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Abstract 

 

Background: Obsessive-compulsive disorder (OCD) is a chronic psychiatric disorder 

defined by recurrent thoughts, intrusive and distressing impulses, or images and ritualistic 

behaviors. Although focal diverse regional abnormalities white matter integrity in specific 

brain regions have been widely studied in populations with OCD, alterations in the 

structural connectivities among them remain poorly understood. Objective: The aim was 

to investigate the abnormalities in the topological efficiency of the white matter 

networks and the correlation between the network metrics and Yale-Brown 

Obsessive-Compulsive Scale scores in unmedicated OCD patients, using diffusion tensor 

tractography and graph theoretical approaches. Methods: This study used diffusion tensor 

imaging and deterministic tractography to map the white matter structural networks in 26 

OCD patients and 39 age- and gender-matched healthy controls; and then applied graph 

theoretical methods to investigate abnormalities in the global and regional properties of 

the white matter network in these patients. Results: The patients and control participants 

both showed small-world organization of the white matter networks. However, the OCD 

patients exhibited significant abnormal global topology, including decreases in global 

efficiency (t=–2.32, p=0.02) and increases in shortest path length, Lp (t=2.30, p=0.02), the 

normalized weighted shortest path length, λ (t=2.08, p=0.04), and the normalized 

clustering coefficient, γ (t=2.26, p=0.03), of their white matter structural networks 

compared with healthy controls. Further, the OCD patients showed a reduction in nodal 

efficiency predominately in the frontal regions, the parietal regions and caudate nucleus. 

The normalized weighted shortest path length of the network metrics was significantly 

negatively correlated with obsessive subscale of the Yale-Brown Obsessive-Compulsive 

Scale (r=-0.57, p=0.0058). Conclusions: These findings demonstrate the abnormal 

topological efficiency in the white matter networks in OCD patients. 
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Highlights 

 

 Little is known about the topological organization of the white matter networks in 

OCD patients. 

 This study mapped the white matter structural networks and investigated 

properties in 26 patients and 39 controls. 

 Patients showed significantly decreased global efficiencies and nodal efficiency 

in some brain areas. 

 The abnormalities of the network metrics were significantly correlated with the 

Y-BOCS scores. 

 A topology-based brain network analysis can study the structural connectivities in 

an OCD brain. 

 

[Keywords] brain network; connectivity; diffusion tensor imaging; 

Obsessive-compulsive disorder 

 

Abbreviations: OCD, Obsessive-compulsive disorder; WM, white matter; Y-BOCS, 

Yale-Brown Obsessive-Compulsive Scale; Y-BOCS1, Obsessive subscale of 

Yale-Brown Obsessive-Compulsive Scale; Y-BOCS2, Compulsive subscale of 

Yale-Brown Obsessive-Compulsive Scale; DTI, diffusion tensor imaging; DSM-IV, 

Diagnostic and Statistical Manual of Mental Disorders; OFC, orbito-frontal cortex; 

MRI, Magnetic Resonance Imaging; PFC, prefrontal cortex; HCs, health controls; 

FA ,fractional anisotropy; ROI, region of interest; VBM, Voxel-based morphometry; 

AAL, automated anatomical labeling; MDD，major depression disorder；Sp， Network 

Strength；Eglob，Network global efficiency；Eloc，Network local efficiency；Lp，the 

shortest path length；Cp，the clustering coefficiency；λ，the normalized shortest path 

length；γ，the normalized clustering coefficiency；σ，small-worldness； 
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1. Introduction 

 

Obsessive-compulsive disorder (OCD) is a chronic psychiatric disorder defined by 

recurrent thoughts, intrusive and distressing impulses or images (obsessions), and 

ritualistic behaviors and mental acts (compulsions) that are used to reduce the anxiety 

associated with the obsessive thoughts. OCD is often associated with significant 

anxiety, distress and social dysfunction (Weissman et al.，1994). The worldwide 

prevalence of this disorder is 2% to 3% (Horwath and Weissman, 2000), and the mean 

onset age is usually late adolescence (Taylor, 2011). The pathogenesis of OCD is 

largely unknown, though genetic factors may play an important role. A family-based 

genetic association study reported biased transmission of alleles of the MOG gene 

(myelin oligodendrocyte glycoprotein gene) in OCD patients (Zai et al., 2004). MOG 

is a cellular adhesion molecule of oligodendrocyte, which serves as an important part 

of the white matter (myelin). Bilateral orbitomedial leucotomy for one patient with 

severe and intractable OCD also showed remarkable improvement in 

obsessive-compulsive symptoms (Sachdev et al., 2001). All these studies suggest that 

the structural and functional defect(s) of white matter (WM) may be a vital 

neurobiological basis in the pathogenesis of OCD. Several studies have also revealed 

that WM alterations are associated with greater severity of obsessive-compulsive 

symptoms. In Magnetic Resonance Imaging （MRI） morphometric studies, Garber et 

al. (1989) found that right-minus-left T1 differences in the orbital PFC cortex were 

strongly correlated with symptom severity in OCD patients. Duran et al. (2009) found 

patients’ symptom severity scores demonstrated positive correlations with volumes of 

large bilateral clusters of WM volume in the anterior limb of internal capsule. 

Magnetic resonance spectroscopy（MRS）studies found OCD patients exhibited 

neurochemical abnormalities in the frontal (Whiteside et al., 2006) and parietal 

(Kitamura et al., 2006) WM that correlated positively with the severity of symptoms. 

