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Abstract

Morphological alterations of brain structure are generally assumed to be involved in the
pathophysiology of obsessive—compulsive disorder (OCD). Yet, little is known about the
morphological connectivity properties of structural brain networks in OCD or about the
heritability of those morphological connectivity properties. To better understand these properties,
we conducted a study that defined three different groups: OCD group with 30 subjects, siblings
group with 19 subjects, and matched controls group with 30 subjects. A structural brain network
was constructed using 68 cortical regions of each subject within their respective group (i.e., one
brain network for each group). Both small-worldness and modularity were measured to reflect the
morphological connectivity properties of each constructed structural brain network. When
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compared to the matched controls, the structural brain networks of patients with OCD indeed
exhibited atypical small-worldness and modularity. Specifically, small-worldness showed
decreased local efficiency, and modularity showed reduced intra-connectivity in Module 111
(default mode network) and increased interconnectivity between Module I (executive function)
and Module Il (cognitive control/spatial). Intriguingly, the structured brain networks of the
unaffected siblings showed similar small-worldness and modularity as OCD patients. Based on the
atypical structural brain networks observed in OCD patients and their unaffected siblings,
abnormal small-worldness and modularity may indicate a candidate endophenotype for OCD.
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Introduction

Obsessive—compulsive disorder (OCD) is a highly heritable neuropsychiatric disorder. The
first-degree relatives of individuals with OCD have a fivefold increased risk of developing
the disorder than the general population (Nestadt et al. 2000; Pauls et al. 1995). There is
increasing evidence in recent research that OCD is associated with morphological
abnormalities in the cerebral cortex (Fan et al. 2012; Kuhn et al. 2012). Studies of cortical
morphology derived from structural magnetic resonance imaging (MRI) have the potential
to significantly advance our understanding of the underlying pathophysiology in OCD.
Unfortunately, little is currently known about the morphological connectivity properties in
OCD patients, and this is a vital step toward a comprehensive understanding of how these
brain networks are structurally organized.

Alterations in brain structures and functional activities of canonical fronto-subcortical
circuitry have been implicated in the pathophysiological mechanisms of OCD. Structurally,
a volume-based meta-analysis on grey matter demonstrated that OCD patients had a reliably
smaller volume in both anterior cingulate cortex (ACC) and orbitofrontal cortex (OFC), but
an larger thalamic volume than healthy controls, which provides substantial evidence that
OCD was related to the structural alteration of the canonical fronto-subcortical circuits
(Rotge et al. 2009). These findings were also replicated by a recent voxel-based meta-
analysis on grey matter in OCD (Radua and Mataix-Cols 2009). Functionally, a meta-
analysis of functional neuroimaging data identified that, compared with healthy controls,
OCD patients had significantly different activities in the OFC and caudate nucleus, which
are also included in the fronto-subcortical circuits (Whiteside et al. 2004). Based on these
documented structural and functional alterations in the fronto-subcortical circuitry, it was
proposed that the structural alterations of this circuitry may contribute to the functional
disruptions observed in OCD. Recently, several imaging studies have focused on exploring
the characteristics of cortical morphology in OCD (Fan et al. 2012; Kuhn et al. 2012). For
instance, Kiihn et al. found that individuals with OCD exhibited reduced cortical thickness
in the ACC and also in several regions within the fronto-parietal network by measuring
cortical thickness (Kuhn et al. 2012). But there are still few studies reporting the actual
structural connectivity properties within the global cortex in OCD, which may help reveal
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the characterization of the underlying structural organizations of the brain in OCD patients,
and also advance our understanding of how their brains segregate and integrate information.

