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Abstract

Background: The pathology of multiple sclerosis (MS) consists of demyelination and neuronal injury,
which occur early in the disease; yet, remission phases indicate repair. Whether and how the central ner-
vous system (CNS) maintains homeostasis to counteract clinical impairment is not known.

Objective: We analyse the structural connectivity of white matter (WM) and grey matter (GM) networks
to understand the absence of clinical decline as the disease progresses.

Methods: A total of 138 relapsing—remitting MS patients (classified into six groups by disease duration)
and 32 healthy controls were investigated using 3-Tesla magnetic resonance imaging (MRI). Networks
were analysed using graph theoretical approaches based on connectivity patterns derived from diffusion-
tensor imaging with probabilistic tractography for WM and voxel-based morphometry and regional-vol-
ume-correlation matrix for GM.

Results: In the first year after disease onset, WM networks evolved to a structure of increased modular-
ity, strengthened local connectivity and increased local clustering while no clinical decline occurred. GM
networks showed a similar dynamic of increasing modularity. This modified connectivity pattern mainly
involved the cerebellum, cingulum and temporo-parietal regions. Clinical impairment was associated at
later disease stages with a divergence of the network patterns.

Conclusion: Our findings suggest that network functionality in MS is maintained through structural
adaptation towards increased local and modular connectivity, patterns linked to adaptability and
homeostasis.

Keywords: Structural network reorganization, modularity, connectivity, network dynamics, early
multiple sclerosis, adaptation

Introduction

Multiple sclerosis (MS) is a chronic neuroinflamma-
tory disease of the central nervous system (CNS)
leading to progressive clinical disability. The patho-
physiological mechanisms are not yet completely
understood, although important hallmarks have been
identified in recent years.!> The underlying pathology
is characterized by inflammation and demyelination
manifesting as focal lesions, as well as by ongoing
neurodegeneration. Furthermore, repair processes and
functional and structural reorganization occur concur-
rently at different disease stages. Characterization of
these processes is essential to understand the disease

pathophysiology and may help to identify and exploit
repair strategies.

Processes of adaptation and reorganization (e.g. tissue
remodelling) cannot be monitored directly using
standard magnetic resonance (MR) techniques.
Conventional protocols such as T2-weighted lesion
load correlate only weakly with clinical disability,>*
and in addition to visible T2 lesions, normal-appear-
ing white matter (NAWM) and grey matter (GM) tis-
sues are diffusely but strikingly affected in MS. This
leads to disruptions of the connectivity pattern and is
primarily responsible for motor deficits or cognitive
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Table 1. Demographic data and MRI volume measurements of all patients.

Demographics

RRMS patients (n=138)

Gender (male/female)

Mean age (SD), years

Mean age at diagnosis (SD), years

Mean disease duration (SD), months

Median EDSS, range

Volumetric analysis
Mean WM volume (SD), mL
Mean GM volume (SD), mL
Mean TB volume (SD), mL
Mean T2 lesion volume (SD), mL

45/93
33.9(10.3)
31.2(10.2)
26.0 (26.0)

1.3 (0-4)

561.1 (77.3)
625.8 (68.8)
1417.2 (141.8)
6.2 (9.7)

RRMS: relapsing-remitting multiple sclerosis; SD: standard deviation; EDSS: expanded disability status scale; WM: white matter;

GM: grey matter; TB: total brain.

decline.> Adaptive processes of plasticity occur in the
extended GM and WM networks rather at the focal
lesion sites.®7 Therefore, it is imperative to consider
the entire brain network.

Network topology properties defined within graph
theoretical analyses have become important measura-
ble characteristics that explain healthy brain dynamics
and could precisely model brain disorders.®® Specific
topology patterns have been linked to adaptability and
may be closely related to the clinical performance.?:10

In this study, three hypotheses were tested. The first is
that the structural network connectome in MS patients
derived from different modalities can identify charac-
teristic connectivity patterns in different stages of the
disease. The second hypothesis is that damage to WM
(involving diffuse inflammation and local demyelina-
tion) and GM (involving cortical demyelination and
neuro-axonal loss) occurs simultaneously in MS.!!
Finally, we hypothesized that the changes in network
connectivity reflect the clinical performance of relaps-
ing—remitting multiple sclerosis (RRMS) patients.

