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Abstract: Multiple sclerosis (MS) is characterized by extensive damage in the central nervous system.
Within this field, there is a strong need for more advanced, functional imaging measures, as abnormalities
measured with structural imaging insufficiently explain clinicocognitive decline in MS. In this study we
investigated functional connectivity changes in MS using resting-state magnetoencephalography (MEG).
Data from 34 MS patients and 28 age and gender-matched controls was assessed using synchronization
likelihood (SL) as a measure of functional interaction strength between brain regions, and graph analysis
to characterize topological patterns of connectivity changes. Cognition was assessed using extensive neu-
ropsychological evaluation. Structural measures included brain and lesion volumes, using MRI. Results
show SL increases in MS patients in theta, lower alpha and beta bands, with decreases in the upper alpha
band. Graph analysis revealed a more regular topology in the lower alpha band in patients, indicated by
an increased path length (k) and clustering coefficient (c). Attention and working memory domains were
impaired, with decreased brain volumes. A stepwise linear regression model using clinical, MRI and
MEG parameters as predictors revealed that only increases in lower alpha band c predicted impaired cog-
nition. Cognitive impairments and related altered connectivity patterns were found to be especially pre-
dominant in male patients. These results show specific functional changes in MS as measured with MEG.
Only changes in network topology were related to poorer cognitive outcome. This indicates the value of
graph analysis beyond traditional structural and functional measures, with possible implications for diag-
nostic and/or prognostic purposes in MS. Hum Brain Mapp 34:52–61, 2013. VC 2011Wiley Periodicals, Inc.
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INTRODUCTION

Multiple sclerosis (MS) is a chronic, inflammatory
demyelinating and neurodegenerative disease, with focal
lesions developing in the gray and white matter, and with
diffuse changes indicative of axonal damage in tissue sur-
rounding lesions. Brain atrophy and cognitive impairment
are also common in this disease [Calabrese et al., 2009;
Chiaravalloti and DeLuca, 2008]. In MS, a ‘‘clinico-radio-
logical paradox’’ has been observed, i.e., structural damage
alone only modestly explains clinical and cognitive func-
tioning [Barkhof, 2002; Kincses et al., 2011]. In view of the
widespread structural damage, it may be expected that
MS patients display changes in brain network connectivity.
As cognition requires efficient and integrated communica-
tion between different brain areas, a loss of functional con-
nectivity between different brain areas may be expected to
cause cognitive impairment.

Connectivity-based studies are commonly used to study
neurological disease. This field, recently termed ‘‘connec-
tomics’’ [Sporns et al., 2005], has shown several clinically
relevant findings in neurological disorders using func-
tional [Stam, 2010], as well as structural [Roosendaal et al.,
2009] measures of connectivity. Resting state functional
connectivity studies are becoming more common in the
assessment of whole-brain connectivity in neurological dis-
ease. It has been shown that networks that are active dur-
ing the resting state relate closely to brain structure
[Honey et al., 2009], although that interrelationship is not
fully understood.

Resting state MEG analyses have been successfully
applied to study functional brain network changes in sev-
eral conditions, such as Alzheimer’s disease (AD) [Stam
et al., 2009], Parkinson’s disease (PD) [Stoffers et al., 2008]
and brain tumors [Douw et al., 2008]. Graph analysis of
this data can be used for an overall description of whole-
brain networks in neurological disease and is based on the
representation of a network as a graph which displays a
network as a set of nodes (vertices) and their weighted
connections (links or edges, with a number representing
the strength of the connection on a scale between 0 and 1).
Using this graph, network architecture is analyzed using
various measures such as clustering coefficient, a measure
of local connectivity, and path length, a measure of overall
network efficiency [Bullmore and Sporns, 2009]. These dis-
tinct measures are very suitable for relating the amount of
structural damage to functional changes in the brain, and
to relate aforementioned functional changes to clinicocog-
nitive measures.

Data on MS using MEG are limited [Cover et al., 2006;
Dell’Acqua et al., 2010; Tecchio et al., 2008]. As multiple
sclerosis features extensive neuroaxonal damage, it may be
expected that patterns of connectivity and network topol-
ogy will be altered, which may then be measured by
graph analytical parameters. Especially the relationship
between such functional changes and clinical/cognitive
functioning in MS is as of yet unclear. In this study, we

used resting-state MEG to study changes in functional con-
nectivity in MS patients. By investigating changes in the
different frequency bands in MS combined with cognition
and brain volumetry we aim to illustrate the brain’s func-
tional response to MS structural damage, and to investi-
gate the clinical relevance of these functional changes.

