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A B S T R A C T

Objective: To investigate the rich-club organization in clinically isolated syndrome (CIS) and multiple sclerosis
(MS), and to characterize its relationships with physical disabilities and cognitive impairments.
Methods: We constructed high-resolution white matter (WM) structural networks in 41 CIS, 32 MS and 35
healthy controls (HCs) using diffusion MRI and deterministic tractography. Group differences in rich-club or-
ganization, global and local network metrics were investigated. The relationship between the altered network
metrics, brain lesions and clinical variables including EDSS, MMSE, PASAT, disease duration were calculated.
Additionally, reproducibility analysis was performed using different parcellation schemes.
Results: Compared with HCs, MS patients exhibited a decreased strength in all types of connections (rich-club:
p < 0.0001; feeder: p=0.0004; and local: p=0.0026). CIS patients showed intermediate values between MS
patients and HCs and exhibited a decreased strength in feeder and local connections (feeder: p=0.019; and
local: p=0.031) but not in rich-club connections. Compared with CIS patients, MS patients showed significant
reductions in rich-club connections (p=0.0004). The reduced strength of rich-club and feeder connections was
correlated with cognitive impairments in the MS group. These results were independent of lesion distribution
and reproducible across different brain parcellation schemes.
Conclusion: The rich-club organization was disrupted in MS patients and relatively preserved in CIS. The dis-
rupted rich-club connectivity was correlated with cognitive impairment in MS. These findings suggest that
impaired rich-club connectivity is an essential feature of progressive structural network disruption, heralding the
development of clinical disability in MS.

1. Introduction

Multiple sclerosis (MS) is an inflammatory demyelinating disease of
the central nervous system and is the main cause of non-traumatic
neurological disability in young adults (Compston and Coles, 2008).
Complex pathological alterations including white matter demyelina-
tion, axonal injury, and primary grey matter (GM) damage were

observed in MS and contribute disability progression and cognitive
impairment (Reich et al., 2018). Graph theory studies have shown
disrupted topological organization of structural and functional brain
networks in MS and even in the early stages of this disease (clinically
isolated syndrome, CIS)(Filippi et al., 2013; Fleischer et al., 2017; He
et al., 2009; Liu et al., 2016; Pardini et al., 2015; Rocca et al., 2016;
Schoonheim et al., 2013; Shu et al., 2016; Shu et al., 2011; Stam, 2014;
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Tewarie et al., 2015; Van Schependom et al., 2014), and such network
changes have been associated with physical disabilities and cognitive
impairments (Hawellek et al., 2011; Pardini et al., 2015; Shu et al.,
2016; Stam, 2014).

When modeling the whole brain as a complex network, recent stu-
dies have demonstrated the existence of a number of highly connected
and highly central neocortical hub regions (rich club), which play a key
role in global information integration between different parts of the
network (Bullmore and Sporns, 2009; van den Heuvel and Sporns,
2013). Emerging evidence has suggested that such central or “rich-
club” regions are vulnerable to various brain disorders, such as Alz-
heimer's disease and schizophrenia (Crossley et al., 2014; Stam, 2014;
van den Heuvel et al., 2013). Using diffusion MRI, the structural con-
nectome can be mapped with fiber tractography techniques (Gong
et al., 2009; Hagmann et al., 2007). Hub regions of structural brain
networks are primarily distributed in higher-order association areas
(van den Heuvel and Sporns, 2013). Damage to hub nodes in the as-
sociation cortex, particularly disruptions within the default-mode net-
work, has been reported in MS (Filippi et al., 2013; Stam, 2014).
However, the pattern of alterations in the rich-club organization in MS,
particularly at the CIS stage, remains largely unknown.

In the present study, we investigated the rich-club organization in
CIS and MS, and characterized its relationships with physical dis-
abilities and cognitive impairments. Additionally, the distribution of
WM lesions on the rich-club organization in patients and the reprodu-
cibility of the results were examined.

2. Materials and methods

2.1. Standard protocol approvals, registrations, and patient consents

The study was approved by the local Institutional Medical Ethics
Committee and all participants gave written informed consent.