Materials and methods

Patients

Patients were recruited at the Department of
Neurology of the Johannes Gutenberg University of
Mainz and measured with a standardized magnetic
resonance imaging (MRI) protocol.'? Informed con-
sent was obtained from subjects in this study, which
was approved by the local ethics committee. All
patients fulfilled the revised McDonald diagnostic
criterial? and were assessed by an experienced neu-
rologist, and the Expanded Disability Status Scale
(EDSS) score was determined.

In this study, we included 138 patients (mean age
33.9years; standard deviation (SD) 10.3 years) with
RRMS. Demographic data are presented in Table 1.

Six groups of different disease durations were con-
structed: 0—6months (#=33), 6-12months (n=17),
12-18 months (2=20), 18-24months (n=18), 24—
48months (n=22) and 48-96 months (n=28). The
first four groups were defined to closely reflect early
effects (first 2 years of the disease) and the latter two
to address longer-term network properties.

We also enrolled a group of 32 age-matched healthy
controls (mean age 31.8 years; SD 9.2 years) and com-
pared them with the first group of newly diagnosed
patients (0—6 months) to assess the initial direction of
the changes in network connectivity.

Data acquisition

MRI was performed on a 3-Tesla scanner (Magnetom
Tim Trio; Siemens) with a 32-channel receive-only
head coil at the Neuroimaging Centre (NIC) Mainz,
Germany. A detailed description of all sequences used
for this study is given in the supplement.

Diffusion tensor imaging preprocessing

Image data were processed using FSL 5.0.8. A detailed
protocol can be found elsewhere.'*!> Here, we give
only a brief description of the aspects relevant to the
study. For eddy current correction and further analy-
sis, we used the diffusion toolbox (FDT, part of FSL)
and calculated the quantitative measures of fractional
anisotropy. The crossing-fibre distribution was esti-
mated using BEDPOSTX (implemented in FSL), and
the probabilities of major (f1) and secondary (f2)



Figure 1. Study design: (a) structural connectivity matrices derived from individual DTI and probabilistic tractography
analysis and (b) group analysis of grey matter. In the middle is a scheme of the AAL atlas for nodes’ definition in the

connectivity analysis.

fibre directions were calculated.!® All images were
aligned and affine-transformed into the standard ste-
reotactic space MNI-152.

Probabilistic tractography and network
reconstruction

For probabilistic tractography (PT), we built seed
masks for 116 regions defined by the Automated
Anatomical Labelling (AAL) atlas.!” The aim of our
tractography analysis was to generate region of inter-
est (ROI)-based connectivity index maps for the
entire diffusion network. A multi-fibre model was fit-
ted to the diffusion data at each voxel, allowing fibres

to be traced through regions of crossing or complex-
ity.'8 The PT connectivity matrices PT; (size
116 X 116) were generated for each subject and nor-
malized on the individual level by dividing, voxel-
wise, the number of streamlines passing through the
voxel by the total number of the obtained streamlines.
These connectivity matrices were further included in
the network analysis (Figure 1).

Voxel-based morphometry preprocessing and
network reconstruction

For the voxel-based morphometry (VBM) analysis,
the statistical parameter mapping (SPMS) software



(http://www.fil.ion.ucl.ac.uk/spm)  with  Lesion
Segmentation Tool (LST) and VBMS toolboxes were
used.!? Detailed information about the lesion-filling
method is given in the supplement. For GM network
reconstruction, we applied the same node definition
as above. For each ROI of the AAL atlas, we extracted
the individual GM value using the REX toolbox.
The extracted regional intensity data were used to
construct the structural correlation matrices S for
each group. In the S;; (size 116 x 116) matrices, each
element represented Pearson’s correlation coefficient
between ROI values across subjects in one group
(Figure 1).