METHODS

Participants

Thirty-four patients (17 males, mean age 41.4 � 8.0
years, disease duration 8.1 � 1.6 years) and 28 controls (14
males, mean age 39.8 � 10.5 years) were matched for age
and level of education [Verhage, 1964]. All patients were
diagnosed with clinically-definite multiple sclerosis
(CDMS) [Polman et al., 2005], specifically the relapsing
remitting form of MS (RRMS) [Lublin and Reingold, 1996],
and were part of a cohort that has been followed for five
to seven years since diagnosis. Physical disability was
measured using the Expanded Disability Status Scale
(EDSS) [Kurtzke, 1983] and found to be relatively mild
(median, 2; range, 0–4.5). In all subjects, functional connec-
tivity as determined by resting-state MEG and cognitive
function were measured. All controls, and all but two
patients who refused assessment due to claustrophobia,
underwent MRI scanning. In all subjects who underwent
MRI scanning, lesion and brain volumes were assessed.
The study was approved by the institutional ethics review
board and all subjects gave written informed consent prior
to participation.

Magnetoencephalography

MEG scans were recorded using a 151-channel whole-
head MEG system (CTF systems; Port Coquitlam, BC, Can-
ada) while participants were in a supine position in a
magnetically shielded room (Vacuumschmelze, Hanau,
Germany). A third-order software gradient [Vrba et al.,
1999] was used with a recording passband of 0.25–125 Hz
and a sample frequency of 625 Hz. Participants had to be
free of any metal. Magnetic fields were recorded during a
no-task, eyes-closed condition for five consecutive minutes.
At the beginning and end of each recording, the head
position relative to the coordinate system of the helmet
was determined by leading small alternating currents
through three head position coils attached to the left and
right preauricular points and the nasion on the subjects’
head. Changes in head position of <1.5 cm during a re-
cording condition were accepted. Fourteen channels were
excluded due to scanner-related artefacts in several sub-
jects, leaving 137 channels from which five artefact-free
epochs per subject were selected, resulting in 30 s of data
per subject. All epochs were visually screened for head or
eye movements or other muscle artifacts by experienced
raters (MvdM and MS). These were band-pass filtered into
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standard frequency bands: delta (0.5–4 Hz), theta (4–8 Hz),
lower alpha (8–10 Hz), upper alpha (10–13 Hz), beta (13–
30 Hz), and gamma (30–45 Hz).

Magnetic Resonance Imaging

Two patients refused additional MRI due to claustro-
phobia, but had received previous MRI scans confirming
their diagnosis. All other subjects underwent an MRI scan
using a 3T-MR system (GE Signa HDXT, V15M), using a
3D-T1 FSPGR sequence (TR 7.8 ms, TE 3.0 ms, TI 450 ms,
1 mm3 voxel size), as well as 2D dual echo PD/T2 (TR
9680 ms, TE 22/112 ms) and 2D spin echo T1-weighted
imaging (TR 475 ms, TE 9.0 ms), containing 48 slices of 3
mm, covering the entire brain with an in-plane resolution
of 0.4 mm � 0.4 mm for PD/T2- and T1. All scans were
visually inspected and lesions were marked by an experi-
enced rater (MS). Subsequently, lesion volumes were
quantified. All lesion volumetric analyses were performed
using Alice (Perceptive informatics Inc.) applying a local
thresholding technique. The ratio between T1- and T2-
based volumes was used as a measure of lesion damage
for regression analyses. Total gray matter, total white mat-
ter, and whole brain volumes, corrected for head size,
were measured using the FSPGR images and SIENAX
[Smith et al., 2002] version 2.5 (part of FSL 4.1, FMRIB’s
Software Library, http://www.fmrib.ox.ac.uk/fsl).

Neuropsychological Evaluation

All subjects underwent a comprehensive set of neuro-
psychological tests. As part of this set, the Brief Repeatable
Battery for Neurological disease (BRB-N) [Rao, 1990] was
used, consisting of the selective reminding test (SRT), the
10/36 spatial recall test (SPART), the symbol digit modal-
ities test (SDMT), the paced auditory serial addition test
(PASAT) and the word list generation test (WLG). In addi-
tion to the BRB-N, in all but two patients and three con-
trols, the concept shifting test (CST), the Stroop color-word
test and the memory comparison test (MCT) were also
administered [Lezak, 2004].

