingulum, and insula
compared with those without comorbid anxiety (N=190;
missing data, N=139; for a detailed description of analyses, see
the Supplemental Results section and Table S5 in the data
supplement). Patients with a lifetime diagnosis of depression
(N=101) had a smaller right supplementary motor area gray
matter volume compared with patients without (N=287;

Am | Psychiatry 171:3, March 2014
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TABLE 4. Group-by-Age Interactions on Regional Brain Volume in OCD Patients (N=412) and Healthy Comparison Subjects
(N=368)?

MNI Coordinates

Region and Interaction Side BA Ke X y z z pb
Gray matter
Relative preservation with aging in OCD patients
compared with healthy subjects
Linear
Putamen extending to insula R 13/NA 585 42 6 -6 3.67 0.27
33 5 -9 3.60
Nonlinear: ns
Relative loss with aging in OCD patients compared
with healthy subjects
Linear
Middle temporal gyrus R 21 147 56 -35 -8 3.94 0.37
Inferior temporal gyrus L 20 245 -60 -39 -23 3.91 0.55
Nonlinear
Fusiform gyrus L 37/19 546 -47 —62 -21 4.39 0.16
-38 -54 -12 3.25
Parahippocampal gyrus extending to thalamus L 35/27 244 -20 -33 4 3.76 0.45
-20 -30 -20 3.21
White matter
Relative preservation with aging in OCD patients
compared with healthy subjects
Linear: ns
Nonlinear
Frontal white matter
Middle L 447 -18 48 4 4.35 0.17
Inferior L 135 -33 30 0 3.80 0.51
Medial R 189 20 38 0 3.28 0.56

Relative loss with aging in OCD patients compared
with healthy subjects

Linear, nonlinear: ns

@ Linear (age) and nonlinear (age squared) group-by-age interaction analysis thresholded at p<<0.001 uncorrected and a minimum cluster
extent (ke) of 100 voxels. Table shows local maxima more than 8.0 mm apart. Results are corrected for gender, education level, total gray
matter or white matter volume, and scan sequence. BA=Brodmann’s area; MNI=Montreal Neurological Institute; L=left; R=right; ns=not

significant.

b Whole-brain cluster family-wise error corrected and nonstationarity corrected p value.

missing data, N=24). Patients with current comorbid major
depressive disorder (N=46) had smaller left frontal gray and
white matter volumes compared with those without (N=287).
OCD symptom dimension analyses in patients (N=331;
missing data, N=81) showed an association of the presence
of aggression/checking symptoms with greater lingual gyrus
volume and smaller superior parietal gray and white matter
volumes, of hoarding with a smaller right cerebellar gray
matter volume, of sexual/religious obsessions with greater
middle temporal volume, and of symmetry/ordering with
a smaller fusiform gray matter volume (see the Supplemental
Results section and Table S4 in the data supplement).

Discussion

To our knowledge, this is the largest neuroimaging study
in OCD conducted to date. The large sample size allowed
sufficient statistical power to detect possible subtle
abnormalities in OCD and to examine potential effects
of age and clinical characteristics on brain volumes.

Am | Psychiatry 171:3, March 2014

Frontal and Cerebellar Volume Changes in OCD

In agreement with prevailing frontal-striatal models of
OCD pathophysiology, we found smaller volumes of the
left and right medial and inferior frontal gray matter and
adjacent white matter in OCD patients compared with
healthy subjects. Smaller medial frontal gray matter volume
in OCD is in accordance with previous voxel-based mor-
phometry studies (2-5) and with studies showing reduced
levels of N-acetylaspartate, a measure of neuronal density,
in this region in OCD (23). Smaller volumes of the left and
right inferior frontal gyrus extending to the anterior insula
were reported once before in OCD (21) but are in contrast
with other studies showing greater (e.g., reference 4) or nor-
mal (5, 8) inferior frontal cortex/anterior insula volume. Our
finding of smaller medial and inferior frontal white matter
volumes bilaterally in OCD is notable considering inconsis-
tent previous reports (e.g., references 8-10) and converges
with studies showing altered frontal-striatal white matter
microstructure in OCD (5). Frontal volume changes may be
related to impairments in cognitive functions that have been
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FIGURE 2. Group-by-Age Interactions in the Putamen and Orbitofrontal Cortex in OCD Patients (N=412) and Healthy
Comparison Subjects (N=368)?
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@ The left-hand panel shows relative preservation of putamen/insular (circle in upper image) and orbitofrontal (circle in lower image) gray
matter volume with increasing age in OCD patients compared with healthy subjects. T-statistic images are from linear and nonlinear age-by-
group analyses and are thresholded at p<<0.001 uncorrected with a minimum cluster extent of 98 voxels for illustration purposes. In the right-
hand panel, the line plots show mean peak voxel values of the right putamen/insula cluster (upper plot; linear age scale) and left
orbitofrontal frontal cortex (lower plot; quadratic age scale) in patients and healthy subjects. Displayed values are the mean parameter
estimate (which relates to relative gray matter volume) per time bin (1 year) per group in arbitrary units (aU). L=left.