2.2. Participants

We recruited 41 CIS patients (optic neuritis, n=18; spinal cord
syndrome, n=16; brainstem syndrome n=5; cerebellar syndrome,
n=2), 32 relapsing-remitting MS patients and 35 healthy controls
(HC). All CIS patients were prospectively examined within 6months
from onset with a single clinical episode suggestive of MS (Miller et al.,
2012) before steroid treatment. Fifteen CIS patients fulfilled the 2010
modified McDonald Criteria for dissemination in space, while none
fulfilled for dissemination in time. Other patients (n=26) presented
with normal brain MRI. All RRMS patients were diagnosed according to
the 2010 modified McDonald Criteria (Polman et al., 2011) and re-
quired to be relapse-free and without treatment with disease-modifying
medications or steroids in the 2 weeks prior to MRI scanning. All of the
participants were right-handed, as measured by the Edinburgh In-
ventory (Oldfield, 1971).

2.3. Clinical evaluation

The main demographic and clinical characteristics (Table 1), in-
cluding age, gender, the Expanded Disability Status Scale (EDSS) score
(Kurtzke, 1983), the disease duration, the Mini-Mental State Examina-
tion (MMSE) and the Paced Auditory Serial Addition Test (PASAT2 and
PASAT3 versions) were assessed by an experienced neurologist (J.Y.).
Findings of the graph analysis of brain structural and functional net-
works in the same cohort have been reported before (Shu et al., 2016).
The current study focused on the rich-club organizations using high
resolution (1024 ROIs) network analysis in CIS and MS.

2.4. MRI data acquisition

The MRI data were acquired using a SIEMENS TRIO 3.0 T scanner in

the Department of Radiology, Xuanwu Hospital, Capital Medical
University. All participants underwent high-quality MRI scanning,
which included a 3D T1-weighted magnetization prepared rapid ac-
quisition gradient echo (MPRAGE) scan [176 sagittal slices, repetition
time (TR)=1600ms, echo time (TE)= 2.13ms, field of view
(FOV)=224×256mm2, voxel size= 1×1×1mm3]; a T2-weighted
MRI scan (35 axial slices, TR= 5000ms, TE= 87ms,
FOV=256×256mm2, voxel size= 1×1×4mm3); and a diffusion
MRI scan (60 axial slices, TR=11,000ms, TE= 98ms,
FOV=256×256mm2, voxel size= 2×2×2mm3, 30 diffusion di-
rections with b=1000 s/mm2, and an additional b0 image,
average=2).

2.5. MRI data preprocessing

2.5.1. DTI data preprocessing
The preprocessing procedure for DTI data included the eddy current

and motion artifact correction, diffusion tensor estimation and frac-
tional anisotropy (FA) calculation. First, the eddy current distortions
and motion artifacts in the DTI dataset were corrected by applying an
affine alignment of the diffusion-weighted images to the b0 image. The
b-matrix was accordingly reoriented based on the transformation ma-
trix. Subsequently, the diffusion tensor was estimated by solving the
Stejskal and Tanner equation (Basser et al., 1994), and the re-
constructed tensor matrix was diagonalized to obtain 3 eigenvalues (λ1,
λ2, and λ3) and their corresponding eigenvectors. The FA value of each
voxel was also calculated (Basser and Pierpaoli, 1996). The pre-
processing of the DTI data was performed using the FMRIB Diffusion
Toolbox (FDT) in FSL (version 5.0, http://fsl.fmrib.ox.ac.uk/fsl/
fslwiki/FDT).

2.5.2. Measurement of WM lesion load
Hyperintense WM lesions in MS patients were manually delineated

on the T2-weighted images by an experienced radiologist blinded to the
clinical details (Y.L.). The lesions were delineated at 3-month intervals
in 10 patients, and the intra-rater reliability was 95.2%. A binary lesion
mask for each patient was obtained by setting the values within the WM
lesion borders to 1 and 0 otherwise. Then the total WM lesion load
(TWMLL) for each patient was calculated.

Table 1
The demographic information and clinical characteristics of all participants.