 

Diffusion tensor imaging (DTI) is a noninvasive imaging technique that can be used 

to investigate WM microstructures. In recent years, several DTI studies have shown 
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that OCD patients exhibited diverse regional abnormality in WM integrity in different 

brain regions of OCD patients. In these studies, Szeszko et al. (2005) observed that 

patients exhibited significantly lower fractional anisotropy (FA) bilaterally in three 

areas of the anterior cingulate cortex, parietal region (supramarginal gyri), right 

posterior cingulated gyrus, and left occipital lobe (lingual gyrus). Subsequently, 

Cannistraro et al. (2007) found significantly greater FA in the cingulate bundle 

bilaterally and in the left anterior limb of the internal capsule of patients. Lochner et al. 

(2012) also found patients showed increased FA in bilateral regions of the anterior 

limb of the internal capsule, as well as decreased FA in the right anterior limb near the 

head of the caudate. Saito et al. (2008) observed a significant reduction in FA in the 

rostrum of the corpus callosum of patients, while Garibotto et al. (2010) found 

patients showed significantly lower FA in corpus callosum, cingulum, superior 

longitudinal fasciculus, and inferior fronto-occipital fasciculus bilaterally. In another 

study, Li et al. (2011) found OCD patients demonstrated significantly increased FA in 

the genu and body of corpus callosum and WM of the right superior frontal gyrus 

(SFG) and corpus callosum. Fan et al. (2012) found patients showed significantly 

decreased FA in the left medial SFG, temporo-parietal lobe and middle occipital gyrus 

and around the left striatum WM. These studies provide a potential mechanism of the 

structural disconnections in the brain of OCD patients. 

 

Previous findings regarding WM alterations in OCD patients were rather 

heterogeneous. These heterogeneous findings may in part stem from difficulties in 

anatomically registering DTI data, and may well suggest that OCD is associated with 

large-scale disruption in brain systems or networks, as opposed to being a 

consequence of disturbances in isolated brain regions (Fontenelle et al., 2009). The 

human brain is a complex organ, and it is the activity of the connected cellular 

ensembles that stores the memories, produces the thoughts, and drives the actions 

(Sporns et al., 2005). Therefore, it is better to investigate the brain functions from the 

perspective of connected cellular networks. Network-based measures can consider 

each region’s integration into the global unit rather than as an independent entity; 
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therefore, such measures are more sensitive to alterations that are not apparent in 

gross isolated structures (Zalesky et al., 2010). However, very little is known about 

alterations in the topological organization of the WM networks in OCD patients. 

 

This study used DTI tractography and graph theoretical approaches to investigate 

abnormalities in the topological organization of the WM networks in OCD patients. 

Tractography is a novel 3D modeling technique used to visually represent neural 

tracts using data collected by DTI. Tractography is a useful tool for measuring deficits 

in WM, such as reliable estimation of fiber orientation and strength. It is currently a 

primary methodology for characterizing the brain’s WM or “structural” network. The 

graph theoretical approach serves as an effective methodology to analyze the 

connections of the brain networks (Bullmore and Sporns, 2009; He and Evans, 2010). 

 

This study hypothesized that: (1) OCD patients would show an abnormal topological 

pattern revealed by global and regional characteristics in the WM networks; and (2) 

these abnormal topological metrics would correlate with quantitative clinical 

symptomatic measurements, such as the Yale-Brown Obsessive-Compulsive Scale 

(Y-BOCS) scores. 

 

2. Materials and Methods 

2.1 Participants 

 

The present study included 26 OCD outpatients (female/male: 9/17; mean age: 

28.8±7.6 years) and 39 health controls (HCs) (female/male: 13/26; mean age: 

27.7±7.7). All patients met the DSM-IV (1994) diagnostic criteria for OCD, using the 

Structured Clinical Interview for DSM-IV Axis I disorders. Patients were diagnosed 

by two experienced senior psychiatrists. All the participating patients visited an 

outpatient clinic at Capital Medical University, Beijing Anding Hospital, China, from 

October 2009 to August 2011. The Y-BOCS (Goodman et al., 1989) was used to 

assess illness severity. Only patients with a score ≥ 16 on the Y-BOCS scale were 
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included. Every patient also received the 17-item Hamilton Depression Rating Scale 

(HAMD) (Hamilton, 1960) and the 14-item Hamilton Anxiety Rating Scale (HAMA) 

(Hamilton, 1959) to assess the severity of depression and anxiety, respectively. Other 

inclusion criteria were: (i) never used psychiatric medication before the study; (ii) 

between 18 and 50 years old; (iii) right-handed; (iv) no history of neurological illness 

or other major physical diseases; (v) no history of other major psychiatric disorders 

such as schizophrenia, mood disorders; (vi) no history of psychoactive substances, 

alcohol dependence and/or abuse. 

 

The study recruited 39 healthy volunteers from the local community using the 

Structured Clinical Interview for Diagnostic and Statistical Manual of Mental 

Disorders, 4th ed. Axis I Disorders-Non-patient Edition. The controls were matched 

for age, sex, and handedness with patients. None of the healthy controls had any 

neurological and psychiatric illnesses, major physical diseases, or positive family 

history of major psychiatric disorders. The detailed clinical and demographic data for 

all participants are shown in Table 1. This study was approved by the Research Ethics 

Committee at Beijing Anding Hospital, Capital Medical University. All participants 

were remunerated for their work. Written informed consent was obtained from all 

participants. 

 

2.2 Brain Image Acquisition 

 

All participants were scanned with a SIEMENS 3-T scanner (Tim Systems) at the 

State Key Laboratory of Cognitive Neuroscience and Learning, Beijing Normal 

University, China. Participants lay supine with foam pads and ear plugs to minimize 

head motion. Diffusion-weighted images were acquired with an Echo-Planar 

Imaging-based sequence covering the whole brain. The acquisition parameters were 

as follows: time repetition (TR)=7200ms; echo time (TE)=104ms; number of 

excitations (NEX)=8; in-plane acquisition matrix=128x128; field of view 

(FOV)=230x230mm
2 

; 2.5-mm slice thickness with no interslice gap; and 49 axial 
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slices. The diffusion sensitizing gradients were applied along 64 noncollinear 

directions (b=1000s/mm
2
), together with an acquisition without diffusion weighted 

(b=0s/mm
2
). High-resolution T1-weighted images were obtained by GR\IR sequence 

as follows: TR=2530ms; TE=3.39ms; time to inversion=1100ms; flip angle=15°; 

in-plane acquisition matrix=169x196; FOV=169x196mm
2
; 1.33mm slice thickness 

with no interslice gap; and 169 axial slices. 

