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ORIGINAL ARTICLE

Connectomics-based structural network alterations in

obsessive-compulsive disorder

TJ Reess'?, OG Rus'?, R Schmidt®, MA de Reus®, M Zaudig®, G Wagner®, C Zimmer', MP van den Heuvel*” and K Koch'*’

Given the strong involvement of affect in obsessive-compulsive disorder (OCD) and recent findings, the current cortico-striato-
thalamo-cortical (CSTC) model of pathophysiology has repeatedly been questioned regarding the specific role of regions involved in
emotion processing such as limbic areas. Employing a connectomics approach enables us to characterize structural connectivity on a
whole-brain level, extending beyond the CSTC circuitry. Whole-brain structural networks of 41 patients and 42 matched healthy
controls were analyzed based on 83 x 83 connectivity matrices derived from cortical and subcortical parcellation of structural T1-
weighted magnetic resonance scans and deterministic fiber tracking based on diffusion tensor imaging data. To assess group
differences in structural connectivity, the framework of network-based statistic (NBS) was applied. Graph theoretical measures were
calculated to further assess local and global network characteristics. The NBS analysis revealed a single network consistently displaying
decreased structural connectivity in patients comprising orbitofrontal, striatal, insula and temporo-limbic areas. In addition, graph
theoretical measures indicated local alterations for amygdala and temporal pole while the overall topology of the network was
preserved. To the best of our knowledge, this is the first study combining the NBS with graph theoretical measures in OCD. Along with
regions commonly described in the CSTC model of pathophysiology, our results indicate an involvement of mainly temporo-limbic

regions typically associated with emotion processing supporting their importance for neurobiological alterations in OCD.
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INTRODUCTION
Obsessive-compulsive disorder (OCD) is a psychiatric disorder
characterized by recurrent, persistent and intrusive thoughts or
images typically causing distress or anxiety (that is, obsessions),
and repetitive behaviors aimed at reducing the feeling of anxiety
(that is, compulsions).! Traditionally, alterations in cortico-striato-
thalamo-cortical (CSTC) circuitry have been associated with the
pathophysiology of OCD.? The CSTC model differentiates between
affective and cognitive circuits, reflecting an impact of associated
structures on emotional and cognitive functioning. However, it has
recently been pointed out that the prevailing model does not
specifically take into account the involvement of other structures
such as amygdala and hippocampus and their interactions with
frontal areas in mediating anxiety.? Likewise, Menzies et al>
concluded that several brain regions outside of the classical CSTC
model may play a role in the pathophysiology. Based on a review
of voxel-based morphometry (VBM) studies in OCD and in line
with the aforementioned studies, Piras et al.* similarly state an
involvement of structural alterations in regions outside of the
CSTC loops such as temporo-limbic regions to be relevant in OCD.
Taken together, there is emerging evidence suggesting several
brain regions other than fronto-thalamo-cortical areas to play a
major role in the pathophysiology of OCD.

Progress has been made in identifying structural alterations in a
broad range of psychiatric diseases using various methods such as

VBM,” and diffusion-weighted imaging.® With the advent of
connectomics, it is now feasible to shift the view from a regional
perspective toward a network perspective based on the integra-
tion of various forms of anatomical data to assess connectivity of
networks in brain disease,” including psychiatric disorders.®'° The
conceptualization of the brain as a complex network calls for
different approaches in modeling and analysis to infer information
from brain magnetic resonance (MR) images and the mathema-
tical framework of graph theory has proven to be especially useful
in the analysis of such data."" A broad range of measures can be
calculated to assess topological properties of underlying brain
graphs.'? Assessing these measures, one can potentially derive
information about fundamental organizational properties in a
specific group or compute differences between groups'® (for
example, healthy controls vs psychiatric populations).'

