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ARTICLE INFO ABSTRACT

Keywords: Recent studies suggested that the rich club organization promoting global brain communication and integration
Obsessive-compulsive disorder of information, may be abnormally increased in obsessive-compulsive disorder (OCD). However, the structural
Vulnerability

and functional basis of this organization is still not very clear. Given the heritability of OCD, as suggested by
previous family-based studies, we hypothesize that aberrant rich club organization may be a trait marker for
OCD. In the present study, 32 patients with OCD, 30 unaffected first-degree relatives (FDR) and 32 healthy
controls (HC) underwent diffusion tensor imaging (DTI) and functional magnetic resonance imaging (fMRI). We
examined the structural rich club organization and its interrelationship with functional coupling. Our results
showed that rich club and peripheral connection strength in patients with OCD was lower than in HC, while it
was intermediate in FDR. Finally, the coupling between structural and functional connections of the rich club,
was decreased in FDR but not in OCD relative to HC, which suggests a buffering mechanism of brain functions in
FDR. Overall, our findings suggest that alteration of the rich club organization may reflect a vulnerability
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biomarker for OCD, possibly buffered by structural and functional coupling of the rich club.

1. Introduction

Obsessive-compulsive disorder (OCD) is a severe mental illness that
seriously affects an individual’s learning and working ability and social
function, with intrusive thoughts and repetitive behaviors as main
clinical manifestations (Robbins et al., 2019). This chronic and disabling
illness is surprisingly frequent (2.5%-3%) in the general population
(Robbins et al., 2019). However, the specific pathological mechanism of
OCD is still unclear. Research on the brain structure and function of OCD
is helpful for clarifying its pathomechanism and diagnosis.

The human brain can be considered as a highly complex network,
formed by hundreds of brain regions and thousands of interconnected
white matter (WM) axonal pathways (Cao et al., 2020; Sporns, 2011). In
this view, brain function derives from the topology of the whole
network, known as the brain connectome, rather than from individual

regions or connections (Bullmore and Sporns, 2009; Sporns et al., 2005).
In addition, highly connected brain regions are said to be of high degree,
or said to be “rich” (Sporns et al., 2007; van den Heuvel et al., 2010; van
den Heuvel and Sporns, 2011). The rich club phenomenon is charac-
terized by denser connectivity among rich club nodes than among nodes
of lower degree. Rich club connections are thought to be crucial for
promoting global information integration (van den Heuvel and Sporns,
2011). Connections between rich club and other nodes will be called
feeder connections; connections among other (non-rich club) nodes will
be called local connections.

Disruptions within rich club organization in psychiatric disorders
have been reported in several studies, such as schizophrenia (van den
Heuvel et al., 2013), Alzheimer’s disease (Cao et al., 2020; Lee et al.,
2018; Yan et al., 2018), bipolar disorder (Wang et al., 2018; Zhang et al.,
2018), attention-deficit hyperactivity disorder (Wang et al., 2019) and
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major depression disorder (Liu et al., 2020). White matter microstruc-
ture provides the structural backbone of the human brain; it underlies
the brain’s cognitive functions, and its alterations contribute to the
neurobiological basis of OCD (Hu et al., 2020). It is therefore important
to examine the rich club organization in the white matter brain network
of OCD.

However, very few studies investigated the rich club organization in
OCD. One previous study from Zhou et al. (2020) reported that the
structural connectivity was increased not only among the rich club, but
also among peripheral nodes, in OCD relative to HC. However, its
functional counterpart remains unclear. Measuring the relationship
between the structural and functional network, can reveal the functional
consistency of the brain from the perspective of structural topology. This
may allow detecting subtle neural changes more sensitively than with
any single imaging modality (Greicius et al., 2009; Honey et al., 2009;
Zhang et al., 2011b). Aberrant intrinsic functional connectivity (FC) (Cui
et al., 2020; Fajnerova et al., 2020; Stern et al., 2012; Zhang et al.,
2011a) and structural connectivity (SC) (Banks et al., 2015; Reess et al.,
2016) between large-scale brain networks have both been reported in
OCD. Both may cause cognitive impairment (Wang et al., 2014). But it
remains unclear whether OCD patients also have disrupted coupling
between SC and FC in the rich-club organization. This would be
important because SC-FC consistency is a relatively direct indicator of
the consistency between brain structure and function.

