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Graph-theoretical analysis of resting-state fMRI in pediatric
obsessive-compulsive disorder

Casey C. Armstrong?, Teena D. Moody®, Jamie D. Feusner?, James T. McCracken?,
Susanna Chang?, Jennifer G. Levitt?, John C. Piacentini?, and Joseph O'Neill®"
aDivision of Child & Adolescent Psychiatry, UCLA Semel Institute For Neurosciences, Los
Angeles, CA, United States

bDivision of Adult Psychiatry, UCLA Semel Institute For Neurosciences, Los Angeles, CA, United
States

Abstract

Background—fMRI graph theory reveals resting-state brain networks, but has never been used
in pediatric OCD.

Methods—Whole-brain resting-state fMRI was acquired at 3 T from 21 children with OCD and
20 age-matched healthy controls. BOLD connectivity was analyzed yielding global and local
graph-theory metrics across 100 child-based functional nodes. We also compared local metrics
between groups in frontopolar, supplementary motor, and sensorimotor cortices, regions
implicated in recent neuroimaging and/or brain stimulation treatment studies in OCD.

Results—As in adults, the global metric small-worldness was significantly (P<0.05) lower in
patients than controls, by 13.5% (%mean difference = 100%x(OCD mean — control mean)/control
mean). This suggests less efficient information transfer in patients. In addition, modularity was
lower in OCD (15.1%, P<0.01), suggesting less granular-- or differently organized-- functional
brain parcellation. Higher clustering coefficients (23.9-32.4%, P<0.05) were observed in patients
in frontopolar, supplementary motor, sensorimotor, and cortices with lower betweenness centrality
(-63.6%, P<0.01) at one frontopolar site. These findings are consistent with more locally intensive
connectivity or less interaction with other brain regions at these sites.

Limitations—Relatively large node size; relatively small sample size, comorbidities in some
patients.

Conclusions—Pediatric OCD patients demonstrate aberrant global and local resting-state
network connectivity topologies compared to healthy children. Local results accord with recent
views of OCD as a disorder with sensorimotor component.
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1. Introduction

Obsessive-compulsive disorder (OCD) is a widespread and impairing psychiatric condition
characterized by recurrent, intrusive, and disturbing thoughts (obsessions) and/or
stereotyped recurrent actions (compulsions; APA, 2000). OCD affects 2.5-2.7% of children
and adolescents (Rapoport et al., 2000; Heyman et al., 2003), negatively impacting family,
school and social functioning (Piacentini et al., 2007), and quality of life (Lack et al., 2009).
Neuroimaging has long associated OCD with metabolic hyperactivity (often lessening
following treatment) in caudate and putamen, thalamus, anterior cingulate, and orbitofrontal
cortex (Maia et al., 2008; Menzies et al., 2008). Treatment outcomes are often positive, but
are unpredictable and frequently fall short of remission or even response (Knopp et al.,
2013). Recently, neuroimaging has sought improved treatment through deeper insight into
OCD pathophysiology by searching for dysfunction in global brain systems and in local
systems outside the aforementioned cortico-striato-thalamic “classical OCD regions”
(Anticevic et al., 2014; Fitzgerald et al., 2010; Milad and Rauch, 2012; Shin et al., 2014;
Stern et al., 2012; Zhang et al., 2011).

Resting-state functional magnetic resonance imaging (rsfMRI) is well suited for such efforts.
rsfMRI maps correlations between spontaneous fluctuations in blood oxygen level-
dependent (BOLD) signals across the brain, revealing underlying global and local intrinsic
connectivity networks. In frontostriatal and parietal brain, for example, rsfMRI has already
detected aberrant connectivity in adult OCD (Stern et al., 2012; van den Heuvel and
Hulshoff Pol, 2010). Conventionally, rsfMRI employs a seed, i.e., a preselected brain region
with which the functional connectivity of all other areas of the brain is computed. From
pulse-to-pulse of the fMRI scan, the correlation coefficient is calcualted between the BOLD
signal in the seed and the BOLD signal in each other region. This technique is simple,
sensitive, and easily interpreted (Fox and Raichle, 2007). But one disadvantage is that results
are dependent on the choice of seed; in large, heterogeneous, OCD-relevant areas like
prefrontal cortex or basal ganglia, it is difficult to place the seed accurately (Anticevic et al.,
2014). The ability to identify netwroks and to gain insights outside the postulated seed-based
framework is also limited (Buecke et al., 2013). As an alternative, graph-theory analysis of
rsfMRI (Bullmore and Sporns, 2009) has aroused great recent interest for its capacity to
quantify the topology of hormal and abnormal intrinsic connectivity networks. Graph theory
divides a rsfMRI dataset into a mesh of “nodes” and “edges”. Each node is a discrete
volume-of-interest centered in a fixed neuroanatomic region. Each edge is a connection
between two nodes that represents the strength of the time-correlation between their BOLD
activities during fMRI acquisition. From the number and pattern of edges acroos the nodes,
one calculates various graph-theory metrics that characterize the interconnectedness of the
entire network, as well as how individual nodes interact with the rest of the brain. These
higher-level metrics may be sensitive to effects not detected by seed-based methods. Graph
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theory results are independent of the seed and display effects across multiple networks
simultaneously (Anticevic et al., 2014). Graph theory particularly identifies isolated regions
disconnected from the rest of the brain, as well as highly interconnected network “hub”
regions (Dosenbach et al., 2007). Thus, graph theory affords novel opportunity to detect
prospective functional abnormalities in OCD at the global brain level, as well as at nodes
inside or outside classical OCD regions.