Controls
(n=35)

CIS
(n=41)

MS
(n=32)

F/T/
χ2/Z
value

P value

Age (years) 35.0 ± 11.5 35.7 ± 10.7 34.8 ± 8.3 0.08a 0.92a

Gender (F/
M)

23/12 26/15 24/8 1.17c 0.56c

MMSE 29.1 ± 1.3 27.6 ± 1.4 25.9 ± 1.8 36.44a < 0.001a

PASAT2 46.7 ± 9.2 39.4 ± 7.7 35.4 ± 9.8 14.14a < 0.001a

PASAT3 53.9 ± 6.2 47.5 ± 7.6 41.0 ± 8.7 24.38a < 0.001a

Disease
duration
(months)

– 2.6 ± 2.5 41.8 ± 28.7 8.73b < 0.001b

TWMLL (ml) – 4.5 ± 10.6 10.3 ± 10.4 2.33b 0.023b

EDSS (range) – 2.0 (0–6) 3.5 (0–6.5) 3.35d < 0.001d

CIS, clinically isolated syndrome; MS, multiple sclerosis; MMSE=Mini-Mental
State Examination; PASAT=Paced Auditory Serial Attention Test;
EDSS=Expanded Disability Status Scale; TWMLL=Total White Matter Lesion
Load.
Data are shown as mean ± standard deviation, except for EDSS presented in
median (range).

a P value and F value were obtained using one-way analysis of variance.
b P value and T value were obtained using a two-sample t-test.
c P value and χ2 value were obtained using the χ2 test.
d P value and Z value were obtained using the Wilcoxon rank sum test.
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2.6. Brain network construction

Nodes and edges are the two fundamental elements of a network. In
the present study, we constructed individual high-resolution structural
network using the following procedures.

2.6.1. Network node definition
The Automated Anatomical Labeling (AAL) template (Tzourio-

Mazoyer et al., 2002) was subdivided into 1024 regions of interest
(ROIs) of equal size (H-1024) to define the network nodes (Zalesky
et al., 2010). This procedure has been previously described (Bai et al.,
2012; Zhao et al., 2015) and was performed using SPM8 software
(http://www.fil.ion.ucl.ac.uk/spm/software/spm8). Briefly, the in-
dividual T1-weighted images were co-registered to the b0 images in the
native DTI space. The transformed T1 images were then non-linearly
transformed to the ICBM152 T1 template in the Montreal Neurological
Institute (MNI) space. Inverse transformations were used to warp the H-
1024 template from the MNI native DTI space. Using this procedure, we
obtained 1024 cortical and subcortical ROIs, each representing a node
of the network (Fig. 1).

2.6.2. High-resolution structural network
First, diffusion MRI tractography was performed using the Diffusion

Toolkit (http://www.trackvis.org/dtk/) based on the “fiber assignment
by continuous tracking”method (Mori et al., 1999). All tracts in the DTI
dataset were computed by seeding each voxel with an FA>0.2. The
tractography was terminated if it turned an angle> 45 degrees or
reached a voxel with an FA<0.2(Mori et al., 1999). As a result, all
fiber pathways between the 1024 ROIs in the brain were constructed
using deterministic tractography method. For each pair of ROIs i and j,
we defined the number of the connected fiber streamlines (FN) with
two end points located in these two regions as the weight of the edge
between ROIs i and j. Therefore, for each participant, an FN-weighted
1024×1024 structural connectivity matrix was constructed (Fig. 1).

2.7. Network analysis

2.7.1. Rich-club organization
Based on the individual weighted structural network, we calculated

the rich-club coefficient (RC) and normalized RC under a range of
thresholds (k= 10–35) according to van den Heuvel and Sporns
(2011). For the weighted networks, the rich-club coefficient ϕw(k) is
defined as:
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∑
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with E>k denoting the subset of edges between the hub nodes with a
degree> k, W>k denoting the total sum weights of this subset and
with Wranked denoting the ranked collection of strongest weights in the
total network, with weights W representing the number of fiber
streamlines of the edges. ϕ(k) was normalized relative to the ϕrandom(k)
of a set of comparable random networks (n=1000) of equal size and
degree sequence, yielding a normalized RC ϕnorm(k)= ϕ(k)/ϕrandom(k).
Here, threshold k is defined as the nodal degree range from 10 to 35. To
identify the hub regions of the brain structural network, we constructed
a structural backbone network by detecting the significant nonzero
connections across all subjects with a nonparametric one-tailed sign test
(p < 0.05, corrected) and identified the hub regions by sorting the
nodal degree (K(i) > mean+ std). Based on the categorization of the
nodes of the backbone network into hub and non-hub regions, the edges
of the network were classified into rich-club connections, linking hub-
nodes to other hub-nodes, into feeder connections, linking hub-nodes to
non-hub nodes and into local connections, linking non-hub nodes to
non-hub nodes. Moreover, the connection strength of rich-club, feeder
and local connections were calculated for each participant.