 

2.2.1 Brain Imaging Data Preprocessing 

 

The data preprocessing consisted of several steps. First, the distortion of 

diffusion-weighted images due to eddy currents and motion artifacts were corrected 

using an affine registration (FSL; http://www.fmrib.ox.ac.uk/fsl). Second, the 

diffusion tensor model was fitted and the tensor matrix was diagonalized to obtain 

three eigenvalues and eigenvectors voxel by voxel. The FA value of each voxel was 

based on computed eigenvalues (DTI studio; http://lbam.med.jhmi.edu). Last, the 

whole brain fiber tracking was performed via the Fiber Assignment by Continuous 

Tracking (FACT) algorithm by seeding from the center of each voxel, with the FA 

threshold of 0.2 and tracking turning angular threshold of 45° (Mori et al., 1999). 

 

2.2.2 Brain Network Construction 

 

The whole brain fiber bundles linked different cortical regions form a huge 

complicated network. The most basic element network nodes and edges are defined as 

follows. 

 

2.2.2.1 Network Node Definition 

 

This study employed the automated anatomical labeling (AAL) template 

(Tzourio-Mazoyer et al., 2002) to parcellate the cerebral cortex into 90 cortical 
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regions (see Figure 1). In order to obtain comparable region of interest （ROI）across 

participants, the following parcellation process was conducted using SPM8 software 

(http://www.fil.ion.ucl.ac.uk/spm/software/spm8). Briefly, the structural images of 

each individual participant were coregistered to their non-diffusion-weighted (b0) 

images and resliced into the DTI space using a linear transformation. The resliced 

structural images were then nonlinearly transformed into the ICBM152 T1 template in 

the Montreal Neurological Institute（MNI）space. The transformation matrix was then 

inverted and used to warp the AAL labels from the MNI space to a DTI native space 

(Tzourio-Mazoyer et al., 2002)
 
by using nearest-neighbor interpolation to preserve the 

discrete labeling values (see Figure 1). After this procedure, 90 cortical and 

subcortical regions (45 for each hemisphere) were obtained (see Table 2), each 

representing a node of the network (see Figure 1). The spatial scale of the nodal 

parcellation of the brain network is an intrinsic factor that determines the network 

topological properties (Van den Heuvel et al., 2008; Wang et al., 2009; Zalesky et al., 

2010). Recent studies have shown different parcellation methods to characterize WM 

network topological structure (Hagmann et al. 2008; Van den Heuvel et al., 2008). 

Therefore, the AAL template was further subdivided into 1024 ROIs with equal size 

using a previously described method (Zalesky et al., 2010). 

 

2.2.2.2 Network Edge Definition 

 

All the reconstructed fiber bundles in native space were taken into account for the 

composition of the network edge. For the AAL atlas parcellation, cortical regions 

were considered structurally connected if at least three fibers with both end points 

were located in respective region (Shu et al., 2011). A minimum of three fibers was 

selected as a threshold to reduce the false-positive connections due to the sensitivity 

to noise in deterministic tractography; and simultaneously to ensure the detection of 

the largest connected component (Li et al., 2009; Shu et al., 2009) in the prospective 

network. The number of the connected fibers (FN) between two regions was defined 

as the weights of the network edges. As a result, the FN-weighted WM network was 
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constructed for each participant, which was represented by a symmetric 90x90 matrix 

(see Figure 1). For the high-resolution (1024) network, the same definition of the each 

edge was considered. The number of interconnecting fibers between two regions was 

defined as the edge weight. Therefore, a symmetric 1024x1024 matrix was obtained 

for each participant. 

 

2.2.3 Brain Network Analysis 

 

Network metrics for each participant were quantified using GRETNA 

(http://www.nitrc.org/projects/gretna/). For each network, the following metrics were 

calculated. 

 

2.2.3.1 .Network Strength 

 

For a network G with N nodes and K edges, the strength of G was defined as: 

Sp (G)=
N

1

Gi

iS )(  

where S (i) is the sum of the edge weights wij (wij are the FN values for the weighted 

networks) linking to node i. The strength of a network is the average of the strength of 

each node in the network. 

 

2.2.3.2 Weighted Network Cost 

 

The network cost reflects the expense for holding the connections of a graph and has 

an opposite effect on network efficiency (Gong et al., 2009). In order to normalize 

interindividual different cost effects, the weights of each network were divided by its 

cost. The cost was computed as follows: 

Cost=
weight

1
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2.2.3.3 Small-world Properties 

 

Small-world properties (clustering coefficient, Cp, and shortest path length, Lp) were 

originally proposed by Watts and Strogatz (1998) to characterize an optimized 

connect pattern of the brain according to evolution and development, which exhibits a 

balance of regular networks and random networks, possessing high clustering 

coefficients and low path lengths. The clustering coefficient of a node i, C (i),which 

was defined as the possibility of the neighborhoods, connected with each other or not, 

was computed as follows: 

C (i)=
)1(

2

ii kk

31

,

)(
kj

kijkij www  

where ki is the degree of node i and w  is the weight. The clustering coefficient, Cp, 

of a network is the average of the clustering coefficient of each node and indicates the 

extent of the local interconnectivity or cliquishness in a network. 