Only three previous graph-theory studies of OCD, both in adults, and only two rsfMRI
studies of pediatric OCD, both non-graph theory, are reported. The first adult study (Zhang
et al., 2011) identified below-normal small-world architecture in OCD in widespread “top-
down control networks”, as well as local connectivity effects in multiple regions (posterior
temporal cortex, middle cingulate, precuneus, thalamus, and cerebellum). The second study
(Shin et al., 2014), among other results, found below-normal values of the global graph-
theory parameters small-worldness and clustering coefficient in OCD. A third global
parameter, modularity, was (non-significantly) lower in OCD patients than controls. Small-
worldness and modularity increased in patients after treatment with selective serotonin-
reuptake inhibitors (SRIs). A fourth global parameter, global efficiency, did not differ at all
between patients and controls and did not respond to treatment. Patients with OCD further
showed lower values of the local parameter node degree at sites in the default-mode,
sensorimotor, occipital, and cingulo-opercular resting-state networks. The third study (Hou
et al., 2014), alongside abnormally strengthened functional connectivity within cortico-
striato-thalamic circuits, detected diminished connectivity in occipital, temporal and and
cerebellar cortex in OCD. Thus, all three studies reported abnormal global network topology
and effects outside classical regions in adult OCD. These findings cannot be unreservedly
extrapolated to pediatric OCD since resting-state connectivity differs between children and
adults even in normals (Pang et al., 2009; Lopez-Larson et al., 2011). Clinically, pediatric
OCD also differs from adult OCD (Geller et al., 1998; Rosario-Campos et al., 2001; Geller,
2006). It is, for example, more familial, more common in males, more often comorbid with
tic disorders, and less responsive to clomipramine (Maia et al., 2008). In pediatric OCD, one
task-based fMRI study co-analyzed within-task rest periods and found below-normal
connectivity between ventral medial prefrontal and posterior cingulate cortices (Fitzgerald et
al., 2010). A subsequent dedicated resting-state study found below-normal connectivity
between caudate and pregenual anterior cingulate in OCD (Fitzgerald et al., 2011). Thus,
adult and child OCD rsfMRI investigations have observed global effects, as well as local
effects inside and outside classical OCD regions.

