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Long-range connections are more severely
damaged and relevant for cognition in multiple
sclerosis

Kim A. Meijer,' Martijn D. Steenwijk,' Linda Douw,'”* ®Menno M. Schoonheim' and
Jeroen J.G. Geurts'

An efficient network such as the human brain features a combination of global integration of information, driven by long-range
connections, and local processing involving short-range connections. Whether these connections are equally damaged in multiple
sclerosis is unknown, as is their relevance for cognitive impairment and brain function. Therefore, we cross-sectionally investigated
the association between damage to short- and long-range connections with structural network efficiency, the functional connectome
and cognition. From the Amsterdam multiple sclerosis cohort, 133 patients (age = 54.2 + 9.6) with long-standing multiple sclerosis
and 48 healthy controls (age = 50.8 + 7.0) with neuropsychological testing and MRI were included. Structural connectivity was
estimated from diffusion tensor images using probabilistic tractography (MRtrix 3.0) between pairs of brain regions. Structural
connections were divided into short- (length < quartile 1) and long-range (length > quartile 3) connections, based on the mean
distribution of tract lengths in healthy controls. To determine the severity of damage within these connections, (i) fractional anisot-
ropy as a measure for integrity; (ii) total number of fibres; and (iii) percentage of tract affected by lesions were computed for each
connecting tract and averaged for short- and long-range connections separately. To investigate the impact of damage in these
connections for structural network efficiency, global efficiency was computed. Additionally, resting-state functional connectivity
was computed between each pair of brain regions, after artefact removal with FMRIB’s ICA-based X-noiseifier. The functional
connectivity similarity index was computed by correlating individual functional connectivity matrices with an average healthy control
connectivity matrix. Our results showed that the structural network had a reduced efficiency and integrity in multiple sclerosis relative
to healthy controls (both P < 0.05). The long-range connections showed the largest reduction in fractional anisotropy (z = —1.03,
P < 0.001) and total number of fibres (z = —0.44, P < 0.01), whereas in the short-range connections only fractional anisotropy
was affected (z = —0.34, P = 0.03). Long-range connections also demonstrated a higher percentage of tract affected by lesions
than short-range connections, independent of tract length (P < 0.001). Damage to long-range connections was more strongly
related to structural network efficiency and cognition (fractional anisotropy: » = 0.329 and r = 0.447. number of fibres r =
0.321 and » = 0.278. and percentage of lesions: » = —0.219; r = —0.426, respectively) than damage to short-range connections.
Only damage to long-distance connections correlated with a more abnormal functional network (fractional anisotropy: » = 0.226).
Our findings indicate that long-range connections are more severely affected by multiple sclerosis-specific damage than short-range
connections. Moreover compared to short-range connections, damage to long-range connections better explains network efficiency
and cognition.
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Introduction

Multiple sclerosis is a chronic demyelinating and neurode-
generative disease of the CNS (Stys ef al., 2012). Although
the clinical course of individuals with multiple sclerosis is
characterized by a wide variety of symptoms, up to 70% of
them experience some degree of cognitive impairment
(Chiaravalloti and DelLuca, 2008). Optimal cognitive func-
tion is thought to depend on a delicate balance between
local and global signal processing, which is made possible
by the topological configuration of white matter tracts be-
tween grey matter regions (Bressler and Menon, 2010; Park
and Friston, 2013). The structural brain network is topo-
logically arranged such that the spatial embedding of the
wiring is cost-efficient, combining high efficiency with low
connection cost (van den Heuvel and Sporns, 2013), i.e. a
small-world network (Bassett and Bullmore, 2006). Despite
favouring short-range, low-cost connections, the network
also contains a small proportion of more ‘expensive’
long-range connections (Laughlin and Sejnowski, 2003).
The latter are especially relevant for integrating information
between different parts of the brain (Park and Friston,
2013).