consistently demonstrated in OCD patients, such as cogni-
tive control and emotion regulation (6), and are associated
with altered activity in the dorsomedial prefrontal cortex and
inferior frontal cortex/anterior insula (1, 7). Smaller medial
frontal gray matter volume has been reported in anxiety and
depression (3, 24), and in our sample it was more pro-
nounced in patients with additional comorbid anxiety and/
or depression, which may thus be indicative of a common
pathophysiological mechanism across affective disorders
related to a shared deficit in emotion regulation (3, 24). On
the other hand, smaller inferior frontal cortex/anterior insula
volumes may be a neuroanatomical characteristic more
specific to OCD and related disorders (14, 24, 25), although
this speculation awaits empirical confirmation.

We found greater cerebellar gray matter volume in OCD
patients relative to healthy subjects. The cerebellum is
structurally and functionally connected to the parallel
cortico-striatal-thalamic-cortical circuits and is thought to
integrate cortico-striatal information flow (26). There is
accumulating evidence that the cerebellum, besides its
role in motor control, is also involved in cognitive and
emotional regulatory processes (13, 26, 27). Smaller
cerebellar volume has been found in disorders often com-
orbid with OCD, such as Tourette’s disorder (13), tri-
chotillomania (28), depression, and anxiety (29). Previous
studies in adult OCD populations showed smaller (20), nor-
mal (2), or greater (4, 5, 8) cerebellar gray matter volume. The
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cerebellar volume alterations we observed are more extensive
than those reported in previous studies (4, 5, 8). Aberrant
cerebellar activity has been shown in OCD patients during
rest and task performance (1). Cerebellar volume changes
may thus be directly related to cognitive dysfunction and
OCD symptomatology (26, 27). In the context of the existing
literature, our data suggest a greater role for the cerebellum
in OCD illness models than is currently recognized.

Altered Brain Volume Changes in OCD During Aging

It has been suggested that abnormal regional brain
volume in OCD might result from a combination of abnor-
mal neurodevelopmental processes and additional altered
aging-related trajectories due to several factors operating on
multiple levels—for example, genetic variations influencing
neuronal pruning and aging processes, activity-dependent
neuronal plasticity associated with chronic symptoms or
compensatory processes, and neurochemical effects of
pharmacological treatment or stress (30, 31). Patients
showed relative preservation of the putamen, nucleus
accumbens, and inferior and orbitofrontal cortex during
aging, which was in contrast to the loss associated with
healthy aging (18). Evidence from electrophysiology and
neuroimaging (1) studies has long indicated the in-
volvement of the basal ganglia in OCD. Greater putamen
and caudate volume is often (2-5) but not consistently
found, and findings may be dependent on the age of the
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recruited samples, treatment history, or treatment status
(12). We did not find striatal volume alterations in the
overall OCD patient group, but in line with a previous
report (8), we observed a relatively preserved volume of
the putamen and nucleus accumbens during aging in
patients. Given the involvement of the putamen in motor
behavior, aging-related putamen volume preservation in
OCD may be related to activation-induced neuroplastic-
ity as a result of chronic compulsive behaviors (30). Age-
by-group interactions in the orbitofrontal cortex and
striatum, core nodes of the neural reward circuit (32),
may also be the result of compensatory processes. Neuro-
imaging studies have shown dysfunction in this circuit in
OCD during rest (33) and task performance (1), associated
with impaired feedback learning, behavioral inflexibility,
and a motivational bias toward negative stimuli. Addition-
ally, parts of the inferior frontal lobe adjacent to the inferior
frontal cortex/anterior insula regions showing smaller
volume overall showed a relative preservation with aging
in OCD patients. Besides having a role in cognitive control
(6), the inferior frontal cortex/anterior insula is implicated
in attention (34), interoceptive awareness (35), and dis-
gust perception (36). Given that these functions are
thought to be abnormal in OCD (1, 37), it may be that the
observed aging effect in the inferior frontal cortex/anterior
insula is related to (compensatory) activation-induced
neuroplasticity.