To date, most studies addressing network alterations in OCD
have focused on functional networks derived from resting-state
functional magnetic resonance imaging (rs-fMRI)."”>"'® Within a
control network comprising frontal, parietal and cingulate cortex,
as well as precuneus, thalamus and cerebellum, patients displayed
alterations in small-world parameters.”® A recent study'® found
decreased connectivity within the limbic system (amygdala and
hippocampus) potentially related to problems with implicit
learning and emotion processing observable in OCD patients. In
addition, the same study reported an increase in connectivity
within the executive/attention network in OCD possibly related to
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Y-BOCS total
Obsession
Compulsions

OCI-R total
Hoarding
Checking
Ordering
Neutralizing
Washing
Obsessing

Comorbidities
Depression
Anxiety
Depression and anxiety
Personality disorder
Eating disorder
Depression, anxiety, ADHD
Depression, eating disorder, personality disorder

Medication
SSRI
TCA
SSRI+antipsychotic
SSRNI
SSRI+methylphenidate
SSNRI+methylphenidate
NDRI+SSNRI
Benzodiazepine+antipsychotic

Table 1. Demographic and clinical sample characteristics
Characteristics OCD (n=41) HC (n=42) P-value
n (%) or Mean +s.d. (range) n (%) or Mean £ s.d. (range)
Female 27 (65.9%) 24 (57.1%) P=0.42
Age (Years) 32.5+10.0 (20-63) 31.8+8.3 (20-57) P=0.73
Age of onset 15.9+6.40 —
Disease duration 16.8+10.6 —

22.0+5.4 (15-36) —
11.4+3.2 (4-17) —
10.6+3.5 (0-19) —

25.2+9.2 (9-47) —
26+29 (0-11) —
59+3.2(1-12) —
3.5+3.7 (0-12) —
1.9+2.6 (0-10) —
4.6+3.7 (0-11) —
6.8+3.0 (1-12) —

BDI 18.1+11.4 (0-53) —
22 (53.7%) —
12 (29.3%) —
3 (7.3%) —
3 (7.3%) —
1 (2.4%) —
1 (2.4%) —
1 (2.4%) —
1 (2.4%) —

29 (70.7%) —
16 (55.2%) —
4 (13.8%) —
3 (10.3%) —
2 (6.9%) —
1 (3.4%) —
1 (3.4%) —
1 (3.4%) —
1 (3.4%) —

Abbreviations: ADHD, attention deficit hyperactivity disorder; BDI, Beck Depression Inventory; HC, healthy controls; NDRI, norepinephrine-dopamine reuptake
inhibitor; OCD, obsessive-compulsive disorder; OCI-R, Obsession-Compulsion Inventory revisited; SSNRI, selective serotonin-norepinephrine reuptake
inhibitor; SSRI, selective serotonin reuptake inhibitor; TCA, tricyclic antidepressant; Y-BOCS, Yale-Brown Obsessive-Compulsive Scale.

excessive monitoring and impairments in coping with threat/
uncertainty. Only very few studies have examined alterations in
structural networks in OCD using the method of connectomics.
One study'® focused on cortical thickness and due to the nature of
the specific measure had to disregard subcortical structures
assumed to be of major importance in OCD. The only study?®
defining structural networks based on diffusion data, reports
disrupted topological organization in OCD as well as reduced
nodal efficiency in frontal and parietal regions as well as the
caudate.

An important question is whether functional alterations
observed across studies have a structural correlate. Thus far, no
study to date has focused on structural network alterations in OCD
using/adopting a network-based statistic (NBS) approach.' The
current study aims at examining differences in the structural
connectome in a fairly large sample of 41 OCD patients and 42
healthy controls based on the combination of anatomical and
fiber tracking data derived from high-resolution structural MR
scans and diffusion tensor imaging. Two approaches are used: NBS
is applied to assess differences in specific topological features of
networks, effectively controlling for the multiple comparison
problem. Second, graph theoretical measures are applied to
further identify potential changes in topologic properties. Since
there is accumulating evidence for an involvement of regions
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outside the CSTC circuits in OCD, we expected to find structural
alterations in areas not limited to CSTC loops. More specifically,
due to the nature of the disease we expected an involvement of
areas implicated in anxiety and emotion processing.