 

The path length between any pair of nodes (e.g., node i and node j) is defined as the 

sum of the edge lengths along this path. For weighted networks, the length of each 

edge was assigned by computing the reciprocal of the edge weight, 1/wij. The shortest 

path length, Lij, is defined as the length of the path for node i and node j with the 

shortest length. The shortest path length of a network was computed as follows: 

Lp (G)=
)1(

1

NN

 Gji

ijL  

where N is the number of nodes in the network. The Lp of a network quantifies the 

ability for information to propagate in parallel. 

 

A network can be categorized as a small-world network if it has a much higher Cp and 

a similar Lp compared with 100 matched random networks. The matched random 

networks were generated using the random rewiring procedure, described by Maslov 

and Sneppen (2002), that preserves the same number of nodes, edges, and degree 
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distribution as real networks. This study retained the weight of each edge during the 

random rewiring procedure so that the weight distribution of the network was also 

preserved. Further, the normalized shortest path length,   (lambda), 

 =
rand

P

real

p LL / and the normalized clustering coefficient,   (gamma), 

 =
rand

p

real

p CC , were computed, where 
rand

pL and 
rand

pC are the mean clustering 

coefficient and the mean shortest path length of 100 matched random networks, 

respectively. These two measurements can be summarized into a simple quantitative 

metric, small-worldness σ (sigma), which is typically >1 for small-world networks 

(Humphries et al., 2005). 

 

2.2.3.4 Network Efficiency 

 

The global efficiency of the parallel information transfer in the network (Latora and 

Marchiori, 2001) can be computed as follows: 

Eglob (G)= 
 Gji ijLNN

1

)1(

1
 

where Lij is the shortest path length between node i and node j in G. The local 

efficiency reveals how much the network is fault tolerant and shows how efficient 

communication is among the first neighbors of the node i when it is removed. 

 

The local efficiency of a graph is defined as follows: 

Eloc (G)= 
Gi

igiob GE
N

)(
1

 

where Gi denotes the subgraph composed of the nearest neighbors of node i. 

 

2.2.3.5 Regional Characteristics 

 

To determine the regional characteristics of the WM networks, the nodal strength and 

efficiency were computed. The nodal strength S (i) is defined as the sum of all of the 
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edge weights between this node and all of the other nodes in the network. The nodal 

efficiency, Enodal (i), is defined as follows (Achard and Bullmore, 2007): 

Enodal (i)= 
 Gji ijLN

1

1

1
 

where Lij is the shortest path length between node i and node j. Enodal (i) measures the 

average shortest path length between a given node i and all of the other nodes in the 

network. The node i is a brain hub if Enodal (i) is at least 1 SD greater than the average 

nodal efficiency of the network. 

 

2.3 Statistical Analyses 

 

Data were normally distributed and checked for sphericity. To determine the 

between-group differences in different global network metrics, linear regression 

analysis was performed. Age, gender, level of highest diploma, and brain size of each 

participant were taken as covariates at p<0.05, we also explored results at a more 

liberal statistical threshold of p<0.01, uncorrected. Likewise, such a linear 

regression and consideration of covariates was also applied to nodal efficiency. A 

false discovery rate (FDR) procedure was further performed at a q value of 0.05 to 

correct for multiple comparisons. The relationship between the global network 

metrics and region efficiency, which showed significant group difference, and the 

Y-BOCS scores in OCD groups using a partial correlation analyses, was further 

examined. This involved age, gender, level of highest diploma, and brain size as 

covariates. 

 

3. Results 

3.1 Small-world Properties of WM Networks 

 

A small-world network is a highly optimized system characterized by high local 

clustering and approximate high global efficiency compared with the matched random 

networks as expressed by γ >1 and λ≈1 (Watts and Strogatz, 1998). Compared with a 
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random network, which preserves the same number of nodes, edges, and degree 

distribution as the real network (Maslov and Sneppen, 2002; Sporns and Zwi, 2004), 

results showed that the WM network had a small-world organization in both of the 

OCD patients [λ=1.16 (0.03) γ=4.32 (0.38)] and control participants [λ=1.15 (0.03) 

γ=4.15 (0.29)] (see Table 3 and Figure 2). 

 

3.2 Global Topology Measures of the WM Structural Networks 

 

For each participant, the strength, global, and local efficiency, clustering coefficient, 

and shortest path length of the WM networks was calculated. Using linear regression 

analysis with age, gender, educational attainment, and brain size as the covariates, it 

was found that the OCD patients exhibited significant decreases in global efficiency 

(t=–2.32, p=0.02) and increases in shortest path length, Lp (t=2.30, p=0.02), 

normalized weighted shortest path length, λ (t=2.08, p=0.04), and normalized 

clustering coefficient, γ (t=2.26, p=0.03), of their AAL-based WM structural networks 

compared to the controls (see Table 3 and Figure 2). However, no significant result of 

global topology measures was found in high-resolution WM network. 

 

3.3 Regional Nodal Characteristics of the WM Networks 

3.3.1 Hub Regions 

 

The regions were defined as network hubs if their nodal efficiency was 1 SD greater 

than the average of the network. The study identified 13 hub nodes of the WM 

structural networks in the normal control group, including 10 association cortex 

regions and three primary cortex regions, and 14 hub nodes in the OCD group, 

including 10 association cortex regions and four primary cortex regions. In both 

groups, 12 brain regions were identified as hubs in common, including the bilateral 

precuneus (PCUN), bilateral middle temporal gyrus (MTG), bilateral postcentral 

gyrus (PoCG), bilateral dorsolateral SFG (SFGdor), bilateral supplementary motor 

area (SMA), right precentral gyrus, and left MOG. In addition, one brain region, the 
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right middle frontal gyrus (MFG), was identified as a hub in the normal control group 

but not in the OCD group. Two brain regions, the left MFG and left precentral gyrus 

(PreCG), were identified as hubs in the OCD group but not in the normal control 

group (see Figure 3). These results are consistent with those from previous studies 

(Hagmann et al., 2008; Gong et al., 2009). 

