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Abstract: In this multicenter study, we used dynamic causal modeling to characterize the abnormalities
of effective connectivity of the sensorimotor network in 61 patients with multiple sclerosis (MS) com-
pared with 74 age-matched healthy subjects. We also investigated the correlation of such abnormalities
with findings derived from structural MRI. In a subgroup of subjects, diffusion tensor (DT) MRI met-
rics of the corpus callosum and the left corticospinal tract (CST) were also assessed. MS patients
showed increased effective connectivity relative to controls between: (a) the left primary SMC and the
left dorsal premotor cortex (PMd), (b) the left PMd and the supplementary motor areas (SMA), (c) the
left secondary sensorimotor cortex (SII) and the SMA, (d) the right SII and the SMA, (e) the left SII and
the right SII, and (f) the right SMC and the SMA. MS patients had relatively reduced effective connec-
tivity between the left SMC and the right cerebellum. No interaction was found between disease group
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and center. Coefficients of altered connectivity were weakly correlated with brain T2 LV, but moder-
ately correlated with DT MRI-measured damage of the left CST. In conclusion, large multicenter fMRI
studies of effective connectivity changes in diseased people are feasible and can facilitate studies with
sample size large enough for robust outcomes. Increased effective connectivity in the patients for the
simple motor task suggests local network modulation contributing to enhanced long-distance effective
connectivity in MS patients. This extends and generalizes previous evidence that enhancement of effec-
tive connectivity may provide an important compensatory mechanism in MS. Hum Brain Mapp
30:2412–2425, 2009. VVC 2008 Wiley-Liss, Inc.
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INTRODUCTION

Several functional MRI (fMRI) studies have shown con-
sistently an increased recruitment of regions of the sensori-
motor network in multiple sclerosis (MS) patients with
preserved hand motor function in comparison with
healthy controls [Rocca and Filippi, 2007]. The correlations
found by the majority of these studies between measures
of abnormal brain activations and quantitative MR metrics
of structural tissue damage [Rocca and Filippi, 2007] have
supported the notion that, at least in some phases of the
disease, functional cortical changes might have an adaptive
role in limiting the clinical consequences of irreversible tis-
sue damage.
Recently, the development of more sophisticated post-

processing methods has made feasible the analysis of the
connections among cortical areas in normal and diseased
people [Friston et al., 2003]. Although the application of
these methods in the clinical arena is still in its infancy, a
few preliminary studies in selected and small groups of
MS patients [Au Duong et al., 2005a,b; Cader et al., 2006;
Rocca et al., 2007, in press] suggest that the assessment of
abnormal effective connectivity might complement the
more ‘‘classical’’ analysis of the extent and displacement of
fMRI activation. In addition, it has also been suggested
that the use of a regional approach for the assessment of
the correlations between structural and fMRI findings,
through a combination of measures of functional connec-
tivity and structural damage to selected brain regions
[Lowe et al., 2008; Rocca et al., 2007, in press], might be a
valuable tool to improve our understanding of the nature
of abnormality of function in MS patients. Here, we char-
acterized effective connectivity (the directed causal influ-
ence of one neuronal system on another) as opposed to
simply looking at functional connectivity or correlations
between observed hemodynamic responses, such as coher-
ence [Tecchio et al., 2008] or correlations in low-frequency
fMRI fluctuations [Lowe et al., 2002, 2008].
Because one of the major drawback of previous studies

in the field was the small samples of patients enrolled,
which were inevitably representative of a limited range of
disease clinical phenotypes, it remains to be established
whether their results are robust enough to be considered

representative of what really occurs in MS as a whole.
Should this be achieved, the next step would be the appli-
cation of this new approach to define the evolution of
functional changes and how they relate to the clinical man-
ifestations of the disease. Both these two goals are likely to
require large sample of patients followed longitudinally
and, hence, the design of multicenter studies.
Recently, a multicenter fMRI study has interrogated the

movement-associated brain pattern of activations in a large
sample of MS patients with preserved hand motor func-
tion and with clinical characteristics spanning through a
wide range of disability, and has confirmed the increased
recruitment of several areas of the motor network in these
patients in comparison with healthy controls [Wegner
et al., 2008]. Against this background, we took advantage
of such fMRI database to: (1) define whether and how
effective connectivity of the sensorimotor network is
affected by MS and (2) investigate the correlation between
measures of effective connectivity and those of structural
global [T2 lesion volume (LV)] and regional [atrophy and
diffusivity changes of the left corticospinal tract (CST) and
the corpus callosum (CC)] damage.

PATIENTS AND METHODS

Patients

Sixty-one patients with MS (24 male, 37 female, mean
age [SD] 5 35.7 [7.4] years, mean disease duration [SD] 5
7.8 [5.3] years, median Expanded Disability Status Scale
(EDSS) score [Kurtzke, 1983] [range] 5 2.5 [0.0–7.5]) and
74 healthy controls (40 male, 34 female, mean age [SD] 5

30.7 [7.1] years) entered in this study. The study included
more subjects than those of the previous study of Wegner
et al. [2008], because fMRI analysis was done only on data
of one of the four runs of the fMRI experiment [see
Wegner et al., 2008 for more details]. Therefore, the data of
a few subjects that were previously excluded for excessive
movements across the four runs could be used for this
analysis. Subjects were studied at eight European centers,
which included: (a) the Department of Radiology, VU Uni-
versity Medical Centre, Amsterdam (Netherlands); (b) the
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MR Unit, Hospital Vall d’Hebron, Barcelona (Spain); (c)
the Neurology/Neuroradiology Department, University of
Basel, Basel (Switzerland); (d) the MR Research Unit, Med-
ical University Graz, Graz (Austria); (e) the QS Imaging
Centre, Institute of Neurology, University College London,
London (UK); (f) the Neuroimaging Research Unit, Univer-
sity Hospital San Raffaele Milan, Milan (Italy); (g) the
Centre for Functional Magnetic Resonance Imaging of the
Brain, University of Oxford, Oxford (UK); and (h) the
Department of Neurological and Behavioral Sciences, Uni-
versity of Siena, Siena (Italy).
The inclusion criteria of this study required all subjects

to be right-handed (Edinburgh Handedness Inventory)
[Oldfield, 1971]. In addition, patients included in the study
had to fulfill the following criteria: a diagnosis of relapsing
remitting (RR) or secondary progressive MS, no relapse or
corticosteroids treatment within the previous 3 months
prior to scanning, an EDSS score �7.5 [Kurtzke, 1983], no
clinically apparent right hand impairment at the neurologi-
cal examination, and no visual acuity or field deficits.
Local ethics approval was obtained at all sites and all sub-
jects gave informed consent.