MATERIALS AND METHODS
Participants
A total of n=41 patients with OCD as the primary diagnosis according to
DSM-IV criteria were included in the study. All diagnoses were made by an
experienced psychiatrist from the Windach Institute and Hospital of
Neurobehavioural Research and Therapy specialized in the treatment of
OCD. As a control group n=42 age- and gender-matched healthy subjects
were included (for demographic and clinical characteristics see Table 1).
Exclusion criteria for both groups were a history of clinically important
head injuries, seizures or neurological diseases. There were no significant
differences between healthy controls and OCD patients regarding age
(t-test; P=0.73) and gender (y>-test; P=0.42). At time of the study, n=12
patients were drug-naive or medication-free for at least 3 weeks. No
patients were excluded due to comorbidities and n=22 patients had one
or more comorbid diagnoses. Healthy controls with a history of psychiatric
illness were excluded. All patients and controls were right-handed as
assessed by Annett’s handedness inventory.?' The patients were recruited
from the Windach Institute and Hospital of Neurobehavioural Research and
Therapy, Germany. To assess clinical severity of obsessive-compulsive



symptoms, patients were handed the self-rated version of the Yale-Brown
Obsessive-Compulsive Scale (Y-BOCS)*>* as well as the Obsession-
Compulsion Inventory revisited (OCI-R).%>?% In addition, the Beck Depres-
sion Inventory (BDI)*’?® was used to assess depressive symptoms. The
study was approved by the local Ethics Committee of the Klinikum rechts
der Isar, Mlinchen.

Image acquisition

MRI was conducted on a 3 T Philips Ingenia (Philips Healthcare, Best, the
Netherlands) using a 12-channel (SENSE) head coil. Structural imaging
consisted of a T1-weighted 3D MPRAGE sequence (170 slices, sagittal
orientation, 240x240 matrix, 1mm isotropic resolution, TR=9 ms,
TE=4ms, flip angle=8°), and a diffusion-weighted imaging sequence
(60 slices, 112x 112 matrix, 2 mm isotropic resolution, TR=9000 ms,
TE =57 ms, flip angle =90°, 32 diffusion directions, b-value=1000 s mm 2,
two b=0 images).

Image processing

Based on the high-resolution T1-weighted structural image, the cortical
and subcortical structures as well as the brain stem were parcellated using
Freesurfer (V5.1., http://surfer.nmr.mgh.harvard.edu/). Processing included
automatic segmentation into gray and white matter tissue compartments
followed by parcellation of the gray matter mask into distinct brain regions
based on a normalized template. The resulting parcellation consisted of a
total of 83 distinct brain regions of which 68 were cortical (34 per
hemisphere), 14 subcortical (7 per hemisphere: thalamus, caudate,
putamen, pallidum, hippocampus, amygdala, nucleus accumbens) and 1
represented the brainstem?®=" (see Supplementary Figure 1 for illustration
of nodes). This parcellation scheme comprises several nodes that are
thought to play an important role in the pathophysiology of OCD. Of
special interest are several subcortical (for example, caudate, putamen,
nucleus accumbens, amygdala, thalamus), as well as cortical regions
(rostral middle frontal, medial orbital frontal, insula). In addition, this
scheme is in line with studies examining other psychiatric diseases®*? and
may thus facilitate comparison of results across diagnostic categories.
Diffusion data were corrected for movement and eddy-current
distortions by realigning all diffusion-weighted images to the diffusion
unweighted (b=0) scan. A tensor was fitted to each voxel’s individual
diffusion profile by applying a robust fitting method.** Based on the fitted
tensors, FA values as well as the preferred direction of diffusion
(represented by the principal eigenvector) were calculated for each voxel.

Tractography

Reconstruction of white matter tracts was based on Fiber Assignment by
Continuous Tracking (FACT).3*3¢ To initiate tracking, eight seeds were
placed in every voxel assigned to be white matter tissue based on the
brain mask. Starting from each seed, tracking proceeded along the main
diffusion direction propagating from voxel to voxel. Fiber tracking was
terminated if the FA-value in a given voxel was < 0.1, the angle between
the preferred diffusion direction of two subsequent voxels exceeded 45° or
the streamline exceeded the brain mask.

Graph construction

A graph is the representation of a network in mathematical terms and is
defined by a set of nodes, and a collection of edges describing the
interactions between the nodes. To perform network analysis, a graph
representing the structural connectivity network was constructed indivi-
dually for each participant. Each node was assigned a specific brain region
derived from the previous parcellation step. For every possible pair of
nodes (N;N)) it was determined whether a connection, that is a continuous
streamline between N; and N; was present or not. If present, the value of
the connection was assigned the value of the number of streamlines (NOS)
as indicated by the fiber tracking results. If a connection was absent, the
connectivity value was set to zero. In this manner, for every participant, a
single undirected, NOS-weighted graph was constructed. To avoid the
influence of spurious connections, all edges with a streamline count of <2
were set to zero. A group threshold was applied to balance the influences
of false-positive and false-negative reconstructions of tracts.>” In a first
step, for each group separately, edges that were present in at least 60% of
all group members were retained while all other edges were set to zero. In
a second step, all edges that were present in at least 60% of the entire
sample were retained. All subsequent analyses were conducted using the
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output from applying the 60% threshold within the entire sample. To
check the stability of results, we additionally thresholded all matrices with
varying thresholds, ranging from 30 to 90% with 5% increments and
repeated all analysis (see Supplementary Tables 7 and 8).