The structural organization of human cortex network was believed to have features of a
complex network, i.e., small-worldness and modularity (Bullmore and Sporns 2009; Chen et
al. 2008). In particular, a small-world network is a type of mathematical graph where most
nodes can be reached from each other by a small number of steps. This can be characterized
by a high degree of local clustering and short-length paths linking individual network nodes
(Watts and Strogatz 1998). Small-worldness is a quantitative measure of such small-world
network properties. High clustering ensures functionally segregated processing, and short
paths provide effective integrity and rapid transfers of information between distant brain
regions (Bullmore and Sporns 2009; Sporns et al. 2004). Human brain networks have been
consistently demonstrated to have the small-world property, a prominent feature shared by
various social, economic, and biological networks (Strogatz 2001). Modularity is the other
feature of the human cortical network that is defined as groups of cortical regions that are
connected morphologically to achieve the maximum network efficiency. Modularity helps
identify relevant substructures that correspond to specific functions, providing a linkage
between structure and function in a complex network (Fortunato and Barthelemy 2007).
Modularity is a fundamental and ubiquitous feature of complex systems in nature, ranging
from social to biological networks (Newman 2006). For example, embryonic tissues are
organized with different modules which are considered as repetitive and conserved building
blocks that give rise to specific body parts in the adult animal. Within each module, cells
often have similar molecular determinants and functional characteristics. Though each
module develops and functions relatively independently, there are many interactions
between different modules, as the modules undergo temporal and spatial transformation
during development. Generally, connectivity is stronger within modules than between
modules (Redies and Puelles 2001). Small-worldness and modularity have provided rich
quantitative insights into the organization of complex brain networks. For instance, several
neuroimaging studies have demonstrated that human brain networks are related to the
anatomical modules using diffusion spectrum imaging (Hagmann et al. 2008) and the
functional modules using functional MRI (Ferrarini et al. 2009). Moreover, a recent
network-based study has detected that neurodegenerative diseases, such as Alzheimer’s
disease (AD), also affect the specific large-scale distributed brain systems (Seeley et al.
2009).

Previous studies reported that the structural organizations in the human brain had the
properties of modularity (Chen et al. 2008) and small-worldness (He et al. 2007). Atypical
morphological features of cortical networks were found in normal aging (Wu et al. 2012)
and in some neuropsychiatric diseases, such as AD (He et al. 2008) and schizophrenia
(Bassett et al. 2008). Patients with OCD also exhibited abnormal small-world attributions in
the functional networks using a resting-state functional MRI (Zhang et al. 2011). However,
it is not known for structural networks in OCD patients. Thus, understanding of structural
organizational principles in OCD is crucial to the substrate of functional networks.

Due to the common pattern of heritability, both patients with OCD and their unaffected
siblings might share a genetic profile associated with vulnerability to OCD. For this reason,
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siblings might express some traits related to OCD even if they do not fully meet the
diagnosis criterion of OCD (Nestadt et al. 2000). Previous studies have identified that
unaffected first-degree relatives of patients with OCD have several cognitive and brain
structural deficits similar to OCD patients, such as impaired cognitive flexibility and motor
inhibition (Chamberlain et al. 2007), delayed response inhibition (Menzies et al. 2007), and
abnormal white matter in parietal and frontal regions (Menzies et al. 2008), which can serve
as candidate endophenotypes for OCD. Therefore, unaffected siblings can provide rich
genetic information for OCD research, i.e., helping to disentangle the state and trait markers
of the illness.

The present study aimed to test two hypotheses: (1) whether atypical modularity and small-
worldness of structural brain networks exist in patients with OCD and (2) whether similar
topological patterns are evident in their unaffected siblings, thus representing a potential
biomarker of increased risk for OCD. To test our hypotheses, the entire cerebral cortex of
each subject was parcellated into 68 areas. We then calculated the correlation matrix of
regional cortical thickness across subjects within each group as a graph that represents the
underlying structural cortical network. Finally, the properties of modularity and small-
worldness were calculated. We expected that the atypical structural organizations exist in the
individuals with OCD and, given the high heritability of OCD, that the similar abnormalities
would also be present in their unaffected siblings.

Materials and methods

Subjects

Structural MRI data were acquired for a total of 79 subjects, including 30 OCD patients, 19
siblings, and 30 healthy controls (see Table 1 for demographic information). All subjects
were right-handed. Patients with OCD and their unaffected siblings were recruited through
Guangzhou Psychiatry Hospital, China, and healthy subjects were recruited by local
community and internet advertisements in Guangzhou, China.