The PASAT was post hoc excluded from further analy-
ses as all patients had performed this task repeatedly in
the past and showed significant learning effects compared
with controls.

Individual test scores were converted to z-scores, using
the means and standard deviations of the entire control
group. Z-scores were summarized into seven cognitive
domains: executive functioning (CST, WLG), verbal mem-
ory (SRT), information processing speed (SDMT), visuo-
spatial memory (SPART), working memory (MCT),
attention (Stroop), and psychomotor speed (CST, SDMT).
Construction of these domains with comparable cognitive
tests has been reported previously and was based on a
principal component analysis using varimax rotation with

Kaiser normalization performed on the z-scores of a large
group of healthy controls [Klein et al., 2003].

MEG Functional Connectivity

Synchronization

To reliably and sensitively detect changes in connectiv-
ity the brain MEG time series were entered into locally
developed software DIGEEGXP2, where synchronization
likelihood (SL) [Montez et al., 2006; Stam and van Dijk,
2002] was applied to calculate the level of synchronization
between all included channels in each of the analyzed fre-
quency bands. Using SL, two dynamic systems are
assumed, for instance two neural networks designated X
and Y. Time series xi and yi are recorded from both neural
networks. The general problem is to infer functional inter-
actions between X and Y from xi and yi. The current
assumption regarding functional connectivity states that
the more xi and yi display statistical interdependence the
stronger X and Y interact. This resemblance can be quanti-
fied by several measures, such as coherence or cross-corre-
lation. However, it has been shown that X and Y can
interact even when xi and yi do not resemble each other in
a simple way. This more complicated concept, called gen-
eralized synchronization, implies that the state of Y is a
function of the state of X. SL is a way to quantify this gen-
eralized synchronization [Rulkov et al., 1995] and takes
linear as well as nonlinear synchronization between two
time series into account. This is done by dividing each
time series into a series of short patterns (brief intervals of
time series containing a few cycles of the dominant fre-
quency). Synchronization likelihood is then the chance that
recurrences in X coincide with recurrences in Y, irrespec-
tive of the simple resemblance between xi and yi. SL fluc-
tuates around Pref (a small positive value) in the case of
fully independent signals, and reaches 1 in the case of
fully synchronized signals. The variable Pref has to be cho-
sen, and was set at 0.01 (the most commonly used value)
in the current study. It therefore represents the small but
nonzero chance of pattern recurrence in independent time
series. All other variables needed for computing SL are
automatically determined using a process described in
[Montez et al., 2006] (see also for more in-depth descrip-
tion of SL). It should be noted that SL suffers from the
same common source confounds as other benchmark
measures like coherence, leaving some inherent level of
error due to volume conduction, although this is expected
to be equal between groups. SL has been applied to many
EEG and MEG datasets (some examples below) as well as
fMRI [Sanz-Arigita et al., 2010] and has also been com-
pared with coherence in a dataset comparing Alzheimer’s
disease patients to controls [Stam et al., 2006].

Synchronization likelihoods between all combinations of
the 137 included channels were determined, providing us
with a 137 � 137 matrix of SL values. To reduce noise and
the number of comparisons, three averages of connectivity
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were calculated per band, a procedure which has been
used on many datasets [Douw et al., 2008; Olde Dubbelink
et al., 2008; Stoffers et al., 2008; van Duinkerken et al.,
2009]: (1) short-distance: synchronization within one
region, respectively left and right frontal, parietal, central,
occipital, and temporal, (2) intrahemispheric: synchroniza-
tion between two different regions in the ipsilateral hemi-
sphere, respectively the fronto-temporal, fronto-parietal,
parieto-occipital, and occipito-temporal regions, both for
the left and right hemisphere, and (3) interhemispheric:
synchronization between the left and right frontal, central,
parietal, temporal, and occipital MEG regions.