Network analysis

For the PT;-connectivity matrices, we calculated
network measures at the single-subject level. For the
VBM GM-S;-connectivity matrices, we calculated
network measures for each group. Then, the network
topological properties were derived from connectiv-
ity matrices at the single-subject level for WM and
group level for GM. As the main aim of our study
was the integrative analysis of WM and GM, we
applied optimized and validated algorithms for each
compartment.20-22

In a last step, we performed a community structure
analysis of the significant diffusion tensor imaging
(DTI) and VBM GM networks for the number and
anatomical distribution of the involved regions. We
juxtaposed newly diagnosed patients (0—6months)
with patients with the longest disease duration (48—
96 months) to consider the complete range of the stud-
ied groups.

The normalized connectivity matrices were analysed
within the graph theoretical framework using the
BCT toolbox.22 We concentrated on the following
measures of network topology.

Modularity was defined as the relationship between
intra- and inter-module connections and describes a
benefit function measuring the quality of a division
of a network into communities. The clustering coef-
ficient was calculated to reflect the number of con-
nections between the neighbour’s nodes and is a
parameter associated with the robustness of a net-
work. Local efficiency has been introduced to
describe local integration as the average of the
inverse distance in the network. Finally, global effi-
ciency is a network integration parameter to describe
information flow over the entire network. For
detailed description, references and formula, please
see the supplemental data.

Statistical analysis

Statistical analysis was performed using SPSS
(Chicago, IL, USA). A one-way analysis of variance
(ANOVA) was performed to assess differences in the
clinical and volumetric parameters between the
groups. Besides comparing lesion volumes between
the groups, we also performed a non-parametric per-
mutation inference using the ‘randomize’ function in
the FSL toolbox between the groups in order to deter-
mine potential differences in the spatial distribution
of the lesions.

For the individual network topological measurements
derived from DTI and PT (for WM network recon-
struction), a one-way ANOVA was calculated. In
cases of a significant F value, we performed post hoc
pairwise comparisons with least significant differ-
ences (LSD) (p<0.05; two-tailed).

For the group network topological measurements
derived from VBM (for GM network reconstruction),
a linear regression analysis was used to examine the
tendency of the network parameters (modularity,
clustering coefficient, local and global efficiency) to
change with disease duration and T2 WM lesion vol-
ume, each separately.

Results

Clinical data and morphometric analysis

To identify connectivity patterns in different stages
of the disease, we classified patients according to dis-
ease duration, (F(5, 137)=1.15, p<0.001) (Figure 2
and Table 2). EDSS differed between groups (F(5,
137)=2.31, p<0.05); post hoc comparisons revealed
differences between patients with a disease duration
longer than 4years (48-96 months) in comparison
with other groups (vs 6—12months (p=0.049),
vs 12-18months (p=0.002) or vs 18-24months
(»=0.050), Figure 2). The measurements of the volu-
metric characteristics did not differ between the six
groups. In particular, there were no differences in
lesion volumes (F(5, 137)=1.70, p>0.05) (see Table
2) and the lesion mapping analysis revealed no dif-
ferences between the six groups in lesion localization
(p>0.05, clusters corrected).

WM network reorganization

The graph theoretical analysis of the PT connectivity
data revealed a significant modification of the WM
networks at early disease stages. In the first year
after disease onset, modularity increases clearly
(F(5, 137)=2.562, p<0.05). Post hoc tests revealed
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Figure 2. Clinical data. Left panel: Disease duration between the six groups. Right panel: EDSS between the six groups.

£p<0.05.

Table 2. Demographic data and MRI volume measurements separated into six groups based on the RRMS patients’ disease duration.