Experimental Design

The fMRI experiment used a ‘‘block’’ design sequence
(ABAB), with six periods of a 30 s visual cue for hand
movement (A) alternated with six periods of 30 s rest in
the dark (B). Patients and healthy controls were instructed
to repetitively flex and extend the last four fingers of their
right hand with each flash of the light in the visual cue.
The same standardized hand frame was used at all sites to
restrict the maximum amplitude of the finger extension to
3 cm. All centers were supplied with a metronome
equipped with a red flashing LED to pace the movements
at 1 Hz frequency. Patients and controls were trained and
observed before performing the experiment to ensure their
understanding and ability to comply with the protocol. No
cue was supplied during rest periods. Subjects were moni-
tored visually during the scan to ensure accurate task per-
formance and to check for additional movements (e.g.,
mirror movements).

fMRI Acquisition

Brain MRI scans were obtained using a magnet operat-
ing at 1.5 T at all sites (see Table I for further details). Sag-
ittal T1-weighted images were acquired to define the ante-
rior-posterior commissural plane. Functional MR images
were obtained in all sites using a multislice gradient echo
planar imaging (EPI) sequence: echo time 5 60 ms, repeti-
tion time 5 3,000 ms, field of view 5 240 3 240 mm2, ma-
trix 5 64 3 64, 21 contiguous axial slices with a slice thick-
ness 5 6 mm, parallel to the anterior-posterior commis-
sural plane.

Structural MRI Acquisition

On the same occasion and using the same magnet, the
following sequences were also obtained from the brain of
all the subjects: (1) dual-echo turbo spin echo (TSE) or T2-
weighted TSE and fluid-attenuated inversion recovery
(FLAIR) sequences and (2) high-resolution 3D T1-
weighted. None of the centers used parallel imaging strat-
egies. Table I reports the main MRI acquisition parameters
used in each center as well as the main scanner character-
istics. In Amsterdam and Milan, a diffusion tensor (DT)
echo planar sequence was also acquired from 10 patients
and 17 controls, with demographic and clinical characteris-
tics comparable to those of the entire cohort.

fMRI Analysis

fMRI data were analyzed using the statistical parametric
mapping (SPM2) software [Friston et al., 1995]. Prior to
statistical analysis, all images were realigned to the first
one to correct for subject motion, spatially normalized into
the standard space of SPM, and smoothed with a 10-mm,
3D-Gaussian filter. Subjects were included in the subse-
quent statistical analysis if they had a maximum cumula-
tive translation lower than 3.0 mm in the x, y, z planes
(lower than 1.0 mm for each plane) or a maximum cumu-
lative rotation of 0.58.
Changes in blood oxygenation level dependent (BOLD)

contrast associated with the performance of the motor task
were assessed on a voxel by voxel basis, using the general
linear model and the theory of Gaussian fields [Friston
et al., 1995]. Specific effects were tested by applying appro-
priate linear contrasts. Significant hemodynamic changes
were assessed using t statistical parametric maps (SPMt).
The within-group activations were investigated using
a random-effect analysis [Friston et al., 1999] and a one-
sample t-test.

Analysis of Effective Connectivity

Definition of brain regions included in the dynamic
causal modeling (DCM) [Friston et al., 2003] relied on data
from published fMRI studies of the motor system [Rocca
and Filippi, 2007; Ward, 2006] and the results of the
within- and between-group analysis of this study, which
have been reported elsewhere [Wegner et al., 2008]. Time
series, which were adjusted for confounds, were extracted
from a spherical volume (5-mm radius) centered at the
most significant voxel within an a priori defined cluster in
the SPMf mean statistical parametric maps (i.e., SPM maps
thresholded using an F-contrast) in each subject. Volumes
of interest were extracted from the clusters with the high-
est peak of activations in the primary sensorimotor cortex
(SMC), bilaterally, the secondary sensorimotor cortex (SII),
bilaterally, the left dorsal premotor cortex (PMd), the sup-
plementary motor area (SMA), the left thalamus, and the
right cerebellum. These regions were entered into subject-
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specific DCMs. For each subject, the DCM was used to
investigate the intrinsic connectivity pattern between all
regions of interest previously defined. To this end, a DCM
was constructed, where all regions were assumed to be
connected bidirectionally with each other. We determined in
healthy volunteers and MS patients, separately, which of the
regions defined by the fMRI analysis was the most likely

input region. To test which model fitted best the observed
findings, eight different fully connected models were built,
each DCM modeling the origin of movement-related activity
in one of the eight regions. Model evidence was computed
using the Bayesian and Akaikes information criterion (BIC
and AIC, respectively), as described in Penny et al. [2004].
These represent bound approximations to the relative model

TABLE I. Main hardware characteristics, acquisition parameters of structural MRI sequences, and average

signal-to-noise ratio (SNR) from the left primary sensorimotor cortex (SMC) in the different centers

participating into the study

Scanner Coil
Dual/T2-weighted

sequence
FLAIR

sequence
3D T1-weighted

sequence
Average
SNR (SD)

Center 1 Siemens
Sonata

Circular
polarized
head coil

TR 5 2800
TE 5 94
slices 5 19
thickness 5 3
FOV 5 250
matrix 5 (205)2

TR 5 9000
TE 5 105
TI 5 2200
slices 5 17
thickness 5 5
FOV 5 250

TR 5 2700
TE 5 4
slices 5 160
thickness 5 1.5
FOV 5 260
orientation 5 axial

190.3 (22.3)