In multiple sclerosis, the structural backbone of the brain
is damaged by white matter lesions (Lassmann et al., 2007)
and normal-appearing tissue integrity loss (Evangelou et al.,
2000; Kutzelnigg et al., 2005; Dineen et al., 2009; Yu
et al., 2012; Meijer et al., 2016). These pathological per-
turbations are rarely confined to a single region and are
likely to change the information flow throughout the struc-
tural network (Fornito et al., 2015). A minor shift in the
balance between short- and long-range connections is likely
to change the efficiency of the structural network (van den
Heuvel and Sporns, 2013). In addition, it is hypothesized
that short- and long-range connections could have a differ-
ent role in establishing brain function, which might indicate
that damage to either one could have different effects (Zeki
and Shipp, 1988; Passingham et al., 2002; Gallos et al.,
2012). It is expected that the functionality of the costly
long-range connection might outweigh their cost, and that
their demise thus might have larger consequences (van den
Heuvel et al., 2012). It is, however, not known whether
short- and long-range connections are equally damaged in
multiple sclerosis or whether one is more vulnerable to the
pathology than the other. Also it is unknown how damage
to either short- or long-range connections may influence
brain function and especially cognitive performance. It
might be that damage to long-range connections could

better explain the cognitive status of patients with multiple
sclerosis than pathological changes in the short-range coun-
terparts, because of the crucial integrative role of long-
range connections (Park and Friston, 2013).

In this study, we therefore investigated the severity of struc-
tural damage in short- and long-range connections and its
impact on the efficiency of the global structural brain net-
work. Furthermore, we investigated whether damage in
short or long-range connections could best explain functional
resting-state changes and cognitive dysfunction.

Materials and methods

Participants

For this retrospective study, 133 patients with long-standing
multiple sclerosis [44% males, age 50.82 + 7.04 years, symp-
tom duration 20.66 years (interquartile range: 16.33-23.99)]
were included, as well as 48 healthy controls (38% male, age
54.21 £ 9.59 years), all part of the larger Amsterdam multiple
sclerosis cohort (Steenwijk et al., 2014; Daams et al., 2015).
All patients were diagnosed with clinically definite multiple
sclerosis according to the 2010 revised McDonald criteria,
and had a relapse-free period with no steroid treatment for
at least 2 months prior to participation. Disease-modifying
treatments included B-interferons (z = 23), glatiramer acetate
(n = 7), natalizumab (7 = 9), or other immunosuppressive
therapy (n = 6). Approval for this study was obtained from
the institutional ethics review board of the Amsterdam
University Medical Center, location VU Medical Center, and
subjects had given written informed consent prior to partici-
pation. The cohort has been described in previous publica-
tions, but none of the studies investigated structural network
properties (Steenwijk et al., 2015; Eijlers et al., 2018; Meijer et
al., 2018).

Neuropsychological and clinical
evaluation

On the day of MRI, all participants underwent extensive
neuropsychological testing based on the expanded version of
the Brief Repeatable Battery of Neuropsychological tests, as
previously described (Meijer et al., 2017). The assessed cogni-
tive tests were: (i) the symbol digit modalities test (information
processing speed); (ii) selective reminding test (verbal memory);
(iii) memory comparison test (working memory); (iv) Stroop
colour-word test (attention); (v) concept shifting task (execu-
tive functioning); and (vi) spatial recall test (visuospatial
memory). These cognitive scores were converted to z-scores
relative to the mean and standard deviation (SD) of healthy
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controls. Next, these scores were averaged to calculate an aver-
age cognitive performance composite score. Additionally, the
Expanded Disability Severity Status (EDSS) was conducted to
assess overall disability.

MRI

MRI was performed on a 3 T scanner (GE Signa HDxt) using an
eight-channel phased-array head-coil. The imaging protocol
included a 3D T;-weighted inversion-prepared fast spoiled gradi-
ent recall sequence (FSPGR, repetition time 7.8 ms, echo time 3
ms, inversion time 450 ms, flip angle 12°, sagittal 1.0 mm sec-
tions, 0.94 x 0.94 mm?® in-plane resolution) for volumetric
measurements, a 3D fluid-attenuated inversion-recovery sequence
(FLAIR, repetition time 8000 ms, echo time 125 ms, inversion
time 2350 ms, sagittal 1.2 mm slices, 0.98 x 0.98mm? in-plane
resolution) for lesion detection and a diffusion tensor imaging
(DTI) sequence covering the entire brain using five volumes with-
out directional weighting (i.e. b = 0 sfmm?) and 30 volumes with
non-collinear diffusion gradients [echo planar imaging (EPI), b =
1000 s/mm?, repetition time 13000 ms, echo time 91 ms, flip
angle 90°, 2.4 mm contiguous axial slices, 2 x 2mm? in-plane
resolution]. Brain function was assessed using resting-state func-
tional MRI with whole-brain coverage using 202 volumes, of
which the first two were discarded (EPI, repetition time 2200
ms, echo time 35 ms, flip angle 20°, 3 mm contiguous axial
slices, 3.3 x 3.3 mm? in-plane resolution).