2.7.2. Global network organization
For the global network metrics, we quantified the network strength

(Sp), global efficiency (Eglob), local efficiency (Eloc), shortest path length
(Lp), clustering coefficient (Cp) and small-world parameters (λ, γ and
σ). See Rubinov and Sporns (Rubinov and Sporns, 2010) and appendix
e-1 for the detailed definitions of these network measures.

All network analyses were performed using in-house GRETNA
software (http://www.nitrc.org/projects/gretna/)(Wang et al., 2015)
and the results were visualized using BrainNet Viewer software
(https://www.nitrc.org/projects/bnv/)(Xia et al., 2013).

2.8. WM lesion distribution on the rich-club organization

To investigate the WM lesion distribution on the rich-club organi-
zation in each patient, we calculated the proportion of WM lesions as
the voxel number of WM lesion in each category of connections divided
by the total voxel number along the fiber pathways comprising each
type of connections.

Fig. 1. The flowchart of structural network construction. (A) Individual T1 images and H-1024 template were used for automatic parcellation of the brain into 1024
regions, forming the nodes of the individual brain networks. (B) Streamline tractography was applied to the diffusion MRI data to reconstruct the white matter
pathways. From the set of reconstructed streamlines, the streamlines that interconnected regions i and j from the set of 1024 regions were taken as an edge between
nodes i and j in the structural brain network. The streamline count represents the weight of the connection and was aggregated into a structural connectivity (SC)
matrix (C). (D) The matrices and 3D representations (lateral view) of the structural networks of a representative healthy subject are shown in the right 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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2.9. Statistical analysis

2.9.1. Between group differences
Analyses were performed using SPSS software (Version 18; SPSS

Inc., Chicago, USA). Kolmogorov-Smirnov tests and visual inspection of
histograms were used to assess normality of the variables, and further
analysis was based on normality. Demographic factor and clinical
scores including age, MMSE, PASAT2 and PASAT3 among the three
groups were compared using one-way analysis of variance (ANOVA).
Gender distribution was compared using the Chi-square test. Disease
duration and TWMLL between CIS and MS groups were compared using
a two-sample t-test, and the EDSS scores were compared using the
Wilcoxon rank-sum test. Group comparisons of network metrics were
performed using one-way analysis of covariance (ANCOVA), and post
hoc pairwise comparisons were performed using a general linear re-
gression model when the ANCOVA model yielded significant results
(p < 0.05). The effects of age and gender were removed in the statis-
tical analysis.

2.9.2. Network-based statistic (NBS)
To localize the specific connected components in which the struc-

tural connectivity differed between each pair of groups, we used a NBS
approach (Zalesky et al., 2010). For a detailed description, see appendix
e-1 and Zalesky et al. (2010).

2.9.3. Relationships between network metrics and clinical scores
To investigate the relationship between the altered network metrics

and clinical variables, partial correlation coefficients were calculated
for the CIS and MS groups separately, while removing the effects of age
and gender.

2.10. Reproducibility analysis

In addition to the high-resolution (H-1024) parcellation, we also
used a low-resolution AAL (L-AAL) template with 90 brain regions to
define network nodes. For each participant, the L-AAL FN-weighted
WM network was constructed and the rich-club organization was in-
vestigated.

3. Results

3.1. Demographic and clinical characteristics

There were no significant differences in age or gender distribution
among the three groups. As for the clinical variables, both the CIS and
MS patient groups exhibited lower MMSE, PASAT2 and PASAT3 scores
than the HCs, and the MS patients exhibited lower MMSE and PASAT
scores than the CIS group (all p < 0.05). Additionally, the MS patients
had larger TWMLL, longer disease duration and higher EDSS scores
than the CIS patients (all p < 0.05) (Table 1).