The first objective of the present study was an exploratory comparison of global functional
brain networks in children with OCD to those in healthy children, using rsfMRI graph
theory. Drawing on Shin et al. (2014), we examined the global metrics small-worldness,
modularity, and global efficiency and anticipated effects of OCD on the first two, but not the
third. (Clustering coefficient in our study was observed on the local, rather than global, level,
see below.) Given that small-worldness and modularity, but not global efficiency, responded
in that study to SRIs and that these dugs typically reduce OCD symptoms, we additionally
correlated these endpoints against severity of OCD symptoms on the Children's Yale-Brown
Obsessive-Compulsive Scale (CY-BOCS; Scahill et al., 1997).
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Our second objective was to compare local graph theory measures in children with OCD to
those in healthy children. We first examined a targeted group of non-classical brain regions
that have been less explored in OCD, where, however, effects of OCD had been documented
in multiple studies. As non-classical regions, we chose the frontal poles, supplementary
motor cortex, and sensorimotor cortex (precentral plus postcentral gyri). The frontal poles
have only recently emerged as potential sites of abnormality in OCD, yet already humerous
studies with single-photon emission correlated tomography (SPECT; Yamanishi et al.,
2009), positron emission tomography (PET; Saxena et al., 2002), volumetric or surface-
based structural MRI (Huyser et al., 2013; Szeszko et al., 2008; Venkatasubramanian et al.,
2012), task-based fMRI (Milad et al., 2013; Viard et al., 2005), and rsfMRI (Cheng et al.,
2013; Fitzgerald et al., 2011; Meunier et al., 2012; Stern et al., 2012) localize effects of
OCD to frontopolar cortex. fMRI has found abnormal activation in post-central (Nakao et
al., 2009) and supplementary motor cortices (Yiicel et al., 2007) in OCD, and in precentral
cortex in unaffected first-degree relatives of OCD patients (Hou et al., 2014). Moreover,
transcranial magnetic stimulation (TMS) studies indicate primary or secondary involvement
of supplementary motor and sensorimotor cortex (Greenberg et al., 2000; Mantovani et al.,
2006, 2010; Richter et al. 2012; reviewed in Bunse et al., 2014) in OCD; while two
controlled trials found that TMS can remediate OCD symptoms (Mantovani et al., 2013;
Russo et al., 2014). In addition, Shin et al. (2014) observed that, subsequent to SRI
treatment, OCD patients manifested abnormal connectivity in sensorimotor regions.
Abnormal EEG power has also been observed in OCD patients during and preceding
voluntary movement in supplementary motor and sensorimotor cortex (Leocani et al., 2001).
Thus, there was reasonable expectation of finding effects of pediatric OCD in these regions
with graph theory and rsfMRI. For comparison, we analyzed a second group of classical
cortico-striatal OCD regions, including caudate, orbitofrontal cortex, and anterior
midcingulate cortex. Finally, we tested a third group consisting of the rest of the brain:
regions where we had limited anticipation of effects of OCD.

Among the numerous local graph-theory metrics, we chose the clustering coefficient as our
probe for possible effects of OCD on connectivity at each node. A high clustering coefficient
results from dense local connections; a low clustering coefficient reflects a sparsely
interconnected nodal neighborhood, one more populated with remote connections. To
complement the clustering coefficient, we calculated a second metric, betweenness
centrality, at each node. High betweenness centrality denotes a node through which the
shortest paths between many other (not just neighboring) node pairs pass. To first-order
approximation, high betweenness centrality identifies nodes that are candidate brain network
hubs, implying appreciable non-local functional connectivity. (Superior hub identification is
achieved with more sophisticated methods; Guimera et al. 2007, Sporns et al. 2007.) We
measured clustering coefficient and betweenness centrality during resting-state at nodes in
all three groups of brain regions to determine whether hub character or more local character
predominated, in children with OCD compared to those without OCD.
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2. Methods

2.1. Participants

Twenty-one children with DSM-IV (APA, 2000) OCD and 20 age- and sex-matched healthy
controls participated (Table 1). All were right-handed. Subjects were recruited by referral
from UCLA clinics and local psychiatrists and pediatricians, as well as through flyers, radio,
and Internet advertisements. Children in the patient group had to exhibit CY-BOCS Total
Score =16, indicating clinically significant OCD symptoms. Subjects were also administered
the Kiddie Schedule for Affective Disorders and Schizophrenia (K-SADS; Kaufman et al.,
1997) to identify any comorbid disorders. Subjects were excluded if they met diagnostic
criteria for schizophrenia, schizoaffective disorder, bipolar disorder, or if OCD was not their
primary diagnosis. Healthy controls were excluded if they met criteria for any Axis |
disorder. Full-scale 1Q<80 on the Wechsler Abbreviated Scale of Intelligence (WASI;
Wechsler, 1999) was exclusionary. rsfMRI data from 4 OCD subjects were excluded due to
excessive head motion during scanning. These subjects were excluded if =75 images were
discarded due to motion. This was done so as to preserve at least 5 min of usable BOLD
data, a minimum acceptable time-span for sampling the human resting state (Birn et al.,
2013; Van Dijk et al., 2010). All participants provided written informed consent/assent and
the study was approved by the UCLA Institutional Review Board. Data reported here were
collected at baseline as part of a larger study examining the neurophysiologic correlates of
cognitive behavioral therapy for pediatric OCD.

2.2. Resting-state fMRI acquisition

All magnetic resonance data were acquired at 3 T using a Siemens Trio with 12-channel
phased-array headcoil. Whole-brain fMRI was collected using an 8-min echo-planar
imaging sequence (repetition-time/echo-time=2000/30 ms, flip angle=75°, voxels
3.4x3.4x4.0 mm3, 1-mm interslice gap). Subjects were instructed to rest with eyes closed, to
remain as still as possible, and not to sleep. High-resolution T1-weighted whole-brain
structural MRI for offline co-registration of BOLD data was acquired using an axial
magnetization-prepared rapid gradient-echo sequence (repetition-time/echo-time= 1900/3.26
ms, voxels 1x1x1 mm3).