Center 2 Siemens
Symphony
Maestro
Class

Quadrature
whole
head coil

TR 5 3500
TE 5 14/86
slices 5 23
thickness 5 5
FOV 5 256
matrix 5 (256)2

TR 5 9000
TE 5 114
TI 5 2500
slices 5 23
thickness 5 5
FOV 5 250

TR 5 2050
TE 5 3.93
slices 5 144
thickness 5 1
FOV 5 256
orientation 5 sagittal

230.8 (14.5)

Center 3 Siemens
Sonata

Circular
polarized
head coil

TR 5 3230
TE 5 84
slices 5 21
thickness 5 5
FOV 5 240
matrix 5 (512)2

TR 5 9000
TE 5 108
TI52400
slices 5 21
thickness 5 5
FOV 5 240

TR 5 1800
TE 5 4.38
slices 5 144
thickness 5 1
FOV 5 240
orientation 5 axial

301.5 (20.6)

Center 4 Philips
Intera

Circular
polarized
head coil

TR 5 2300
TE 5 80
slices 5 24
thickness 5 5.5
FOV 5 230
Matrix 5 (256)2

TR 5 8000
TE 5 110
TI 5 2100
slices 5 24
thickness 5 5
FOV 5 230 mm

TR 5 20
TE 5 4
slices 5 126
thickness 5 1
FOV 5 256
orientation 5 axial

356.5 (18.2)

Center 5 GE Signa
Excite 11.0

Birdcage
head coil

TR 5 5900
TE 5 102
slices 5 22
thickness 5 5
FOV 5 240
matrix 5 (512)2

TR 5 9895
TE 5 140
TI 5 2473
slices 5 22
thickness 5 5
FOV 5 240
matrix 5 (256)2

TR 5 20
TE 5 2.3
slices 5 146
thickness 5 1.5
FOV 5 260
orientation 5 coronal

300.8 (19.3)

Center 6 Siemens
Vision

Quadrature
whole head
coil

TR 5 3300
TE 5 16/98
slices 5 24
thickness 5 5
FOV 5 250
matrix 5 (256)2

NA TR 5 11.4
TE 5 4.4
slices 5 160
thickness 5 1
FOV 5 250
orientation 5 sagittal

79.1 (9.4)

Center 7 Siemens
Sonata

Circular
polarized
head coil

TR 5 5000
TE 5 90
slices 5 25
thickness 5 6
FOV 5 250
matrix 5 (256)2

TR 5 10000
TE 5 139
TI 5 2400
slices 5 25
thickness 5 6
FOV 5 250

NA 337.8 (24.3)

Center 8 Philips
Gyroscan
ACS-NT15

Standard
head coil

TR 5 2074
TE 5 34
slices 5 50
thickness 5 3
FOV 5 250
matrix 5 (256)2

TR 5 9000
TE 5 150
TI 5 2725
slices 5 50
thickness 5 3
FOV 5 250

TR 5 20
TE 5 3
slices 5 50
thickness 5 3
FOV 5 250
orientation 5 axial

267.5 (10.2)

TR, TE, and TI are expressed in ms, slice thickness and FOV are expressed in mm, SNR is a dimensionless index.
TR, repetition time; TE, echo time; TI, inversion time; FOV, field of view; SNR, signal-to-noise ratio; NA, not acquired.

r Sensorimotor Network Connectivity in MS r

r 2415 r



evidences. For each subject and each model, we estimated
the corresponding Bayesian factors, and then model evi-
dence for each group, separately, was calculated by multi-
plying the Bayesian factors obtained for each pair of models
and for each subject. This analysis revealed the superiority
of the model having the left SMC as the input region in
both healthy volunteers and MS patients (Table II). There-
fore, this model was used for DCM analysis in each group
and drove the contrasts between patients and controls (see
later for methodological details). The intrinsic connectivity
strength coefficients (A) and their corresponding Bayesian
posterior probabilities (pA) were estimated using a Bayesian
approach [Friston et al., 2003].

Structural MRI Postprocessing

Total T2 LV was measured using a local thresholding
segmentation technique (Jim 4.0, Xinapse System, Leices-
ter, UK) on the T2-weighted image of each patient, using
the PD or the FLAIR images as a reference. The LV of the
CC and the left and right CST was calculated using a
white-matter (WM) atlas [Mori, 2005] available within the
FSL library and containing labels of 50 structures. First, a
lesion mask from the manually segmented lesions visible
on the dual-echo images was produced. Then, the affine
transformation between the T2-weighted images and the
atlas space was calculated and applied to lesion masks.
Results of the affine registration were visually inspected
for each subject to ensure a good registration quality
between subjects and the WM atlas. Finally, the LV within
the fiber bundles of interest was calculated.
Normalized brain volumes (NBV) were measured on the

3D T1-weighted images, using the cross-sectional version of
the Structural Imaging Evaluation of Normalized Atrophy
(SIENA) software [Smith et al., 2001]. To standardize NBV
analysis, all images were first reoriented in the axial plane
and resampled to a resolution of 1 3 1 3 1 mm3. To avoid
potential problems related to different between centers qual-
ity of GM/WM contrast, SIENAx was run without segment-
ing the brain into GM and WM tissues, but only by seg-

menting the entire brain tissue from cerebrospinal fluid.
Although the MRI acquisition protocols in all centers
allowed complete brain coverage to reduce variability in the
brain volumes, SIENAx was run with the additional setting
of upper and lower limits along the Z-axis (70 and 260,
respectively) in the standard space. For each subject, the
area of the CC was also measured on the midsagittal slice of
the 3D T1-weighted images using the local thresholding seg-
mentation technique previously described (Jim 4.0, Xinapse
System, Leicester, UK). Areas were expressed in mm2. Meas-
urements of CC area were repeated two times, and a mean
value was calculated and entered into the analysis.
For DT MRI images, the DT was estimated by using a