Volumetric measures

To reduce the impact of lesions on registration algorithms and
volumetric measures, hyperintense lesions were automatically
segmented on FLAIR images and filled on the 3D T; using
LEAP (Chard et al., 2010; Steenwijk et al., 2013). Based on
these segmentations, the total lesion load was computed for
each patient. SIENAX (part of FSL 5) was used to calculate
grey matter volume and white matter volume and to normalize
these measures for head size based on v-scaling. Normalized
cortical volumes were computed by subtracting deep grey
matter segmentations derived with FSL-FIRST from the
SIENAX-based grey matter segmentation.

Structural connectivity

Eddy current distortion correction was done using the FMRIB
Diffusion Toolbox (FDT; also part of FSL). Probabilistic trac-
tography using the fibre orientation distribution (FOD) was
then performed by using MRtrix 3.0 (Tournier et al., 2012).
This model reconstructs N streamlines by randomly putting
seeds in white matter and estimates the local FOD using con-
strained spherical deconvolution (Tournier et al., 2007). To
adjust to the 30 non-collinear diffusion directions available
in our data, we followed the developer recommendation to
restrict the maximum spherical harmonic order (lmax) to 6.
Whole-brain probabilistic tractography was then performed by
randomly seeding 100 million fibres within the brain mask for
each subject.

To be able to create structural networks, cortical grey matter
nodes were defined by processing the 3D T;-weighted image of
each subject with the FreeSurfer 5.3 pipeline. The automated
anatomical labelling (AAL) atlas was used to define cortical
nodes on the cortical surface (Tewarie et al., 2014). As
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mentioned above, deep grey matter nodes were derived by
processing of 3D T;-weighted images using FIRST. The cor-
tical and deep grey matter regions were transformed to DTI
space using FLIRT (also part of FSL), using the previously
obtained Ty to DTI rigid transformation matrix and nearest-
neighbour interpolation.

To be able to categorize the connecting tracts into short- and
long-range connections, the averaged fibre length for each con-
necting tract was determined. Structural connections were
divided into short (<Q1), middle (Q2-Q3) and long (>Q3),
based on the histogram of tract lengths in healthy controls
(Fig. 1A). For each connecting pair of nodes different outcome
measures were extracted that could reflect the level of struc-
tural damage, namely (i) the average fractional anisotropy as a
measure of integrity; (ii) the number of fibres; and (iii) the
average percentage of tract affected by white matter lesions
(Fig. 1B). The average percentage of the tract affected by
white matter lesions was calculated by sampling the overlap
between an individual binary lesion map and the fibres con-
structed by MRtrix, this value was normalized for the length
of the tract. The three structural damage measures were aver-
aged over all short- and long-range connections to determine
the level of structural damage within each type of connection.
To determine the severity of damage, fractional anisotropy and
number of fibres observed in short- and long-range connec-
tions were converted to z-scores based on the mean and stand-
ard deviation observed in the healthy controls. This
normalization step also assured that normal variations in
these outcome measures between short- and long-range con-
nections were reduced (i.e. shorter connections typically have
higher fractional anisotropy and a higher total number of con-
nections than long connections).

Structural network efficiency

The efficiency of each individual structural network, consisting
of regions as nodes and the number of fibres as edges, was
computed using the Brain Connectivity Toolbox (Rubinov and
Sporns, 2010). To increase the robustness of the determined
structural networks, the strongest 20% connections were se-
lected and binarized (Achard and Bullmore, 2007; Bullmore
and Sporns, 2012). After that, the global efficiency was com-
puted based on these binary structural networks to determine
the extent to which information is efficiently distributed and
globally integrated in the network.

Functional connectivity

Preprocessing of functional MRI data was performed using the
FMRIB Software Library (part of FSL §). The MELODIC de-
fault pipeline consisted of motion correction, removal of non-
brain tissue, spatial smoothing using a 5-mm full-width at half-
maximum Gaussian kernel and high-pass temporal filtering to
cut off frequencies <0.01 Hz. In addition, to denoise func-
tional MRI data further, and to reduce motion, physiological
and other artefacts, ICA-based X-noisefier (ICA-FIX) was
applied as trained for application to a comparable standard
functional MRI dataset (Salimi-Khorshidi et al., 2014). To
remove signal originating from residual non-brain tissue as
well as from voxels sensitive to EPI distortions, voxels with
a time-averaged signal intensity in the lowest quartile of the
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Figure | Determining the degree of damage in short- and long-range white matter tracts. (A) Based on the distribution of the tract
lengths in healthy controls (HC), structural connections were categorized into short-range (<75 mm) and long-range connections (> 158 mm).
(B) For these short-and long-range connections three different measures that reflect the severity of structural damage were extracted, namely (i)
fractional anisotropy (FA); (ii) total number of fibres; and (iii) percentage of tract affected by lesions (case example).

robust range were excluded (Eijlers et al., 2017; Meijer et al.,
2017).