Patients with OCD were evaluated by a trained clinician (Z.W. P) using the Structured
Clinical Interview (SCID) for DSM-1V Axis | Disorders (First et al. 1996). All patients had
a primary diagnosis of OCD, excluding hoarding subtypes. Specifically, five of these
subjects had comorbid major depressive disorder (three recurrent and two with a single
episode, but without psychotic features), and their depressive symptoms were in partial or
full remission during clinical evaluation; three had social phobia, one had an eating disorder,
and all others had OCD as their sole diagnosis. In addition, patients with comorbid anxiety
were included if these symptoms were secondary to their OCD (two had social phobia).
According to the OCI-R scores, 16 OCD patients mainly had checking symptoms, 9 for
obsessing, 2 for washing, 2 for ordering, and 1 for neutralizing. All patients were received
with stable drug treatment, consisting of selective serotonin reuptake inhibitors for the
majority of subjects (see Table S1).

The healthy controls and unaffected siblings were interviewed using the SCID for the DSM-
IV-TR Axis | disorders, Research Version, Non-Patient edition (SCID-I/NP) (First et al.
2002). Both groups had no history of OCD. Moreover, healthy control subjects reported no
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history of psychiatric illness within their three degree relatives. Exclusion criteria included
psychosis, bipolar disorder, neurological disorder, tic disorder, head injury, serious medical
condition, history of drug and/or alcohol addiction, and cardiac pacemakers or other metallic
implants or artifacts.

This study was designed in accordance with the Declaration of Helsinki and approved by the
ethics committee of Guangzhou Psychiatry Hospital, China. All subjects gave their written
informed consent after the procedure had been explained to them.

Clinical assessments

Obsessive—compulsive (OC) symptom severity was evaluated using the Yale-Brown
Obsessive—Compulsive Scale (Y-BOCS) (Goodman et al. 1989), and the Obsessive—
Compulsive Inventory-Revised (OCI-R) was used to assess OC symptom substyles (Foa et
al. 2002; Peng et al. 2011). Symptoms of depression and anxiety were quantified using the
Beck Depression Inventory (BDI) (Beck and Steer 1984) and the State-Trait Anxiety
Inventory (STAI) (Spielberger 1983), respectively. The Annett Handedness Inventory was
used to measure handedness information (Spreen and Strauss 1991). Estimated 1Q was
assessed with the short form of the Chinese version of the Wechsler Adult Intelligence
Scale-Revised (WAIS-R), including four subscales such as information, arithmetic,
similarity and digit span (Gong 1992), and subjects with a total score of less than 80 were
excluded.

MRI acquisition

MRI scanning was performed on a Sigha HDe 1.5-T GE scanner (GE Medical Systems,
Milwaukee, WI, USA.) equipped with an 8-channel phased-array head coil at the First
Affiliated Hospital of Jinan University, China. Foam pads were used for positioning and
immobilization of the subject’s head within the head coil. A high-resolution T1-weighted
anatomical image was acquired using a 3-dimensional fast spoiled gradient recalled
(FSPGR) sequence with 128 contiguous slices (TR =8 ms; TE = 1.7 ms; flip angle = 20°;
FOV = 240 mm x 240 mm; matrix = 256 x 256; slice thickness = 1.0 mm). Uniform
magnetic field was reached before each scanning. No gross abnormalities were observed for
any subjects when images were visually inspected by an experienced radiologist (C.Z. S)
prior to analysis.

Imaging analysis

Cortical thickness measurement—~Freesurfer was used to measure cortical thickness
(http://surfer.nmr.mgh.harvard.edu/). In brief, the procedure includes: (1) resampling of all
images into isotropic voxel of 1 x 1 x 1 mm3, (2) intensity inhomogeneity correction and
skull stripping, (3) segmentation of white matter using a hybrid watershed classifier, (4)
searching for the pial surface using a deformable surface algorithm, (5) measuring local
cortical thickness as the distance between the inner and the outer cortical surfaces at each
vertex (Fischl et al. 1999), and (6) parcellating the brain surface into 68 cortical regions
using the Desikan-Killiany cortical atlas (see Tables S2) (Desikan et al. 2006). Cortical
thickness measurement results and the brain parcellation map of each subject were used for
subsequent structural network construction.
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Structural brain network construction

The structural brain network defined in this study was derived from a 68 x 68 correlation
matrix computed from 68 regional mean cortical thicknesses for each of the OCD, sibling,
and control groups. Structural network construction procedures were thoroughly reported in
the previous study (He et al. 2007). In brief, the mean cortical thickness was extracted for
each of 68 cortical regions by averaging thickness within the same cortical region. Then, a
linear regression was performed at each cortical region to remove the effects of mean
cortical thickness, age, gender, and age—gender interaction. The resultant residuals were
used to substitute the raw cortical thickness values. Finally, full-weighted structural
networks were obtained by calculating Pearson correlation coefficients of the cortical
thickness between each pair of regions across all subjects in each group.