nonlinear regression (Marquardt–Levenberg method),
assuming a monoexponential relationship between signal in-
tensity and the b-matrix components [Basser et al., 1994]. Af-
ter diagonalization of the estimated tensor matrix, the two
scalar invariants of the tensor, mean diffusivity (MD) and
fractional anisotropy (FA), were derived for every pixel as
well as the three eigenvalues (k1, k2, and k3) of the DT. The
eigenvalues were used to measure axial (k1) and radial (av-
erage of k2 and k3) diffusivity. Then, MD, FA, axial and ra-
dial diffusivity values were calculated in regions of interest
(ROI) of 2 3 2 mm2 size, manually applied in the posterior
limb of the left internal capsule (to approximate the location
of the CST), in areas where no focal T2 lesions were visible.
ROIs were also placed bilaterally in the anterior and poste-
rior portions of the CC, as control region.
As recommended for multicenter studies, we also assessed

stability and sensitivity differences across sites [Friedman and
Glover, 2006], by measuring average image signal-to-noise ra-
tio (SNR) for each site, assessed according to what was pro-
posed by Friedman and Glover [2006] in a ROI of 10 3 10 3

10 mm3 placed in the left SMC on the entire fMRI data set.

Statistical Analysis

The estimated Bayesian posterior probabilities pA from
the DCM model were used to assess which of the poten-
tially existing connections among brain regions were

TABLE II. Bayes factors from the comparison of the different DCM models tested

in healthy controls and MS patients

Healthy subjects MS patients

L SMC model vs. R cerebellum
model vs. vice versa

4.39 3 1023 vs. 4.28 3 10211 2.55 3 1027 vs. 1.22 3 10219

L SMC model vs. PMd model
vs. vice versa

2.89 3 1041 vs. 3.73 3 1029 5.85 3 1034 vs. 1.05 3 10221

L SMC model vs. L SII model
vs. vice versa

2.43 3 1031 vs. 7.03 3 10216 3.11 3 1029 vs. 1.46 3 10221

L SMC model vs. SMA model
vs. vice versa

2.29 3 1015 vs. 4.04 6.73 3 1016 vs. 1.29 3 10217

L SMC model vs. R SMC model
vs. vice versa

8.12 3 1029 vs. 5.04 3 1029 2.15 3 1020 vs. 8.52 3 10217

L, left; R, right; SMC, primary sensorimotor cortex; PMd, dorsal premotor cortex; SMA, supplemen-
tary motor area; SII, secondary sensorimotor cortex.
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actually present. To do this, pA probabilities (thresholded
at log(2)/4) [Friston et al., 2003] of each subject were binar-
ized according to their value: connections with a pA
greater or equal to 0.5 were considered to be ‘‘real,’’
whereas those with a pA lower than 0.5 were not consid-
ered in the subsequent analysis. Only connections present
in at least 5% of the subjects were analyzed for assessing
differences between patients and controls.
An ANOVA model adjusted for center and age was

used to compare functional and structural MR-derived
metrics between controls and MS patients. False discovery
rate (FDR) [Benjamini and Hochberg, 1995] was used to
correct the P value for multiple comparisons. Univariate
correlations between functional and structural metrics as
well as between fMRI measures of connectivity and EDSS
were assessed using the Spearman rank correlation coeffi-
cient. All statistical analysis was performed using SPSS for
Windows (version 13.0).

RESULTS

Structural MRI

All healthy volunteers had normal brain MRI scans. In
MS patients, the mean T2 LV was 18.2 ml (range 5 0.14–
84.5 ml), the mean CC T2 LV was 7.1 ml (range 5 0–41.4

ml), the mean left CST LV was 5.8 ml (range 5 0–31.7),
and the mean right CST LV was 1.3 ml (range 5 0–9 ml).
No difference was found between right and left CST LV.
Compared with healthy controls, MS patients had signif-

icant reduced NBV (mean [SD] NBV: 1567 [89] ml in
healthy controls vs. 1488 [120] ml in MS patients, P 5 0.02)
and CC area (mean [SD] CC area: 523.1 [65.8] mm2 in
healthy controls vs. 464.6 [81.5] mm2 in MS patients, P <
0.0001).
In the subgroup of MS patients with DT MRI, MD was

significantly increased in the CC (mean [SD] MD: 0.77
[0.08] mm2 s21 3 1023 in healthy controls vs. 0.95 [0.12]
mm2 s21 3 1023 in MS patients, P 5 0.01) and in the left
CST (mean [SD] MD: 0.73 [0.02] mm2 s21 3 1023 in
healthy controls vs. 0.80 [0.04] mm2 s21 3 1023 in MS
patients, P 5 0.03). Compared with controls, these patients
also had significant reduction of FA values in the left CST
(mean [SD] FA: 0.69 [0.03] in healthy controls vs. 0.63
[0.02] in MS patients, P 5 0.03). There was also a signifi-
cant increase of axial and radial diffusivities in the CC of
MS patients compared with controls (mean [SD] axial dif-
fusivity: 0.17 [0.01] mm2 s21 3 1023 in healthy controls vs.
0.19 [0.01] mm2 s21 3 1023 in MS patients, P 5 0.006; and
mean [SD] radial diffusivity: 0.03 [0.007] mm2 s21 3 1023

in healthy controls vs. 0.04 [0.001] mm2 s21 3 1023 in MS
patients, P 5 0.02). MS patients also showed a significant

Figure 1.

