ORIGINAL ARTICLE

Altered Corticostriatal Functional Connectivity
in Obsessive-compulsive Disorder

Ben J. Harrison, PhD; Carles Soriano-Mas, PhD; Jesus Pujol, MD; Hector Ortiz, MS;
Marina Lopez-Sola, BSc; Rosa Herndndez-Ribas, MD; Joan Deus, PhD; Pino Alonso, MD;
Murat Yiicel, PhD; Christos Pantelis, MD; José M. Menchon, MD; Narcis Cardoner, MD

Context: Neurobiological models of obsessive-com-
pulsive disorder (OCD) emphasize disturbances in the
function and connectivity of brain corticostriatal net-
works, or “loops.” Although neuroimaging studies of pa-
tients have supported this network model of OCD, very
few have applied measurements that are sensitive to brain
connectivity features.

Objective: Using resting-state functional magnetic reso-
nance imaging, we tested the hypothesis that OCD is as-
sociated with disturbances in the functional connectiv-
ity of primarily ventral corticostriatal regions, measured
from coherent spontaneous fluctuations in the blood oxy-
genation level-dependent (BOLD) signal.

Design: Case-control cross-sectional study.

Setting: Hospital referral OCD unit and magnetic reso-
nance imaging facility.

Participants: A total of 21 patients with OCD (10 men,
11 women) and 21 healthy control subjects matched for
age, sex, and estimated intelligence.

Main Outcome Measures: Voxelwise statistical para-
metric maps testing the strength of functional connectiv-
ity of 4 striatal seed regions of interest (dorsal caudate

nucleus, ventral caudate/nucleus accumbens, dorsal puta-
men, and ventral putamen) with remaining brain areas.

Results: For both groups, there was a clear distinction
in the pattern of cortical connectivity of dorsal and ventral
striatal regions, consistent with the notion of segregated
motor, associative, and limbic corticostriatal networks. Be-
tween groups, patients with OCD had significantly in-
creased functional connectivity along a ventral cortico-
striatal axis, implicating the orbitofrontal cortex and
surrounding areas. The specific strength of connectivity
between the ventral caudate/nucleus accumbens and the
anterior orbitofrontal cortex predicted patients’ overall
symptom severity (r*=0.57; P<<.001). Additionally, pa-
tients with OCD showed evidence of reduced functional
connectivity of the dorsal striatum and lateral prefrontal
cortex, and of the ventral striatum with the region of the
midbrain ventral tegmental area.

Conclusions: This study directly supports the hypoth-
esis that OCD is associated with functional alterations of
brain corticostriatal networks. Specifically, our findings em-
phasize abnormal and heightened functional connectivity
of ventrolimbic corticostriatal regions in patients with OCD.
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HE BASAL GANGLIA HAVE
long been implicated in the
pathophysiology of obses-
sive-compulsive disorder
(OCD)'? and remain cen-

finitive account of such alterations has not
been reached.

A major source of empirical support for
neurobiological models of OCD has come
from in vivo imaging studies with posi-

Author Affiliations are listed at
the end of this article.

tral to its contemporary neurobiological
models.” Existing ideas of their dysfunc-
tion in OCD have emerged, in particular,
through knowledge of basal ganglia—
thalamocortical circuits, or “loops,” re-
ferring to segregated sensorimotor, asso-
ciative, and limbic territories of the basal
ganglia implicated in motor, cognitive, and
emotional aspects of behavior, respec-
tively.® In OCD, it has been hypothesized
that alterations occurring mostly along a
ventral corticostriatal axis may underlie its
core symptomatology and even its re-
sponse to treatments.” However, despite
the broad appeal of this hypothesis, a de-

tron emission tomography (PET) and from
structural and functional magnetic reso-
nance imaging (fMRI). Evidence of brain
structural alterations implicate the orbito-
frontal, anterior cingulate, and temporo-
limbic cortices as well as striatal and tha-
lamic subregions, although results have
varied across studies.® By comparison,
heightened activity in the orbitofrontal cor-
tex and caudate nuclei has been well rep-
licated in PET studies of patients at rest”’
and, in several instances, predicted symp-
tom severity and normalized following suc-
cessful treatment.''* A similar pattern has
been observed in PET and fMRI studies of
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symptom provocation, either in symptomatically mixed
groups of patients with OCD"* or among specific sub-
types.*® Finally, reduced functional responsiveness of ven-
tral corticostriatal regions, including the orbitofrontal cor-
tex, has been reported in fMRI studies of reversal learning
and inhibitory control,?**° whereas heightened activation
of the dorsal anterior cingulate cortex is evident during
response conflict tasks.**3

While existing imaging study has converged in sup-
port of a corticostriatal involvement in this disorder, it
is important to consider the methodological constraints
of such approaches, particularly regarding their spatio-
temporal resolution and measurement. In the latter case,
this refers to the predominant use of statistical tools to
resolve imaging differences (eg, patient vs control) at a
voxel-by-voxel or intraregional level, thereby ignoring
interrelationships or interactions between brain re-
gions. However, recent advances make it possible to con-
sider the use of alternative mapping techniques®-* in-
cluding those that provide measurements sensitive to brain
connectivity features.’>* This is relevant both to the study
of OCD and to the basal ganglia in general.