Graph analysis

Graph analysis [Bullmore and Sporns, 2009] was used to
analyze various properties of the functional networks.
Here, SL matrices were used to calculate two weighted
graph analytical parameters, namely the clustering coeffi-
cient (Cw) and the characteristic path length (Lw). Cw

measures local connectivity of a region, specifically the
likelihood that neighbors of a vertex will also be con-
nected, indicating the tendency to form local clusters. The
average weighted path length Lw signifies the average
highest connectivity of edges connecting any two vertices
and is a measure for global integration of the network.
Whole-network averages of Cw and Lw were calculated.
All parameters were based on a weighted representation
of a network, i.e., Cw and Lw instead of C and L, describ-
ing nonthresholded networks represented by one node per
channel, and one weighted vertex per functional connec-
tion. For a more detailed description of calculation of the
weighted clustering coefficient Cw and weighted average
shortest path length Lw, see [Stam et al., 2009]. To be able
to compare functional network parameters optimally, each
graph parameter was also divided by averaged parameters
of 50 randomly generated networks (Cw-s and Lw-s), gen-
erated by randomly reshuffling edge weights as described
in [Humphries and Gurney, 2008]. The resulting values
(Cw/Cw-s, also named c, and Lw/Lw-s, k) therefore
describe how close a person’s network topology is to that
of random networks, enabling an estimation of how ran-
dom or regular the network of a person is, with small-
world networks [Watts and Strogatz, 1998] typically dis-
playing beneficial aspects of both regular and random
networks.

Statistical Analysis

Variables were checked for normality using the Kolmo-
gorov-Smirnov test in SPSS 15.0 for Windows together
with histogram inspection. Where normality was not
found, variables were transformed to normality. All MEG
variables were transformed to normality using (1/x). All
analyses used gender as a covariate.

Synchronization likelihood

Similar to earlier studies [Douw et al., 2008; Olde Dub-
belink et al., 2008; Stoffers et al., 2008; van Duinkerken
et al., 2009], a repeated measures general linear model
(GLM) was used to analyze each frequency band regard-
ing SL differences between patients and controls. Per fre-
quency band, three analyses were performed, one for each
synchronization average (short-distance, intrahemispheric
and interhemispheric). Here, the synchronization values
were used as the repeated measures factor and group
(patient or control) as between-subjects factor. Those varia-
bles that displayed a significant main effect for group or
an interaction effect involving group (P values of Green-
house-Geisser correction for sphericity) were entered into
a subsequent post-hoc multivariate GLM analysis to iden-
tify specific SL differences per band. This process was
done to reduce the number of variables for the post-hoc
GLM, as well as to account for the nature of MEG signals,
treating them as repeated measurements of the same sys-
tem (i.e., the brain). As the MEG measurements can be di-
vided into three different groups (short-distance, intra-
and interhemispheric), these were separately analyzed.
This statistical process is identical to earlier studies (see
above), ensuring between-study comparability. To illus-
trate the reproducibility and to highlight possible effects
induced by choosing a specific connectivity measure, the
abovementioned connectivity analysis was also repeated
using the benchmark measure phase coherence (PC).
Graph analysis and relations with cognition were only
explored using SL.

Graph analysis, cognition, and brain volume

Graph analytical parameters, cognitive domain Z-scores
and brain volumes were analyzed using three multivariate
GLM analyses, with group (patient or control) as a fixed
factor to determine differences between patients and con-
trols. Relations between connectivity, atrophy and cogni-
tion were investigated using linear regression of the data,
see below.

Linear regression of cognitive domains

Stepwise linear regression was used to predict cognition.
To limit multiple comparison problems, only those cogni-
tive, MRI, SL, and graph analytical parameters found to be
significantly different between patients and controls were
used as predictors in the regression model. Synchroniza-
tion values that were significantly different between
patients and controls were averaged into one mean per
band to reduce the amount of variables. To avoid prob-
lems regarding the averaging of unrelated synchronization
values, all synchronization values were converted into Z-
scores before averaging. Cognitive Z-scores were predicted
using the mean SL Z-values, significant graph analytical
parameters, normalized whole-brain volume (NBV), EDSS
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(dichotomized into above or below the median, i.e. 2), gen-
der and T1/T2 lesion volume ratio. Spearman’s rho was
used to assess correlation strengths with the main predic-
tor of cognition and the individual cognitive domain.

RESULTS

Synchronization Likelihood:

Repeated Measures GLM

Repeated measures GLM analyses revealed an interaction
between group (patient or control) and synchronization
type (short-distance, intrahemispheric and interhemi-
spheric) for theta (F[1,59] ¼ 3.75 P ¼ 0.02) and upper alpha
(F[1,59] ¼ 4.30 P < 0.01) interhemispheric synchronization
(Greenhouse-Geisser corrected p value for both). A main
effect of group was found for lower alpha (F[1,59] ¼ 6.16, P
¼ 0.02), theta (F[1,59] ¼ 7.98, P ¼ 0.006) and beta (F[1,59] ¼
5.89, P ¼ 0.02) intrahemispheric synchronization.