Cortical activations on a rendered brain from healthy controls (A–C) and patients with multiple

sclerosis (D–F), during the performance of a simple motor task with the right hand (within-

group analysis; one-sample t-test). Activated foci are shown with a significance threshold set at P

< 0.05, corrected for multiple comparisons (color-coded t values). Images are in neurological

convention. L, left; R, right. See text for further details.
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TABLE III. Significant paths coefficients (mean values and standard deviations)

between brain regions of MS patients and controls in the entire study group and in

the different centers

Connection Center

Connection
strength
control

subjects (SD)

Connection
strength

MS patients
(SD) *P

L SMC—R Cerebellum Total 0.21 (0.06) 0.19 (0.07) 0.01
Center 1 0.24 (0.06) 0.20 (0.04)
Center 2 0.24 (0.04) 0.23 (0.06)
Center 3 0.21 (0.05) 0.16 (0.05)
Center 4 0.19 (0.05) 0.14 (0.02)
Center 5 0.20 (0.06) 0.17 (0.05)
Center 6 0.21 (0.05) 0.19 (0.03)
Center 7 0.27 (0.06) 0.24 (0.10)
Center 8 0.20 (0.04) 0.17 (0.05)

L SMC—L PMd Total 0.10 (0.08) 0.15 (0.07) 0.009
Center 1 0.06 (0.03) 0.16 (0.08)
Center 2 0.07 (0.04) 0.18 (0.07)
Center 3 0.11 (0.04) 0.16 (0.09)
Center 4 0.17 (0.06) 0.12 (0.06)
Center 5 0.13 (0.09) 0.14 (0.03)
Center 6 0.10 (0.04) 0.17 (0.11)
Center 7 0.12 (0.05) 0.13 (0.07)
Center 8 0.03 (0.07) 0.13 (0.09)

L PMd—SMA Total 0.05 (0.04) 0.08 (0.05) 0.002
Center 1 0.01 (0.03) 0.07 (0.03)
Center 2 0.05 (0.05) 0.07 (0.04)
Center 3 0.04 (0.01) 0.08 (0.07)
Center 4 0.07 (0.03) 0.11 (0.08)
Center 5 0.07 (0.06) 0.14 (0.07)
Center 6 0.05 (0.04) 0.05 (0.02)
Center 7 0.04 (0.04) 0.05 (0.04)
Center 8 0.02 (0.04) 0.06 (0.05)

L SII—SMA Total 0.08 (0.04) 0.10 (0.05) 0.01
Center 1 0.05 (0.02) 0.10 (0.01)
Center 2 0.08 (0.04) 0.11 (0.04)
Center 3 0.07 (0.02) 0.09 (0.05)
Center 4 0.09 (0.05) 0.12 (0.06)
Center 5 0.11 (0.06) 0.14 (0.06)
Center 6 0.07 (0.03) 0.08 (0.02)
Center 7 0.07 (0.04) 0.09 (0.05)
Center 8 0.08 (0.03) 0.08 (0.05)

SMA—L PMd Total 0.04 (0.05) 0.08 (0.07) 0.0009
Center 1 0.01 (0.05) 0.06 (0.04)
Center 2 0.02 (0.06) 0.04 (0.04)
Center 3 0.05 (0.03) 0.10 (0.08)
Center 4 0.08 (0.02) 0.15 (0.06)
Center 5 0.09 (0.06) 0.15 (0.08)
Center 6 0.05 (0.04) 0.03 (0.04)
Center 7 0.03 (0.02) 0.06 (0.03)
Center 8 0.01 (0.04) 0.06 (0.04)

SMA—L SII Total 0.08 (0.04) 0.11 (0.05) 0.03
Center 1 0.07 (0.03) 0.09 (0.03)
Center 2 0.09 (0.04) 0.09 (0.05)
Center 3 0.09 (0.02) 0.10 (0.05)
Center 4 0.08 (0.06) 0.12 (0.08)
Center 5 0.12 (0.05) 0.13 (0.05)
Center 6 0.07 (0.02) 0.09 (0.04)
Center 7 0.07 (0.03) 0.12 (0.05)
Center 8 0.08 (0.04) 0.10 (0.04)

R SII—SMA Total 0.07 (0.04) 0.09 (0.05) 0.006
Center 1 0.05 (0.03) 0.07 (0.01)
Center 2 0.08 (0.04) 0.10 (0.04)
Center 3 0.05 (0.02) 0.08 (0.04)
Center 4 0.08 (0.04) 0.11 (0.06)
Center 5 0.10 (0.07) 0.13 (0.06)
Center 6 0.05 (0.03) 0.07 (0.02)
Center 7 0.06 (0.03) 0.09 (0.06)
Center 8 0.07 (0.04) 0.08 (0.04)



increase of radial diffusivity in the left CST (mean [SD] ra-
dial diffusivity: 0.04 [0.001] mm2 s21 3 1023 in healthy
controls vs. 0.05 [0.003] mm2 s21 3 1023 in MS patients, P
< 0.001).

fMRI: Main Effect of Hand Movement

All subjects included in the connectivity analysis per-
formed the tasks correctly. Average SNR values were
found to be significant heterogeneous across sites (Table I)
(P < 0.001), but there was neither statistical difference in
the SNR value from healthy controls and patients within
each site nor significant trends of SNR change over time in
any site. The mean cumulative translations estimated dur-
ing the realignment step were 0.15 (SD 5 0.015) and 0.37
mm (SD 5 0.032) for healthy subjects and MS patients,
respectively, whereas mean rotations were less than 0.018
in both groups of subjects. No significant difference was
found for any of the realignment metrics between patients
and controls. No task-related movement was observed.
The results of the within-group analysis of activations
were similar to those reported by the previous analysis

[Wegner et al., 2008] (see Fig. 1). The results of the
between-group comparisons as well as those of the effect
of center and age on the observed pattern of activations
have already been reported elsewhere [Wegner et al.,
2008].