Family-based studies have demonstrated that the unaffected first-
degree relatives (FDR) of OCD patients have 3-12 times more risk of
developing OCD (Hanna et al., 2002; Nestadt et al., 2000; Pauls et al.,
1995), suggesting a genetic predisposition in OCD. However, as the
genetic basis for OCD remains unclear, some researchers have focused
their efforts on examining the alterations in the unaffected sibling of
individuals with OCD, which can provide genetic information for OCD
research and help to disentangle the state and trait markers of the dis-
order (Peng et al., 2014a). Previous researches found that the (func-
tional) hypoconnectivity in frontal-striatal areas in both patients and
their clinically asymptomatic relatives may serve as a biomarker for
OCD (Vaghi et al., 2017; Chamberlain et al., 2008). Moreover, previous
neuroimaging studies have revealed network abnormalities, such as
atypical small-world properties (Peng et al., 2013) and altered white
matter (Menzies et al., 2008; Dikmeer et al., 2021), in both OCD patients
and their FDR. However, whether the basis for information dissemina-
tion in those brain networks, namely the rich club, can be treated as a
putative vulnerability biomarker, remains unknown. Such knowledge
could deepen the understanding of the brain network of OCD at the
mesoscale level.

To address this issue, we currently investigate the characteristics of
rich club organization and explore whether rich club organization is a
potential vulnerability biomarker of OCD. We performed diffusion
tensor imaging (DTI), which is a frequently used and noninvasive
technique to probe the WM microstructure and to reveal structural
network information in the human brain (Cao et al., 2020; Jbabdi et al.,
2015). The relationship between rich club connectivity and diagnosis,
and between rich club connectivity and OCD symptomatology was also
examined to explore how structural network changes contribute to OCD.
Finally, resting-state fMRI was used to construct the functional con-
nections to detect the coupling between the functional and structural
networks. In all, we investigated four hypotheses in this study. First, we
investigated if OCD patients exhibited aberrant rich club organization or
abnormal feeder and local connections. The second hypothesis was
whether FDR showed a similar structural network alteration as patients.
The third was whether the abnormal rich club organization in patients
correlated with clinical characteristics. The fourth was whether the
coupling between structure and function is changed in OCD patients and
their FDR.
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2. Methods
2.1. Participants

We recruited thirty-two OCD patients (males = 20, females = 12; for
treatment details see Supplementary materials), thirty unaffected first-
degree relatives (males = 18, females = 12) and thirty-two healthy
controls (HC) (males = 18, females = 14) in Guangzhou Psychiatric
Hospital and outside the hospital. All patients satisfied the Diagnostic
and Statistical Manual of Mental Disorders, 4th edition (DSM-IV) criteria
for OCD by applying the Structured Clinical Interview (SCID) for DSM-
IV-TR Axis I disorders (First et al., 2002). Patients were excluded: (a)
if they were younger than 18 or older than 55; (b) if they had a history of
brain trauma or neurological disease; (c) if they had shown alcohol or
substance abuse within 12 months prior to participating in this study.
The FDR and HC were also screened for DSM-IV-TR Axis I disorders, and
HC or their families with a history of any psychiatry disorders in DSM-IV
were excluded.

Written informed consent was provided by all subjects after a
detailed description of the study. The study was approved by the insti-
tutional research and ethics committee of Guangzhou Psychiatric
Hospital.

2.2. Clinical assessments

The Yale-Brown Obsessive-Compulsive Scale (Y-BOCS) (Goodman
et al.,, 1989) was used to estimate the illness severity. We used the
Obsessive-Compulsive Inventory-Revised (OCI-R) (First et al., 2002;
Peng et al., 2011) to characterize the specific categories of OCD symp-
toms, including obsessing, washing, neutralizing, checking, ordering,
and hoarding. The Beck Depression Inventory (BDI) (Beck and Steer,
1984) was administered to assess depressive symptoms, and the State-
Trait Anxiety Inventory (STAI) (Spielberger, 1983) to assess anxiety
symptoms. We conducted ANOVA and chi-square tests in Statistical
Package for Social Science (SPSS, version 23.0) (https://www.spss.
com).