 

3.3.2 Group Differences in Regional Efficiency 

3.3.2.1 AAL-based Structural Brain Networks 

 

The study further compared the nodal strength and efficiency of cortical regions in 

WM networks between the two groups. Compared with the controls, the OCD patients 

showed reduced nodal efficiency (p<0.05, FDR corrected) in the right MFG (MFG.R) 

and right PreCG (PreCG.R)(see Figure 4). 

 

3.3.2.2 High-resolution Structural Brain Networks 

 

As in the AAL network, a similar analysis was also performed in the high-resolution 

networks. The study found comparable results with AAL network analyses in regional 

efficiency abnormalities. The OCD patients showed reduced nodal efficiency 

(p<0.01 uncorrected) in the frontal region (MFG.R, MFG.L, right superior frontal 

gyrus, medial), PreCG.R and MOG.L, left posterior cingulate gyrus (PCG.L), left 

caudate nucleus (CAU.L), and MTG.L (see Figure 5). 

 

3.4 Correlation between the Network Metrics and Y-BOCS Scores 

 

The study examined the correlation between the four global network metrics, which 

showed significant group differences (global efficiency, shortest path length, 

normalized weighted shortest path length, and normalized clustering coefficient), and 

Y-BOCS scores using a partial correlation analyses in the OCD group at p<0.01. It 

was found that the normalized weighted shortest path length was significantly 
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negatively correlated with Y-BOCS1 (obsessive subscale) (r=-0.57, p=0.0058) (see 

Figure 6). Such a correlation analysis was also used on the nodal efficiency in the 

abnormal regions and Y-BOCS scores; no significant relationship was found between 

them, both in low and high-resolution structural brain networks. 

 

4. Discussion 

 

Using DTI and graph theory methods, the topological abnormalities of WM 

networks in OCD patients are shown. 

 

4.1 Disrupted Global Topological Organization in the WM Networks in OCD 

 

In this study, it was found that WM networks in both OCD patients and healthy 

controls showed small-world properties. However, some network properties, 

including global efficiencies, shortest path length, normalized weighted shortest path 

length, and normalized clustering coefficient, were significantly abnormal in the OCD 

patients compared with controls. OCD patients exhibited significant decreases in 

global efficiency and increases in shortest path length, normalized weighted shortest 

path length, and normalized clustering coefficient. Global efficiency is known to 

reflect the ability to transfer information between different nodes of a network; and it 

is a comprehensive index for the parallel information processing capabilities. Short 

path lengths ensure interregional effective integrity or prompt transfer of information 

in brain networks, which constitutes the basis of cognitive processes (Latora and 

Marchiori, 2001). The degeneration of fiber bundles can lead to increases in the short 

path lengths. Decreases in global efficiencies and increases in short path lengths could 

be attributable to the degeneration of fiber bundles for information transmission.  

 

These phenomena suggest that the connections between cortical areas are abnormal 

with less strength (reduced WM integrity) or longer pathways (disconnection). The 

normalized shortest path length was compared to a random network. The abnormality 
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indicates dysfunction of brain optimal balance between local specialization and 

global integration, which can support both segregated/specialized and 

distributed/integrated information processing are dysfunctional in OCD patients. 

The normalized clustering coefficiency is a comparison between local information 

transmission capability and random networks. The increases in the normalized 

weighted shortest path length and the normalized clustering coefficient reflect a 

strengthening of information transmission capability in patients’ brains. Therefore, the 

results suggest that some information may be constrained in some areas, which leads 

to over expression, and not transmitted to other larger areas, which leads to under 

expression of general function.  

 

These results are consistent with the facts of repeated obsession and compulsion while 

general function decreases in OCD patients. Some DTI studies showed disrupted 

structural integrity in various WM tracts, including the cingulate fasciculus, the 

inferior fronto-occipital fasciculus, optic radiation, superior longitudinal fasciculus, 

thalamic radiations, and the corpus callosum (Cannistraro et al., 2007; Bora et al., 

2011; Chiu et al., 2011; Oh et al., 2012). A functional brain network analysis study 

using graph theory reported by Zhang et, al. (2011) showed that OCD patients 

demonstrated a significantly higher clustering coefficient in a ‘top-down control 

network’ (multiple prefrontal, parietal, temporal, occipital, and subcortical 

regions) compared to the controls. The study also found that the clustering 

coefficient correlated with functional connectivity for primarily short-range 

functional connections. Although Zhang et al.’s (2011) study examined functional 

rather than structural networks, the current study suggests that OCD patients 

may show similar patterns of aberrant structural network properties.  

 

In another WM brain network analysis study using graph theory, Arienzo et al. 

(2013) observed that patients with body dysmorphic disorder(BDD), an 

obsessive-compulsive-related disorder demonstrated a higher whole-brain mean 

clustering coefficient than controls, and global efficiency was negatively 
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correlated with symptom severity. BDD has similarities to OCD in terms of 

overlapping phenomenology, shared heredity, and evidence of shared 

genetics(Monzani et al. 2012). These results provide support to the findings of this 

study, which suggest disrupted topological organization of the WM networks in OCD 

patients. Characterization of the global architecture of the anatomical connectivity 

patterns in the human brain could increase our understanding of how functional brain 

states emerge from their underlying structural substrates and provide new insights into 

the association of brain function deficits with underlying structural disruption in brain 

disorders (Sporns et al., 2005). As far as it has been ascertained, this study is the first 

to use diffusion MRI tractography to show small-world abnormalities in WM 

networks in OCD brains. 