Central to this study are recent observations of corti-
costriatal networks made with resting-state fMRI,* a rap-
idly growing technique that involves the assessment of co-
herent spontaneous fluctuations of the blood oxygenation
level-dependent (BOLD) signal.* Compared with conven-
tional task-based studies, resting-state fMRI provides a more
sensitive measurement of functional connectivity in large-
scale brain networks in humans.** For instance, as in ana-
tomical models,>® this recent study of the basal ganglia®
confirmed several predictions about the cortical connec-
tivity of striatal structures including strong evidence of pos-
tulated cognitive and affective divisions between areas of
the dorsal and ventral striatum. The aim of our study was
to add to this work by testing the “corticostriatal loop” hy-
pothesis of OCD.*"* Based on such theoretical models, in
which it is suspected that elevated neuronal excitability may
emerge in ventrolimbic corticostriatal networks, we pre-
dicted that patients with OCD would show increased func-
tional connectivity between such regions, implicating, in
particular, the orbitofrontal cortex. Further, based on early
PET studies and other recent fIMRI findings,*® we ex-
pected that patients’ illness severity would correlate di-
rectly with evidence of brain functional alteration.

o EEETEESS

PARTICIPANTS

Twenty-four outpatients with OCD were recruited for this study
through their ongoing contact with the OCD service at the De-
partment of Psychiatry, University Hospital of Bellvitge, Bar-
celona, Spain. All patients were required to satisfy DSM-IV di-
agnostic criteria for OCD in the absence of relevant medical,
neurological, or other major psychiatric illness.” A primary di-
agnosis of OCD was given if (1) OCD symptoms were the pri-
mary reason patients were seeking medical intervention, and
(2) OCD symptoms were persistent and constituted the pri-
mary cause of distress and interference in the patient’s life. No
patient met criteria for Tourette’s syndrome or had a history
of psychoactive drug use and/or abuse. Comorbid anxious and

depressive symptoms were not considered as an exclusion cri-
terion, provided that OCD was the primary clinical diagnosis.

The Yale-Brown Obsessive-Compulsive Scale (YBOCS)* and
a clinician-rated Yale-Brown Obsessive-Compulsive Scale symp-
tom checklist*® were used to assess illness severity and to char-
acterize OCD phenomena*” (Table 1). Comorbid symptoms
of depression and anxiety were measured by the Hamilton De-
pression* and Anxiety*® Inventories. All patients were taking
stable doses of medication during at least a 3-month period co-
inciding with the time of the scan, except for 1 patient who was
free of medication for at least 1 month (Table 1).

Of the original sample, 3 patients were excluded from the
final analysis: 1 male patient owing to an incidental finding on
MRI (medial wall hyperintensity) and 2 female patients be-
cause of excessive movement during scanning (>2 mm in z-
axis translation). The remaining 21 patients were matched for
age, sex, handedness, and estimated intelligence quotient to a
sample of 21 healthy control subjects (case-matched prior to
analyses from a larger cohort identified through an ongoing re-
search program) such that there were no significant group dif-
ferences on any of these measures (Table 1). General intelli-
gence was estimated using the vocabulary subtest of the Wechsler
Adult Intelligence Scale.”® These sample characteristics were
compared between the groups using univariate analyses of vari-
ance in Statistical Package for the Social Sciences (SPSS) ver-
sion 11.0 (SPSS Inc, Carey, North Carolina). Each control sub-
ject took the Structured Clinical Interview for DSM-IV nonpatient
version®' to exclude any axis [ or Il psychiatric disorders. No
patient in this cohort had a personal history of neurological or
psychiatric illness. All participants had normal or corrected-
to-normal vision and gave written informed consent to partici-
pate following a complete description of the protocol, which
was approved by the institutional review board of the Univer-
sity Hospital of Bellvitge, Barcelona.

IMAGE ACQUISITION AND PREPROCESSING

Images were acquired with a 1.5-T Signa Excite system (Gen-
eral Electric, Milwaukee, Wisconsin) equipped with an 8-chan-
nel phased-array head coil and single-shot echoplanar imaging
software. Functional sequences consisted of gradient-recalled ac-
quisition in the steady state (time of repetition, 2000 millisec-
onds; time of echo, 50 milliseconds; pulse angle, 90°) within a
field of view of 24 c¢m, with a 64 X 64 pixel matrix and a slice
thickness of 4 mm (interslice gap, 1 mm). Twenty-two inter-
leaved slices parallel to the anterior-posterior commissure line
were acquired to cover the whole brain. The first 4 (additional)
images were discarded to allow the magnetization to reach equi-
librium. For each subject, a single 4-minute continuous func-
tional sequence was acquired, generating 120 whole-brain echo-
planar imaging volumes. Subjects were instructed to relax, stay
awake, and lie still without moving while keeping their eyes closed
throughout. We also acquired a high-resolution T1-weighted ana-
tomical image for each subject using a 3-dimensional fast spoiled
gradient inversion-recovery prepared sequence with 130 con-
tiguous slices (time of repetition, 11.8 milliseconds; time of echo,
4.2 milliseconds; flip angle, 15°; field of view, 30 cm; 256 X 256
pixel matrix; slice thickness, 1.2 mm).