For each subject, functional connectivity matrices were con-
structed in which cortical nodes were defined by the AAL
atlas, deep grey matter nodes were defined by FIRST segmen-
tations and the strength of edges was measured by Pearson
correlations between the average time series at the nodes. In
short, the AAL atlas was registered to native 3D T; space with
inverted non-linear registration parameters, using nearest
neighbour interpolation. The atlas was then multiplied with
the SIENAX-derived grey matter segmentations to include
grey matter only. Deep grey matter regions derived by FIRST
were appended to the AAL atlas in native 3D T, space to
create an atlas that covers both cortical and subcortical re-
gions. Subsequently, boundary-based registration was used to
derive the transformation between functional MRI space and
T;-weighted space. The inverted matrices were used to register
the final atlas to each individual functional MRI scan using
nearest neighbour interpolation.

Functional connectivity matrices were then constructed by
calculating Pearson correlations between the averaged time
series of all these pairs of nodes. Each individual connectivity
matrix was transformed to a vector and was correlated with
the values of an average healthy control matrix. The latter was
created based on all healthy controls (z = 96) from the
Amsterdam multiple sclerosis cohort (Meijer et al., 2018).
The correlation coefficient between the individual and the
average healthy control matrix reflects the functional connect-
ivity similarity index. A high value (i.e. strong correlation

coefficient) indicates that the individual functional connectivity
matrix corresponds well with the average healthy control matrix,
whereas a lower value indicates that the functional connectivity
is not similar to the average healthy control matrix.

Statistical analyses

Statistical analyses of the demographic, clinical and whole-brain
MRI variables were performed in SPSS version 22 (Armonk, NY,
USA). All demographic, clinical and volumetric MRI variables
were checked for normality using the Kolmogorov-Smirnov test
and histogram inspection. Non-parametric tests were used to com-
pare not normally distributed measures of interest. Group differ-
ences for normally distributed demographic variables were
assessed by multivariate general linear model analyses, with age
and sex as covariates. These models were also used to compare
the level of structural damage (i.e. fractional anisotropy-based in-
tegrity, number of fibres and percentage of lesions) in short-and
long-range connections between patients with multiple sclerosis
and healthy controls. In addition, paired #tests were conducted
to investigate whether long-range connections were more severely
damaged than short-range connections in the patient group.
Measures of structural damage within both types of connections
were correlated to structural network efficiency, functional con-
nectivity similarity index and cognition (i.e. averaged cognitive
performance and symbol digit modalities scores). For group com-
parisons and correlations, P-values of <0.05 were considered stat-
istically significant after false discovery rate (FDR) correction for
multiple comparisons; corrected P-values are reported.
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Data availability

Anonymized data, not published in the article, will be shared
on reasonable request from a qualified investigator.

Results

Demographics, clinical and cognitive
characteristics

Demographic and clinical characteristics are shown in
Table 1. Sex and level of education did not differ between
healthy controls and people with multiple sclerosis, but the
multiple sclerosis group was younger than the healthy control
group (F = 4.99; P = 0.03). The EDSS indicated a moderately
affected multiple sclerosis population with an on average dis-
ease duration of 20 years. Average cognitive performance was
lower in patients with multiple sclerosis than healthy controls
(F = 32.41; P < 0.001; z-score = —0.95).

Global structural MRI measures

For all global volumetric measures, significant differences
were observed between healthy controls and patients with
multiple sclerosis (P < 0.001), indicating lower volumes in
patients with multiple sclerosis. For the structural network
measures, reduced structural network efficiency and
reduced fractional anisotropy of the connections within
the entire structural network were observed in patients
with multiple sclerosis (F = 4.73; P = 0.046; F = 19.70;
P < 0.001, respectively). Average whole-brain fibre length
and number of fibres were not different between groups.