NBS analysis

Group differences between structural connectivity matrices were exam-
ined using the framework of the NBS introduced by Zalesky et al."* NBS is a
recently developed nonparametrical method to avoid the multiple
comparison problem encountered when conducting mass univariate
significance testing in graphs. Statistical significance is established for
specific subsets of nodes that are mutually connected in topological rather
than physical space. The first step in the analysis requires the calculation of
a test statistic (here t-statistic) for each individual edge based on the
differences in connectivity values (that is, NOS) between groups. Second, a
primary component-forming threshold (here P < 0.01, uncorrected) is
applied to identify all edges displaying potential differences in connectivity
strength. Third, all subthreshold edges are assessed for mutual connec-
tions forming clusters in topological space that may point toward the
existence of non-chance clusters. Permutation testing is then applied to
compute P-values for every component previously identified. To this end,
steps 1 through 3 are repeated for each of the 5000 random permutations
of group assignments (that is, patient or control), with noting the
maximum cluster sizes of components resulting in a null distribution for
the largest component size. The final hypothesis test is then carried out for
the empirically determined components by comparing their sizes with the
proportion of permutations yielding a component with equal or greater
size. The final result controls the family-wise error rate at cluster level with
P < 0.05. Visualization of NBS networks was conducted using graphViz V2.3
(www.graphviz.org).®

Graph theoretical analyses

All measures were calculated on the individual structural connectivity
matrices using the Brain Connectivity Toolbox (http://www.brain-connec
tivity—toolbox.net/)12 under Matlab (R2014a, http://mathworks.com) and
subsequently compared between groups. The following graph metrics
were calculated for global description of the networks: (1) normalized
global weighted clustering (y), (2) normalized characteristic weighted path
length (A), (3) global strength, (4) total fiber counts. To calculate y and A, for
every participant’s brain network a set of 1000 random networks with
identical degree sequence was formed. Subsequently for each of these
networks, the weighted clustering coefficient and characteristic weighted
path length were calculated and used for normalization. For description of
nodal properties, the following node-specific (that is, region specific) graph
metrics were calculated: (1) weighted clustering coefficient, (2) shortest
weighted path length, (3) nodal strength. All comparisons involving graph
measures were tested using permutation-based testing (10 000 permuta-
tions) corrected for multiple comparisons using false discovery rate (FDR)-
correction®® if applicable.

Analysis of nodal volumes

Volume differences on a nodal level can in principle lead to differences in
the number of reconstructed streamlines and thus drive parts of the
results. To check for such influences, a group comparison for the volumes
of all nodes was conducted using permutation testing (10 000 permuta-
tions) and FDR-correction.

Correlations

Potential relationships between clinical scores (Y-BOCS, OCI-R, BDI) and
network measures were assessed including the NOS of edges comprising a
significantly different cluster in the NBS analysis, as well as graph
measures, displaying significant differences on a local and global scale.
All correlations were corrected for multiple comparisons using FDR-
correction.

Influence of medication status

To assess the influence of medication status on results, we separately
compared the subgroup of patients receiving medication with all healthy
controls. This decision was based on the fact that the subsample of
patients not receiving any medication (n=12) was likely to cause a lack of
power in the statistical analysis. Instead, using the above mentioned
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L medial orbitofrontal cortex

L temporal pole

L putamen

L insula

L amygdala

L pallidum

Figure 1.
NBS, network-based statistic; OFC, orbitofrontal cortex.

approach, it was assessed whether the effects under consideration
increased or decreased in magnitude, indicating a possible influence of
medication status.