3.2. Group differences in global network metrics

Both the patients and control subjects showed a small-world to-
pology (lambda ≈ 1, sigma>1) of the brain structural network.
Among the three groups, significant group effects in all global network
metrics were observed (all p < 0.05) (Fig. S1). See appendix e-1 for the
detailed descriptions of group differences in global network metrics.

3.3. Group differences in rich-club organization

The hub regions of the structural backbone network were primarily
distributed in the bilateral medial parietal, lateral temporal and pre-
frontal regions (Fig. 2A), which was consistent with the findings from
previous studies (Shu et al., 2011; van den Heuvel and Sporns, 2011).
The characteristic rich-club organization of structural networks

(normalized RC > 1) was observed for both CIS patients and controls
under a range of thresholds (k= 25–35). However, the MS patients
showed a reduced normalized RC compared with the other groups from
k=27 to k= 35 (p < 0.05) (Fig. 2B). Moreover, significant group
differences in the connection strength of the rich-club, feeder and local
connections were identified (Fig. 2C). All of these connections exhibited
a decreased strength in MS patients (rich-club: p < 0.0001; feeder:
p=0.0004; local: p=0.0026). CIS patients showed intermediate va-
lues between MS patients and HCs, and exhibited a decreased strength
in feeder and local connections (feeder: p=0.019; local: p=0.031) but
not in the rich-club connections (p=0.08). The MS group showed a
significant decrease in the rich-club connections compared with the CIS
group (p=0.0004). The above results remained largely unchanged
when dividing CIS into subgroups with normal or abnormal brain MRI,
comparing with MS and HC. For the CIS subgroups (with normal or
abnormal brain MRI), no significant differences were observed in the
strength of rich-club, feeder and local connections (rich-club: p=0.19;
feeder: p=0.35; local: p= 0.08).

3.4. Group differences in structural connectivity

NBS analysis revealed disrupted components in structural networks
for the CIS and MS patients (Fig. 3). A single connected network with 63
nodes and 66 connections was altered in CIS patients compared with
the HCs (p=0.039, corrected), comprising the bilateral occipital re-
gions, right parahippocampal gyrus, precuneus, inferior temporal
gyrus, precentral gyrus, insular and thalamus. For the MS patients, a
single connected network comprising 372 nodes and 442 edges was
altered (p=0.0001, corrected). The nodes were widely distributed
across the entire brain. All of the connections showed decreased values
in the patients compared with the HCs. Compared with the CIS group,
the MS group showed a disrupted network composed of 247 nodes and
279 edges (p < 0.0001, corrected), primarily involved in bilateral
homotopic regions (such as bilateral precuneus, posterior and median
cingulate gyrus, paracentral lobule, supplementary motor area, tha-
lamus, putamen, cuneus and middle occipital gyrus) along the cortical
midline and partly overlapped with the hub regions (30%).

3.5. Relationship between network metrics and clinical variables

Significant clinical correlations were observed only in the MS group.
First, the rich-club connection strength was correlated with PASAT2
(r=0.52; p=0.0034), PASAT3 (r=0.59; p=0.0006) and MMSE
(r=0.58; p=0.0007) but not with EDSS (p=0.14) (Fig. 4A). Second,
the feeder and local connection strength was correlated with the
PASAT3 (feeder: r=0.69; p=0.00002; local: r=0.66; p=0.00008)
(Fig. 4B and C). No significant correlations were observed between
network metrics and clinical variables in the CIS group.

3.6. Proportion of WM lesions on the rich-club, feeder and local connections

The following mean proportions of WM lesions in the MS group
were observed: rich-club (2.53%), feeder (1.90%) and local (1.55%).
For the CIS group, the mean proportions of WM lesion were: rich-club
(0.89%), feeder (0.75%) and local (0.60%).