Damage to short- and long-range
connections

In general, long-range connections had a higher fractional
anisotropy (T = 75.95; P < 0.001) and a lower number of

Table | Demographics, clinical and cognitive
characteristics

Healthy Multiple
control sclerosis
group group
n 48 133
Age (SD) 54.2 (9.6) 50.8 (7.0*
Sex, male/female 18/30 59/74
Education (IQR)* 5 (3-7) 6 (3-7)
Multiple sclerosis type, RR/SP/PP - 84/32/17
EDSS (IQR)* - 3.5 (3.5-5.5)

Disease duration (IQR)* - 20.7 (16.3-24.0)

For normally distributed variables, the mean and standard deviation (SD) are provided,
while the median and interquartile range (IQR) are provided for non-normally dis-

tributed variables (x). #Significant difference between patients with multiple sclerosis
and healthy controls (P < 0.05; FDR-corrected). EDSS = expanded disease severity
scale; PP = primary progressive; RR = relapsing remitting; SP = secondary progressive.
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fibres (T = 163.62; P < 0.001) than short-range connec-
tions (Fig. 2). Mean fractional anisotropy (FA) was reduced
in short and long white matter connections in patients with
multiple sclerosis compared to healthy controls (Fig. 2A
and B). Long-range connections showed the largest reduc-
tion in white matter integrity (z-scoregpa = —1.03, F =
28.89; P = 0.002), whereas short-range connections were
less severely affected (z-scorega = —0.34, F = 4.67; P <
0.05) relative to healthy controls. In addition, within-sub-
ject analyses demonstrated that this difference in severity of
white matter integrity loss between short- and long-range
connections was significant (T = 8.36; P = 0.002; Fig. 3A).

The number of connections (i.e. fibre count) was only
reduced for the long white matter connections in patients
with multiple sclerosis compared to healthy controls
(z-scorecoune = —0.44, F = 9.34; P < 0.01; Fig. 2C and D).
Within-subject analyses demonstrated that the number of
connections was more severely reduced in long-connections
than in short-range connections (T = 2.08; P < 0.05;
Fig. 3B). In addition, long-range connections showed a
higher percentage of tract affected by lesions than short-
range connections (T = —14.96. P = 0.002; Fig. 3C). To
examine whether the extent of damage was gradual or not,
the level of damage was also computed for the category in
between the short- and long-range connections, namely the
middle-range connections (Supplementary Table 1). The
values for fractional anisotropy and percentage of tract af-
fected by lesions for the middle-range connections were
approximately inbetween the short- and long-range
values, suggesting a linear relationship. For the number of
fibres the relation seemed to be more non-linear or
exponential.

Impact on structural network
efficiency

In patients with multiple sclerosis, all damage-related meas-
ures of long-range connections were associated with struc-
tural network efficiency. Positive correlations were observed
between structural network efficiency and fractional anisot-
ropy (r = 0.329, P < 0.01) and number of fibres (» = 0.321,
P < 0.01) of long-range connections. The lesional fractions
of short- and long-range connections were correlated with
structural network efficiency, indicating that increasing
lesion load within a tract was associated with lower struc-
tural network efficiency values (rho = —0.218, P = 0.02 and
rho = —0.219, P = 0.02, respectively).

Impact on the functional brain
network

The functional connectivity similarity index was lower in
patients with multiple sclerosis than in the healthy controls
(F = 11.75; P < 0.001). Of the structural connectivity
measures, fractional anisotropy of long-range connections
was related to the functional connectivity similarity index
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Figure 2 Fractional anisotropy and number of fibres within short- and long-range connections. Lower fractional anisotropy (FA)
values were observed in (A) short-range (P = 0.03) and (B) long-range connections (P < 0.001) in multiple sclerosis patients (MS) relative to
healthy controls (HC). The number of fibres was only reduced in (C) long-range connections (P = 0.001) in multiple sclerosis patients relative to
healthy controls. In the violin plots the median and interquartile interval are represented as dashed lines. Arms indicate a significant difference

(P < 0.05, FDR-corrected).

(rho = 0.226, P < 0.05) indicating that more severe
damage in long-range connections was related to a more
abnormal functional connectivity similarity index. No cor-
relation was observed between the fraction of lesions and
functional connectivity.

Impact on cognitive performance

Only the fractional anisotropy of long-range connections
was correlated to symbol-digit modality scores (r =
0.388, P = 0.002). The number of fibres of long-range
connections was more strongly related to these cognitive
scores than the number of fibres of short-range connections
(r = 0.257, P < 0.01 versus » = 0.200, P = 0.03, respect-
ively). Again, the strongest correlations were observed for
the percentage of lesions within short- and long-range con-
nections (rho = —0.402, P = 0.002 and rho = —0.369, P =
0.002, respectively).