RESULTS
NBS of structural connectivity alterations in OCD

NBS analysis revealed a single network of decreased structural
connectivity in OCD as compared with healthy controls (P=0.009).
The network comprised a total of seven nodes connected by
seven edges. The entire network was confined to the left
hemisphere and included the following nodes: medial orbito-
frontal cortex (mOFC), putamen, pallidum, amygdala, entorhinal
cortex, insula and temporal pole (see Figure 1 for a depiction of
the entire network structure). All connections between nodes
were impaired in patients, that is, for each edge within the cluster,
the NOS was consistently reduced in patients (see Table 2). For
illustration purposes see Figure 2 depicting the aggregated
streamline trajectories comprising the edges within the signifi-
cantly impaired cluster for patients and healthy controls.

The analyses results obtained by varying the initial thresholds
are presented in Supplementary Table 7. Overall, the NBS results
were stable with only minor differences in cluster size for the most
extreme thresholds (80-90%).

Graph analysis

The overall topology of the networks was found to be in the small-
world regime for both groups with the normalized global
clustering coefficient y>1 (meanz+s.d, patients: y=3.0604+
0.2456; controls: y=3.0016 + 0.1324; P=0.183) and the normalized
characteristic global path length A~1 (patients: A=1.2125+
0.0891; controls: A=1.2052 + 0.1085; P=0.748). There was a trend
for a reduced global degree strength in patients (meanz+s.d,;
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Left: Black nodes and red edges comprise a cluster of significantly
impaired structural connectivity in patients based on NBS results
(p=0.009). Right: Magnified view of the cluster (not to scale).

L, left; mOFC, medial orbitofrontal cortex.

Connectome map representing nodes (circles) and edges (lines) of the structural network for the whole group. L, left;

patients: 3986.2 + 771.0; controls: 4281.0 £651.7; P=0.056), as well
as a trend for a reduced total fiber count in patients (mean +s.d.;
patients: 165430+ 31 996; controls: 177 660+ 27 044; P=0.063).
For local topological measures, the following significant differ-
ences were found: (1) decreased weighted clustering coefficients
of left amygdala (P < 0.001, FDR-corrected), left temporal pole
(P < 0.001, FDR-corrected) and right temporal pole (P=0.002, FDR-
corrected); (2) increased shortest weighted path length of left
amygdala (P < 0.001, FDR-corrected), (3) decreased nodal strength
of left amygdala (P < 0.001, FDR-corrected). For nodes with signifi-
cant differences based on uncorrected results see Supplementary
Table 1. Regarding the stability of graph measure results, all results
for amygdala are stable across the entire range of thresholds.
There is some minor variation in significant differences for the
weighted clustering coefficients and shortest weighted path
lengths (see Supplementary Table 8). For a depiction of the
global graph measures plotted as a function of connectivity matrix
density see Supplementary Figure 2.

Analysis of nodal volumes

Analysis of nodal volumes yielded no significant differences
(P>0.05, FDR-corrected) for any of the nodes derived from cortical
parcellation. See Supplementary Table 2 for details regarding the
volume comparisons of all nodes comprising the NBS cluster.

Correlation between clinical scores and connectivity parameters
There were no significant correlations between clinical scores and
connections found to be impaired in the NBS analysis or for global
and local graph measures (see Supplementary Tables 4-6 for
reports of trend correlations between clinical scores and graph
measures).
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Table 2.

Number of streamlines of edges comprising the network displaying significant group differences based on NBS analysis

Network edges

NOS-value OCD mean +s.d.

NOS-value HC mean *s.d. P-value/t-statistic

L putamen-L amygdala 4141 +£2243
L pallidum-L amygdala 166.9 +151.2
L putamen-L temporal pole 239.7 +140.5
L amygdala-L temporal pole 393.0+169.0
L temporal pole-L insula 1104+116.4
L mOFC-L insula 51.9+62.2

L amygdala-L entorhinal cortex 138.6 +104.0

656.4 +249.6 P <0.001, t=4.13
3176 +£231.9 P <0.001, t=3.65
365.7+212.6 P=0.002, t=3.18
533.0+246.7 P=0.003, t=3.01
204.3 +168.8 P=0.004, t=2.99
126.8+136.8 P=0.005, t=2.94
2234+162.3 P=0.006, t=2.83

Abbreviations: HC, healthy controls; L, left; mOFC, medial orbitofrontal cortex; NBS, network-based statisticc NOS, number of streamlines; OCD,
obsessive-compulsive disorder. Mean + s.d. for the number of streamlines for each edge within the NBS cluster.

pallidum

putamen

sl
/

temporal pole

insula

amygdala

entorhinal cortex

Figure 2.