Disease duration p value
0—6 months 6—12 months 12—18 months 18—24 months 24-48 months 48-96 months
(n=33) (n=17) (n=20) (n=18) (n=22) (n=28)
Demographics
Gender (male/female)  6/27 6/11 8/12 5/13 7/15 13/15 n.s.2
Mean age (SD), years 32.7 (10.3) 36.9 (14.9) 31.2(8.7) 34.8 (6.5) 32.0 (9.6) 36.3 (10.1) n.s.
Mean age at diagnosis 32.5(10.4) 26.2 (15.0) 30.1 (8.7) 33.1(6.4) 29.1 (9.6) 30.3 (9.8) n.s.
(SD), years
Mean disease duration 1.5(1.7) 7.8 (1.6) 14.1 (1.4) 20.2 (1,6) 35.7(6.4) 70.4 (14.3) 0.000°<
(SD), months
Median EDSS, range 1.5 (0-3.5) 1.0 (0-4) 0.5 (0-3) 1.3 (0-3) 1.3 (0-4) 1.8 (0-3.5) 0.048b4
Volumetric analysis
Mean WM volume 561.2 (73.9) 563.8 (76.5) 566.3 (97.6) 545.2 (76.8) 567.6 (72.8) 560.9 (75.1) n.s.b
(SD), mL
Mean GM volume 630.7 (60.0) 615.7(77.2) 621.8 (68.9) 621.3 (64.6) 634.5 (68.1) 624.9 (80.4) n.s.b
(SD), mL
Mean TB volume 1406.3 (129.1) 1395.7 (149.6) 1420.9 (158.5) 1398.8 (148.7) 1432.1 (117.4) 1440.7 (159.2) n.s.b
(SD), mL
Mean T2 lesion 5.4 (8.5) 4.0 (7.5) 4.2 (4.1) 3.8(6.2) 7.6 (10.8) 10.2 (14.3) n.s.

volume (SD), mL

SD: standard deviation; EDSS: expanded disability status scale; WM: white matter; GM: grey matter; TB: total brain; ANOVA: analysis of variance; LSD: least
significance difference; RRMS: relapsing—remitting multiple sclerosis. Bold indicates values are statistically significant.

2Chi-square test, p values
®One-way ANOVA, p val

derived from Pearson’s chi-square.
ues derived from between-group comparison.

¢Group allocation was based on this variable: all post hoc comparisons with Fisher’s LSD differed significantly (p<0.05).
dPost hoc comparison with LSD: p=0.049 for group: 6—12 months vs group: 48-96 months and p=0.002 for group: 12—18 months vs group: 48-96 months and
p=0.050 for group: 18-24 months vs group: 48—-96 months.

significant differences between the group of newly
diagnosed patients (0—6 months) and the groups with
a disease duration of 12—18 months (p=0.005), 18—
24 months (p=0.012) and 24-48 months (p=0.009)
(Figure 3). This increase in modularity suggests
brain network reorganization towards a structure
with stronger intra-module connectivity, while the

number of inter-module paths decreases. The analy-
sis of the community structure in the WM (Figure 4)
showed that the brains of patients with newly diag-
nosed MS had fewer connected modules (n=10),
while in patients with the longest disease duration
the number of modules increased to 15. Furthermore,
the number of regions in the modules decreased




Figure 3. Network analysis. White matter network analysis showing modularity, clustering coefficient, global efficiency
and local efficiency between the six groups and healthy controls.

£p<0.05; %p<0.001; **¥%p<0.0001.

(Figure 4). The new modules detected in the last
group (48-96 months) were located in the cerebel-
lum, olfactory system and parieto-occipital region.

Within the first year, further local network proper-
ties evolved towards a structure with increased con-
nectivity between neighbouring nodes. The local
reorganization was reflected by an increase in clus-
tering coefficient (F(5, 137)=2.466, p<0.05). The
number of highly interconnected neighbouring
nodes that form a cluster increased (significant
between the group of patients with a disease dura-
tion of 0O—6months vs those with 12—18 months
(»=0.016), 18-24months (p=0.012) and 24—
28 months (p=0.042)). In the later disease stages,

however, the clustering coefficient in the group of
patients with the longest disease duration decreases
(1824 months vs 48—96 months: p=0.04; Figure 3).