3.7. Reproducibility findings

Based on the backbone of the L-AAL network across all subjects, we
determined that the hub regions were primarily distributed in the bi-
lateral precuneus, putamen, middle temporal gyrus, superior frontal
gyrus, right caudate and left middle occipital gyrus (Fig. S2A), which
was consistent with the findings from previous studies (Shu et al., 2011;
van den Heuvel and Sporns, 2011). The characteristic rich-club orga-
nization of the L-AAL structural networks (normalized RC > 1) was
observed for both CIS patients and controls under a range of thresholds
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(k= 15–24). However, the MS patients showed a reduced normalized
RC compared with the other groups (p < 0.05) (Fig. S2B). Moreover,
significant differences in the connection strength of the rich-club,
feeder and local connections were identified (Fig. S2C). All connections
exhibited a decreased strength in MS patients (rich-club: p < 10−4;
feeder: p=0.0003; local: p=0.0005). CIS patients showed inter-
mediate values of all connection strengths and a decreased strength in
feeder and local connections (feeder: p=0.031; local: p=0.033). Be-
tween the CIS and MS patients, the most significant decreases were in
the rich-club connections (p=0.009). These results were consistent
with the findings obtained from the H-1024 networks.

4. Discussion

Using diffusion MRI and graph theory approaches, we investigated

the rich-club organization of brain networks in the patients with MS
and CIS. Compared with the HCs, the MS patients exhibited disrupted
rich-club organization with a reduced rich-club coefficient and de-
creased rich-club connections, and CIS patients showed intermediate
levels of alterations. Importantly, the differences between CIS and MS
were primarily located in the rich-club component. The network al-
terations, particularly the disrupted rich-club connections, were corre-
lated with cognitive scores in MS.

Decreased connection strength in rich-club, feeder and local con-
nections were observed in MS patients, suggesting widespread brain
disconnection, including both long- and short-range connections. This is
consistent with findings of disrupted global and local network effi-
ciency in MS from different MRI modality including morphometric MRI
(He et al., 2009), DTI (Shu et al., 2016) and fMRI (Rocca et al., 2016)
collectively defining MS as a disconnection syndrome from a system

Fig. 2. Rich-club organization of high-resolution brain structural connectome. (A) Hub distribution of structural backbone network across all subjects. Network hubs
are represented as nodes in red, with nodal size indicating the degree of the regions. (B) The mean normalized RC coefficient curve under a series of thresholds k for
each group. (C) Group differences in the strength of the rich-club, feeder and local connections. The bars and error bars represent the mean values and standard
deviations of the connection strength in each group after removing the effects of age and gender. *: p < 0.05; **: p < 0.01; ***: p < 0.005.

Fig. 3. Disrupted structural connectivity in CIS and MS patients. Connected components showing decreased structural connectivity were identified between CIS vs.
controls, MS vs. CIS and MS vs. controls (HC) (p < 0.05, corrected). The nodes and connections were mapped onto the cortical surfaces using in-house BrainNet
viewer software. The nodes in red represent the hub regions of the backbone network.
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perspective. Although disconnection were common observation in the
network studies, there were inconsistencies in group difference and
clinical correlation between existing studies, which might be attribu-
table to the heterogeneity of the patient groups as well as to differences
in imaging parameters and methods of analysis (Filippi et al., 2017).
Further multi-center study using standardized protocol is warranted to
clarify the network alterations in MS.

Various underlying pathological factors such as axonal damage,
demyelination and gliosis may contribute to the network disconnection
(Ciccarelli et al., 2014). Grey matter damage is another main patholo-
gical alteration in MS, the relationship between the grey matter damage
and white matter disconnection is unclear and need further investiga-
tions (Calabrese et al., 2015).

The current study extended the results to the earliest stage of MS
(CIS). CIS patients showed intermediate values between MS patients
and controls, and exhibited a decreased strength in feeder and local
connections, whereas rich-club connections were largely preserved.
This interesting finding suggests that WM lesions and normal-appearing
WM changes primarily affect local connections at disease onset and that
rich-club disruption is not an early biomarker for MS. The difference
between CIS and MS is alterations in rich-club connections, but not
feeder or local connections, suggesting that rich-club disruption is the
key substrate for disease progression (from CIS to MS). Rich-club
components play a key role in global information integration between
different parts of the network and are highly vulnerable to damage (van
den Heuvel and Sporns, 2013). The important roles of rich hub regions
in information integration make these areas more likely to be sympto-
matic, consistent with the correlation analyses in this study. Recently,
the “hub overload and failure” theory was proposed as a common
pathway of different neurological disorders (Crossley et al., 2014; Stam,
2014). The findings of the present study also support this hypothesis in
MS: the rich-club hubs are not affected at the early stage, but subse-
quently become affected as the disease progresses. Furthermore, the
functional consequence of rich-club damage is likely clinical disability,
particularly cognitive impairment.