2.3. Imaging acquisition

The DTI and resting-state fMRI data were acquired on a 3.0-Tesla MR
system (Philips Medical System, Netherlands) equipped with an eight-
channel phased-array head coil by a skilled radiological technician.
Echo Planar Imaging (EPI) sequences were applied to collect the resting-
state fMRI data with the following parameters: time repetition (TR) =
2000 ms; echo time (TE) = 30 ms; flip angle = 90°, 33 slices, matrix =
64 x 64; slice thickness = 4.0 mm. For each participant, the fMRI
scanning lasted for 480 s, and 240 volumes were obtained. During the
scanning, participants were instructed to relax with eyes closed, and stay
awake without moving. DTI data was collected with the following pa-
rameters: TR = 6000 ms; TE = 70 ms; flip angle = 90°, 50 slices; matrix
= 128 x 128, slice thickness = 3 mm; 32b-value = 1000 s/mm?2, 1b-
value = 0. To spatially normalize and localize better, a high-resolution
T1-weighted anatomical image was obtained using a magnetization
prepared gradient echo sequence with the following parameters: TR = 8
ms, TE = 3.7 ms, flip angle = 7°, matrix = 256 x 256, and slice thickness
=1 mm.

2.4. DTI preprocessing and structural networks construction

The DTI processing was done using the Pipeline for Analyzing brain
Diffusion images (PANDA) toolbox (Cui et al., 2013), which provides a
convenient interface to invoke the functions from the FMRIB Software
Library (Smith et al., 2004) (FSL, version 5.0.9), Diffusion Toolkit (DTK)
(Wang et al., 2007) and TrackVis (Irimia et al., 2012). At first, DTI data
was preprocessed including these steps: correction of eddy current
distortion and head motion, skull stripping, and calculation of diffusion
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tensor metrics including fractional anisotropy (FA). The skull of sub-
jects” T1 data was stripped for better transforming the images in MNI
space to individual native space later.

Then, deterministic fiber tracking (Mori et al., 1999) was carried out
to reconstruct the whole brain fibers, using the Fiber Assignment by
Continuous Tracking (FACT) algorithm. If the angle between the current
and the previous streamline was greater than 45° (Li et al., 2013) or the
FA value smaller than 0.2 (Koh et al., 2020), the current streamline
tracking procedure was terminated. The orientation patch was achieved
by inverting the Z component of the vector. After the fiber was tracked,
the 90 x 90 network matrix of each subject was calculated. The nodes of
the network were defined by the 90 cortical and subcortical regions with
the automated anatomical labeling (AAL) atlas (Tzourio-Mazoyer et al.,
2002), which was transformed from MNI space to individual diffusion
space for the parcellation of each subject’s brain. The edge between two
nodes was defined to be the number of fibers between that pair; fiber
numbers (FN) lower than 2 were set as 0 to exclude spurious edges.
Thus, we obtained the FN-weighted network matrix for structural
analysis (Wang et al., 2019). We also carried out the analysis with
thresholds 3 and 4, which led to very similar results (see Supplementary
material, Fig. S3).

2.5. Rich club organization analysis

A rich club organization of a network means that the high-degree (k,
the number of edges connected with a node) nodes of a network, connect
more densely to each other than they connect to the nodes with a lower
degree (Colizza et al., 2006). Formally, rich club organization was

examined by the weighted rich-club coefficient <l>w(k):%, which
is computed as the ratio of connections or edges (E) between the nodes
(N7 ~ Ngo) with a degree > k and the total number of possible con-
nections (van den Heuvel and Sporns, 2011; van den Heuvel et al.,
2013). The rich club phenomenon is identified via a normalized coeffi-
cient ®" norm(k) = ®/®random. The coefficient ®random was computed
the same as ®" (k) but in a random network, created by randomizing the
connections of the structural network, keeping the k distribution and
sequence of the network matrix intact (Rubinov and Sporns, 2010). If
the ratio is larger than 1 over a range of k (Colizza et al., 2006; van den
Heuvel et al., 2013), the network is said to have the rich club property.
We computed the weighted rich club coefficient ®"“(k) and the
normalized rich club coefficient ®" norm(k). The rich club organization
analyses were performed using MATLAB-based GRETNA (https://www.
nitrc.org/projects/gretna) (Wang et al., 2015), and displayed with
BrainNet Viewer (https://www.nitrc.org/projects/bnv/) (Xia et al.,
2013). We constructed the group-averaged FN-weighted structural
networks for the OCD, FDR, and HC, respectively. The rich club nodes
were selected on the group level, defined as the top 9 (10%) highest
degree in the brain consistently observed across all groups of subjects.
The same analysis was conducted for rich club nodes defined as the top
8% (Tuladhar et al., 2017) and 12% (van den Heuvel et al., 2013; Collin
et al., 2014) highest degree nodes, yielding very similar results (see
Supplementary material, Fig. S2).