Fractional anisotropy of long-range connections was
more strongly related to average cognitive performance
than the integrity of short-range connections (r = 0.447,

P = 0.002 versus r = 0.180, P = 0.04, respectively). The
correlations between the number of fibres in short- and
long-range connections and averaged cognition were signifi-
cant, but comparable (» = 0.229, P = 0.01 versus r =
0.278, P = 0.002). The strongest correlations with cogni-
tion were observed for the percentage of lesions within
short- and long-range connections (rho = —0.441, P =
0.002 and rho = —0.426, P = 0.002, respectively).

To investigate the best predictors of cognitive perform-
ance in patients with multiple sclerosis, a backward regres-
sion model was conducted including the structural damage
measures, age, sex and education. The final model (R* =
0.41; P<0.001) contained the following predictors for
worse cognitive performance: higher percentage of tract af-
fected by white matter lesions in long-range connections
(standardized B = —0.375; P<0.001), lower educational
level (standardized B = 0.244; P<0.01), lower fractional
anisotropy of long-range connections (f = 0.231; P = 0.01)
and fewer fibres in short-range connections (standardized B

= 0.213; P = 0.002).
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Figure 3 Severity of structural damage in short- and long-
range connections. (A) Loss of white matter (WM) integrity as
measured by fractional anisotropy, (B) loss of the number of fibres
and (C) the percentage of lesions were all more severely affected in
long-range than short-range connections (all P < 0.001). In the
violin plots the median and interquartile interval are represented as
dashed lines. Arms indicate a significant difference (*P < 0.05, FDR-
corrected).
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Discussion

The results of this study suggest that long-range connec-
tions are more severely damaged by multiple sclerosis path-
ology. This is indicated by a more severe loss of tract
integrity (i.e. reduced fractional anisotropy), reduced
number of tractography-based fibres and a higher percent-
age of tracts affected by lesions in long-range connections,
relative to their short-range counterparts. Moreover, com-
pared to short-range connections, damage to long-range
connections was more strongly associated with structural
network efficiency, the functional network and cognition.
Our results together emphasize the importance of an opti-
mal large-scale brain network organization, consisting of
many intact short-range connections and a small number
of efficient connections spanning long distances, to main-
tain structural network efficiency, normal functional net-
work organization and cognition in patients with multiple
sclerosis.

Pathology in long-range connections:
not simply a matter of probability

In general, the connections of the structural network of
patients with multiple sclerosis showed reduced integrity
compared to healthy controls, while the average number
of fibres and the average length of the white matter tracts
did not differ between the two groups. After categorizing
the white matter tracts into different types of connections
according to their length, more severe damage was
observed in long-range connections. This might indicate
that multiple sclerosis pathology especially interrupts struc-
tural pathways connecting remote brain regions in different
parts of the brain. It could be that the stereotypical distri-
bution of white matter lesions with a predominantly peri-
ventricular pattern (Kolasinski et al., 2012; Haider et al.,
2016) explains why long-range connections are more
severely damaged. The majority of the long-range connec-
tions are located close to the ventricles (e.g. interhemi-
spheric connections), which could explain the observed
higher percentage of lesions in long-range connections
than in short-range connections. Mechanisms that could
explain the more frequent occurrence of white matter le-
sions around the ventricle than elsewhere, have not been
determined yet. Nevertheless, lesions do wusually occur
around subependymal veins (Adams et al., 1987) and peri-
vascular inflammatory infiltrates are seen in multiple scler-
osis lesions and normal appearing white matter (Hauser et
al., 1986; Kutzelnigg et al., 2005). It is hypothesized that
all kinds of CSF-mediated factors and inflammatory
immune cells can enter the brain from this site and thus
could affect the white matter of periventricular long-range
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connections predominantly. Of note, another explanation
would be that long-range connections cover a larger area
of the brain than short-range connection and therefore one
could assume that a long-range connection is statistically
more likely to get damaged. The measure regarding the
percentage of tract affected by lesions, however, showed a
clear difference with respect to the level of damage between
short-and long-range connections while taking the length of
the tract into account, which makes it less likely that long-
range connections are more severely affected simply be-
cause they are covering a larger area of brain. From a
microscopic point of view, further research is needed to
investigate whether long-range connections are more se-
verely damaged by multiple sclerosis pathology because of
their intrinsic biochemical make-up. It could be hypothe-
sized, for example, that the higher metabolic level of long-
range connections makes them more vulnerable to oxida-
tive stress and therefore to energy failure under stress
(Perge et al., 2012; Bercury and Macklin, 20135).