Imaging data were transferred and processed on a Micro-
soft Windows platform running MATLAB version 7 (The Math-
Works Inc, Natick, Massachusetts). Image preprocessing was
performed in Statistical Parametric Mapping 5 (SPM5) (http:
/lwww fil.ion.ucl.ac.uk/spm/). Motion correction was per-
formed by aligning (within subject) each time series to the first
image volume using a least-squares minimization and a 6-pa-
rameter (rigid body) spatial transformation. These realigned
functional sequences were then coregistered to each subject’s
respective anatomical scan that had been previously coregis-
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Table 1. Sample Characteristics of Healthy Controls and Patients With 0CD

Characteristic Mean (SD) Range
Controls (n=21)
Age, y 26.2 (3.4) 21-33
Sex, M:F, No. 10:11
Handedness, right:left, No. 19:2
WAIS vocabulary, scaled score 11.71 (1.9 10-14
HAM-D 2.8 (3.7 0-13
HAM-A 4.8 (5.2) 0-17
Patients (n=21)?
Age, y 28.52 (5.9) 19-39
Sex, M:F, No. 10:11
Handedness, right:left, No. 19:2
WAIS vocabulary, scaled score 12.43 (1. 9-16
Age at onset of OCD, y 20.4 (6 9-34
Duration of illness, y 8.7 (5 2-28
Y-BOCS, total 20.7 (6. 11-36
Y-BOCS, obsessions 10.5 (3. 5-18
Y-BOCS, compulsions 10.2 (3 2-18
HAM-DP 76 (4 0-19
HAM-AP 11.2(5 2-21
No. (%)
0CD symptom dimensions® IO (Absent) 1 (Mild) 2 (Prominenl)I
Symmetry, ordering 14 (66.7 3(14.3) 4(19)
Hoarding 15 (71.4 6 (28.6) 0(0)
Contamination, cleaning 11 (52.4 6 (28.6) 4(19)
Aggressive, checking 5(23.8 3(14.3) 13 (61.9)
Sexual, religious obsessions 16 (76.2 1(4.8) 4(19)
Treatment status
Never treated with an SSRI 7 (33.3)
1 Previous SSRI trial 5(23.8)
2 Previous SSRI trials 6 (28.6)
>3 Previous SSRI trials 3(14.3)
Previous low-dose antipsychotic use 5(23.8)
Cumulative SSRI treatments, mean (SD) 1.33 (1.28)
Medication at study time
Medication free (>4 wk) 1(4.8)
Fluoxetine 4(19)
Fluvoxamine 2 (9.5)
Citalopram 1(4.8)
Clomipramine 2 (9.5)
Clomipramine with SSRI 11 (52.4)

Abbreviations: HAM-A, Hamilton Rating Scale for Anxiety; HAM-D, Hamilton Rating Scale for Depression; OCD, obsessive-compulsive disorder; SSRI, selective
serotonin reuptake inhibitor; WAIS, Wechsler Adult Intelligence Scale; Y-BOCS, Yale-Brown Obsessive-Compulsive Scale.
aThe single unmedicated patient with OCD recorded a total Y-BOCS score of 15 and was unremarkable across the other clinical domains.

bp< .001. Significant difference between controls and patients.

CThe Y-BOCS symptom checklist was used to derive scores on 5 previously identified obsessive-compulsive symptom dimensions: symmetry/ordering,
hoarding, contamination/cleaning, aggression/checking, and sexual/religious obsessions, classified as absent, present (mild), or prominent.*

tered to the SPM-T1 template. Anatomical scans were seg-
mented and normalized to the SPM-T1 template by the uni-
fied segmentation approach.” Normalization parameters were
applied to the coregistered functional images and resliced to 2
mm isotropic resolution. Functional images were smoothed with
an 8 mm (full-width, half-maximum) Gaussian filter. With this
preprocessing strategy, we ensured that functional scans were
in identical stereotaxic (Montreal Neurological Institute) space
as the anatomical segments of gray matter, white matter, and
cerebrospinal fluid (CSF). All image sequences were routinely
inspected for potential normalization artifacts.

FUNCTIONAL CONNECTIVITY ANALYSES

To assess potential differences in the pattern of cortical and sub-
cortical functional connectivity of specific striatal subdivi-

sions of the basal ganglia (caudate nucleus and putamen) be-
tween patients with OCD and control subjects, we performed
a detailed seed-based cross-correlation analysis of subjects’ rest-
ing-state imaging sequences. Our approach was based on the
method of Di Martino et al*® and focused on the segregation of
functional connectivity maps between the dorsal and ventral
striatum. Dorsal and ventral striatal subregions were distin-
guished using z<<7 mm as a marker for the ventral caudate/
nucleus accumbens, z>7 mm as a marker for dorsal caudate,
and z=2 as the boundary between the dorsal and ventral pu-
tamen. These dorsal/ventral borders were initially assigned by
Postuma and Dagher” from the human stereotaxic atlas of Mai
etal’* and have shown good face validity in human functional
connectivity mapping studies.**>*>

Respective seed placements of interest corresponded to the
following locations: (1) the dorsal caudate (x=+13,y=15,2=9);
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@ Dorsal caudate

@ Ventral caudate/nucleus accumbens
@ Dorsal putamen

@ Ventral putamen

Figure 1. Placement of the striatal seed regions of interest on 3-dimensional
(A) and 2-dimensional (B) anatomical images. Seeds are presented on a
high-resolution single-subject magnetic resonance image in standard
neuroanatomical space (Montreal Neurological Institute, Colin-27 template).

(2) the ventral caudate (inferior), corresponding approxi-
mately to the nucleus accumbens (x=%9, y=9, z=-8); (3) the
dorsal caudal putamen (x=%28, y=1, z=3); and (4) the ven-
tral rostral putamen (x=+20, y=12, z=-3). To reproduce the
finding of segregated dorsal and ventral striatal functional
connectivity maps,* we included in the model 2 intermedi-
ate seeds (of no interest) located in the ventral caudate supe-
rior (x=+10, y=15, z=0) and dorsal rostral putamen
(x=%25, y=8, z=6). This replicated the striatal parcellation
method of Di Martino et al* and satisfied our aim to con-
trast the groups as maximally as possible between the dorsal
and ventral striatum. Considering the spatial resolution and
smoothing of the fMRI data, no seed placements were made
in the globus pallidus, substantia nigra, or subthalamic
nucleus, as previously discussed.* Figure 1 illustrates the 4
sets of striatal seed regions of interest on 3- and 2-dimensional
anatomical images.