Illustration of the streamline trajectories comprising the edges of the significant NBS component. (a) For better anatomical reference,

the nodes within the NBS component were extracted from the fsaverage segmentation and projected on the fsaverage anatomical T1-
weighted image image. Fiber tracking results show aggregrated streamlines within the NBS component over all (b) controls and over all (c)
patients. Aggregate fiber clouds have been downsampled to streamline counts representative of the subject groups. mOFC, medial

orbitofrontal cortex; NBS, network-based statistic.

Influence of medication status

The NBS results obtained from comparing healthy subjects with
patients receiving medication yielded one significant cluster
(P=0.047, corrected). It comprised a total of five nodes connected
by five edges. The entire network was confined to the left
hemisphere and included the following nodes: putamen, palli-
dum, amygdala, insula, and temporal pole. All connections
between nodes were impaired in patients, that is, for each edge
within the cluster, the NOS was consistently reduced in patients
(see Supplementary Table 3).

For local topological measures, the following significant
differences were found: (1) decreased weighted clustering
coefficients of left amygdala (P < 0.002) and left temporal pole
(P <0.002); (2) increased shortest weighted path length of left
amygdala (P < 0.001), (3) decreased nodal strength of left
amygdala (P < 0.001).

DISCUSSION

The current study reports on NBS-based structural connectome
differences between OCD patients and healthy controls, as well as
graph theoretical analysis parameters. The NBS analysis revealed a
single network with decreased structural connectivity in OCD. The
affected subnetwork was lateralized to the left side and consisted

of connections between mOFC, putamen, pallidum, amygdala,
entorhinal cortex, insula and temporal pole. Several of these
nodes are commonly implicated in the classical CSTC model of
OCD such as the mOFC, putamen and pallidum providing
evidence of the involvement of altered structural connectivity
between these areas in the pathophysiology of OCD.

Interestingly, the connections between several nodes within the
NBS cluster resemble a fronto-temporal pattern connecting mOFC,
insula, temporal pole, amygdala and entorhinal cortex. Wide-
spread anatomical connectivity between the aforementioned
areas has been described in the literature. A major connection
between the orbital and temporal gyrus is provided through the
uncinate fasciculus (UF)*® which is commonly regarded as forming
part of the limbic system due to connectivity and topology.*'
Fibers are originating in the parahippocampal area, including the
entorhinal cortex and temporal pole, reaching the orbital cortex
after passing the amygdala and the limen insula.*’ Some authors
also describe an extension of the UF to the amygdala.*? Using a
diffusion tensor imaging fiber tracking approach in humans, the
anterior insula has been demonstrated to contain fibers connect-
ing orbital/inferior frontal areas and temporal areas with parts of
the fibers overlapping with the UF.*

Several studies using DWI measures and Tract-based Spatial
Statistics (TBSS) have reported microstructural alterations within
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the UF in OCD, among others a decrease in FA values in left and right
UF, as well as a reduced mean diffusivity in left UF in patients
receiving medication** and an increase in axial diffusivity in left and
right UF in a pediatric sample of OCD patients.* Regarding our
results, a potential involvement of the UF seems possible as the
connections between the aforementioned nodes are mainly
provided through fibers that closely resemble the trajectory of the
UF (also see Figure 2). Unlike TBSS, the connectomics approach taken
in the current analysis does not focus on voxel-wise white matter
alterations within a skeleton of the main fiber tracts but rather on the
NOS between nodes. However, it is remarkable that there might be a
convergence between results derived using various methods such as
TBSS and NBS. Our results are also in line with a recent review/meta-
analysis*® that comes to the conclusion that reductions in UF
structural connectivity might be interpreted as the correlate of
processing deficits in the emotional domain observed in neuropsy-
chological research conducted with OCD patients.

A large body of evidence points toward wide-spread alterations
in cortical volumes in OCD patients* with changes mainly affecting
frontal, temporal, thalamic and temporo-limbic areas. In addition,
a recent multicenter study®” including over 400 patients, found a
relative decrease of gray matter volume in the inferior frontal
cortex extending to the anterior insula in OCD patients. As
mentioned above, volume differences can lead to differences in
the number of reconstructed streamlines and therefore influence
results. The analysis of volume differences yielded no significant
results between patients and controls for any of the nodes in the
NBS cluster. This indicates that differences in the number of
reconstructed streamlines are most likely not due to regional
changes in volume but may rather indicate a correlate of
underlying pathology. Note that the absence of volumetric
differences in our sample does not necessarily contradict the
findings from meta-analyses as they generally possess a higher
statistical power to detect even subtle differences.