Three kinds of connections could be defined after dividing the brain
regions into rich club and non-rich club nodes: Rich club connections
between rich club nodes, feeder connections linking rich club nodes and
non-rich club nodes, and local connections between non-rich club nodes
(van den Heuvel et al., 2013; Wang et al., 2018). To examine the three
types of connections in the whole brain, connection strength was
calculated for each of the three types (Li et al., 2019; Sa de Almeida
et al., 2021). The Rich-club connection strength is equivalent to the sum
of reconstructed fibers between rich club nodes (Collin et al., 2014).
Feeder connection strength was the sum of reconstructed fibers between
rich club and non-rich club nodes; local connection strength was the sum
of reconstructed fibers among non-rich club nodes. For each subject, we
also examined overall connectivity strength (i.e., across all 90 nodes), to
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provide information on global organization (Collin et al., 2014).

2.6. Functional image preprocessing and functional network construction

The Statistical Parametric Mapping toolbox (SPM 12, https://www.fi
lion.ucl.ac.uk/spm) and Data Processing Assistant for Resting-State
fMRI (DPARSFA version 4.4, https://rfmri.org/dpabi) were used to
preprocess the fMRI data (Yan et al., 2016). Image preprocessing in-
volves: 1) slice timing correction; 2) head motion correction, realign-
ment, coregistration with the corresponding T1-volume; 3) nuisance
covariate regression (24 head motion parameters, white matter signal
and cerebrospinal fluid signal) (Friston et al., 1996); 4) spatial
normalization into the stereotactic space of the Montreal Neurological
Institute and resampling at 3 x 3 x 3 mm?; 5)spatial smoothing with a 6-
mm full-width half-maximum isotropic Gaussian kernel; 6) band-pass
filtering (0.01-0.08 Hz); 7) micro-head-motion correction (scrubbing)
according to frame-wise displacement (FD, Power) (Power et al., 2012)
by replacing the rest-fMRI volume with FD > 0.5 mm using nearest-
neighbor interpolation method (cubic spline).

We then obtained an FC matrix with 90 nodes from the AAL atlas.
The level of functional connectivity between each pair of nodes was
computed as the Pearson correlation (r) between their averaged blood-
oxygen level dependent (BOLD) time series. The r values were subse-
quently normalized by Fisher Z transformation (Z = 0.5 x In((1 + r)/(1
— 1)) to define the edges in the FC matrix. Negative correlation co-
efficients were converted to an absolute value (FC weighted network).

2.7. SC-FC coupling analysis

To evaluate the relationship between structural and functional
alteration, a coupling analysis was performed on the SC and FC, for each
kind of connection (rich club, feeder and local) and for the whole brain
network. For the nonzero edges in both the SC and FC weighted matrix,
we extracted and resampled the fiber numbers of the SC matrix into a
Gaussian distribution (Honey et al., 2009). We then correlated the
structural and functional connection strength values of each subject (van
den Heuvel et al., 2013). Therefore, four different types of SC-FC
coupling coefficients were obtained: correlation analyses of whole
brain structural and functional connections; and similar correlations for
the rich club, feeder and local connections.

2.8. Statistical analysis

We applied ANOVA to test group differences in age and education,
while a chi-square test was used to determine the gender difference
among groups. The group differences in rich club organization param-
eters (®" norm(k), rich club strength, feeder strength, and local strength)
and SC-FC coupling value were further tested by an analysis of covari-
ance (ANCOVA), controlling for age, gender, years of education, anxiety
and depression levels. Moreover, post hoc tests were performed after the
comparison of rich club organization using the Bonferroni correction for
multiple comparisons. For the relationship between rich club organi-
zation and clinical variables, Pearson correlations were calculated in the
OCD group with age, gender, education, anxiety, depression levels and
disease duration being controlled. Finally, the relationship between
each kind of connection strength and OCD diagnosis across all subjects,
two dimensions of OCD symptom (obsession or compulsion) was
determined applying 6 multivariate regression models, with age,
gender, education, anxiety and depression levels being controlled, all
with the following structure: Connection strength ~ OCD diagnosis +
symptom + covariates. Because diagnosis and symptom were not on the
same measurement scale, their individual data were mean-centered
across subjects. Significance level was set at P < 0.05 (uncorrected).
Supplementary material (Figs. S5 and S6) presents other global network
measures, group comparison, and correlation analyses.
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3. Results
3.1. Demographic and clinical variables