The NBS analysis revealed that the alterations between CIS and MS
were primarily located in brain areas overlapped with rich-club con-
nections and hub regions, such as the bilateral precuneus. These NBS

findings validated the rich-club results, suggesting that rich-club da-
mage but not disruptions in feeder or local connections is strongly as-
sociated with disease progression. Specifically deep grey matter such as
thalamus alteration can be observed in both CIS and MS, implying deep
grey matter changes are early and specific imaging features of MS (Liu
et al., 2015).

Brain atrophy and diffusion abnormalities were correlated with
clinical disability in MS in numerous previous studies (Filippi et al.,
2017; Sastre-Garriga et al., 2017). However, the brain is an integrative
complex network, the network metrics connecting the different brain
regions are comprehensive measures to reflect the consequence of
multiple pathological alterations and improving the clinical correla-
tions (Filippi et al., 2013). Cognitive scores (PASAT2, PASAT3 and
MMSE) were correlated with network metrics, particularly the strength
of rich-club connections, suggesting that the rich-club connection may
provide potential biomarkers for assessing and monitoring cognitive
impairment in MS. No significant correlations between network metrics
and clinical variables were observed in CIS, implying that the more
peripheral network changes in CIS may represent a transitional phase.

To illustrate the WM lesion effects on the hub distributions in MS
patients, we observed that the WM lesions were equally distributed
across the rich-club, feeder and local connections. Additionally, we
utilized both high and low resolutions of brain parcellation schemes to
investigate the rich-club changes, and the results were consistent.
Taken together, these findings imply that our rich-club results are ro-
bust: they are independent of WM lesions and that they are re-
producible across different brain parcellation schemes.

Several limitations should be addressed. First, considering the cross-
sectional design and relatively small sample size of the present study,
the relationship between rich club connectivity and disease progression
should currently be interpreted as preliminary. Future longitudinal
studies with large sample size examining the alterations of the rich-club
organization in MS patients are of particular interest in this regard.
Second, the prevalence of CIS patients without visible brain lesions in
this study is higher compared to other CIS cohorts. A possible bias se-
lection of CIS patients with a low lesion burden might influence the
results obtained, especially in the comparisons with MS patients. Third,
deterministic tractography was used for the reconstruction of WM

Fig. 4. Correlations between the rich-club metrics and clinical variables in patients with MS. (A) Plots showing the linear correlation between altered rich-club
connection strength with PASAT2, PASAT3 and MMSE scores in MS patients (all p < 0.05, corrected). (B) Plots showing the linear correlation between altered
feeder connection strength with PASAT3 score in MS patients. (C) Plots showing the linear correlation between altered local connection strength with PASAT3 score
in MS patients. The red dots represent the adjusted values of MS patients after controlling for age and gender.
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tracts, which may result in the loss of existing fibers due to “fiber
crossing” problem (Mori and van Zijl, 2002). Future studies could
employ more advanced tractography techniques, such as probabilistic
tractography, to define the network edges. Additionally, the presence of
WM lesions in MS or CIS patients could partially influence tractography
results, inducing a loss or a reduction of connections measured. To
overcome this limitation, some possibilities have been suggested in the
previous literature (Fagerholm et al., 2015), such as the creation of an
atlas of connection from controls. Finally, comprehensive neu-
ropsychological tests (e.g., Minimal Assessment of Cognitive Function
in Multiple Sclerosis, MACFIMS) for MS patients should be examined to
evaluate the relationship between rich-club organization alterations
and cognitive impairment in different cognitive domains.

5. Conclusion

The rich-club organization was disrupted in MS patients and rela-
tively preserved in CIS. The disrupted rich-club connectivity was cor-
related with cognitive impairment in MS. These findings suggest that
impaired rich-club connectivity is an essential feature of progressive
structural network disruption, heralding the development of clinical
disability, particularly cognitive impairment in MS.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.nicl.2018.03.034.
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