Small-world properties

Small-world properties were characterized by the clustering coefficient Cp, and the
characteristic path length L, which measure the extent of interconnectivity of a network at
local and global levels, respectively (Watts and Strogatz 1998). Despite the conventional
small-world parameters (C, and L), efficiency metrics were also used to provide more
biologically sensible properties for brain networks. The global efficiency (Egop) and local
efficiency (Ejoc) quantify the extent of the information transmission at the global network
and individual node levels, respectively (Latora and Marchiori 2001b). In this study,
efficiency metrics were used to measure small-world properties as in (Wu et al. 2012). In
brief, a cost threshold range (0.05 < cost < 0.5, step = 0.01) was used to normalize all
networks (Achard and Bullmore 2007; He et al. 2009). Then, the small-world regime was
defined by: (1) all brain networks were fully connected and (2) resultant brain networks
showed sparse and distinguishable properties compared to degree-matched random networks
(Bassett et al. 2008). Finally, a range of cost threshold (0.11 < cost < 0.25, step = 0.01) was
selected as small-world regime. The analysis procedure is listed in the supplementary
material.

Network modularity

A module of a complex network is generally defined as a subset of nodes that are more
tightly connected with the other nodes in the same module than with nodes outside the
module (Reichardt and Bornholdt 2006). The network modularity of each group was
calculated using a modified greedy optimization algorithm (Newman and Girvan 2004) and
the detailed procedure was described in the previous study (Chen et al. 2008). Essentially,
the correlation map was directly used as a continuously weighted graph G with N (68) nodes
and K (2,278, 68 x 67/2) possible weighted edges, where nodes represent cortical regions
and edges represent undirected connections between regions. For group comparison, edge
weights in the networks of each group were normalized by their total network weight (Chen
et al. 2011). In addition, the sum of all connectional weights within one module was defined
as an index of intramodule connectivity, and the total connectional weights between two
modules as an index of intermodule connectivity. The detailed equations are listed on the
supplementary material.
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Statistical analysis

Results

To evaluate the significance of the network modularity obtained from the real brain data, we
compared it with random networks with the same number of nodes. These random networks
were generated from our real network by randomly reassigning the edge weights within the
same set of nodes, and repeated 10,000 times. Note that they are still fully connected with
switched edge weights. One-sample t test was used to assess whether our network had
significantly higher network modularity than random networks.

In order to evaluate the significance of modular connectivity and efficiency metrics among
the three groups (OCD patients, siblings, and healthy controls), three between-group
comparisons were performed, i.e., OCD vs. Sibling, Sibling vs. Control, and OCD vs.
Control. We employed a nonparametric permutation test for the statistical analysis. In brief,
for each pair of groups, subjects were randomly reassigned to either group while keeping the
number of subjects in each group unchanged. The correlation matrices were recomputed and
the network parameters were recalculated. Note that the modular connectivity was directly
computed based on the generated weighted networks, while the efficiency metrics were
calculated at each threshold level in the small-world regime obtained above (0.11 < cost <
0.25, step = 0.01) (Bullmore et al. 1999). This procedure was repeated 10,000 times. We
counted the number of cases where the network parameter difference of groups in
permutations was higher than the original difference. This value was considered to be the
significance level P, after dividing by the total number of permutations (Wu et al. 2012).

Demographic and clinical characteristics

Table 1 shows the demographic and clinical characteristics of the participants. The three
groups were well-matched in age, 1Q, gender, years of education, and handedness. There
were significant differences in clinical measures (Y-BOCS, OCI-R, BDI, STAI) between the
three groups. Post hoc tests found that patients with OCD had higher scores than healthy
controls or siblings in total scores for the Y-BOCS, OCI-R, BDI, and STAI. Siblings did not
differ from healthy controls in any of these measures.