The importance of the amygdala is not specifically considered
in the traditional CSTC model even though there is accumulating
evidence indicating an involvement of this structure in the
disease®®>2 and an ongoing debate about its role in the
pathophysiology of OCD.” The NBS result clearly indicates an
involvement of the amygdala. Specifically, within the impaired
NBS cluster it is also the node displaying the highest binary degree
(for example, the highest number of direct neighbors), providing a
link between temporal and striatal areas. The important role is
further underlined by results from graph theoretical measures
indicating a decreased weighted clustering coefficient, a decrease
in weighted degree strength, as well as an increased shortest path
length for left amygdala. The clustering coefficient measures how
strongly connected the neighbors of amygdala are and a decrease
in clustering may thus point toward a decreased structural
connectivity among the directly connected neighbors of the
amygdala. This result might be interpreted such that in OCD,
information normally traversing rather directly between immedi-
ate neighbors in healthy subjects may be more prone to be
mediated via connections involving the amygdala, thus
allowing it to exert an increased control over information flow
between neighbors. As a measure of integration reflecting
information about the connectivity between amygdala and all
remaining nodes, the increase in shortest path length further
indicates that amygdala is not as efficiently connected as
in healthy controls. Taken together, there might be an additive
effect in the sense that information is not only more prone to
travel through amygdala, but also the connectivity between
amygdala and its neighbors, as well as other brain regions is not as
efficient.

Considering anxiety to be a core phenomenon of OCD, the
finding of altered structural connectivity of limbic areas (such as
OFC and amygdala) is especially striking since these areas are
commonly thought to be central to emotion processing and
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behavioral regulation®*** with amygdala playing a central role for

fear and anxiety. Hence, the alterations found in graph measures
substantiate current discussions about the relevance of the
amygdala for OCD and may represent the structural substrate of
the pronounced feelings of anxiety preceding or accompanying
patients” obsessive thoughts and compulsive actions.

Similar to left amygdala, both temporal poles also exhibited a
decreased weighted clustering coefficient. The temporal pole has
been implicated in various domains such as memory,> as well as
emotional processing, coupling sensory stimulation to emotional
responses.”®>” There is first evidence of an involvement of altered
temporal pole structure and function in OCD. Van den Heuvel
et al.>® found a negative correlation between checking symptoms
and gray matter and white matter volume. Furthermore, the level
of functional activation in the anterior temporal pole and
amygdala during symptom provocation is reported to be
associated with better subsequent treatment response to
cognitive behavioral therapy.”® Taken together, previous and
current findings provide support for the notion of structural
alterations in amygdala and temporal pole in OCD which may be
clinically relevant and may go along with an increase in functional
activation. The association between increased functional activa-
tion in these limbic core regions and subsequent responsivity to
treatment is in line with the emotional processing theory by Foa,*°
which assumes that activation of limbic (and predominantly
amygdala) regions during the experience of clinical symptoms is a
prerequisite for successful exposure-based treatments for anxiety
disorders. Whether there is a direct association between functional
and structural alterations, as well as an analog association in OCD
between structural alterations in these regions and individual
treatment responsivity remains to be elucidated. To date there is
only one study examining structural white matter network
characteristics in OCD from a network perspective reporting
several alterations in global and local graph measures.?® Their
main findings are a reduction in global efficiency, as well as an
increase in shortest path length, as well as y and A in patients. In
addition, they report a significant correlation between A and the
Y-BOCS obsession score. There are, however, considerable
methodological differences in comparison to our study that might
have caused divergent findings. First and foremost, the composi-
tion of the sample differs regarding the number of patients (n =41
vs n=26), as well as other characteristics (with all patients being
unmedicated with no comorbidities in the study by Zhong
et al®). Second, several parameters directly influencing the
number of reconstructed streamlines differed substantially, such
as the parcellation scheme which affects the volume of nodes and
thus influences the number of voxels within each ROI to initialize
tracking from. Furthermore, the tracking was initialized from one
seed within each voxel in the study by Zhong et al. compared with
eight seeds in the current study. In addition, we applied a more
liberal threshold (FA-value < 0.1 vs FA-value < 0.2 used by Zhong
et al.) as termination criteria for fiber tracking. Finally, we applied a
60% threshold to all connectivity matrices to find a good balance
between false-positive and false-negative connections (see
Materials and methods section). Taken together, the combination
of differences in sample composition and choices influencing the
number of reconstructed streamlines might explain divergent
findings.