2.3. Resting-state fMRI processing

Functional data were preprocessed using FMRI Software Library 5.0.4 (http://
www.fmrib.ox.ac.uk/fsl; Smith et al., 2004). To allow magnetization equilibrium, we
discarded the first 4 images. Data were slice-time corrected and motion-corrected (using the
Motion-corrected Linear Image Registration Tool--McFLIRT) prior to band-pass filtering
(0.009-0.08 Hz). A 7 degrees-of-freedom transform was used to register each subject's
functional image to the T1-weighted structural MRI, and a 12 degrees-of-freedom transform
was used to register the structural MRI to Montréal Neurological Institute (MNI) standard
brain atlas space. Although the MNI is an adult template, it was used since there is no
accepted child standard in the field. All images were inspected for proper registration to the
MNI template. Data were then resampled to 4-mm space. White matter, cerebrospinal fluid,
and temporal derivatives were removed by linear regression. The white-matter mask was
eroded prior to extracting time-series for denoising. Motion scrubbing was used to remove
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time points with either framewise displacement (FD) >2 mm or derivative of root mean
squared variance over voxels (DVARS>25%; Power et al., 2012). Mean FD and DVARS
were compared between groups. One hundred functional nodes (Fig. 1) were generated per
Craddock et al. (2012) via spatially constrained spectral clustering of an age-equivalent
typically developing child functional dataset, the NKI (Nathan Kline Institute for Psychiatric
Research) normal child brain set in the ADHD-200 Global Competition Dataset (Brown et
al., 2012). Anatomical localization of nodes was determined using the Harvard—Oxford
cortical and subcortical probabilistic atlases supplied with the FMRI Software Library. The
choice of 100 nodes represented a compromise between obtaining adequate brain coverage
and resolution while avoiding oversampling, given our 240 excitations per scan. Applying
these nodes to each individual's rsfMRI time-series data, all pairwise Pearson correlation
coefficients between nodes were calculated. From this, we derived binarized (based on a
range of sparsities, see below), undirected graphs, or functional connectivity matrices, for
each subject.

2.4. Graph Theory

Graph-theory metrics were calculated using Matlab Brain Connectivity Toolbox
(www.brain-connectivity-toolbox.net; Rubinov and Sporns, 2010). Global measures derived
included small-worldness, modularity, and global efficiency. High small-worldness implies a
highly effective topological organization that combines regional specialization and efficient
global information transfer (Watts and Strogatz, 1998; Latora and Manchiori, 2003; Bassett
etal., 2011). Small-world architecture resembles, for example, a municipal subway system,
where there are local trains making numerous local stops, combined with express trains with
fewer, more remote stops. Small-worldness was calculated (Bassett et al., 2011; Humphries
and Gurney, 2008) as the ratio of the global clustering coefficient of the actual brain network
to the clustering coefficient of a random network divided by the ratio of the characteristic
pathlength (minimum node-to-node distance counted in edges) of the real brain network to
the pathlength of a random network.

Modularity is a community-structure metric (Newman and Girvan, 2004; Meunier et al.,
2009). A module is a subset of nodes more densely connected to each other than to outside
nodes (Radicchi et al., 2004). Optimal modularity (Scholl and Leslie, 1999) implies an ideal
number of communities in the network (Telesford et al., 2011). Global efficiency is the
average inverse path length of the shortest paths connecting all nodes in a network (Gong et
al., 2009). High global efficiency implies that nodes throughout the network are on average
relatively close together topologically.

Local measures included clustering coefficient and betweenness centrality. The clustering
coefficient (Watts and Strogatz, 1998; Bullmore and Sporns, 2009; Braun et al., 2012) is the
number of actual connections between the nearest neighbors of a node divided by the
maximum possible number of such connections. High clustering coefficients characterize
complex, as opposed to random, networks; signal high likelihood of neighboring (short)
connections (Guye et al., 2010; van den Heuvel and Hulshof Pol, 2010); and usually
accompany efficient and robust local information transfer (He and Evans, 2010; Bassett et
al., 2011). High betweenness centrality (Freeman, 1978; Newman, 2006), in contrast,
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describes a node that is traversed by the shortest path interconnecting many (not just
neighboring) node pairs. In coarse approximation, high betweenness centrality signifies hub
nodes in a network (He et al., 2008), although more sophisticated metrics, such as motif
fingerprints, detect and classify hubs more accurately (Guimera et al., 2007; Sporns et al.,
2007).