Synchronization Likelihood: Post-Hoc

Multivariate GLM

See Table II and Figure 1 for post-hoc multivariate GLM
results, revealing interhemispheric synchronization to be
increased in occipital and parietal regions in the theta
band, while the interhemispheric temporal synchronization
is lowered in the upper alpha band. Intrahemispheric
increases in synchronization are seen bilaterally in the
theta (left temporo- and parieto-occipital and right fronto-
parietal, fronto-temporal and temporo-occipital areas),
lower alpha (left and right parieto-occipital, as well as
right temporo-occipital areas) and beta bands (left and
right parieto-occipital, as well as right fronto-temporal,
and temporo-occipital areas). See Figure 2 for means and
standard deviations of significantly changed SL values.

Phase Coherence

The abovementioned analysis was repeated using PC,
which showed similar results in theta (F[1,59] ¼ 5.67 P <
0.01) and upper alpha (F[1,59] ¼ 4.57 P < 0.01) interhemi-

spheric PC, as well as lower alpha (F[1,59] ¼ 4.27, P ¼ 0.04),
theta (F[1,59] ¼ 7.51, P ¼ 0.008), and beta (F[1,59] ¼ 5.81, P ¼
0.02) intrahemispheric PC. Unlike SL, an effect for interhe-
mispheric PC was also found in the beta band (F[1,59] ¼
3.89, P ¼ 0.02) as well as local PC in the theta (F[1,59] ¼ 4.96,
P ¼ 0.03) and beta (F[1,59] ¼ 5.80, P ¼ 0.02) bands. Post-hoc
analyses revealed largely similar patterns in group differen-
ces to SL in all bands, while some small differences were
also present. The theta band lacked an effect of right fronto-
parietal and fronto-temporal PC, while additional effects for
right parieto-occipital and local bilateral local occipital PC
were found. In the lower alpha band no effect in right tem-
poro-occipital areas was found. In the upper alpha band
results were identical, while the beta band showed no effect
for right fronto-temporal PC, with additional effects for
bilateral local occipital PC, as well as interhemispheric PC in
frontal, central, parietal and occipital areas.

Graph Analysis

Graph analytical parameters (i.e., clustering coefficient, c,
and characteristic path length, k) were only found to be sig-
nificantly different in the lower alpha band (c: F[1,59] ¼
6.02, P ¼ 0.02, k: F[1,59]¼ 5.17, P ¼ 0.03), where both param-
eters were significantly increased in patients, indicating a
more regular (or less randomly organized) network.

Cognition and Brain Volume

Of the cognitive domains assessed, only working mem-
ory (F[1,52] ¼ 4.24, P ¼ 0.04) and attention (F[1,52] ¼ 7.36, P
¼ 0.009) were significantly impaired in the patient group
(see Table I). Normalized grey (NGMV), white (NWMV)
and whole-brain (NBV) volumes were reduced in the
patient group (NGMV: F[1,57] ¼ 7.27, P ¼ 0.009, NWMV:
F[1,57] ¼ 11.89, P ¼ 0.001, NBV: F[1,57] ¼ 12.38, P ¼ 0.001).

Linear Regression of Cognition

Linear stepwise regression of attention (model adjusted
R2 ¼ 0.14, F[1,29] ¼ 5.71, P ¼ 0.024) and working memory

Figure 1.

Synchronization likelihood changes in MS patients compared with healthy controls in each signifi-

cant frequency band (red indicates increases, blue decreases).
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(model adjusted R2 ¼ 0.19, F[1,29] ¼ 7.81, P ¼ 0.009) using
clinical, MRI, and MEG parameters resulted only one signif-
icant predictor in both domains: The lower alpha band clus-
tering coefficient (standardized b ¼ �0.41, t ¼ 2.39, P ¼ 0.02
and standardized b ¼ �0.46, t ¼ 2.80, P ¼ 0.009, respec-
tively). Interestingly, no structural brain measure predicted
cognition in this model. Note that this automatically
resulted in these measures being used as covariates in the
regression analysis. On its own c displayed a positive corre-

lation with attention in women, and a negative correlation
in men, although not significantly (Spearman’s rho ¼ 0.48,
P ¼ 0.06 in women, rho ¼ �0.43, P ¼ 0.08 in men).