In line with most previous reports (e.g., reference 5), we
did not observe volume differences in the amygdala-
hippocampal complex in OCD. Our data do indicate, how-
ever, that (para)limbic parts of the medial and lateral
temporal cortex, regions that are relatively preserved in
healthy aging (38), show greater aging-related volume loss in
OCD. The fusiform, parahippocampal, and inferior temporal
cortices are involved in higher-level visual processing, visual
emotional perception (39), and emotional memory forma-
tion (40). Greater volume loss in these regions may thus be
related to chronic stress and the exaggerated emotional res-
ponsiveness seen in OCD (1, 31).

Association With Clinical Characteristics

In patients, illness severity, age at onset, and illness
duration were not significantly related to regional brain
volume, which is in accordance with some (e.g., references 8,
10), but not other (e.g., reference 21) previous studies. It must
be noted that age at onset was ascertained retrospectively,
and therefore the negative findings must be interpreted in
light of this limitation. Although topologically not converging
with previous findings (e.g., references 8, 9), the results of the
symptom dimension analyses broadly agree with the notion
that the various subphenotypes of OCD have overlapping
but also unique neural correlates (41), which may in turn
reflect genetic and especially environmental influences on
each of these phenotypes (42).

Consistent with previous meta-analyses (2, 3), the
results from the main group comparisons were robust in
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controlling for current medication use. The within-patient
medication analyses showed opposing effects of medica-
tion on dorsal and ventral frontal gray matter. Moreover,
only the middle frontal gray matter finding (a region not
overlapping with the main group effects) remained sig-
nificant after we controlled for the differing sample
characteristics of the medicated versus unmedicated
patients in a multiple regression analysis. Therefore, it is
possible that gray matter alterations in the middle frontal
cortex may be partially attributable to current medication
use, a finding that deserves further investigation, ideally
using longitudinal designs (12).

Limitations and Future Directions

With our study design, we gained statistical power and
the ability to assess and control for the effect of participant-
level variability by performing an image-based mega-
analysis on pooled data. This experimental gain was
potentially offset by the introduction of possible confound-
ing effects, such as ethnicity, MRI scanner hardware/
sequence, and medication use—confounders that individ-
ual well-powered studies may not have. However, we think
it is unlikely that these possible confounders affected our
results. First, we corrected for site/scanning sequence in all
the analyses. Second, group-by-site interaction effects did
not explain the group results, and current medication use
did not affect the main results. Furthermore, since we in-
cluded age and education level as covariates in all
analyses, and since our results were robust against appro-
priate age and education level matching with a correspond-
ing sample size reduction, we think it safe to conclude that
the reported brain volume alterations in OCD are not
explained by demographic variability. A limitation of ana-
lyzing age-by-disorder interactions with a cross-sectional
instead of a longitudinal study design is that aging-related
intrasubject changes cannot be disentangled from possible
intersubject differences (18). Assessing group and group-by-
age interactions in a large cohort increases statistical
sensitivity, but it also introduces intersubject variation that
may have caused real effects to be underestimated. Analysis
of this data set with a toolbox with putative superior sub-
cortical image segmentation (e.g., FreeSurfer) is a logical
future step, since this additionally would ascertain whether
the observed regional volume differences are related to
differences in cortical thickness or surface area. Additionally,
whether our findings also hold true for youths with OCD
remains to be ascertained. Of further note is that data for 530
of the 780 participants included in this study have not been
published before; divergent findings here may represent
methodological differences, the substantial increase in power
in the present study, or the inclusion of additional subjects.

Conclusions

The results of this study support involvement of the
frontal-striatal and (para)limbic circuits and the cerebel-
lum in OCD. Our data indicate that whereas involvement
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of the dorsomedial prefrontal cortex/anterior cingulate
cortex/inferior frontal cortex/anterior insula and the
cerebellum may be directly related to the pathophysiology
of OCD, orbitofrontal-striatal and temporal volume alter-
ations may be secondary to activation-dependent neuro-
plasticity due to persistent symptoms or compensatory
processes related to cognitive dysfunction. This suggests
that age is an important contributor to the variability in
previous reports on brain structure alterations in OCD.
Further insight into the development of structural brain
changes in OCD across the lifespan should come from
longitudinal studies as well as studies involving pediatric
OCD patients.
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