Small-world property

The local and global efficiency curves of structural networks were constructed in three
groups using the cost thresholding strategy (0.11 < cost < 0.25, step = 0.01). The efficiency
curves were intermediated compared with those of matched random and regular networks.
Our results found that the structural networks in three groups showed economical small-
world properties. No significant difference was found between the three groups in the
threshold levels of global efficiency (Fig. 1a) or in their integrated global efficiency (Fig.
1c). The local efficiency in siblings was significantly lower than that in healthy controls in a
majority of costs, but it was significantly higher than that in OCD patients (Fig. 1b). Using
the integrated efficiency metrics over the small-world regime, local efficiency properties
demonstrated a trendline with positive correlation at OCD patients, siblings, and healthy
controls (three between-group P<0.05, Fig. 1d).
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Modular organizations—~Four functionally oriented modules were detected in each of
the three groups (OCD patients, siblings, and healthy controls), and the surface
representations for structural modules are shown in Fig. 2. Each group had a different
pattern of modular organization. Patients with OCD exhibited four major modules labeled
from 1 to 1V, as shown in Fig. 2a. (1) Module I includes 18 regions, such as superior frontal
(SF), frontal pole (FP), fusiform gyrus (FUSI), inferior temporal (IT), middle temporal
(MT), and lateral occipital (LOCC), which are mainly associated with visual/dorsal
attentional function. (2) Module Il consists of 18 regions, such as inferior parietal (IP),
postcentral gyrus (PSTC), superior parietal (SP), supramarginal (SMAR), pars triangularis
(PTRI), and pericalcarine (PERI), which are known to be primarily involved in spatial/
language functions. (3) Module 111 is composed of 19 regions, such as precentral gyrus
(PREC) and paracentral lobule (PARC), which are the main components of sensorimotor
operations. (4) Module 1V includes 13 regions, such as entorhinal, superior temporal (ST),
temporal pole (TP), and transverse temporal (TT), which are largely in accordance with
auditory functions.

Unaffected siblings also had four functional modules, as shown in Fig. 2b. (1) Module |
includes 19 regions, such as medial orbitofrontal (MOF), pars orbitalis (PORB), and SF,
which are mainly associated with cognitive control. (2) Module 1l consists of 22 regions,
such as PREC, PSTC, precuneus, SP, and SMAR, which are known to be primarily involved
in sensorimotor/spatial operations. (3) Module 111 is composed of 13 regions, such as
entorhinal, MT, ST, POPE, and PERI, which are the main components of auditory/language
functions. (4) Module 1V includes 14 regions, such as cuneus, FUSI, and TP, which are
largely in accordance with visual functions.

Healthy controls demonstrated four modules in the structural network, as showed in Fig. 2c.
(1) Module I includes 23 regions, such as middle frontal (MF), PORB, FP, CAC, isthmus of
the cingulate (ISTC), IT, ST, and TP, which are mainly related to executive function. (2)
Module Il consists of 20 regions, such as lateral orbitofrontal (LOF), IP, SP, and SMAR,
which are known to be primarily involved in cognitive control/spatial function. (3) Module
I11 consists of 16 regions, such as SF, IF, precuneus, IT, and MT, which are the main
components of the default mode network (DMN). (4) Module IV includes 9 regions, such as
PSTC and PREC, which are largely in accordance with the sensorimotor function.

Global brain modularity

The global brain modularity was first calculated in three groups. The cortical networks in the
three groups exhibited high modularity when compared with those of the corresponding
10,000 random networks. No significant difference was detected in the global network
modularity between the three groups.

Secondly, to compare structural modules among the three groups, the modular organizations
in healthy controls were presupposed to represent a more optimized structural organization.
Then, structural modules in healthy controls were applied to the OCD patients’ and siblings’
brain network, and the modularity of their networks was recalculated. Compared to healthy
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controls, patients with OCD and the siblings both exhibited decreased modularity in the
global networks (Pcg<0.01 and Psinjings<0.01), as shown Fig. 3.