Gender Effects

In the GLM models gender was a significant covariate
for six out of fifteen MEG synchronization parameters (see
Table II), i.e., three in the theta band (average F[3,59] ¼

TABLE I. Descriptive variables for controls and patients

Controls Patients

Mean SD Mean SD F P

Age (yrs) 39.82 10.54 41.38 8.04 t ¼ �0.66 0.51
Education (1–7) 5.46 1.73 5.15 1.42 Z ¼ �0.29 0.77
NGMV (l) 0.85 0.05 0.82 0.04 7.27 <0.01
NWMV (l) 0.69 0.04 0.66 0.03 11.89 <0.01
NBV (l) 1.54 0.07 1.48 0.06 12.38 <0.01
Executive Functioning (Z) 0.03 0.70 �0.25 1.06 1.08 0.30
Verbal Memory (Z) 0.03 0.79 �0.49 1.10 2.32 0.13
Information Processing (Z) 0.01 1.08 �0.14 1.37 0.37 0.55
Visuospatial Memory (Z) 0.09 1.13 �0.04 0.90 0.42 0.52
Working Memory (Z) 0.10 0.91 �0.50 1.05 4.25 0.04
Attention (Z) 0.10 0.52 �0.34 0.80 7.36 0.01
Psychomotor Speed (Z) 0.02 0.83 �0.21 1.19 0.87 0.36
EDSS (1–10)a 2 (0�4.5)
T1 volume (ml) 1.11 1.68
T2 volume (ml) 2.48 2.83
T1/T2 ratio 0.43 0.19

NGMV, normalized gray matter volume; NWMV, normalized white matter volume; NBV, normalized brain volume; EDSS, expanded
disability status scale.
aIndicates median and range.

Figure 2.

Barchart of mean Synchronization Likelihood (SL) values (and standard deviations) that are signif-

icantly different between patients and controls (note that original, untransformed values are rep-

resented here). F, frontal; P, parietal; T, temporal; O, occipital; inter, interhemispheric.
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6.84, P ¼ 0.01) and three in the lower alpha band (average
F[3,59] ¼ 7.98, P ¼ 0.01). Gender was also a significant cova-
riate for lower alpha band c (F[3,59] ¼ 10.85, P ¼ 0.002),
NGMV (F[3,57] ¼ 4.25, P ¼ 0.04), NWMV (F[3,57] ¼ 4.63, P
¼ 0.04) and both cognitive domains (working memory,
F[3,52] ¼ 4.42, P ¼ 0.04, and attention, F[3,52] ¼ 4.05, P ¼
0.05). These variables were assessed further using a final
multivariate GLM model, using a four level group factor
(male/female control or patient). Post-hoc Bonferroni anal-
yses revealed men with MS to display significant changes
in four of the synchronization parameters compared to
healthy men (all increased, one in the theta band (left pari-
eto-occipital SL, P ¼ 0.007), three in the lower alpha band
(average P ¼ 0.02, see Table II), as well as NGMV and
NWMV (decreased, P ¼ 0.02 and 0.002, respectively) and
attention (decreased, P ¼ 0.04). Female patients did not
show any significant differences with female controls on
any of these variables at this stage of the disease. See Fig-
ures 3 and 4 for lower alpha band c and cognitive Z-score
values for male and female patients and controls.

Mann-Whitney U-tests revealed no differences between
male and female patients regarding disease duration
(mean 7.86 (�0.93) and 8.32 (�2.04), respectively, Z ¼
�0.05, P ¼ 0.97), EDSS (mean 1.94 (�1.09) and 2.12
(�1.28), respectively, Z ¼ �0.45, P ¼ 0.65), T1-volume
(mean 12.70 (�22.65) and 9.71 (�9.63), respectively, Z ¼
�0.36, P ¼ 0.72) or T2-volume (mean 32.23 (�37.53) and
18.16 (�14.94), respectively, Z ¼ �0.74, P ¼ 0.46).