For each of the striatal locations, seeds were defined in
both hemispheres as 3.5-mm radial spheres (sampling

approximately 25 voxels in 2 mm of isotropic resolution)
with a minimum Euclidean distance requirement of 8 mm
between any 2 regions.” This was performed using MarsBaR
region-of-interest toolbox in Montreal Neurological Institute
stereotaxic space.’® Signals were then extracted for each seed
(10 in total) by calculating the mean region-of-interest value
across the time series. This process was performed for each
subject.

In addition to our signals of interest, we derived estimates
of white matter, CSF, and global brain signal fluctuations to
include in the regression analyses. Subjects’ segmented white
matter and CSF images were thresholded at 50% tissue prob-
ability type and binarized to create nuisance variable masks,
together with a binary mask of the global brain volume (summed
from the gray matter, white matter, and CSF segments). Nui-
sance signals were then extracted for each mask by calculating
the mean region-of-interest value across the time series. These
nuisance signals are typically adjusted for in resting-state func-
tional connectivity studies because they reflect global signal fluc-
tuations of nonneuronal origin (eg, physiological artifacts as-
sociated with variables such as cardiac and respiratory cycles,
CSF motion, and scanner drift).*

STATISTICAL ANALYSIS

Functional connectivity maps were estimated for each stria-
tal region by including the seed and nuisance signals as pre-
dictors of interest or no interest in whole-brain, linear
regression analyses in SPM5. These subjectwise (first-level)
analyses were carried out separately for each hemisphere. A
high-pass filter set at 128 seconds was used to remove low-
frequency drifts of less thanapproximately0.008 Hz. Prior to
model estimation, each of the 3 nuisance covariates were
orthogonalized (using an iterative Gram-Schmidt method)
and then removed from each seed’s time series by linear
regression, resulting in a general linear model that com-
prised the 6 “noise-cleaned” seeds and 3 orthogonal nui-
sance variables. Contrast images were generated for each
subject by estimating the regression coefficient between all
brain voxels and each seed’s time series, respectively. These
images were then included in group (second-level) random-
effects analyses, adopting a 2 X2 mixed design, factorial
model (group [control, patient] by hemisphere [right seed,
left seed]).

To assess the magnitude and extent of functional connec-
tivity for each striatal seed within groups, resulting z-trans-
formed (Gaussianized) SPMs were thresholded using a false
discovery rate correction’” of Prpr<<.05 for the whole-brain
volume with a minimum cluster extent of 8 contiguous vox-
els. Between-group analyses (main effects of group and group
X hemisphere interactions) were performed by implicitly
masking T contrasts (1-tailed) with a global conjunction of
these within-group SPMs for both patients and controls.
Between-group contrasts were thresholded at P<<.001 (uncor-
rected; minimum cluster extent, 8 contiguous voxels) to
more fully characterize the anatomy of functional connectiv-
ity differences.

0 EEEETEES

Overall, both groups exhibited robust and significant pat-
terns of functional connectivity with the 4 striatal seed re-
gions of interest that reproduced the spatial topography
of these networks, described by Di Martino and col-
leagues.* This included clear evidence of segregation in
the cortical connectivity of the dorsal and ventral cau-
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Figure 2. Significant within-group (main effect) corticostriatal functional connectivity maps of the dorsal caudate (A), ventral caudate/nucleus accumbens
(B),dorsal putamen (C), andventral putamen (D) seeds. Green indicates control subjects; red, patients with obsessive-compulsive disorder; yellow, the relative
spatial overlap of functional connectivity maps between the groups; R, right hemisphere; and L, left hemisphere. Sagittal slices are displayed at x=+5 (A); x=5
(B); x=+7 (C); and x=+18 (D). Axial slices are displayed at z=45 (A); z=-3 (B);z=3 (C); and z=-7 (D). Results are displayed at Pepr<.05, corrected.

date, and of the dorsal and ventral putamen as quantified DORSAL CAUDATE REGION

in their study (Figure 2; Table 2). The specific within-

and between-group findings for each of the striatal seed The dorsal caudate seed region in both groups showed
regions are described below. significant functional connectivity with the dorsal

(REPRINTED) ARCH GEN PSYCHIATRY/VOL 66 (NO. 11), NOV 2009 WWW.ARCHGENPSYCHIATRY.COM
1193

©2009 American Medical Association. All rights reserved.



Table 2. Regions Demonstrating Significant Functional Connectivity With the 4 Striatal Seeds of Interest