Effective Connectivity Analysis

In Table III and Figure 2, the results of the comparison
of path coefficient strengths between healthy controls and
MS patients age and center adjusted are shown. Only con-
nections significantly different between controls and MS
patients are reported. Compared with controls, MS
patients had a reduced effective connectivity between the
left primary SMC and the right anterior lobe of the cere-
bellum (P 5 0.01) and an increased effective connectivity
between: (a) the left primary SMC and the left PMd (P 5

0.009); (b) the left PMd and the SMA (P 5 0.002) and vice
versa (P 5 0.0009); (c) the left SII and the SMA (P 5 0.01)
and vice versa (P 5 0.03); (d) the right SII and the SMA (P
5 0.006) and vice versa (P 5 0.03); (e) the left SII and the
right SII (P 5 0.03); and (f) the right SMC and the SMA (P

TABLE III. (continued)

Connection Center

Connection
strength
control

subjects (SD)

Connection
strength

MS patients
(SD) *P

SMA—R SII Total 0.08 (0.05) 0.10 (0.05) 0.03
Center 1 0.08 (0.03) 0.09 (0.02)
Center 2 0.08 (0.04) 0.10 (0.06)
Center 3 0.07 (0.02) 0.09 (0.04)
Center 4 0.09 (0.06) 0.13 (0.05)
Center 5 0.11 (0.06) 0.12 (0.05)
Center 6 0.06 (0.05) 0.08 (0.03)
Center 7 0.07 (0.03) 0.11 (0.05)
Center 8 0.08 (0.04) 0.10 (0.04)

L SII—R SII Total 0.07 (0.04) 0.09 (0.04) 0.03
Center 1 0.06 (0.03) 0.08 (0.02)
Center 2 0.07 (0.03) 0.08 (0.05)
Center 3 0.06 (0.02) 0.09 (0.05)
Center 4 0.08 (0.05) 0.10 (0.05)
Center 5 0.09 (0.05) 0.09 (0.04)
Center 6 0.05 (0.03) 0.07 (0.02)
Center 7 0.06 (0.02) 0.13 (0.05)
Center 8 0.06 (0.02) 0.07 (0.04)

R SMC—SMA Total 0.07 (0.04) 0.09 (0.05) 0.03
Center 1 0.05 (0.02) 0.08 (0.03)
Center 2 0.09 (0.06) 0.10 (0.04)
Center 3 0.06 (0.02) 0.07 (0.06)
Center 4 0.08 (0.03) 0.13 (0.07)
Center 5 0.10 (0.05) 0.13 (0.06)
Center 6 0.06 (0.04) 0.07 (0.04)
Center 7 0.05 (0.04) 0.08 (0.05)
Center 8 0.08 (0.04) 0.09 (0.05)

Only connections significantly different between controls and MS patients have been reported.
L, left; R, right; SMC, primary sensorimotor cortex; PMd, dorsal prefrontal cortex; SMA, supple-
mentary motor area; SII, secondary sensorimotor cortex.
*ANOVA, adjusted for center effect and age and adjusted for multiple comparisons.
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5 0.03). No significant interaction was found between dis-
ease group and center.

Correlations Between Measures of Effective

Connectivity and Structural MRI Metrics

In MS patients, T2 LV was significantly correlated with
the reduction of effective connectivity between the left pri-
mary SMC and the right anterior lobe of the cerebellum (r
5 20.21, P 5 0.05) and with the increase of effective con-
nectivity between the left PMd and the SMA (r 5 0.26, P
5 0.04). No correlation was found between measures of
abnormal effective connectivity and T2 LV of the CC and
the left CST as well as NBV and CCA. In the subgroup of
MS patients with DT MRI assessment, significant correla-
tions were found between MD of the left CST and coeffi-
cients of effective connectivity of the left primary SMC
with the left PMd (r 5 0.82, P 5 0.02). No significant cor-
relations were found between axial and radial diffusivities
and effective connectivity measures.
No correlation was found between EDSS and measures

of altered effective connectivity.

DISCUSSION

In this study, we applied an analysis of connectivity to
fMRI data of the sensorimotor network obtained from a
large population of healthy individuals and MS patients
with a wide spectrum of clinical characteristics, who were
part of a multicenter study.
Previous studies have demonstrated that analysis of

brain functional recruitment is reproducible and reliable
when used to assess the brain patterns of activations in a

multicenter setting not only in healthy individuals
[Casey et al., 1998; Costafreda et al., 2007; Zou et al.,
2005] but also in patients with neurological conditions
[Schneider et al., 2007], including MS [Wegner et al.,
2008]. Different approaches have been proposed to pool
fMRI data from different centers [Friedman et al., 2006].
Some authors [Friedman and Glover, 2006; Schneider
et al., 2007] developed methods to measure the quality of
images acquired on different scanners and to modify
them prior to the analysis. Others [Wegner et al., 2008]
treated scanner variance during the statistical analysis, as
an additional confounding effect. In this article, which
derives from data already described by Wegner et al.
[2008], we preferred to use the same approach to pool
fMRI data. Recently, a detailed inter-run, intersubject,
and intercenter variability analysis has been performed
on a subset of this data [Bosnell et al., 2008]. The main
result of this analysis was that intersubject variability
dominates inter-run and intercenter variance, both for
healthy subjects and for MS patients [Bosnell et al., 2008].
It is also worth noting that, to minimize possible con-
founding factors on our results, all the participating cen-
ters of this study used 1.5 T scanners, a similar sequence
and performed the same, standardized, paradigm. In
addition, the analysis of the data was centralized to
reduce potential biases related to the method of analysis.
Finally, stringent criteria were applied to select patients
with similar clinical characteristics among centers and
without overt right upper limb motor impairment.
The main aims of this study were to better define brain

functional changes associated with MS and to explore fur-
ther how explicit definition of effective connectivity altera-
tions may contribute to understanding of the disease. To
enhance robustness of findings, our study was substan-
tially better powered than previous connectivity studies in
MS. An incidental collateral aim related to this, potentially
important in the design of future large-scale, longitudinal
fMRI studies in MS, was to assess whether it is possible to
obtain meaningful results from the analysis of effective
connectivity in a multicenter setting.
As reported elsewhere [Wegner et al., 2008], the com-

parison of the movement-associated pattern of brain acti-
vations between MS patients and controls confirmed pre-
vious single-center fMRI studies [Rocca and Filippi,
2007], by showing an increased activation of several
areas of the sensorimotor network in MS patients. The
results of the previous analysis also showed that there
were no significant differences of the main effect of task
across sites and in the contrast between healthy controls
and patients. This is the first study that applies an analy-
sis of effective connectivity in a multicenter experiment.
We did not find any interaction between disease group
and center, which indicates that the observed differences
between healthy controls and MS patients in terms of
measures of effective connectivity are not affected by the
center of enrollment. This observation suggests that
measures of effective connectivity can be applied reli-

Figure 2.