Table 1 displays the demographic and clinical characteristics of all
participants. No significant difference was found in age (p = 0.185),
gender (p = 0.877), and years of education (p = 0.830) among OCD
patients, FDR and HC subjects. The mean and standard deviation of total
Y-BOCS scores were 26.59 + 4.89 in the OCD patients; the Y-BOCS
obsession and compulsion scores were 15.31 + 2.93 and 11.28 + 4.86,
respectively. Moreover, for the scores of both STAI and BDI, significant
differences among the three groups were observed (p < 0.001); both the
scores of STAI and BDI in OCD patients were significantly higher than in
HC (STAl-state: p = 0.002, STAI-trait: p = 0.005, BDI: p < 0.001), and
significantly higher than in FDR (STAI-state: p < 0.001, STAI-trait: p <
0.001, BDI: p < 0.001).

OCD, Obsessive-compulsive disorder patients; FDR, First-degree
relatives; HC, Healthy comparison subjects; Y-BOCS, Yale-Brown
Obsessive-Compulsive Scale; OCI-R, Obsessive-Compulsive Inventory-
Revised; STAI State-Trait Anxiety Inventory; BDI, Beck Depression In-
ventory; SD, Standard Derivation.

3.2. Rich club organization

The average rich club coefficient of OCD, FDR and HC groups, are
displayed in Fig. 1A. For all three groups of subjects, a normalized rich
club coefficient (®"orm greater than 1) was observed over a range of
thresholds k = 1-12, indicative of a rich-club property in each group
(Van den Heuvel et al., 2013). The ANOVA reveals that there were no
significant differences among the groups except atk =5 (p = 0.018) and
7 (p = 0.006). We found 9 rich club regions in the structural networks,
namely right putamen (PUT.R), bilateral precentral gyrus (PreCG.L,
PreCG.R), bilateral supplementary motor area (SMA.L, SMA.R), bilateral
precuneus (PCUN.L, PCUN.R), left postcentral gyrus (PoCG.L) and left
temporal middle gyrus (MTG.L) (Fig. 1B). More details for each group on
the rich club organization can be found in Supplementary material
(Fig. S1).

The ANCOVA reveals significant differences in the connection
strength of overall (p < 0.001), rich club (p = 0.026), feeder (p = 0.001)
and local connections (p < 0.001) among all groups (Fig. 1C). On the
overall connection strength, we found a significant ordered difference
which means that a higher overall strength in HC than in FDR (p =
0.019) and than in OCD (p < 0.001) was found, and overall strength was
also higher in FDR than in OCD (p = 0.046). Compared with HC, OCD
presented a decreased rich club (p = 0.008), feeder (p < 0.001) and local
(p < 0.001) connection strength. We also found an increase in feeder
connection of FDR when compared to patients. Finally, in local
connection strength, a significant decrease was observed in OCD relative
to HC (p = 0.017).
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3.3. Relationship between connection strength and clinical variables in
OCD patients

None of the correlation analysis between connection strength and
OCD symptoms revealed a significant correlation, controlling for age,
gender, years of education, BDI, SAT scores and disease duration
(Fig. 2).

3.4. Relationship between connection strength and symptom or diagnosis

We next regressed the strength of rich club, feeder, and local con-
nections on OCD diagnosis, symptoms and covariates, across all subjects.
We first tested Model 1: rich club connection strength ~ OCD diagnosis
+ compulsion symptom + covariates. This analysis revealed an associ-
ation between diagnosis and rich club connection strength (B[SE] =
-248.5874[138.257]; p = 0.076), while the association with compulsion
or obsession scores and rich club connection strength (B[SE] = 5.446
[10.351]; p = 0.600) was much smaller (Fig. 3, left). In Model 2: rich
club connection strength ~ OCD diagnosis + obsession symptom -+
covariates, no significant relationship was found.

In Model 3: feeder connection strength ~ OCD diagnosis + obsession
symptom + covariates, no significant relationship was found. Next,
Model 4: feeder connection strength ~ OCD diagnosis + compulsion
symptom + covariates, revealed a significant relationship between
diagnosis and feeder connection strength (B[SE] = -669.4794[264.5771;
p = 0.013), while the association with compulsion or obsession scores
and feeder connection strength (B[SE] = 12.213[19.808]; p = 0.539)
was much smaller (Fig. 3, middle).