Controls Patients Difference
Anatomy" Statistic® I Anatomy Statistic Anatomy Statistic
Seed Connected Region? I X,V,Z Iz Score BAI I X,V,Z Iz Score BAI Direction X,V,Z Iz Score BAI
DC Medial frontal gyrus 0, 65,19 6.02 10 -8,62,3 5.47 10
-12,53,5 5.60 10
-6, 49, 40 5.53 8
Superior frontal gyrus -8, 38,48 5.51 8 -16, 30, 48 515 8
-8, 32,57 5.22 6 20, 22, 54 3.04 6
Pre-SMA 12, 23,38 435 32
Inferior frontal gyrus -30,21,-3 4.79 47
Thalamus (dorsomedial) -4,-15,8 5.44
Middle frontal gyrus -40, 14, 51 4.66 6 -36, 50, -7 459 10
46, 27, 41 3.73 8 -40, 14,44 4.39 6
Medial temporal gyrus -58, -30, -3 4.44 21
Superior parietal lobe -51, -64, 38 3.94 39 -48, -67, 27 3.71 39
Occipital lobe 14,-101,1 4.06 18
Globus pallidus -12,2,5 7.52 -12,2,5 7.37
14,4,5 6.27 14,4,5 7.15
VC Orbital frontal gyrus -16, 48, -10 6.47 10 -18, 40, -7 6.94 10 O0CD>HC  -19,25,-4 3.24 47
16, 60, -6 5.42 10 -6, 47, -2 5.32 10 0CD>HC  -10,60, 24 3.65 10
-30,31,-8 6.29 47 14,64, -4 4.05 10 OCD>HC  -29,49,3 3.45 47
20, 34,-10 5.38 47 -10, 67,10 3.87 10
-18, 50, -11 7.03 11
-20, 36, -10 6.81 11
24,50, -11 4.95 11
18, 58, -4 3.82 11
Anterior cingulate gyrus -8, 33, -1 6.35 24 4,354 5.44 24 0CD>HC -7,27,34 3.20 32
14, 40, -8 6.17 32 8,46, 27 3.75 32 0CD>HC -8,24,-6 3.09 24
-8,42,16 429 32
Brainstem (~ VTA) 2,-12,-4 4.92 HC>0CD -5,-16, -5 3.02
Thalamus (pulvinar) -4,-29,0 4.29
Superior temporal gyrus -49,-11,4 3.92 22
Middle temporal gyrus 59, -33,2 3.88 22 HC>0CD 51,-36,4 3.47 22
Globus pallidus -12,7,-5 <8 -12,7,-5 <8
12,7,-5 <8 12,7,-5 <8
SN/STN 8,-12,-3 3.7
-8,11,-4 3.37
DP Superior frontal gyrus/SMA 4,5,51 5.34 6 -10, -3, 48 3.15 6
8,0,60 5.09 -4,-17, 46 3.47 6
Precentral/postcentral gyrus 50, -1, 52 4.69 6 -12,-1,64 3.19 6
-49, -11, 47 3.91 4
-23,-30, 59 413 3
20, -28, 62 3.82 8
Insula cortex 32,17,-2 6.72 36,17,5 6.38 13
-38,15,7 6.01 13
-49,-4,7 5.41 6
49,0,5 5.36 44
Superior temporal gyrus 53,8, -4 7.08 22 -51,-25, 8 4.76 41
-53,0, -2 7.00 22 58, -39, 12 451 22
Middle temporal gyrus -55,-47,6 3.55 21
Thalamus (ventrolateral) -14,-19,3 7.74 -18,-26,3 5.32 HC>0CD  -22,-21,13 3.62
14,-15,3 5.81 8,-13,1 4.04 HC>0CD 10, -14, 12 3.09
Brainstem (PAG) -8,-22,-4 6.85 HC>0CD -6, -27, -11 432
Inferior frontal gyrus 44,11, -6 742 47 -38, 24,10 412 13 HC>0CD  -43,32,7 3.14 46
-46,13, -2 6.27 47 49, 28,1 3.63 45 HC>0CD 51,33,8 386 46
Globus pallidus 24,-6,2 <8 20, -2, -2 <8
-22,-4,2 <8 -22,-4,-4 <8
SN/STN -12,-16, -3 6.03 12,-10, -1 3.99
10, -16, -3 5.82 -12,-16,-3 3.05
(continued)

medial frontal, dorsal premotor (including presupple-
mentary motor and frontal-eye field areas), lateral
and inferior frontal cortex, dorsal anterior cingulate,
and superior parietal cortices (Figure 2A). No signifi-
cant differences in the main effect of striatal seed
region were seen between control subjects and

patients with OCD for the dorsal caudate seed,
although a significant group X hemisphere interaction
was observed for the right dorsolateral prefrontal cor-
tex (controls>patients; x, y, z=36, 41, 35; z score,
3.49; Brodmann area,9; eFigure 1A; http://www
.archgenpsychiatry.com).
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Table 2. Regions Demonstrating Significant Functional Connectivity With the 4 Striatal Seeds of Interest (continued)
Controls Patients Difference!
Anatomy" Statistic® . Anatomy Statistic Anatomy Statistic
Seed Connected Region? X,V,Z I IzSt:nre BAI I X, ¥, 2 I IzScore BAI Direction I X,V,Z I IzScore BAI
VP Superior frontal gyrus/pre-SMA 0,5,53 4.66 6 22,48, -5 5.38 10
22,53,18 3.16 10 -4,15, 56 4.21 6
Middle/inferior frontal gyrus -32,46, 20 443 10  -18,38,-12 5.80 11 HC>0CD -34,27,-1 387 47
-40, 4,40 3.44 6 30, 46, 20 3.02 10 HC>0CD -35,30,30 3.53 9
51,20, 41 3.32 8
4,-17,52 3.63 6
Inferior frontal gyrus -16, 34, -12 5.63 47 0OCD>HC -16,27,-4 3.89 47
Precental gyrus 48, -7,43 4.66 4 48, -11,43 3.25 4
Medial frontal gyrus 18, 48, -9 5.47 10 OCD>HC 16,40, -2 3.39 32
-20, 50, -7 5.40 10
Superior temporal gyrus -49,-27,0 4.26 22 -55,10, 3 3.89 22
59,-19,10 355 42
Inferior temporal gyrus 59, -32, -22 3.18 20
Hippocampus 34,-20,-8 3.42
Thalamus (posterior medial) -16,-21, 1 3.52
Brainstem (~ VTA) 4,-14, 14 4.31 HC>0CD  -1,-13,-11 4.20
Globus pallidus -14,4,4 <8 -14,4,4 <8 HC>0CD  25,-17,5 3.65
12, 4,1 7.66 12,4,1 <8
SN/STN 6,-13,0 4.05 8,-15, -1 3.05
-8,-14,-6 4.05

Abbreviations: BA, Brodmann area; DC, dorsal caudate; DP, dorsal putamen; HC, healthy controls; OCD, obsessive-compulsive disorder; PAG, periaqueductal gray;
SMA, supplementary motor area; SN/STN, substantia nigra/subthalamic nucleus; VC, ventral caudate; VP, ventral putamen; ~ VTA, region of the ventral tegmental area.