Dynamic causal model showing the results of the between-group

analysis of connectivity. Increased strength of connection in

patients vs. controls are reported as continuous black lines,

whereas reduced strength of connection in patients vs. controls

are reported as dotted black lines. See text for further details.
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ably, in combination with the more ‘‘classical’’ measures
of activations, in multicenter studies of healthy individu-
als and in diseased subjects.
Before comparing coefficient of connectivity between

patients and controls, we searched for the optimal input
region in the predefined model in each group separately.
This analysis revealed the superiority, both in healthy sub-
jects and in MS patients, of the model with the left SMC as
the input region. This is not a surprising result because,
according to the basic theory [Friston et al., 2003], DCM
treats the brain as an input-state-output dynamic system,
where inputs are fMRI tasks perturbing the system and
outputs are changes in the neuronal coupling among brain
regions. In general, it is a common finding that the regions
more activated by the task (in this case, the left SMC) are
also the most likely input regions of the stimulus for DCM
model. Clearly, we cannot rule out that a more powerful
optimization of the model, involving the comparison of all
possible models with the presence/absence of all coeffi-
cients in the A matrix, instead of an assessment for the
driving input only, would have lead to two different opti-
mal models for healthy controls and MS patients. How-
ever, such an analysis was not feasible, because of the
large sample of subjects studied and to the computational
workload required.
The comparison of coefficients of connectivity between

MS patients and controls showed an increased strength of
the forward and backward connections between several
regions known to be part of the distributed sensorimotor
network of the human brain (the right primary SMC, the
right and left SII, and the left PMd) with the SMA. We
also detected an increased connectivity between the left
primary SMC and the left PMd as well as between the left
and the right SII.
The PMd has an important role for selection and initia-

tion of voluntary actions [Bestmann et al., 2008; Grafton
et al., 1998; Scott et al., 1997]. Imaging and transcranial
magnetic stimulation (TMS) experiments suggest that the
PMd cortex of the left hemisphere is dominant in right-
handed people [Schluter et al., 2001]. This area is recipro-
cally connected with the ipsilateral and contralateral pri-
mary SMC as well as with the parietal cortex and the con-
tralateral PMd [Schluter et al., 1998, 2001]. Using a labeling
retrograde strategy, Marconi et al. [2003] showed transcal-
losal homotopic and heterotopic connections between dif-
ferent portions of the PMd of the two hemispheres and
between the two PMd and the SMA. A recent experiment
[O’Shea et al., 2007] in healthy individuals demonstrated a
correlation between preservation of motor performance af-
ter disruption of the left PMd activity by means of TMS
and increased activation of the right PMd cortex, the SMA,
and the cingulate cortex. This pattern was not seen after
TMS of the left SMC, while TMS of the reorganized right
PMd disrupted motor performance. These findings suggest
that adaptive changes of PMd function might contribute to
maintaining motor behavior despite progression of irre-
versible pathology in MS, as previously argued with focal

lesions after ischemic stroke [O’Shea et al., 2007]. SII is
considered to function as a high-order processing area for
somatosensory perception, and its activation has also been
related to attention, manual dexterity, and coordination
[Hamalainen et al., 2000; Karhu and Tesche, 1999]. The
SMA contributes to preparation, coordination, temporal
course, and execution of movements [Lee et al., 1999;
Ohara et al., 2000; Sadato et al., 1997]. The extent of SMA
activation is known to be directly related to the complexity
and difficulty of the motor task and inversely related to
the amount of training an individual has gained with that
specific task (Ohara et al., 2000; Sadato et al., 1997). Inter-
and intrahemispheric connections between both, the PMd
and the SMA, are likely to be mediated primarily by the
SMA, which additionally modulates primary SMC bilater-
ally [Rouiller et al., 1994]. A recent DCM study in healthy
individuals assessed the effective connectivity measures
between the SMA and the contralateral primary SMC dur-
ing executed and imagined motor acts and showed that
SMA exerts a positive influence to SMC during motor exe-
cution, while it suppresses primary SMC activation during
motor imagery [Kasess et al., 2008]. Our within- and
between-group analysis of effective connectivity strengths
between these two areas of the motor system did not
reveal a possible influence of the modification of the previ-
ous connection on our DCM findings. Clearly, we cannot
completely rule out that the complexity of the model we
applied with respect to the one used by Kasses et al.
[2008] (eight vs. two areas) as well as the difference in the
experimental set up (block vs. event-related) might have
prevented us to detect a possible change in such a connec-
tion.
Our results are consistent with the hypothesis that right

hemisphere motor areas contribute to task performance to
a greater degree and in a different way in MS patients
than in healthy controls and suggest that the SMA may
play an important role in the genesis of such a move-
ment-associated network plasticity. The notion that
patients with MS have a more bilateral pattern of recruit-
ment with movement-associated tasks is in agreement
with previous activation studies [Rocca and Filippi, 2007]
and with the results of a preliminary study of motor sys-
tem connectivity in RRMS [Rocca et al., 2007]. The
unmasking of direct interhemispheric pathways as well
as the recruitment of parallel existing ones are well-
known mechanisms of brain plasticity, which have been
demonstrated in MS with cognitive tasks and in other
neurological conditions [Calautti and Baron, 2003].
Because ipsilateral motor pathways seem to contribute to
the control of hand movements in the normal adult
(Boecker et al., 1994; Cramer et al., 1999; Kim et al., 1993;
Singh et al., 1998) and because they seem to be recruited
more extensively with increased motor task complexity
[Ehrsson et al., 2000; Wexler et al., 1997], ipsilateral acti-
vation of the motor network might be viewed as a ‘‘typi-
cal’’ compensatory mechanism, following brain injury,
with the potential to facilitate motor unit recruitment.