Model 5: local connection strength ~ OCD diagnosis + compulsion
symptom + covariates, revealed a significant association between
diagnosis and local connection strength (B[SE] = —1340.172[528.165];
p = 0.013), while the association with compulsion or obsession scores
and local connection strength (B[SE] = 10.628[39.542]; p = 0.789) was
much smaller (Fig. 3, right). Finally, in Model 6: local connection
strength ~ OCD diagnosis + obsession symptom + covariates, no sig-
nificant relationship was found.

3.5. SC-FC coupling

There is no significant difference on whole-brain SC-FC coupling
observed between healthy controls (r mean = 0.168), OCD patients (r
mean = 0.173) and their unaffected first-degree relatives (r mean = 0.148,
Fig. 4). The SC-FC coupling for the rich club network was higher in
healthy controls (r mean = 0.346) relative to the rich club coupling value
in FDR (7 mean = 0.233; p = 0.001). In addition, no significant difference
in SC-FC coupling was found in the feeder and local connection.

Table 1

Demographic and clinical characteristics.
Variables OCD (n = 32) FDR (n = 30) HC (n = 32) F/x2 p value

(M =+ SD) (M =+ SD) (M £ SD)

Demographic Measures
Age, years 29.6607.28 33.63010.93 30.7507.54 1.865 0.160
Gender (M/F) 20/12 18/12 18/14 0.263 0.877
Education, years 13.5503.51 12.5702.91 13.5003.57 1.125 0.329
Clinical measures
Y-BOCS total 26.5904.89 0.8301.53 1.4102.42 662.875 <0.001
Y-BOCS obsession 15.3102.93 0.3300.84 1.0001.72 523.984 <0.001
Y-BOCS compulsion 11.2804.86 0.5001.07 0.4101.04 162.272 <0.001
OCI-R 23.62013.22 7.9708.86 15.37013.50 13.501 <0.001
STAI state 53.16016.96 24.40017.63 39.00012.79 15.979 <0.001
STAI trait 53.34015.10 23.73017.93 40.81013.14 18.214 <0.001
BDI 18.06011.44 2.5005.24 8.819.64 19.209 <0.001
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strength. Compulsion and obsession were measured with Y-BOCS score.
4. Discussion

Our study is the first to investigate structural rich club organization
characteristics in OCD patients and their unaffected FDR using DTI
technology, and relate it to functional connectivity. Compared with HC,
rich-club connection strength showed a significant decrease in OCD
patients, suggesting that a damaged rich club connection may be a core
aspect of OCD. Additionally, in all subjects, when obsessive-compulsive
symptoms and diagnosis were combined in the same analysis, a signif-
icant effect of diagnosis on peripheral connections (i.e. feeder, and local
connection strength) was observed. Our findings suggested that OCD

patients are characterized by a damaged rich-club backbone and
degenerative peripheral (feeder and local) connections, which may be
vulnerability factors for OCD. Finally, the decreased SC-FC rich club
coupling coefficients in FDR compared to HC, provided further multi-
modal neuroimaging evidence for the role of rich-club connectivity in
OCD.

The rich club regions were observed both in OCD patients, FDR and
HC in this study, comprising the right putamen, bilateral precentral
gyrus, left temporal middle gyrus, bilateral precuneus, left postcentral
gyrus, and bilateral supplementary motor area. Our finding of rich club
regions is to a large extent consistent with previous research on whole-
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Fig. 3. The regression analysis comparing the predicting effects of OCD diagnosis with compulsion on connection strength. Model 1 (on the left), Model 4 (middle),

and Model 5 (right). Error bars indicate SEs.

0.751 -
[ ]
L ]
J
o 0.501
£
a .
>
o
©  0.254 ° . @
O
EL
O s ar
P 000 °°
-0.25 A
ovérall rich |club

feeder local

Connection types

Fig. 4. Group comparisons in SC-FC coupling of three types of connections. (A): Group differences in SC-FC coupling of all connections were included. (B): SC-FC
coupling of rich club connection, (C): of feeder connection and (D): local connection. **: p < 0.01.

brain structural networks in OCD (Zhou et al., 2020). Additionally, the
putamen and precentral gyrus were also found to be important hubs in
the present study; these regions were also associated with OCD patho-
mechanism, including in the cortico-striatal circuits in previous studies
(Jang et al., 2010; Kubota et al., 2019; Rasgon et al., 2017; Zhou et al.,
2020). Moreover, these rich club nodes overlapped with the default
mode network (DMN). Previous studies have revealed a disrupted con-
nectivity of the DMN including the insula, superior parietal, and tem-
poral cortex in OCD (Peng et al., 2014b).