2The strength of effects for the globus pallidus and STN/SN were estimated by performing a small volume search for these structures using masks generated from
the Wake Forest University WFU PickAtlas (http:/www.fmri.wfubmc.edu/cms/software#PickAtlas).

b Activity coordinates (x, y, z) are given in Talairach & Tournoux Atlas space. Imaging coordinates were transformed from Statistical Parametric Mapping Montreal
Neurological Institute to Talairach space using the Brett transform implemented in GingerALE (http://www.brainmap.org). The same conversion applies for all

connectivity results reported in text.

CMagnitude and extent statistics correspond to a minimum (whole-brain) corrected threshold of Prpr<.05.
dResults correspond to between-group main effect differences thresholded at £<.001, uncorrected.

VENTRAL CAUDATE/NUCLEUS
ACCUMBENS REGION

The ventral caudate/accumbens seed region in both groups
demonstrated significant functional connectivity, primar-
ily with the medial and lateral orbitofrontal cortex and the
anterior prefrontal and perigenual (subgenual and ros-
tral) anterior cingulate cortex (Figure 2B). As a main effect
of striatal seed region, control subjects demonstrated rela-
tively greater functional connectivity of the ventral caudate/
accumbens to the region of the brainstem ventral tegmen-
tal area (Figure 3A) and right medial temporal lobe. By
comparison, patients demonstrated relatively greater func-
tional connectivity of the ventral caudate/accumbens to the
medial orbitofrontal cortex (anterior and posterior clus-
ters) and anterior prefrontal and perigenual (subgenual and
dorsal rostral) anterior cingulate cortex. A significant group
X hemisphere interaction was observed for the left para-
hippocampal gyrus (patients > controls; x, y, z=-36, -6,
-10; z score,3.91; eFigure 1B).

DORSAL PUTAMEN REGION

The dorsal putamen seed region in both groups showed
significant functional connectivity with the primary and
secondary motor areas (supplementary motor cortex),
thalamus, anterior insula-operculum, inferior frontal cor-
tex, and superior temporal cortex (Figure 2C). As a main
effect of seed region, control subjects demonstrated rela-

tively greater functional connectivity of the dorsal puta-
men to ventrolateral thalamus and inferior prefrontal cor-
tex (Figure 3B). There was no main effect difference for
patients with OCD or any group X hemisphere interac-
tion for the dorsal putamen region.

VENTRAL PUTAMEN REGION

The ventral putamen seed region in both groups showed
significant functional connectivity with secondary and cin-
gulate motor areas (presupplementary motor area, dorsal
anterior cingulate), dorsal anterior and lateral prefrontal
cortex, and lateral and medial orbital frontal cortex
(Figure 2D). As a main effect of seed region, control sub-
jects demonstrated relatively greater functional connec-
tivity of the ventral putamen to the frontal operculum/
inferior frontal cortex and the region of the brainstem
ventral tegmental area. Patients demonstrated relatively
greater functional connectivity of the ventral putamen to
the subgenual anterior cingulate and posterior medial or-
bital frontal cortex (Figure 3C). There were no signifi-
cant group X hemisphere interactions for the ventral pu-
tamen region.

COMPARISON BETWEEN STRIATAL REGIONS

We performed a specific assessment of the relative strength
of functional connectivity of each striatal seed region with
the other approximate seed locations between patients
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Figure 3. Significant between-group (main effect) differences in
corticostriatal functional connectivity of the ventral caudate/nucleus
accumbens (A),dorsal putamen (B),and ventral putamen (C) seeds. Red
overlay corresponds to regions demonstrating greater relative functional
connectivity with the respective seed region in patients vs controls; green,
regions demonstrating greater relative functional connectivity with the
respective seed region in controls vs patients; R, right hemisphere; L, left
hemisphere. Slice coordinates are displayed at left x=-27, center x=-8, right
x=3 (A); center z=2, right x=-5 (B); and left z=-10; center x=-37, x=-5
(C). Results are displayed at P<<.001, uncorrected.

with OCD and controls. We adopted a more exploratory
threshold for this comparison (P<.005, uncorrected),
considering that the spatial extent of correlated regional
activities in the proximity of a given functional seed were
inevitably highly overlapping between both groups. As a
main effect of seed region, patients with OCD demon-
strated relatively greater functional connectivity of the dor-
sal caudate seed with the right ventral caudate/nucleus ac-
cumbens (x,y,z=16,9, -11; z score, 2.59; eFigure 2A). A
group X hemisphere interaction was also observed for
the left dorsal caudate seed and ventral caudate/nucleus
accumbens between patients with OCD and controls
(patients > controls; x, y, z=-18, 15, -9; z score,2.77,;
eFigure 2B).