DISCUSSION

MEG recordings showed increased synchronization in
the theta, lower alpha and beta bands and decreased syn-
chronization in the upper alpha band of MS patients. Re-
gional changes were mainly seen in bilateral occipital,

TABLE II. Synchronization Likelihood and graph measures in bands and regions showing differences between

patients and controls

Connectivity

Controls Patients

Mean SD Mean SD F P

Theta band
*,aLeft parieto-occipital 0.032 0.008 0.040 0.012 12.52 0.001
*Left temporo-occipital 0.022 0.004 0.024 0.003 10.27 0.002
Right fronto-parietal 0.013 0.002 0.013 0.002 6.30 0.02
Right fronto-temporal 0.021 0.004 0.023 0.005 4.30 0.04
Right temporo-occipital 0.021 0.003 0.023 0.004 6.27 0.02
*Interhemispheric occipital 0.040 0.010 0.051 0.014 12.03 0.001
interhemispheric parietal 0.033 0.008 0.043 0.014 11.79 0.001
Lower alpha band
*,aLeft parieto-occipital 0.043 0.015 0.054 0.020 8.32 0.005
*,aRight parieto-occipital 0.040 0.011 0.051 0.022 7.57 0.008
*,aRight temporo-occipital 0.028 0.006 0.034 0.013 6.78 0.01
*,aClustering coefficient (c) 1.26 0.07 1.29 0.07 6.02 0.02
Characteristic path length (k) 1.24 0.06 1.28 0.08 5.17 0.03
Upper alpha band
Interhemispheric temporal 0.033 0.011 0.027 0.007 9.56 0.003
Beta band
Left parieto-occipital 0.030 0.007 0.036 0.011 6.71 0.01
Right fronto-temporal 0.017 0.002 0.019 0.004 5.44 0.02
Right parieto-occipital 0.028 0.006 0.033 0.008 6.79 0.01
Right temporo-occipital 0.019 0.002 0.020 0.002 5.61 0.02

*Indicates gender as a significant covariate.
aIndicates significant differences in male patients only.

Figure 3.

Boxplot of lower alpha band clustering coefficient (c) for all

groups (female and male controls and patients).
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parietal and temporal, and right frontal regions. The lower
alpha band additionally displayed increased clustering
coefficient and path length values, indicating a change
towards a more regular network topology [Bullmore and
Sporns, 2009; Watts and Strogatz, 1998]. This is the first
time this pattern of MEG findings is described in MS, with
the exception of decreased interhemispheric synchroniza-
tion in the alpha band, which has previously been found
[Cover et al., 2006].

Patients were also found to have cognitive impairments
in attention and working memory, which were related to
lower alpha band c especially. Although SL changes were
found in the beta and theta bands in MS patients, this was
not related directly to cognitive disturbances. Previous
research has shown decreased theta coherence to be espe-
cially present in progressive MS patients with cognitive
impairment [Leocani et al., 2000], although a direct rela-
tionship was not described. The lower alpha band has pre-
viously been related to attention [Klimesch et al., 1998]
and working memory [Stam, 2000] during task states. It is
interesting, however, that specific regional increases in
synchronization could not be related to cognition in this
study, perhaps due to a lack of statistical power. Interest-
ingly, for both cognitive domains affected in these
patients, we only found a relationship with the clustering
coefficient of the lower alpha band, describing local net-
work topology, but not regional SL changes. The increase
in c indicates that a move towards regular topology dis-
rupts cognitive functioning. Theoretically, any move from
the normal small-world topology of the brain should result
in a decrease of the efficiency of information processing

and/or transfer. In the case of MS, the observed increased
localization (clustering) of brain function may therefore
indeed be expected to result in a reduced efficiency of
communication between networks. In the case of Alzhei-
mer’s disease, a disease with extensive cognitive dysfunc-
tion, a more random network is present [Stam et al., 2008],
underlining that any deviation from ‘‘normal’’ could
potentially be detrimental to cognition. More research is
required, however, to determine the exact relevance of
having a particular type of network to cognitive function.
No other functional or structural measure apart from
lower alpha band c was found to be related to cognition,
although atrophy was apparent. However, atrophy and
cognitive impairment are known to be related [Filippi
et al., 2010], thus more sensitive (regional) atrophy meas-
ures are probably required at this stage of the disease.
These results indicate the value of graph analysis beyond
traditional structural measures, i.e., lesion volumes and
whole-brain atrophy, and functional measures, i.e., re-
gional synchronization, and may indicate a possible added
value for graph analysis in diagnostic and/or prognostic
purposes in MS.

Interestingly, these results show increases in synchroni-
zation in MS patients. Previous functional MRI research in
RRMS has so far only shown increased activation at the
earliest stage of the disease, namely in clinically isolated
syndrome [Roosendaal et al., 2010], a group with largely
preserved cognitive functioning. In fact, changes in syn-
chronization have not been found in RRMS before,
whereas in progressive stages of the disease, decreases in
synchronization were already described [Rocca et al.,

Figure 4.