Graph-theory metrics were calculated at sparsities ranging from 10%-20% of the strongest
connections within the connectivity matrix. Area-under-the-curve (AUC) was calculated for
each metric across all values of sparsity in 1% intervals. These AUC values were used for
statistical comparisons.

2.5. Statistical analyses

A few local graph-theory endpoints had non-normal distributions, as evidenced by a
correlation coefficient on normal quantile plots exceeding the critical value of 0.950 for the
control or 0.952 for the OCD sample. These endpoints included the clustering coefficient at
one node and betweenness centrality at four nodes (Table 3). Data for these endpoints were
rank-transformed to enable non-parametric testing. Parametric testing was used for local
metrics at the other nodes, the global metrics, and the clinical and demographic variables,
which had normal distributions. An omnibus approach was taken to multiple comparisons of
global measures. Multivariate analysis-of-variance was performed to test for effects of
diagnosis across the three global measures small-worldness, modularity, and global
efficiency. For a significant multivariate finding, mean values for the two groups were
subsequently compared for each metric using two-sided post-hoc protected T-tests.

Regarding local graph-theory indices, to leverage a priori expectations of diagnosis at
several target sites, whilst exercising due control for multiple comparisons, the following
statistical testing strategy was adopted. Mean values of clustering coefficient and
betweenness centrality for the OCD and healthy control samples were compared with two-
sided T-test at each node using false discovery rate (FDR) correction for multiple
comparisons. The nodes were divided into three groups and FDR was performed within each
group. As described above, the first group (Table 3) comprised nodes in less explored non-
classical OCD brain regions where we had a priori expectations of effects of OCD. This
group (Fig. 1) included 5 nodes in sensorimotor cortex, 1 in midline (i.e., left+right)
supplementary motor cortex, and 10 in frontopolar cortex for a total of 16. The second group
(Table 4) comprised nodes in well-explored classical OCD regions where effects of OCD
were again expected. This group included 2 nodes in the caudate, 3 in orbitofrontal cortex,
and 3 in anterior cingulate cortex, for 8 nodes total. The third group comprised all other
nodes in the brain (77).

Given findings in adult OCD that small-worldness and modularity (but not global efficiency)
increased after treatment (Shin et al., 2014) while severity of OCD symptoms usually
decreases after treatment, a robust linear model was used to test exploratory correlations
between AUCs for the three global graph-theory metrics and CY-BOCS Obsession and
Compulsion subscores, as well as Total Score. Significance was thresholded at P<0.05 for all
tests.
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3. Results

3.1. Demographic and clinical characteristics

Participant characteristics are summarized in Table 1. The two subject groups did not differ
significantly in numbers of boys and girls or age. Of the 21 OCD subjects, 18 were
unmedicated and 2 had been on a stable dose of SRIs for the preceding 12 weeks and
remained so throughout the study. The one remaining subject had been prescribed stimulant
medication, but was asked to refrain from taking it the day of the scan. Fifteen OCD subjects
met criteria for one or more comorbid disorders (generalized anxiety disorder 6, attention
deficit hyperactivity disorder 4, social phobia 4, oppositional defiant disorder 2, separation
anxiety disorder 2, specific phobia 2, Tourette's syndrome 2, transient tic disorder 1, tic
disorder NOS 1, depressive disorder NOS 1, dysthymic disorder 1).

3.2. BOLD Data Quality

Subject head motion pre-scrubbing, quantified by mean framewise displacement (OCD
0.16£0.09 mm, Control 0.13£0.04 mm; P>0.10) and DVARS (OCD 29.2+3.0, Control
28.5+3.1; P>0.10) did not differ significantly between the groups. In matrix form, Fig. 2
depicts r-values for correlations between all possible two-way combinations of the 100
Craddock nodes. Values were calculated across the rsfMRI BOLD acquisition epoch and
averaged across the pediatric OCD and healthy control groups. Higher correlation between
anatomically neighboring nodes imparts a degree of modular structure to the correlation
matrices. Also shown are histograms for the r-values for the two groups, which were normal
and highly overlapping. These quality control results imply that the effects of diagnosis on
global and local graph-theory metrics reported below were not influenced by between-group
differences in head motion.