In the early period of the disease, not only the local
connectivity pattern changed but also the network
capacity for local information flow increased. This
was demonstrated through the significant increase in
local network efficiency (F(5, 137)=3.058, p<0.05).
A more strongly interconnected network with shorter
path distances was observed in the group of patients
with newly diagnosed MS (0—6 months) compared to
the other groups (12-18months, p=0.011; 18-
24months, p=0.005; 24-48months, p=0.007).
Analogously to the clustering coefficient, a decrease



Figure 4. Left panel: Topological representation brain network and modularity data (group of newly diagnosed patients
(0—6 months) and patients with the longest disease duration (48—-96 months) as derived from (a) DTI and probabilistic
tractography and (b) grey matter VBM. The size and colour of the nodes represent the clustering coefficient and module
affiliation, respectively. Right panel: Histograms of the number of nodes in modules.

in local efficiency was seen in patients with the long-
est disease duration in comparison with the group
with a disease duration of 18-24 months (p=0.04,
Figure 3). The global efficiency did not differ between
the groups (F(5, 137)=1.81, n.s.), showing that the
overall network integrity is maintained despite local
connectivity changes.

We additionally found significantly higher values for
modularity (1=—2.80, p=0.007), clustering coeffi-
cient (r=—17.48, p<0.001) and local efficiency
(t=—11.6, p<0.001) in the group of newly diagnosed
patients (0—6 months) compared to controls. Global
efficiency did not differ between controls and newly
diagnosed patients (1=—1.48, p=0.14).

GM network reorganization

Our VBM GM network analysis showed a linear cor-
relation of the topological network properties with two
clinical parameters, namely, disease duration and T2
WM lesion volume. Modularity increases with disease
duration (r=0.85, p<0.05), reflecting an increased
intra-modular connectivity and long-range separation.

In addition, a direct linear relationship between
increasing modular structure and T2 WM lesion vol-
ume was observed (r=0.86, p<0.05). In fact, only
modularity derived from VBM GM (and none of the
other three network parameters) correlated with dis-
ease duration and T2 WM lesion volume.

Similarly to the WM network analysis, we also com-
pared GM network patterns of newly diagnosed
patients (0—6 months) with the network parameters of
controls and found higher values for modularity
(0.238 vs 0.309), clustering coefficient (0.623 vs
0.637), local efficiency (0.792 vs 0.815) and also for
global efficiency (0.573 vs 0.585) in the newly diag-
nosed patients.

In the analysis of GM architecture, we found an
increase in the number of modules from 4 (group:
0—6months) to 10 modules (group: 48—96 months;
Figure 4). While the absolute number of modules
increases, the number of regions within modules sig-
nificantly decreases (Figure 4). Thus, as seen in the
WM community analysis, the GM networks evolve to
a structure of increased local processing, but further



long-range segregation. The changes to the modular
GM architecture with impaired connectivity were
noted in the cerebellum, cingulum and parieto-occip-
ital region, also similarly to WM (Figure 4).

Discussion

In this study, we evaluate the reorganization of struc-
tural networks as described through a topological
analysis of WM and GM connectivity. We show that
both WM and GM networks present an increase in
local connectivity at early disease stages and a break-
down of long-range paths. Moreover, the described
connectivity changes were already seen in patients at
the clinical onset in comparison with healthy controls.
The WM structural reorganization thus appears to
begin at disease onset and progress in the following
disease stages before reaching a plateau after 1 year.
GM networks exhibit a similar reorganization towards
strengthened local connectivity and inter-modular
segregation, but this pattern continues beyond the
first year. While concurrent increases in WM and GM
modularity occurred, no clinical impairment was
noted. However, as WM and GM network architec-
tures diverged in the groups of patients at later disease
stages, functional impairment was apparent. In these
groups, an impaired adaptability or a breakdown of
homeostatic processes of structural brain networks
occurs. As a clear direct relationship between modu-
larity and adaptability of brain networks has been
recently made,?*%> we postulate that the observed pro-
cesses of network reorganization are putative mecha-
nisms to compensate for ongoing diffuse damage and
are essential to maintain network functioning.