Cognitive domains (mean and standard deviation of Z-scores) for male (M) and female (F) con-

trols (Ctrl) and MS patients.
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2010]. This discrepancy might be explained by the funda-
mental differences between fMRI and MEG, as fMRI can-
not detect high frequency changes.

What this increased synchronization exactly represents in
terms of underlying pathobiological mechanisms remains
unclear. It could represent compensation in the network,
i.e., a ‘‘boosted’’ synchronous activity to compensate for the
increased structural damage present in the brain. Given
that in healthy subjects the lower alpha band has been
shown to be related with attention and working memory,
i.e., the cognitive domains that were impaired in our patient
group, increased synchronization in this band, accompa-
nied by decreased synchronization in the higher alpha
band, together might indicate a compensatory mechanism
to maintain cognitive function. More specifically, the
decreased synchronization in the higher alpha band might
entail a shift in alpha band activity to lower frequencies.
However, these results should not be overinterpreted, as
the measured change in c (equally based on SL measures)
in the lower alpha band was directly related to poorer cog-
nitive performance. The increased synchronization in the
theta and beta bands is more difficult to explain, as they
did not appear to be related to cognition directly and no
additional information could be obtained for these bands
through a more sophisticated network measure like c.

One possible cause for the overall increase in synchroni-
zation in MS patients could be a loss of inhibition (e.g., due
to damaged inhibitory interneurons, although obviously
excitatory neurons might be damaged as well). This is, how-
ever, speculation at this point in time, where MEG measures
in a complex disease like MS are still largely being explored.
As previous research in fMRI studies has shown increases
in activity to be prevalent already in the earliest stages of the
disease, further MEG research in different patient groups
(i.e., CIS and SPMS) is now certainly opportune.

With several different connectivity methods available, it
may be difficult to determine which measure best applies to
the particular question at hand. The current study adopted
SL as an analysis method, but future systematic studies
should investigate in more detail the relative usefulness of
different connectivity measures and their putative comple-
mentarity or relative strengths/weaknesses, both in the fields
of EEG/MEG and fMRI research. To illustrate the reproduci-
bility and robustness of the connectivity analysis, it was
repeated using a different measure, i.e, PC, which showed
largely similar results. Small (topological) differences
between SL and PC were also detected, which emphasizes
that different connectivity measures may be complementary.
This should be investigated in a future study that is specifi-
cally designed to answer this question. Although beyond the
scope of the current study, this important aspect of connectiv-
ity research has yet to be investigated thoroughly.

In this group of patients, matched for age and level of
education, gender was shown to be of influence on several
SL values, as well as on c, NGMV, NWMV, and cognition,
which all differed from controls in male patients only. As
patients did not differ regarding disability, disease dura-

tion and lesion load, this finding indicates that men are
especially affected at this stage of the disease, as compared
with women with RRMS. Interestingly, it appears that the
move towards regular topology in the lower alpha band
could initially be beneficial to cognition in less severely
affected patients, as seen by the trend for a positive correla-
tion between c and attention in the female patient group of
this study. A larger move towards regularity, however, can
be associated with cognitive decline, as seen by the trend for
a negative correlation in the male group, who also displayed
more atrophy and cognitive disturbances. However, these
results will have to be verified in a larger group, as insuffi-
cient statistical power hampers these conclusions here.

Our results indicate a specific pattern of changes in func-
tional connectivity in MS patients, and especially in men. The
relationship of these specific regional changes to cognition
could not be shown in the current study, probably due to
power issues, which also limits the possibility for strong con-
clusions regarding gender. It seems plausible, however, that
specific regional changes influence cognition more than others,
as some structures relate closer to cognition than others. The
specific locations of SL changes will need to be investigated
further in larger groups and/or with more advanced techni-
ques such as modularity, as these could provide more specific
and/or different information regarding MS pathology. Future
research is also required to investigate whether this pattern of
change in connectivity is due to structural damage only or if
patients also display additional, uniquely functional, changes
that may be relatively independent.

CONCLUSION

In summary, we have demonstrated functional changes
in MS as measured with resting state MEG. These func-
tional connectivity changes are clinically relevant, especially
those in the lower alpha band, and show gender-specific
patterns of change in the different frequency bands.
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