Apart from examinations of structural connectivity, there is an
increasing number of studies using functional MRI to further
elucidate the neurobiological basis of OCD. Géttlich et al.'® report
a decrease in connectivity between limbic (amygdala, hippocam-
pus and parahippocampal gyrus) and basal ganglia, as well as the
default mode and executive/attention network in patients. In
addition, the connectivity within the limbic network was reported
to be impaired. Similarly, Jung et al®' found an increased
functional connectivity between nucleus accumbens and lateral
orbitofrontal cortex during rest and a decrease in functional



connectivity between nucleus accumbens and amygdala during
incentive processing in patients. These results were interpreted as
evidence in favor of abnormalities in modulatory influence of
affective/motivational states on functional network connections
in patients. Keeping in mind that the concept of functional
connectivity is based on statistical associations and that the
relationship between alterations in function and structure is not a
straight-forward one-to-one mapping but rather complicated,®
there still seems to be an overlap between regions implicated in
structural networks displaying alterations as shown in this study
(amygdala, mOFC, striatal and temporal regions) and findings
from altered functional connectivity between fronto-striato-
temporal networks. It seems plausible that the structural altera-
tions especially of connections between limbic regions might
contribute to the proposed abnormalities in modulatory influence
of affective/motivational states.

The current study has several limitations. Despite being fairly
large, the examined sample comprised a certain proportion of
patients with comorbid disorders, as well as a mix of medicated
and unmedicated patients. Previous reports indicate an influence
of selective serotonin reuptake inhibitor treatment on brain
structure and function.*®* Nevertheless, the analysis of the
subgroup of patients receiving medication is in good accordance
with the primary analysis comparing healthy controls with all
patients. The NBS analysis yielded one significant cluster that was
only slightly varying in size. The magnitude of the differences in
NOS-values increased for all edges in the NBS cluster of the
medicated patients. This effect might be due to true differences in
medication status. Alternatively, the connectivity differences could
be related to differences in symptom severity. On average, the
patient group receiving medication had a higher total Y-BOCS
score than the unmedicated patients though formal statistical
significance was not reached (medicated patients: 22.93+5.16 vs
unmedicated patients: 19.83 £3.16; P=0.095). The results of the
graph measures computed for the subgroup of medicated
patients were also rather similar to the results obtained from
the original analysis with only the local clustering for the right
temporal pole not reaching statistical significance. This again
could be related to the above mentioned differences. Regarding
the fact that selective serotonin reuptake inhibitors are the first
line of treatment in OCD, influences of medication should be more
rigorously assessed in future studies preferably comparing non-
medicated and medicated groups with healthy controls
separately.

Due to various limitations inherent to the method of fiber
tracking, the accuracy of retrieved streamlines poses an issue in
terms of false-positive and negative connections. To account for
this fact, we applied a group threshold previously shown to strike
a balance between erroneously assigning tracts.” In the present
study, a parcellation scheme commonly used in the Freesurfer
suite was applied to increase comparability of results.
Furthermore, the symptom heterogeneity typically found in OCD
patients poses an issue. There is accumulating evidence that
specific symptom dimensions in OCD can go along with specific
alterations in neural processing, as well as structural
alterations.*®8%° Thus, it seems reasonable to explicitly consider
the heterogeneity of symptom dimensions in future studies by
trying to group patients according to symptom profile or pre-
dominant symptom dimension. Clearly, this approach would call
for even bigger sample sizes to reach sufficient statistical power.

In summary, applying a network-based analysis strategy
comparing structural brain networks of OCD patients and healthy
controls we demonstrate impairments in a specific subnetwork in
patients. Parts of the network overlap with regions commonly
described in the CSTC model of the disease. However, several
implicated regions and their connections are concentrated on a
fronto-temporal axis indicating limbic structures to play a role in
pathology.
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