Alterations in the intramodule connectivity

We evaluated the intramodule connectivity in OCD patients and siblings for the four
functional modules obtained from healthy controls. Our results found that the patients with
OCD showed a significantly reduced modularity in Modules 111 (pgeq = 0.01) and 1V (pPgeq =
0.01) compared to healthy controls, and the siblings showed significantly decreased
modularity in Modules I (psiblings = 0-02) and 11 (psipjings = 0.049). Figure 4 shows these
group-level comparisons.

Alterations in the intermodule connectivity

Next, we examined the intermodule connectivity between the three groups using the four
functional modules obtained from healthy controls. Compared with the healthy controls,
individuals with OCD showed significantly increased intermodule connectivity between
Modules I-11 (pocg<0.01) and I-111 (pyeg<0.01), and siblings showed significantly increased
modularity between Modules I-11 (Psiplings = 0.01) and -1V (psiplings = 0.01). Figure 5
shows the details.

Discussion

Our study is the first to investigate structural brain network modularity and small-world
morphological connectivity properties in OCD patients and their unaffected siblings. Our
results show that structural brain networks have modularity and small-world properties in all
three groups. Of particular interest were the atypical morphological connectivity properties
of the structural brain networks found in patients with OCD. Interestingly, unaffected
siblings showed similar morphological connectivity patterns as the OCD patients. Our
findings provide new insights into the understanding of morphological connectivity
properties of structural brain networks in OCD, suggesting that the atypical structural brain
networks can serve as a possible hereditary risk indicator for OCD.

Small-world properties of OCD

Our results demonstrated atypical small-world properties when comparing the OCD group to
the other two groups. On the one hand, all three groups exhibited economical small-world
properties (i.e., high global and local efficiency) in structural brain networks, which is an
optimal balance between local specialization and global integration (Strogatz 2001). Our
findings also coincided with previous MRI studies about structural cortical networks in
humans (Bassett et al. 2008; He et al. 2008; He et al. 2007). The findings provide empirical
evidence to support the standpoint that human cortical morphology might be evolved into a
complex but efficient network to maximize the power of parallel information processing at a
low energy cost. Lower local efficiency in OCD patients may result in insufficient
information interactions in the nearby brain regions, which might be responsible for lose of
synchronization in the ongoing behaviors. Such a phenomenon may lead to increased
desynchronization signals, which will cause more repetitive behaviors to correct these
signals aimed to lessen desynchronization. On the other hand, patients with OCD showed
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decreased local efficiency compared to the healthy controls even though no significant
difference was detected in global efficiency. Local efficiency is associated with short-range
connections between nearby regions that regulate the modularized information processing or
fault-tolerance of a network (Latora and Marchiori 2001a). Given that the small-world
model reflects an optimal balance between local specialization and global integration, the
reduced local efficiency in OCD group may indicate a disturbance of the normal balance in
their structural brain network, which may tend to have a more randomized configuration.
Compared to small-world networks, random networks have less modularized information
processing or fault-tolerance (Latora and Marchiori 2001b). Similarly, a functional MRI
study about small-world architecture also determined that OCD patients exhibited abnormal
local functional organization in top-down control networks (Zhang et al. 2011). Therefore,
the atypical small-world topological efficiency reported here represents a less optimal
network organization in individuals with OCD, providing implications for further
understanding the relationship between the network topology and the pathology of this
disorder.

Modular organization of OCD

Our findings indicate that patients with OCD demonstrate atypical modularity in structural
cortical networks. Modular organization in the structural brain networks exists in all three
groups. Most importantly, the modular organization in cortical networks was consistent with
the pre-stated small-world properties, reflecting higher local and global efficiency than the
comparable random and regular networks. Moreover, the modules in structural brain
networks were overlapping on some functional domains. For example, executive function,
DMN, cognitive control, and sensorimotor function were detected in healthy controls. Our
findings were consistent with several recent studies on the modular organizations in
structural cortical networks (Wu et al. 2012; Zhang et al. 2011), which reported that human
structural brain networks maintained an optimal balance between local specialization and
global integration of the information process.