 

4.2 Disrupted Nodal Efficiency in the WM Networks in OCD Patients 

 

It was observed that the OCD patients showed a reduction in the nodal efficiency, 

predominately in: (1) the frontal regions, right middle frontal gyrus (MFG); (2) the 

parietal regions—PreCG.R; 

 

A large body of literature supports the existence of parallel circuits linking the basal 

ganglia, thalamus, and cortex with circuits communicating with separate areas of the 

frontal cortex (Alexander et al., 1986). Neuropsychological studies have reported that 

OCD patients show deficits related to frontal cognitive abilities, such as executive 

functioning and cognitive-behavioral flexibility (Friedlander and Desrocher, 2006). 

Many previous studies have demonstrated that these frontal association regions 

exhibit OCD-related abnormalities. Functional imaging studies observed significantly 

lower regional cerebral glucose metabolic rates in the prefrontal lateral cortex 

(Martinot et al., 1990) and higher regional cerebral blood flow (rCBF) in the 

medial-frontal (Machlin et al., 1991) and right and left dorsolateral prefrontals (Diler 

et al., 2004) in OCD patients than in control groups. Some morphological studies also 

reported OCD patients had thinner left inferior frontal, left middle frontal and left 
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precentral (Shin et al., 2007) and showed decreased grey matter as well as decreased 

WM in bilateral frontal regions (Susanna et al., 2007).  

 

Functional MRI studies have found OCD patients showed significant decreased 

frontal-striatal responsiveness, mainly in the dorsolateral prefrontal cortex during 

planning (van den Heuvel et al., 2005) and demonstrated less functional connectivity 

within the resting state functional connectivity in the default mode network in the 

MFG (Jang et al., 2010) compared to controls. DTI analysis showed OCD patients 

demonstrated significantly increased FA in the right SFG (Li et al., 2011) but 

decreased FA in the left medial SFG (Fan et al., 2012), and a higher apparent 

diffusion coefficient in the left medial-frontal cortex (Nakamae et al., 2008).  

 

Current knowledge from functional and structural neuroimaging emphasizes 

abnormalities of fronto-striatal-thalamic-cortical circuits and 

orbitofronto-striato-thalamic circuits in the pathophysiology of OCD (Saxena et al., 

1999; Saxena et al., 2001). This study’s findings reflect the WM abnormality of the 

connections between the frontal regions and other regions. Thus, the results are in 

agreement with these neurobiological bases. 

 

The parietal cortex is known to be involved in attention and visuospatial processes,
 
as 

well as various executive functions, such as task switching, planning, and working 

memory (Posner and Petersen, 1989). Parietal dysfunction may interact with the 

frontal-subcortical circuits though an anatomical connection between parietal 

associative areas and the lateral orbitofrontal cortex, the striatum, and the thalamic 

nucleus (Valente Jr et al., 2005). Parietal dysfunction, such as WM integrity (Szeszko 

et al., 2005), WM volume (Carmona et al., 2007), grey matter volume (Kim et al., 

2001; Valente Jr et al., 2005), and functional alterations related to the symptoms of 

OCD (Kwon et al.，2009) may contribute to the cognitive impairments found in some 

OCD patients. This study’s results suggest that WM abnormality of the connections in 

the parietal cortex might influence information transmission in OCD patients. 
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In high-resolution structural brain networks, the OCD patients showed reduced nodal 

efficiency in the left caudate nucleus in addition to the above-mentioned regions. The 

caudate nucleus is also a region of interest in the pathophysiology mechanism of OCD, 

which has indicated abnormalities in WM integrity (Yoo et al., 2007) and functional 

alterations (Kwon et al., 2009) in OCD patients. The current results implied an 

abnormal connection between the caudate nucleus and other brain areas, and further 

demonstrated abnormalities of fronto-striatal-thalamic-cortical circuits in the 

pathophysiology of OCD from the perspective of network connections. 

 

Using graph theoretical analysis, this study’s results show that the frontal regions, the 

parietal regions and the caudate nucleus have reduced nodal efficiency in WM 

networks, which reflects the WM abnormality of the connections in these cortical 

regions. As stated in the introduction, DTI studies have shown variable FA values in 

different brain regions, which reflect regional WM integrity abnormalities in these 

regions of OCD patients. These abnormalities might influence information 

transmission and lead to the WM abnormality of the connections in these cortical 

regions. Thus, the current findings are consistent with previous DTI studies, and the 

reduced nodal efficiency is likely related to the abnormalities of FA values in these 

regions. 

 

In summary, the results of the graph theoretical analysis showed that there was a 

decreased topological efficiency in the WM networks in OCD patients. This may infer 

abnormal WM connections in cortical regions or between them. This study proposes 

that the abnormal WM integrity may cause the structural and functional abnormality 

in these brain regions, and then causes abnormal structural and functional connectivity 

in brain networks between regions, which can bring about the symptoms of OCD, 

such as the weakening of inhibitory ability and repetitive behavior. 

 

4.3 Correlation between the Network Metrics and Y-BOCS Scores 
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It was found that the normalized weighted shortest path length was significantly 

negatively correlated with Y-BOCS1 (obsessive subscale). A previous ROI-based 

study reported significant correlations between Y-BOCS scores and the volume in the 

regional cerebral cortex, such as left OFC, right OFC, or left thalamus (Atmaca et al., 

2007). A previous Voxel-based morphometry (VBM) study reported inverse 

correlations between Y-BOCS scores and grey matter volume in the thalamus 

(Valente Jr et al., 2005). Some DTI researches reported significant correlations 

between the Y-BOCS scores and the FA values in the WM in OCD patients 

(Fontenelle et al., 2009; Li, Huang et al., 2011). This present study is the first to show 

the correlation between the Y-BOCS scores and structural organization in OCD 

patients from a network perspective. It was found that the network metrics (both 

global efficiency and regional nodal efficiency) of OCD patients were not 

significantly correlated with Y-BOCS. Interestingly, however, it was found that the 

normalized weighted shortest path length was significantly negatively correlated with 

the Y-BOCS obsessive subscale score. The normalized shortest path length was 

compared to random networks. The abnormality indicates dysfunction of brain 

balance optimization, so the results suggest that dysfunction of brain WM network 

balance optimization in OCD patients is highly associated with obsession. Previous 

studies have demonstrated that the Y-BOCS obsessive subscale score is significantly 

correlated with the FA values in the WM in OCD patients (Li et al., 2011). Thus, the 

current results agree with others studies that suggest that the clinical symptoms of 

different subtypes of OCD might have abnormal neural correlates and brain 

connectivity (Mataix-Cols et al., 2004). 