3.3. Global Measures

Multivariate analysis-of-variance for the measures small-worldness, modularity, and global
efficiency evinced a significant between-subjects effect of Diagnosis (F(3, 37)=3.6, P< 0.05;
Fig. 3). In post-hoc protected tests, OCD patients exhibited significantly (P<0.05) lower
small-worldness (-13.5%, %difference = 100%x(OCD group-mean — control group-mean)/
control group-mean) and modularity (-15.1%, P<0.01) than controls (Table 2). No
significant between-group differences in global efficiency were evident (P=0.890). These
findings are all consistent with prior research (Shin et al., 2014). Note that small-worldness
in the present study is expressed as AUC, and therefore may be larger than small-worldness
in other studies measured at single values of sparsity. Our small-worldness endpoint assayed
at single sparsities ranged 1.4-2.1 (Fig. 3). This overlaps partially with the 1.1-1.9 range in
Fornito et al. (2010). Within the OCD sample, small-worldness was significantly positively
correlated with CY-BOCS Obsessions subscore (Spearman r=0.56, P=0.008; Fig. 3).
Modularity and global efficiency did not correlate significantly with any CY-BOCS scores.

3.4. Local Measures

The local graph-theory metrics clustering coefficient and betweenness centrality are listed
for first-group nodes in Table 3 and for second-group nodes in Table 4. In FDR-corrected T-
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tests in the first node group, mean clustering coefficient was significantly higher for OCD
patients than for controls at 1 site in left sensorimotor cortex (Node 100; 25.0%, P<0.01), in
the sole midline supplementary motor cortex site (Node 88; 25.8%, P<0.01), and at 2 left
(Nodes 56 23.9%, P<0.05; Node 80 27.8%, P<0.01) and 1 right (Node 66 32.4%, P<0.01)
frontopolar cortex sites. Betweenness centrality, which had high standard deviations (Table
3), was significantly lower for patients at Node 56 only (-63.6%, P<0.01). After FDR
correction, there were no significant between-group differences in clustering coefficient and
betweenness centrality at any second-group or third-group nodes (all P>0.05). Thus, there
were notable bilateral elevated clustering coefficient (Fig. 4) and reduced betweenness
centrality in frontopolar cortex in the pediatric OCD sample.

4. Discussion

In this exploratory resting-state fMRI brain network analysis of pediatric OCD using graph
theory, we found lower small-worldness and modularity compared with healthy controls.
These global metrics are consistent with suboptimal network architecture during the resting
state in pediatric OCD. In addition, we found local network abnormalities in three brain
areas: frontal pole, supplementary motor cortex, and sensorimotor cortex, structures
implicated in prior neuroimaging and/or therapeutic TMS studies of OCD. We did not find
significant local effects elsewhere in the brain, including in “classical” cortico-striatal OCD
regions. In concert, these findings support the idea of aberrant cognitive motor and
sensorimotor functional organization in OCD. They may represent generally abnormal
connectivity patterns that are also detectable in the resting state.

Global findings comprised below-normal small-worldness and modularity in OCD alongside
normal global efficiency. This replicates adult OCD findings (Zhang et al., 2011; Shin et al.,
2014) of significantly lower small-worldness, lower but not significantly lower modularity,
and equal global efficiency in patients vs. healthy controls. Small-world networking is a
highly effective topological organization that combines regional specialization and efficient
global information transfer (Watts and Strogatz, 1998; Latora and Manchiori, 2003; Bassett
et al., 2011). Optimal modularity (Scholl and Leslie, 1999) implies an ideal number of
communities in a network (Telesford et al., 2011). The below-normal values of these two
parameters in our OCD sample point to less effectual neurofunctional connectivity in
children with OCD during the resting-state. Low modularity is consistent with sparsity of
modules and relative over-connectedness of certain nodes, diminishing the ability of the
network to adapt (Guye et al., 2010). Rather than too few modules, lower modularity in
OCD may alternatively reflect a different modular scheme (i.e., different node membership
in the same number of modules) than normal. No significant effects of group were observed
for global efficiency in our study (nor in Shin et al., 2014). Perhaps this metric is not
sensitive to features of network topology impinged on by OCD.

Within the OCD group, small-worldness correlated positively with OCD obsessions. l.e.,
patients with higher small-worldness had more severe obsessive symptoms, even though, as
a group, small-worldness was lower for OCD than for control subjects. This was furthermore
puzzling since small-worldness in Shin et al. (2014 ) increased after adult patients were
treated with SRIs. One explanation could be that the OCD brain favors low small-worldness

J Affect Disord. Author manuscript; available in PMC 2018 January 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Armstrong et al.

Page 10

and departure from this state aggravates symptoms; but after SRI treatment the brain shifts
to a new state of higher small-worldness and lower symptoms. This finding requires
replication.