BRAIN-BEHAVIORAL ASSOCIATIONS

We performed voxelwise linear regression analyses in
SPMS5 to test the extent to which patients’ overall symp-
tom severity (total YBOCS score) may be related to the
strength of functional connectivity among the 4 cortico-
striatal networks. Only clusters exceeding a threshold of
P<.001 (uncorrected) were considered for further post
hoc assessment. Across the 4 networks, 1 cluster repre-
senting functional connectivity between the ventral stria-
tum to anterior orbital frontal cortex (x,y, z=24,58,-1)
predicted patients’ overall symptom severity (zscore,3.91).
Using the volume-of-interest function in SPM5, we ex-
tracted the first eigenvariate of all voxel values (contrast
B weights) from a 3.5-mm sphere centered on this clus-
ter for each subject. As shown in Figure 4, the relative
strength of functional connectivity between the ventral
striatum and anterior orbital frontal cortex accounted for
approximately half of the variance of patients’ total YBOCS
scores (2-tailed Pearson r=0.76; r>=0.57; P<<.001). This
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Figure 4. Strength of functional connectivity between the ventral striatum
and anterior orbital frontal cortex predicted the total Yale-Brown
Obsessive-Compulsive Scale (Y-BOCS) scores of patients with
obsessive-compulsive disorder (P<.001). Axial slice displayed at z=1.

relationship remained significant in a partial correlation
analysis (2-tailed in SPSS) that controlled for patients’
comorbid depression and anxiety ratings on the Hamil-
ton Depression Inventory and Hamilton Anxiety Inven-
tory scales (Pearson r=0.56; P<<.01).

DR COMMENT

The results of our study provide direct support for the
hypothesis that OCD is associated with functional
network alterations of the basal ganglia and frontal
cortex.*"?8%% More specifically, our study adds to prior
imaging findings by showing that such alterations
exist as disturbed interrelationships between brain
regions, a basic prediction of neurobiological models
of OCD.

The topography, or spatial organization, of the 4 func-
tional networks described in our study is in strong agree-
ment with recent MRI studies of human subjects*%° and
existing neurocircuitry (loop) models of the connec-
tional anatomy of the basal ganglia regions.”®! These re-
sults can be considered with the emerging view that spon-
taneous BOLD signal correlations between distributed
brain areas closely parallel, and may be synchronized by,
underlying axonal connections.***

A major difference between patients with OCD and
control subjects was observed in the strength of func-
tional connectivity between ventral corticostriatal re-
gions. Specifically, patients had increased functional con-
nectivity between the 2 ventral striatal regions and the
medial orbital frontal, anterior frontal, rostral anterior
cingulate, and parahippocampal regions. With the ex-
ception of parahippocampal cortex, which has shown
functional alterations in task-related studies of OCD,5*%
increased metabolic activity of these regions has been de-
scribed in studies of patients at rest using PET. How-
ever, distinct from such previous work, our findings re-
fer to specific increases in their strength of temporally
correlated activity in patients with OCD, which do not
necessarily reflect absolute differences in underlying neu-
ronal activity levels.%

After controlling for comorbid symptoms, the strength
of functional connectivity between the ventral caudate/
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nucleus accumbens region and medial orbitofrontal cor-
tex predicted patients’ total YBOCS scores, indicating a
direct relationship to global illness severity. This result
corresponds well with previous PET studies of patients
atrest in which orbitofrontal hypermetabolism was iden-
tified as a potential biomarker of OCD severity, based on
similar linear correlations with clinical measures and its
normalization of activity posttreatment.''**%° Corre-
lations of this kind have also been reported in symptom
provocation studies, in this case related to orbitofrontal
hyperactivation above baselines states.'”*** Most re-
cently, orbitofrontal dysfunction was identified in first-
degree relatives of patients with OCD, providing strong
evidence that it may be a specific vulnerability marker
(endophenotype) of illness.?® Thus, despite the wide va-
riety of methods used, functional imaging studies con-
tinue to converge on the role of the orbitofrontal cortex
and surrounding areas in OCD.

Neurosurgical procedures for treatment-refractory OCD,
in particular with chronic deep-brain stimulation, have
shown recent efficacy in targeting the ventral striatum/
nucleus accumbens region™ as well as other sites.”* Re-
search in animals suggests that the therapeutic mode of ac-
tion of accumbens deep-brain stimulation may occur via
recurrent inhibition of orbitofrontal neurons’*; however,
the role of preexisting striatal dysfunction is presently un-
known. We found greater functional connectivity of the
dorsal caudate and ventral caudate/accumbens in patients
with OCD, which suggests excessive activity coupling be-
tween these dorsal and ventral striatal regions—a mecha-
nism that has been linked to other compulsive behav-
iors.” This effect was most prominent in the left hemisphere,
which has been noted in some,”*” but not other, func-
tional imaging findings in OCD.'®"® Nonetheless, our ob-
servation supports recent findings,*” " including a study of
elevated and irregular spiking activity of ventral caudate/
accumbens neurons in patients with OCD,” suggesting that
alterations are evident both at the level of the cortex and
of the ventral striatum in this disorder.

Patients with OCD had an apparent loss of functional
connectivity of the ventral striatal regions and the region
of the midbrain ventral tegmental area, an unanticipated
finding. Under normal conditions, the latter area pro-
vides the former with dense dopaminergic innervation that
are presumed to be critical for cortically driven action se-
lection and long-term plasticity of corticostriatal loops.>"””
While current evidence from in vivo studies suggests that
striatal dopamine activity may be elevated in patients with
OCD, findings have been mixed.” Nevertheless, what may
be most the relevant aspect of our results is the seemingly
homologous nature of the ventral caudate/accumbens net-
work and recent functional connectivity mapping stud-
ies of the ascending dopamine system in animals with phar-
macological fIMRL." Given that empirical interests in the
role of dopamine are growing in OCD, translational stud-
ies with fMRI are a promising avenue for future work.