 

5. Limitations 

 

Several limitations must be considered. First, the deterministic tractography used to 

construct WM networks cannot handle the “fiber crossing” problem (Mori and van 

Zijl, 2002), which might result in premature termination of tractography. The tensor 

model that only allows one fiber orientation within a single voxel cannot fit the cross 
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fiber either. Other methods such as probabilistic tractography (Iturria-Medina et al., 

2008; Gong et al., 2009) or models such as the diffusion spectrum MRI could be 

helpful to address the issues. OCD patients have also been studied using functional 

MRI data. The combination of different multimodal MRI techniques would yield a 

more comprehensive view of how aberrant structure connectivity is associated with 

excessive function in OCD patients.  

 

Second, the sample in this research is relatively small; and the representativeness of 

the results requires further verification through an enlarged sample size. In this 

study’s sample, the mean age for the OCD group was 28.8 years and the mean illness 

duration was 4.6 years; thus the mean age of onset was about 24.2 years. However, 

since only approximately 24% of cases of OCD have their onset after adolescence 

(Taylor, 2011), this may not represent the general OCD population. The study sample 

should be increased in the future. In addition, those with a history of other comorbid 

major psychiatric disorders, including mood disorders, were excluded. Not allowing 

any comorbid anxiety disorder, major depression disorder (MDD), or dysthymia 

therefore was a non-representative sample, since, for example, 60% to 80% of people 

with OCD have a history of MDD. However, in order to protect the homogeneity of 

the participants and reduce its influence on results, the inclusion and exclusion criteria 

were constructed. For example, Ajilore et al. (2013) found that MDD patients 

demonstrated abnormal topological efficiency in WM networks. Moreover, no 

subjects in this study had ever been treated with psychiatric medication, so this may 

not represent unusual cases. Medication may have effects on brain structure, so only 

subjects who had never been treated with psychiatric medications were chosen to 

control this confounding factor. 

 

Third, studies have shown that the clinical symptoms of different subtypes of OCD 

might have distinctive neural correlates and brain connectivity (Mataix-Cols et al., 

2004). This study did not differentiate the OCD patients into subtypes according to 
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their clinical symptoms, such as obsessive and compulsive checking, cleaning, 

compulsive symmetry, and hoarding. 

 

6. Conclusion 

 

In this study, DTI tractography and graph theoretical approaches were used to 

investigate the topological organization of the WM networks in OCD patients. It was 

found that OCD patients presented significantly decreased global efficiencies in WM 

networks compared with controls, suggesting disrupted topological organization of 

the WM networks in OCD patients. The study’s OCD patients also showed a 

reduction in nodal efficiency, predominately in the brain areas of the frontal regions, 

the parietal regions and the caudate nucleus. Further, these abnormalities to the 

network metrics were significantly correlated with the Y-BOCS scores. The data also 

suggest that a topology-based brain network analysis can provide an innovative and 

systematic methodology to study the structural and functional connectivity in OCD 

brains in order to fully understand of the neurobiology of OCD. 
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Table 1. Demographic and clinical characteristics of participants 

Characteristic                    OCD  patients        controls           p value 

Age(years)                     28.8±7.6(19-48)      27.7±7.7(18-45)        0.58 

Gender                             9/17              13/26             0.92 

Education(years)                  13.9±1.3           13.8±1.1            0.57 

Brain Size(mm3)                  1.16±0.16 x 107     1.20±0.18 x 107         0.36 

Illness duration                     4.6±3.5 

Total Y-BOCS score                 25.3±5.8               NA             

  Y-BOCS 1(Obsessive subscale)      14.5±2.6               NA 

  Y-BOCS 2(Compulsive subscale)    10.8±5.6                NA 

HDRS score                        9.2±4.46               NA 

HARS score                        12.7±5.76              NA 

 

Abbreviation: Y-BOCS, Yale-Brown Obsessive Compulsive Scale. 

               HDRS, Hamilton Depression Rating Scale; 

  HARS, Hamilton Anxiety Rating Scale； 
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Table 2 Cortical and subcortical region-of-interest defined in the study 

Index Regions Abbreviation Index Regions Abbreviation 

(1,2) 

(3,4) 

(5,6) 

(7,8) 

(9, 10) 

(11,12) 

(13,14) 

(15,16)  

(17,18) 

(19,20) 

(21,22) 

(23,24) 

(25,26)  

(27,28) 

(29,30)  

(31,32) 

(33,34) 

(35,36) 

(37,38)  

(39,40)  

(41,42)  

(43,44)  

(45,46) 