In supplementary motor and sensorimotor cortices we found higher clustering coefficient in
OCD patients than in controls. The localization of these findings is in harmony with recent
TMS studies (reviewed in Russo et al., 2014) uncovering elevated cortical excitability and
dysfunction in sensorimotor integration in OCD, with encouraging trials of supplementary
motor cortex TMS as a therapy for OCD, and with an emerging perspective on OCD as a
“sensorimotor” condition akin to Tourette's syndrome and more frank movement disorders
(Mantovani et al., 2013; Russo et al., 2014). Elevated clustering coefficient indicates denser
internal networking in these regions in OCD than in healthy children. Such internal
networking could promote local cortical excitability and/or impair the putative role of these
brain areas in modulatory inhibition of hyperactive cortico-striatal OCD citcuits (Mantovani
etal., 2013).

Our strongest local effects were registered at the frontal pole where we found elevated
clustering coefficient, alongside (at one site) diminished betweenness centrality. This was
similar to Meunier et al. (2012) who observed lower nodal connectivity—indicating weaker
connection with the rest of the brain—in adult OCD patients than in controls in frontal pole.
The frontal pole has only recently been implicated in OCD but there are numerous OCD-
related findings there with diverse imaging modalities (Yamanishi et al., 2009; Saxenea et
al., 2002; Huyser et al., 2013; Szeszko et al., 2008; Venkatasubramanian et al., 2012; Milad
etal., 2013; Viard et al., 2005), including rsfMRI (Cheng et al., 2013; Fitzgerald et al., 2011;
Meunier et al., 2012; Stern et al., 2012). Our present graph-theory results further document
abnormal functional connectivity of this structure in pediatric OCD. Frontopolar cortex is
associated with decision-making, concurrently entertaining two possibilities in mind, and
protecting planned behaviors against distraction (Koechlin and Hyafil, 2007). There is
moderate evidence of impaired decision-making (Sachdev and Mahli, 2005), impaired
divided attention (Chang et al., 2007; Moritz et al., 2006), and elevated distractibility (van
den Heuvel et al., 2005) in OCD. As mentioned, a high clustering coefficient usually
accompanies efficient and robust local information transfer (He and Evans, 2010; Bassett et
al., 2011). High betweenness centrality, in contrast, is significantly increased by
interconnections with non-local nodes (Zalesky et al., 2010). Thus, the frontal pole in OCD
may act more autonomously, being partly insulated from modulation by other brain regions
(and/or may act less to modulate other regions). Such a local network topology could
lengthen the timescale of the execution of frontopolar cognitive functions, which could be
described as “cognitive motor” since they impact moment-to-moment selection of which
motor actions to initiate, which to continue, and which to decease. Consequences could
include indecision, perpetual holding of multiple possibilities in mind, and overly rigid
adherence to behavioral intent (e.g., compulsive behaviors). Further effects could include
difficulty shifting between tasks and difficulty restoring attention to its original focus, after it
is pulled away by a distractor. The frontal pole represents a possible target for TMS or other
neurostimulatory investigative interventions for OCD, as contemplated for major depression
and motor disorders (Triggs et al., 1999; Lang et al., 2005; Manuel et al., 2014).
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After correction for multiple comparisons, we failed to find significant effects of OCD on
local graph-theory metrics in classical OCD brain regions (orbitofrontal cortex, caudate,
anterior cingulate cortex). One possible explanation be that classic OCD pathophysiology
involving cortico-striatal loops represents functional hyperactivity within an essentially
normal network architecture. I.e., not bad wiring, but too much current in the wires. OCD-
related disturbances in cortices outside the core regions may manifest instead as aberrant
network organization, which rsfMRI graph-theory methodology is better designed to pick-

up.

A limitation of this study is the size of our nodes. Smaller nodes may have yielded greater
regional specificity. Another limitation is sample size (20-21 subjects per group).
Nonetheless, our global graph-theory results are consistent with prior rsfMRI work in OCD,
and our local findings are anatomically concordant with earlier neuroimaging results. Some
patients suffered from psychiatric comorbidities, which could themselves influence graph-
theory endpoints. Comorbidities are very common in OCD rendering it difficult to recruit
exclusively patients with pure OCD in clinical samples, which would themselves be
somewhat less representative of typical clinical cases.