Nonetheless, patients with OCD exhibited atypical modular features relative to the same
modular structures of healthy controls. First, OCD patients showed significantly decreased
modularity compared to healthy controls. Previous studies found that patients with OCD had
various morphological alterations such as decreased grey matter volume (Pujol et al. 2004)
and reduced cortical thickness (Shin et al. 2007). Due to the structural abnormalities, it is
supposed that the reduced modularity in OCD patients may arise from the reorganization of
the brain network to compensate for the OCD-related focal alterations, such as widespread
cortical thinning, and then maintain stable cognitive functions. Second, the composition of
modular organizations in OCD patients was quite different from that of healthy controls. For
instance, a cognitive control network was detected in healthy controls as seen in Fig. 2c, but
failed to be detected in OCD patients. This implies that a patient with OCD may have a
dysfunctional cognitive control network, where cognitive control is an ability that modulates
our thoughts and actions to achieve internal goals while still allowing the flexibility to adjust
these goals with changing task demands. The deficits of cognitive control have often been
reported in OCD patients and suggested to be involved in intrusiveness of obsessive
thoughts (Cocchi et al. 2012; Kocak et al. 2011; Viard et al. 2005). Third, we observed
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notably decreased connectivity within Module 111 (DMN) and Module IV (sensorimotor
network) in the individuals with OCD (see Fig. 4). The DMN is thought to be the backbone
of the intrinsic functional architecture (Biswal et al. 2010) and is mainly associated with
self-referential mental activity (Gusnard et al. 2001). There is an increasing evidence
demonstrating that OCD is associated with disrupted DMN connectivity using a resting-state
functional MRI (Fitzgerald et al. 2010; Harrison et al. 2009), suggesting that OCD patients
have dysfunctions of self-referential cognitive processes. Fitzgerald et al. detected that a
lack of self-relevance contributed to many symptoms of OCD (Fitzgerald et al. 2010). Thus,
disrupted connectivity of the DMN may be involved in the psychopathological symptoms of
OCD. Our findings advanced the understanding of abnormal DMN in OCD from a novel
view of structural organization.

Similarly, patients with OCD exhibited notably reduced modularity in the sensorimotor
network. A recent functional MRI study found that OCD patients exhibited increased
functional connectivity in the sensorimotor cortex during a cognitive control task, reflecting
compensatory processes enacted to cope with task demands (Cocchi et al. 2012). Ahmari et
al. found that OCD patients have deficits in pre-pulse inhibition, which is thought to reflect
abnormalities in the processing and integration of sensory and motor information (Ahmari et
al. 2012). Therefore, our results confirmed their findings and also extended their works to
the level of large-scale structural brain networks. Fourth, as seen in Fig. 5, OCD patients
exhibited significantly increased connectivity between Modules | (executive function)-II
(cognitive control/spatial) and Modules Il (cognitive control/spatial)-111 (DMN).
Cumulative studies have demonstrated that OCD patients are related to executive function
and cognitive control deficits for their difficulties in changing strategies when demands or
rules of a task change or in set-shifting between task (Cavedini et al. 2010; Viard et al.
2005). Recently, an fMRI meta-analysis found that the domains in executive function were
indeed associated with increased activity in the superordinate cognitive control network
(Niendam et al. 2012). Therefore, the increased connectivity between executive module and
cognitive control module reported here may result from inappropriate signals that are
integrated in the choice and execution of behaviors aimed to control the uncontrolled
thoughts and behaviors.

The DMN is closely related to the cognitive control networks. The DMN is deactivated
during cognitive task performance, which is considered to accompany the shift in one’s
focus of attention between the states in self-directed mental activity at rest to an external
focus of attention when performing tasks (Harrison et al. 2008). In addition, the less
deactivation magnitude of DMN is related with more task performance errors (Christoff et
al. 2009). Recently, fMRI study reported that OCD patients showed abnormal functional
connectivity patterns in the DMN during a cognitive control task. This finding suggested
that OCD patients’ initial engagement in the task was accompanied by more persistent task-
unrelated mental activity (Cocchi et al. 2012). Taken together, the increased connectivity
between cognitive control module and DMN module may reflect that OCD patients have
difficulty in inhibiting the external stimuli (uncontrolled and recurrent thoughts, impulses or
images) because they pay more attention to the distressing stimuli and attend less on internal
thoughts. In addition, a recent functional MRI study identified that cognitive control,
sensorimotor, and default mode networks interacted abnormally in OCD patients during the
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transition from rest to task (Cocchi et al. 2012). Previous studies have also demonstrated that
the intermodule connections contributed to informational communication between different
modules and facilitated the cognitive integrity in the whole brain network (Chen et al. 2008;
He et al. 2009). Though the mechanism of increased intermodule connection is still unclear,
one interpretation of our findings is that the increased intermodule connections in OCD
patients compensate for the decreased intramodule modularity. An assessment of functional
interconnectivity of those modules would conceivably help clarify the nature of the
alterations reported here.