Shift in the network balance and loss
of structural network efficiency

Damage to long-range connections was predominantly
related to a less efficient network organization in our
cohort of multiple sclerosis patients. The more severe
damage in these tracts, the larger the loss in structural net-
work efficiency, suggesting a less optimal balance between
a structurally segregated and integrative organization. Most
likely because damage to long-range white matter tracts is
thought to disrupt the brain’s small-world architecture
(Sharp et al., 2014) and could shift the network balance
towards the shorter connections. Long-distance connections
could be seen as topological short-cuts to reduce the infor-
mational distance between brain areas, thereby facilitating
rapid and efficient communication (Sporns and Zwi, 2004;
Bassett and Bullmore, 2017). With increasing levels of
damage, long-range connections are no longer able to fa-
cilitate long-distance communication and thus more steps
via short-range connections are needed to transfer informa-
tion from one part of the brain to another, making the
network less efficient. Previous studies have already
shown that the efficiency and small-world features of the
structural brain network are sensitive to pathology in pa-
tients with multiple sclerosis (He et al., 2009; Shu et al.,
2011; Charalambous et al., 2019). An increasing lesion
load is associated with a less prominent small-world pat-
tern and a less efficient network (He et al., 2009). Also the
efficiency of the motor network is reduced in multiple scler-
osis, which was a stronger predictor than conventional
MRI measures for clinical status (Pardini et al., 2015).
However, this study importantly elaborates on these find-
ings by showing that network efficiency in patients with
multiple sclerosis is especially sensitive for damage to
long-range connections.
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Relevance of long-range connections
for cognition and brain function

It was also observed that damage in long-range connections
(i.e. reduced white matter integrity) was more strongly
associated with functional brain network than damage in
short-range connections. These functional changes could
arise from disrupted neuronal conduction due to damage
to white matter tracts. Previous studies have already sug-
gested that long-range connections may play an especially
important role for the organization of functional brain
modules (Gallos et al., 2012). Our results might indicate
that intact long-range connections are needed to maintain a
functional network similar to that of healthy subjects.
Furthermore, our findings indicate that cognitive impair-
ment could be related to which extent long-range connec-
tions are damaged. A higher percentage of tracts affected
by white matter lesions in long-range connections was the
strongest predictor for cognitive dysfunction. This supports
the hypothesis that especially long-range connections entail
global integration and thus facilitate higher cognitive pro-
cesses. Local integration entails specialized functional pro-
cessing mediated by short-range connections, intrinsic to a
module at any scale, whereas global integration subserves
higher cognition, facilitated by long-range connections,
such as extrinsic cortico-cortical connections (Bressler and
Menon, 2010). The stronger association between damage
to long-range connections and structural network effi-
ciency, functional network and cognition could also be ex-
plained by the fact that these longer connections are in the
minority and therefore less redundant than short-range
connections, which might explain the larger impact of con-
nections that span larger distance (Tononi et al., 1999). In
addition to the explanations from the network-perspective,
it could be that damage to long-range connections more
closely reflects the overall level of multiple sclerosis-related
damage, and thus is a better marker for diffuse damage
compared to more localized heterogeneous damage. In
this study, especially conventional measures of structural
damage were examined, future studies are needed to inves-
tigate more advanced measures of structural damage, such
as the effect of changes in specific tissue compartments (i.e.
normal-appearing white matter fractional anisotropy,
lesional fractional anisotropy, the effect of the severity of
a lesion) and the effect of lesion orientation relative to the
direction of the tract on network efficiency and clinical
measures.

Based on our cross-sectional data, we can, unfortunately,
only speculate about the order of events. Until now, com-
putational modelling studies have investigated the influence
of structural changes and functional brain changes, and
vice versa (Tewarie et al., 2014). Future longitudinal in
vivo studies are needed to investigate the temporal evolu-
tion of the involvement of short- and long-range connec-
tions, their interplay, and the impact on structural and
functional network efficiency.
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Table 2 Global structural MRI measures

Healthy
control group

Multiple
sclerosis group

K. A. Meijer et al.

Table 3 Correlation coefficients between the extent of
structural damage and structural network efficiency,
cognition and the functional network

Volumetric structural measures

Total brain volume, | 1.50 (0.05) 1.43 (0.08)*
White matter volume, | 0.70 (0.03) 0.67 (0.04)*
Grey matter volume, | 0.80 (0.04) 0.77 (0.05)*
Deep grey matter 61.57 (3.14) 54.63 (6.96)"

volume, ml

Total lesion volume, ml* 12.77 (7.14-21.33)*
Global structural network measures

Structural network 0.543 (0.005)
efficiency

Average fibre length
DTl-based fractional

anisotropy

0.541 (0.005)*

12533 (121.06-129.45)
0.40 (0.02)