In sum, global graph-theory metrics in this rsfMRI investigation yield evidence for less

efficient global network connectivity in children with OCD than in healthy children. In

addition, local network organization in the resting-state in pediatric OCD entails higher
internal functional connectivity in sensorimotor, supplementary motor, and frontal polar
cortex.
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Highlights

. The global brain resting-state fMRI graph-theory parameter small-worldness
is lower in OCD than in healthy control children suggesting less efficient
brain networking in pediatric OCD

. The global graph-theory parameter modularity is lower in OCD children
suggesting alternative modular brain organization in pediatric OCD

. The local graph theory parameter clustering coefficient is higher in OCD
children in sensorimotor cortex, supplementary motor cortex, and frontal pole
suggesting realtive isolation of these brain regions

. The local graph theory parameter betweenness centrality is lower in OCD
children in these same regions again suggesting relative isolation of these
regions
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Fig. 1.
Nodes for global and local graph-theory analyses and frontopolar effects of OCD. Volume-

rendered translucent brain in sagittal, axial, and coronal views displaying centers-of-gravity
of 100 functional nodes for calculating global graph-theory measures. First-group nodes (see
text) are green, second-group nodes red, third-group nodes blue (A). Nodes 80 (green; B) in
left frontopolar cortex and 66 (yellow; C) in right frontopolar cortex had 20-35% higher
group-mean clustering coefficent (indexing localized functional connectivity) in pediatric
OCD patients than in healthy control children. A third node (56, not shown) in left
frontopolar cortex had higher clustering coefficient and lower (-63.6%) betweenness
centrality (indexing pass-through functional connectivity) in OCD than in controls. Other
sites of elevated clustering coeffivcient included midline supplementary motor cortex and
left sensorimotor cortex.
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Fig. 2.
fMRI correlation matrices and histograms. Matrices representing Pearson r for correlations

between all 100 anatomically arrayed functional nodes during 8-min whole-brain BOLD
rsfMRI acquisition. Values averaged across healthy control (A) and OCD (B) groups. Color
bars indicate magnitude of r. Histograms of r values for control (C) and OCD (D) groups.
The two group distributions were normal and overlapping.
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Fig. 3.

Ef%ects of OCD and OCD symptoms on global graph-theory metrics. Group-mean values for
the global rsfMRI network connectivity parameters small-worldness (A) and modularity (B)
across the 10-20% of strongest connections (sparsity) for children with (filled circles) and
without (open circles) OCD. Note significantly lower small-worldness (for sparsities >15%)
and modularity (all sparsities) for the OCD group. Significant between-group differences at
individual sparsity values are marked (*P<0.05, **P<0.01). For the overall areas-under-the-
curve (AUCs), small-worldness was lower for the OCD group at P<0.05 and modularity was
lower at P<0.01 (Table 2). Small-worldness findings are consistent with less efficient global
information transfer in the brain during the resting state in OCD; modularity findings are
consistent with the brain being divided into fewer or into a different set of functional
modules during the resting state in OCD. Within the pediatric OCD group, the CY-BOCS
Obsessions subscore correlated positively with small-worldness (Spearman r=0.56, P=0.008)

©).
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Right Frontal Pole

+324%
P= 0.003

Control ocD

Effects of OCD and on local frontal polar graph-theory metrics. Single-subject (filled circles
for patients, open circles for controls) and group-mean (bars) values for the local resting-
state fMRI graph-theory metric clustering coefficient at left (Node 80) and right (Node 66)
frontal poles for children with and without OCD. The OCD sample had significantly higher
clustering coefficient at both sites. Higher clustering coefficient implies greater local

connectivity of these nodes during the resting-state in OCD.
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Table 1
Demographics and clinical characteristics of participants

Variables (meanzsd) OCD Healthy Controls P
N (male/female) 21 +13/8 20+11/9 0.6544
Age (years) 12,7428 13.4+1.8 0.3740

CY-BOCS Obsessions 12.442.5
CY-BOCS Compulsions  12.3+2.4
CY-BOCS Total Score 24724

OCD, Obsessive-Compulsive disorder; CY-BOCS, Children's Yale-Brown Obsessive-Compulsive Scale
a i ith v 2
P value obtained with -y ~ test

b . i
P value obtained with independent T-test
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Table 2
Global graph theory metrics of participants

Variables (meantsd)/Nodes OCD Healthy Controls  pa

Global small-worldness 13.6£2.9 15.7+24 0.015
Global modularity 3.0£0.6 3.5+0.6 0.008
Global efficiency 6.6+0.6 6.6+0.8 0.890

OCD, Obsessive-Compulsive disorder

a . . ] . R . .
P value obtained with protected post-hoc T-test following omnibus multivariate analysis-of-variance.

Significant findings in bold.
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