Precental gyrus 

Superior frontal gyrus, dorsolateral 

Superior frontal gyrus, orbital part 

Middle frontal gyrus 

Middle frontal gyrus, orbital part 

Inferior frontal gyrus, opercular part 

Inferior frontal gyrus, triangular part 

Inferior frontal gyrus, orbital part 

Rolandic operculum 

Supplementary motor area 

Olfactory cortex  

Superior frontal gyrus, medial 

Superior frontal gyrus, medial orbital 

Gyrus rectus 

Insula 

Anterior cingulate and paracingulate gyri  

Median cingulate and paracingulate gyri 

Posterior cingulate gyrus 

Hippocampus HIP 

Parahippocampal gyrus 

Amygdala 

Calcarine fissure and surrounding cortex 

Cuneus 

PreCG  

SFGdor 

ORBsup 

MFG 

ORBmid 

IFGoperc  

IFGtriang 

ORBinf 

ROL 

SMA  

OLF 

SFGmed 

ORBsupmed 

REC 

INS 

ACG 

DCG 

PCG  

HIP 

PHG 

AMYG 

CAL 

CUN 

(47,48) 

(49,50)  

(51,52) 

(53,54) 

(55,56) 

(57,58) 

(59,60) 

(61,62) 

(63,64)  

(65,66) 

(67,68) 

(69,70)  

(71,72) 

(73,74)  

(75,76) 

(77,78) 

(79,80) 

(81,82)  

(83,84)  

(85,86)  

(87,88) 

(89,90) 

Lingual gyrus 

Superior occipital gyrus 

Middle occipital gyrus 

Inferior occipital gyrus 

Fusiform gyrus 

Postcentral gyrus 

Superior parietal gyrus 

Inferior parietal, supramarginal and angular gyri  

Supramarginal gyrus 

Angular gyrus  

Precuneus  

Paracentral lobule 

Caudate nucleus 

Lenticular nucleus, putamen 

Lenticular nucleus, pallidium 

Thalamus 

Heschl gyrus 

Superior temporal gyrus 

Temporal pole: superior temporal gyrus 

Middle temporal gyrus 

Temporal pole: middle temporal gyrus 

Inferior temporal gyrus 

LING 

SOG 

MOG 

IOG 

FFG 

PoCG 

SPG 

IPL 

SMG 

ANG 

PCUN 

PCL 

CAU 

PUT 

PAL 

THA 

HES 

STG 

TPOsup 

MTG 

TPOmid 

ITG 

 

Note: The regions are listed according to a prior template obtained from an AAL atlas. 
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Table 3. Comparisons of the global network measures among the OCD and control groups 

                          Sp         Eglob        Eloc        lp          Cp          λ           γ           σ     

Low-resolution network  

(L-AAL)       

OCD                    256.9(41.4)  1.52(0.19)  2.42(0.27)  0.67(0.09)   0.36(0.02)   1.16(0.03)   4.32(0.38)    3.72(0.32) 

Control                  262.3(44.6)  1.59(0.20)  2.47(0.33)  0.64(0.08)   0.35(0.02)   1.15(0.03)   4.15(0.29)    3.63(0.28) 

t value                  –1.20      –2.32      –1.17      2.30         1.63        2.08        2.26        1.46 

p value                   0.24        0.02        0.25       0.02         0.11        0.04        0.03        0.15  

Abbreviation: Sp: Network Strength, Eglob:Network global efficiency, Eloc:Network local efficiency, Lp: the 

shortest path length, Cp: the clustering coefficiency, λ: the normalized shortest path length, γ: the normalized 

clustering coefficiency, σ: the small-worldness   
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Figure 1. A flowchart for the construction of WM structural network by DTI. 1) The rigid co-registration from the 

native T1-weighted structural MRI (A) to S0 image in DTI native space (B)  for each subject. 2) The nonlinear 

registration from the resultant structural MRI in DTI native space to the ICBM152T1 template in the MNI space 

(C), resulting in a nonlinear transformation (T). 3) The application of the inverse transformation (T-1) to the 

automated anatomical labeling atlas and the AAL-based high resolution atlas in the MNI space (D), resulting in the 

subject-specific automated anatomical labeling mask and 1024 mask in the DTI native space (F). All registrations 

were implemented in the SPM8 package.4) The reconstruction of all the WM fibers (E) in the whole brain using 

DTI deterministic tractography in DTIstudio. 5) The FN weighted networks of each subject (G) were created by 

Computing the number of the fiber bundles that connected each pair of brain regions. The matrices and 3D 

representations (lateral view) of the mean WM structural networks of health control group in two different 

resolution were shown in the bottom panel. The nodes are located according to their centroid stereotaxic 

coordinates, and the edges are coded according to their connection weights. For details, see the Materials and 

Methods section. 
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Figure 2 Global topology measures of WM networks which show significant between-group differences.The bars 

represent the mean values, and error bars represent the SDs of the network parameters. The OCD group show 

significant decreased global efficiencies（gE）(A) and  increased weighted shortest path length(Lp)(B), normalized 

clustering coefficient(Gamma)(C) and normalized weighted shortest path length(Lambda)(D). 
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HC 

 

 

 

OCD 

 

Figure 3. The hub region distributions in the WM structural networks of the HC and OCD groups. The hub nodes 

are shown in red with node sizes indicating their nodal efficiency values. The visualization used the Brain Net 

Viewer(Xia et al. 2013Xia et al. 2013). 
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Figure 4. Regions with significant differences in nodal efficiency between OCD patients and NCs. Regions show 

significant reduced nodal efficiency in OCD patients in AAL network. Nodes colored in deep blue indicate the 

regions after FDR correction, nodes colored in light blue indicate the regions at an exploratory threshold (p < 0.01, 

uncorrected). The network edge was constructed by averaging the structure matrix of all participants. 
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Figure 5. Regions show significant reduced nodal efficiency in OCD patients in high resolution network. (p< 0.01, 

uncorrected). The network edge was constructed by averaging the structure matrix of all participants. 
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Figure 6 The Correlation between the Network metrics and Y-BOCS scores in OCD patients. Plots showing the 

normalized weighted shortest path length (Lambada) of the network was significantly negatively correlated with 

Y-BOCS1. 

 

 