WM network reorganization

In the first year of MS, WM networks evolve to a
topology of increased modularity. Since modularity
mirrors the relationship between intra- and inter-mod-
ule connections, the described increase might be
explained by a strengthening of local connections and
a decrease in long-range effectiveness. Several stud-
ies have presented evidence that community structure
properties of the brain and especially modularity
increases can be linked to maintenance of function
despite ageing or continuous damage, as shown in
neurodegenerative  disorders.2>?¢  Together, this
emphasizes that the observed network architecture
changes are not only a consequence of diffuse tissue
damage but should be seen as integral processes for
optimal network functioning.

A notable increase in the modular structure of func-
tional networks has been recently demonstrated in

early MS using functional MRIL.?’ Although ‘early’
was defined in terms of minimal functional impair-
ment (low EDSS), we see clear parallels between the
functional reorganization as demonstrated by Gamboa
et al. and that of the structural networks as shown by
our data.

Moreover, increased local efficiency and clustering
was noted. This means an increase in effectiveness of
local information transfer. Higher clustering coeffi-
cients imply that the nearest neighbours of a node are
more likely to be connected in order to maintain local
information flow.

GM network reorganization

Various quantitative MR studies have indicated GM
integrity changes in MS.28-30 Mostly atrophy, but also
compensatory increases in GM fraction were reported
and were more closely related to functional disability
than WM changes.?'3? The regional pattern varied
among subjects and showed different inter-individual
temporal vectors.33 All this makes the precise quanti-
fication of the GM pathology challenging. Our analy-
sis of network topology may provide a more accurate
characterization of the entire GM network and quanti-
fication of ongoing compensatory processes.

In the absence of volumetric changes, we demonstrate
a reorganization of the GM networks towards an
increased modular structure. This is a pattern of net-
work architecture with locally denser connections
between similar structurally and functionally interact-
ing parts. On the microscopic level, these GM changes
might take place at the columnar level. These struc-
tures with strong intra- and inter-columnar connec-
tions are the building blocks of the nodes and could
contribute to the described modularity increase.?* On
the other hand, the reported increase in modularity
speaks for long-range GM column disconnection. The
entire network becomes more heterogeneous and dis-
tant areas show less microstructural uniformity.

Clinical relevance of network reorganization

Notably, our entire patient collective showed only
very mild clinical impairment. Despite the significant
effect seen in the ‘all group comparison’, the studied
patients in the first 4 years after disease onset did not
differ in EDSS. Is it then possible that the described
structural reorganization compensates partially for tis-
sue damage so that no functional decline occurs? No
changes in EDSS were observed as network topology
markers increased in the first year before reaching a
plateau phase later on. However, we see a clinical



worsening in the group with the longest disease dura-
tion and a complementary decrease in WM network
topology parameters. In our cross-sectional design,
EDSS follows a U-shaped curve, whereas modularity,
clustering coefficient and local efficiency follow an
inverted U-shaped curve. This observation may hint
towards the functional meaning of the structural net-
work changes. Increased modularity and a better abil-
ity to transmit information at the local level might
contribute to the maintenance of functional stability in
the first years, while in later stages the compensatory
mechanisms fail. In fact, we see a reduction in the
modular structure in the group with the longest disease
duration, as seen in maturation or healthy ageing.’

Several functional brain regions (cerebellum, cingu-
lum, parieto-temporal cortex) were more strongly
involved in the described structural network reorgan-
ization. Knowing the role of these structures for
adaptive compensation,?® our data highlight the rele-
vance of these regions for maintenance of motor
functions. The changes of the modular structure in
the cingulum and parieto-occipital cortex might be
understood in terms of their roles in cognitive and
integrative processes. These structures play an essen-
tial role in attention, visual and spatial integration
and working memory.

Conclusion

We conclude that the brain connectivity of MS
patients reconstructed using PT for WM connections
and VBM for GM connections reflects a structural
reorganization occurring in response to disease
pathology. The connectivity profile in both compart-
ments indicates increased modular decomposition
and local processing in early disease stages. This reor-
ganization might be a primordial response of the brain
to changing structural conditions resulting from dis-
seminated damage in order to maintain its homeosta-
sis. These increasing network properties become less
prominent as the disease progresses further, which is
accompanied by an increase in physical disability.
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