While alterations of ventral corticostriatal regions
may ultimately express the core pathophysiology of
OCD, broader alterations are also frequently identified
in patients with OCD, as addressed in a recent compre-
hensive survey of the imaging literature.’® As secondary
findings, we observed patterns of reduced functional

connectivity of both putamen regions with the frontal
operculum/inferior frontal cortex, and the right dorsal
caudate nucleus with the right dorsolateral prefrontal
cortex in patients with OCD. Taken with the aforemen-
tioned results, it is interesting to consider such patterns
with the idea of imbalance in corticostriatal loop mod-
els of OCD,” drawn here as a comparison between the
strength of functional connectivity differences in ven-
tral (affective) and dorsal (cognitive) corticostriatal net-
works in patients with OCD.

Evidence of resting alterations in dorsal and lateral pre-
frontal regions in OCD has been limited, and existing stud-
ies are mostly contradictory.” Task-oriented IMRI has had
more success in probing higher cortical disturbances in
patients with OCD, particularly across domains of execu-
tive function,?#?**'32% consistent with other behavioral find-
ings.®! However, the results of these imaging studies also
vary substantially in terms of the nature of the functional
impairments characterized. That is, whereas findings of
hyperactivation are often thought to compensate for an
underlying neuronal deficit, hypoactivation is typically ar-
gued to be direct evidence of such deficits. Both interpre-
tations may, in fact, be misleading if a region or net-
work’s ongoing activity fluctuations are disturbed in a
patient group. Our findings of cortical resting-state alter-
ations in patients with OCD may, therefore, have impli-
cations for future task-related fMRI studies.

Nonneuronal factors contribute to the variance of spon-
taneous BOLD signal fluctuations. However, mounting
evidence suggests that current analysis techniques are able
to mitigate their influence.”#*# Indeed, general appre-
ciation of the reliability of resting-state functional con-
nectivity has grown over the past few years, together with
insight into the neural basis of this measurement.” Re-
cently, evidence was put forward to show that sponta-
neous BOLD signal correlations between different re-
gions resemble those of spontaneous slow cortical
potentials recorded from the electrocorticogram and across
distinct arousal states.®* The overarching inference here
is that both signals represent endogenous fluctuations of
neuronal excitability within functional brain systems.

Because spontaneous BOLD signal correlations re-
main evident in reduced states of consciousness, they are
suspected to index a fundamental, or intrinsic, traitlike
property of the functional organization of the brain.” How-
ever, these resting-state functional connectivity measure-
ments are also dynamic and can be modulated by moment-
to-moment or gradual shifts in arousal and by cognitive
or emotional states.®® This raises the question, do the find-
ings of this study reflect a cause or a correlate of patients’
symptomatic states? The significant correlation between
our connectivity measure and patients’ YBOCS scores seems
to argue the latter. However, the correspondence of these
functional networks to known anatomical connectivities
and the fact that such connectivities develop according to
distinct maturation rates that may be compromised in
OCD® suggest that both possibilities may be valid, or at
least that this question remains open.

We consider this study a useful starting point for future
investigations of resting-state functional connectivity in
OCD, inrelation to both corticostriatal networks and other
large-scale brain systems. In both cases, it will be impor-
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tant for such studies to address the multisymptomatic na-
ture of OCD populations in specific detail, as performed in
other larger-scale MRI studies.>” % While our patients were
characterized by more prominent aggressive/checking symp-
toms, consistent with prior studies,** we were unable to per-
form the appropriate statistical tests (ie, because of sample
size) to determine whether our results can be related pref-
erentially to one or another major symptom dimension or
generalized to all patients with this disorder. This is a ca-
veat that should be addressed in future work. Addition-
ally, the assessment of patients both taking and not taking
medication will also be relevant in further studies of cor-
ticostriatal functional networks in OCD. Most patients in
our study had completed 1 or more trials of selective sero-
tonin reuptake inhibitor antidepressant treatment. Al-
though based on previous work, chronic selective seroto-
nin reuptake inhibitor treatment in OCD may be expected
to normalize heightened resting-state activity in ventral cor-
ticostriatal regions'?; its influence on specific functional con-
nectivity measurements requires investigation.

Resting-state fMRI has obvious practical benefits when
studying psychiatric populations,® including its ease of
use and the fact that reliable brain mapping results can
be obtained from relatively brief scanning sessions (<10
minutes).®® However, despite such benefits, resting-
state fMRI should be seen as complementary to task-
based imaging studies, as both are likely to be mutually
informative. For example, the integration of both ap-
proaches may be useful in reconciling the apparently di-
vergent findings of reduced task-related activation®** and
heightened resting-state activity and striatal functional
connectivity of the orbitofrontal cortex in patients with
OCD. Lastly, although we were able to perform whole-
brain echoplanar imaging by scanning at 1.5 T, higher-
field fMRI with increased sensitivity is likely to improve
the level of anatomical description achieved in this study.

While our findings support the prevailing hypoth-
esis that corticalstriatal networks are dysfunctional in
OCD, the specific neural mechanisms and vulnerability
factors that give rise to this impairment remain to be un-
derstood. There is strong potential for neuroimaging to
generate further insight to this end, especially if com-
bined with current advances in clinical, developmental,
and molecular neuroscience studies of OCD.
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