Morphological vulnerability in structural cortical networks in unaffected siblings

Intriguingly, we observed that unaffected siblings exhibited similar morphological patterns
to OCD patients, though they did not show OCD symptoms and were free of psychotropic
medication. The economical small-world properties were detected in the structural brain
networks of siblings, and they also showed decreased local efficiency, but not global
efficiency, when compared to healthy controls (see Fig. 1). On the other hand, siblings
demonstrated reduced whole brain modularity, intra-connectivity within the DMN and
increased interconnectivity between Modules I-I1, which were similar to the patterns in
OCD patients. Previous studies have identified that the first-degree relatives of OCD
patients showed some similar morphological alterations with OCD patients. Abnormal white
matter (Menzies et al. 2008) and grey matter (Menzies et al. 2007) were detected in the first-
degree relatives of OCD patients. Due to the morphological alterations, relatives also
exhibited some similar neurocognitive dysfunctions to OCD patients, such as executive
function (Cavedini et al. 2010), cognitive flexibility, and motor inhibition (Chamberlain et
al. 2007), which are mainly related to the abovementioned modules that had significant
discrepancy between siblings and healthy controls. Based on the nonoptimal balance
between local specialization and global integration in siblings, our results provide novel
structural evidence to understand how the morphological alterations in brain networks
underlie the specific cognitive deficits serving as endophenotypes for OCD. Taking all these
findings together, atypical small-world properties and modularity in both OCD patients and
their unaffected siblings support the hypothesis that OCD qualities are heritable and state-
independent features, reflecting a possible trait marker for OCD.

Our findings should be considered in light of three limitations. First, the present study had a
relatively small sample size. Previous studies have found that different OCD symptom
dimensions may be supported by different neural mechanisms (Mataix-Cols et al. 2004).
Therefore, findings in the current study need to be verified across different OCD subgroups
in a larger sample. Second, all patients with OCD were being treated with psychotropic
medications at the time of MRI examination, and the potential effect of these medications on
cortical thickness cannot yet be determined. Future longitudinal research should directly
investigate whether medication alters cortical thickness in drug-naive patients with OCD.
Third, several methodological issues should be considered, such as the biological nature of
the morphological correlations and the relationship between structural disruptions in the
brain networks and functional deficits. Future studies focusing on distinct functions within
each structural module would be more appreciated.
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Conclusion

In conclusion, we performed a comprehensive evaluation of brain network properties on
OCD patients, siblings, and control subjects. Regional cortical thickness measurements were
used to construct structural brain networks, and atypical small-world properties and
modularity were identified in OCD patients, implying the loss of optimal balance between
local specialization and global integration. Most interestingly, unaffected siblings shared
similar characteristics of structural brain networks as OCD patients. The obtained results
supported the idea that atypical small-worldness and modular organization of structural
brain networks represented a candidate endophenotype of OCD that may indicate a
vulnerability to the disorder.
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Economical small-world properties in three groups. a Global efficiency calculated under the
cost threshold range of 0.11-0.25; b local efficiency calculated under the cost threshold

range of 0.11-0.25; c integrated global efficiency (P>0.05 between groups); and d integrated
local efficiency (P<0.05 between groups)
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Fig. 2.
Modular organization of the cortical structural network in three groups. a The modular

organization of OCD patient’s brain network. Module I: visual/dorsal attentional function.
Module 1l: spatial/language. Module I11: sensorimotor. Module IV: auditory. b The modular
organization of sibling’s brain network. Module I: cognitive control. Module I1:
sensorimotor/spatial. Module I11: auditory/language. Module IV: visual. ¢ The modular
organization of healthy controls brain network. Module I: executive function. Module I1:
cognitive control/spatial. Module I11: default mode network. Module IV: sensorimotor
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