r Sensorimotor Network Connectivity in MS r

r 2421 r



Somewhat surprising, given the fact that activation anal-
ysis did not display abnormal cerebellar recruitment
[Wegner et al., 2008], we found a decreased connectivity
between the left primary SMC and the right cerebellum.
The notion that there might be an impaired connectivity
between these two areas in the MS brain has already been
suggested by a preliminary study [Saini et al., 2004], in
which an altered correlation between signal intensity
changes in the cerebellum and the premotor and motor
cortices has been detected. Using structural equation mod-
eling, a recent study of healthy individuals has demon-
strated an age-related decline of connectivity of the basal
ganglia-thalamo-motor and cerebro-cerebellar networks
and an increased connectivity of motor cortices between
the two hemispheres [Taniwaki et al., 2007]. These results
are consistent with a more general reduction of functional
lateralization of motor cortex recruitment with aging,
which has been interpreted as a compensatory response to
increased functional demands [Hutchinson et al., 2002;
Mattay et al., 2002]. It is tempting to interpret our findings
of reduced cortico-cerebellar connectivity in MS as a reflec-
tion of enhanced cortico-cortical shorter-range connectiv-
ities as long-distance connectivities are preferentially
impaired by increasing structural damage.
In this study, we also assessed the correlation between

changes of effective connectivity and structural MR metrics
of disease-related damage in terms of T2-visible lesions
and DT MRI metrics of selected WM fiber bundles. Several
single-center DT MRI studies in MS indeed suggested that
assessment of damage of selected WM pathways correlates
better with clinical deficits than overall quantification of
normal-appearing WM and GM damage [Audoin et al.,
2007; Lin et al., 2005; Lowe et al., 2006; Pagani et al., 2005;
Wilson et al., 2003]. We found only a weak correlation
between measures of abnormal connectivity and T2 lesion
burden, which is partially in contrast with the relatively
high correlations reported by previous and smaller studies
[Rocca and Filippi, 2007]. At least four factors might con-
tribute to explain this discrepancy. First, T2 lesion load is
a nonspecific finding. Although T2 lesion distributions
overall show similarities, at an individual subject level the
global measures hide considerable local heterogeneity.
Moreover, T2-weighted scans were acquired in each site
according to local protocols having different MRI parame-
ters and geometry, and this might have increased hetero-
geneity of T2 lesion load measurements. Second, the extent
of normal-appearing white and GM damage as well as the
severity of spinal cord involvement, which have also been
shown to influence brain recruitment in MS [Rocca and
Filippi, 2007] may be different in this cohort compared
with previous ones, perhaps because of the different clini-
cal characteristics of the patients studied. Third, although
the results of the affine registration between single subject
T2 scans and WM atlas were visually inspected to ensure
a good registration quality, disease-related atrophy might
cause improper assignments of MS lesions to WM tracts.
Finally, DCM is essentially an a priori based regional

approach, which investigates function of selected path-
ways and connections. Therefore, it is likely that measures
obtained with this method would correlate better with
measures of structural damage at a regional level. This is
consistent with our observation of a correlation of effective
connectivity with metrics of structural damage of the CC
and the CST. Albeit limited to a subgroup of patients, and
although DT MRI data were obtained in two different cen-
ters with only a partial standardization of the acquisition,
this analysis indeed showed a moderate correlation of
increased connectivity between the left SMC and the left
PMd with intrinsic damage of the left CST, measured
using DT MRI, which suggests a possible adaptive mecha-
nism of enhancement of shorter-term connectivity in limit-
ing the functional consequences of anatomic damage of
selected WM fiber bundle, as our patients did not have
overt motor impairment of the right upper limb. The
notion that CST damage is an important modulator of
fMRI response in MS patients when dealing with simple
motor task performance is in agreement with previous
studies, which showed that not only the extent but also
the severity of CST damage has the potential to influence
movement-associated activations in MS [Pantano et al.,
2002; Reddy et al., 2000; Rocca et al., 2004]. Our hypothesis
is also supported by the lack of correlation between meas-
ures of abnormal effective connectivity and structural MRI
measures of CC damage. Interhemispheric CC fibers are
indeed supposed to be more important in complex bima-
nual function [Meyer et al., 1998], rather than in simple
motor task performance.
In line with the results of the analysis of activations pre-

viously reported [Wegner et al., 2008] and with those of
previous fMRI studies of the motor system in MS [Rocca
and Filippi, 2007], we found no correlation between EDSS
and measures of abnormal effective connectivity. Among
the reasons for this discrepancy, the fact that EDSS is
heavily weighted toward impairment of deambulation
rather than to hand movement has to be considered.
Our study further illustrates the potential of effective

connectivity analyses for understanding disease patho-
physiology. However, there are several limitations of the
work. First, caution must be exercised when interpreting
fMRI results obtained from patients because several factors
could have an impact on results. Although we have inter-
preted them in terms of changes in the underlying neuro-
nal activation and inter-regional interactions, any regional
changes in the BOLD response (e.g., from reduced CMRO)
also could change the apparent connectivity. However, it
should be possible to disambiguate these effects confi-
dently with future experiments using integrated fMRI and
electrophysiological studies [Laufs et al., 2008]. Second, the
approach used for connectivity analysis was based on the
a priori selection of brain regions and models. Although in
this instance, we were guided by considerable prior litera-
ture, the potential impact of factors such as ‘‘hidden’’
nodes in the true network must be considered. Purely
data-driven approaches to connectivity analysis may pro-
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vide a way of more empirically selecting future models for
specific hypothesis testing using approaches such as that
described here. Finally, despite the use of stringent inclu-
sion criteria to enroll patients without overt motor deficits
in the investigated limbs and of standardized strategies
(e.g., use of the same hand frame and metronome) to
assure similar task performance, we cannot rule out that
subtle difference in task performance between-patients and
controls might have influenced our results. The use of
more sophisticated methods for real-time monitoring of
task performance [Lowe et al., 2008] might allow more
precise correlations with motor performance, and thus
improving the sensitivity of this type of analysis.
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