124.10 (120.38-127.19)
0.38 (0.02)*
Number of fibres

7467.00 (603.65) 7348.51 (659.27)

For normally distributed variables, the mean and standard deviation (SD) were pro-
vided, while the median and interquartile range are provided for non-normally dis-
tributed variables (asterisk). All volumetric measures were normalized for head size.
#Significant difference between multiple sclerosis and healthy controls (P < 0.05;
FDR-corrected).

Limitations

There are some methodological choices and issues to be
considered. The results of tractography algorithms may
be affected by the presence of white matter lesions. To
assure the credibility of the tractography findings, we per-
formed additional analyses. We found that the number of
fibres, the length of the structural connections and the dens-
ity of the structural matrices were not different between
healthy controls and multiple sclerosis patients. In addition,
in patients with multiple sclerosis, lesion load was not asso-
ciated with the length of the observed structural connec-
tions (rho = 0.240; P = 0.784). Visual inspection showed
that MRtrix was able to follow a white matter fibre
through lesions in the white matter (Supplementary Fig.
1), as was also seen in other publications (Tur et al.,
2018; Charalambous et al., 2019). Furthermore, a recent
study investigating the impact of lesions on tractography
methods reported that, although some impact of multiple
sclerosis lesions is observed, tractography algorithms are
still well able to anatomically localize tracts in multiple
sclerosis (Lipp et al., 2019). Altogether, the above reasons
support the assumption that it is unlikely that our findings
are completely driven by differences in tractography
methodology between healthy controls and patients with
multiple sclerosis. In addition, it was recently suggested
that the node definition by different parcellation schemes
could produce different properties of brain networks
(Hagmann et al., 2008; Zalesky et al., 2010). Future stu-
dies are therefore needed to investigate which tractography
method and parcellation scheme is most closely related to a
golden standard. In this study, we used the average healthy
control matrix as reference to categorize the tracts in short-
and long-range connections, especially because in this
population the structural networks were not influenced by

Structural Cognitive  FC similarity
network function index
efficiency
Short-range
FA-based integrity n.s. 0.180 ns.
Number of fibres n.s. 0.229 ns.
Percentage of lesions  —0.218 —0.441 ns.
Long-range
FA-based integrity 0.329 0.447 0.226
Number of fibres 0.321 0.278 ns.
Percentage of lesions ~ —0.219 —0.426 ns.

FA = fractional anisotropy; FC = functional connectivity; n.s. = non-significant.

disease-related pathology. One could also argue the use of
structural networks of patients with multiple sclerosis as a
reference; however, the impact of this decision on our find-
ings seems to be limited because of the very strong correl-
ation between the tract lengths observed healthy controls
and patients with multiple sclerosis (r = 0.995; P < 0.001).
Another limitation could be the generalizability of our re-
sults. The study population consisted mostly of patients
with long-standing multiple sclerosis, therefore, future
studies should investigate whether there is a different rela-
tionship between damage to short- and long-range connec-
tions, network metrics and cognition in different phases of
the disease. In addition, a future longitudinal study would
be vital to demonstrate progressive alterations in structural
network measures. Further, in this study we have chosen to
investigate global efficiency as measure of interest to meas-
ure of the ability of a network to transmit information at
the global level (Bassett and Bullmore, 2006); however,
other graph measures, such as clustering coefficient and
path length, could have provided additional insights and
need to be investigated in future brain network studies.
This study can be seen as a first step towards a better
understanding of the structural brain architecture in pa-
tients with multiple sclerosis and bridging the gap between
structural network properties, functional network alter-
ations and the cognitive status of the multiple sclerosis
patient.

Conclusion

Our results indicate that global integration of information,
facilitated by long-range connections, is hampered in pa-
tients with long-standing multiple sclerosis. By contrast,
local integration, mediated by short-range connections, is
less affected. Shifting the network balance towards the
short-range connections following predominant damage to
long-range fibres was not only shown to reduce efficiency
of the structural network, but also to impact cognitive
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Short- versus long-range connections

function and the functional network. This novel, topology-
based analysis of structural brain network pathophysiology
provides a more integrative and neurobiologically plausible
explanation for functional brain alterations and cognitive
decline in multiple sclerosis.
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