The connections among the rich club regions contribute to highly
efficient information integration due to their central position in the
network topology (van den Heuvel and Sporns, 2011; van den Heuvel
et al, 2013). In the present study, we found decreased rich club
connection strength in OCD patients and FDR relative to HC, indicating
abnormal connectivity in rich club regions. The abnormal rich club
connectivity in patients suggests decreased brain communication and

integration in OCD. Our current findings are inconsistent with previous
research on rich club organization of OCD (Zhou et al., 2020), which
reported increased rich club, feeder and local connection strength in
OCD patients. We observed a decreased structural rich club, local and
feeder connectivity in OCD patients relative to HC. On the one hand,
these differences may be caused by the heterogeneity of patients, the
diversity in technical methods, and the inclusion of an FDR group. On
the other hand, different network construction methods and parameters
may lead to different results: This remains to be tested in future work.

Another noteworthy finding was that the SC-FC coupling of rich club
connections in FDR was significantly decreased compared to HC.
Interestingly, the decrease of the coupling coefficient in FDR was sig-
nificant, although in OCD it was non-significantly decreased compared
with HC, possibly as a reflection of the increased dynamics between
structural and functional connection in FDR (van den Heuvel et al.,
2013). Combined with the results of ordered differences in overall
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strength (i.e. HC > FDR > OCD), we tentatively conclude that the brain
networks of the patients and their relatives are partially impaired in
information communication, and the decreased SC-FC coupling of FDR
may be a buffering mechanism for OCD. However, an important caveat
is in order here, since whether this coupling is temporary or persistent
cannot be identified in present design, and thus awaits future research
for clarification.

Detecting abnormalities on unaffected FDR of OCD patients provides
abundant information for OCD study, free of the effects of psychosis and
antipsychotic medication (Peng et al., 2013). Currently, for the FDR, we
identified a similar trend of changes in rich club and peripheral
connection strength to OCD patients and ordered differences between
patients and healthy subjects such that HC > FDR > OCD, reflecting a
possible vulnerability biomarker for OCD. Our findings provided
powerful evidence for changed whole-brain network properties in OCD
patients. Moreover, our study presented a stronger relationship between
peripheral connections and OCD diagnosis labels but not between rich
club connections and symptoms, which suggests that OCD diagnosis can
capture the alteration in peripheral connections in contrast to symp-
toms. The abnormalities in rich club and peripheral networks we found
seem to indicate that dysconnectivity includes a neurodevelopmental
vulnerability to the disease, which may be mediated by genetic factors
(Collin et al., 2014).

The severity of obsessive or compulsive symptoms do not meet the
diagnosis criteria in healthy persons who are genetically related to pa-
tients (e.g., FDR). Yet, the imperceptible alterations in brain structure
may occur much earlier (Fan et al., 2016). We also observed alterations
of peripheral connections in the FDR group. Given the relatively small
effect size and cross-sectional nature of our study, however, the relation
between local network properties and symptom or diagnosis should be
regarded as preliminary.

Our research has some limitations. First, due to the inherent limi-
tation of the deterministic tracking method, accurately reconstructing
the cross-fibers in the human brain was difficult. In future work, prob-
abilistic tractography could be used for supplementary verification.
Second, the sample size of our study was not large, and drug-taking
patients were also recruited. Third, anxiety and depression scores in
HC were higher than FDR, which may stem from the fact that the healthy
subjects were college students with high academic stress. A larger
sample size, balanced parameters and controlled medication patients
should be employed in the future to mitigate these limitations. Finally,
longitudinal and developmental studies are required to uncover the
causal relationship between structural and functional connectivity on
the one hand, and OCD presence and symptomatology on the other.

5. Conclusion

We examined the rich club organization in OCD patients and their
unaffected first-degree relatives with deterministic tractography and
functional connectivity methods. The damaged rich club organization
and decreased connectivity of peripheral nodes in OCD patients and FDR
may suggest functional deficits in brain networks of OCD. Moreover, our
finding revealed an alteration in OCD and their FDR, supporting the idea
that altered rich club organization is related to a familial vulnerability to
OCD, potentially representing a vulnerability biomarker of the disorder.
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