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Abstract: Objective: To assess the early cortical changes following an acute motor relapse secondary to
a pseudotumoral lesion in MS patients, the longitudinal cortical functional correlates of clinical recov-
ery, and the evolution over time of cortical reorganization.
Methods: FMRI during the performance of a simple motor task were obtained from 12 MS patients (af-
ter a clinical attack involving the motor system secondary to a pseudotumoral lesion) and 15 matched
controls. In six patients and five controls, a longitudinal fMRI study was also performed.
Results: In patients, at baseline, the primary sensorimotor cortex (SMC) of the ipsilateral (contralesional)
hemisphere was significantly more active during task performance with the impaired than the unim-
paired hand. During task performance with the unimpaired hand, the ipsilateral cerebellum and sev-
eral motor areas in the contralateral hemisphere were significantly more active. Pseudotumoral lesion
volume was correlated with activation of the primary SMC bilaterally (r ¼ �0.86 and �0.85) and the
nine-hole peg test score with activation of the primary SMC of the affected hemisphere (r ¼ 0.88). A re-
covery of function of the primary SMC of the affected hemisphere was found in the four patients with
clinical improvement. In the two patients without clinical recovery, there was a persistent recruitment
of the primary SMC of the unaffected hemisphere.
Conclusions: Pseudotumoral MS lesions affecting the motor system can determine short-term cortical
changes characterized by the recruitment of pathways in the unaffected hemisphere. The regain of
function of motor areas of the affected hemisphere seems to be a critical factor for a favorable recovery.
Hum Brain Mapp 29:562–573, 2008. VVC 2007 Wiley-Liss, Inc.
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INTRODUCTION

Multiple sclerosis (MS) is a chronic inflammatory disease
of the central nervous system (CNS) causing a progressive
accumulation of tissue damage and worsening of clinical
disability in most of the patients [Noseworthy et al., 2000].
However, the clinical patterns of disease evolution and
recovery of symptoms are highly variable and scarcely cor-
related with structural CNS damage, as measured using
MRI [Filippi and Grossman, 2002]. Among the reasons
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for such a clinical/MRI paradox, the efficacy of reparative
mechanisms and interindividual variations in cortical reor-
ganization are likely to play a role [Filippi and Rocca,
2004].
The application of functional MRI (fMRI) for the assess-

ment of the motor system in clinically stable MS patients
has demonstrated abnormal patterns of brain activations,
which have been interpreted as reflecting adaptive mecha-
nisms contributing to limit the impact of disease-related
structural damage on clinical progression and disability.
Different movement-associated patterns of activations
throughout the course of the disease have been described,
mainly characterized by an expanded representation of
cortical motor areas and unmasking of latent motor path-
ways (such as activation of the areas of the hemisphere
ipsilateral to the movement) early in the disease course
[Filippi et al., 2004a; Rocca et al., 2003a] and functional
recruitment of additional motor and ‘‘extra-motor’’ areas
(involving networks for multimodal integration) in the
progressive phases [Filippi et al., 2002a; Rocca et al.,
2003b]. These results have been mainly obtained from
cross-sectional studies conducted on selected and homoge-
neous groups of patients. However, a key feature of MS is
the presence of lesions with different temporal evolutions.
The assessment of patients with acute relapses secondary
to the involvement of a specific system as well as the ac-
quisition of longitudinal data would allow to better define
the functional correlates of clinical recovery in the disease.
In this context, patients with pseudotumoral acute MS
lesions represent an ideal model to be studied, since the
pseudotumoral lesions are typically associated with only a
few additional brain lesions and they are also related to
the onset of a specific, acute symptom. Against this back-
ground, the aims of this study were: (1) to assess the
short-term cortical changes following an acute motor
relapse secondary to a pseudotumoral lesion using fMRI;
(2) to evaluate the functional correlates of clinical recovery
over time and, finally, (3) to investigate the evolution over
time of cortical reorganization in a subgroup of these
patients.

METHODS

Patients

We recruited consecutively patients attending the Emer-
gency Unit of our Institute with MS or clinically isolated
syndromes (CIS) suggestive of MS [McDonald et al., 2001;
Polman et al., 2005] according to the following criteria: (a)
the occurrence of a clinical attack involving the motor sys-
tem; (b) motor impairment entirely ascribable to a single
large demyelinating lesion affecting the corticospinal tracts
in the brain; (c) absence of clinical disability documented
at the expanded disability status scale (EDSS) [Kurtzke,
1983] assessed during neurological examination prior to
the attack in relapsing remitting (RR) MS patients or of
preexisting subjective neurological deficits in CIS patients;

(d) strong right-handedness according to the Edinburgh
Handedness Inventory scale (i.e., use of the right hand for
8 or more of the 10 activities) [Oldfield, 1971]; (e) ability to
perform a flexion-extension task with the affected arm fin-
gers. To be included, CIS patients also had to have a dem-
onstration of disease dissemination over space according
to the revised McDonald criteria [Polman et al., 2005].
RRMS patients had to have no previous clinical involvement
of the upper limbs. Patients with neurological symptoms
or clinical deficits that could be related to involvement of
other brain areas were excluded. Fifteen sex- and age-
matched right-handed (handedness was defined as indi-
cated for patients) healthy volunteers (nine women and six
men, mean age ¼ 38.6 years, range ¼ 21–54 years) with no
previous history of neurological dysfunction and a normal
neurological exam served as controls for baseline examina-
tion. Five of them underwent a second fMRI acquisition af-
ter a mean time interval of 6 months (61 week). Local
Ethics Committee approval and written informed consent
from all subjects were obtained prior to study initiation.

Functional Assessment

Motor functional assessment of the upper limbs was per-
formed for all subjects at the time of MRI acquisition and
after 6 months (61 week), using the nine-hole peg test
(NHPT) [Herndon, 1997]. The mean of two trials for both
upper limbs for each subject was computed. In each
patient, we obtained an index of performance [normalised
ratio score (NHPTr)] corrected for the unimpaired hand
performance, calculated as follows:

NHPTr: (NHPTu � NHPTa)/(NHPTu + NHPTa);

where u ¼ unaffected and a ¼ affected hand. This index is
equal to 0 when the two limbs have identical performance,
while it results ¼ �1 when the affected limb is completely
unable to perform the task [Ward et al., 2006]. At follow-
up, clinical recovery was measured as follows: good if
NHPTr � �0.06 (within 2 SD from the mean value of
healthy controls), poor/absent if NHPTr remained stable
or was <�0.06. The same formula was applied to calculate
the motor performance of healthy controls, taking into
account their left hemispheric dominance. In this case, we
considered as ‘‘u’’ the right hand and as ‘‘a’’ the left hand.
Baseline NHPTr was significantly different between
healthy controls (mean ¼ �0.008, SD ¼ 0.03) and patients
(mean ¼ �0.41, SD ¼ 0.37) (P ¼ 0.003).

Experimental Design

Using a block design (ABAB), where five periods of
activation were alternated with six periods of rest (each
period of activation and rest consisting of five measure-
ments), the subjects were scanned while performing a sim-
ple motor task consisting of repetitive flexion-extension of
the last four fingers of the hand moving together. The
movements were paced by a metronome at a 1-Hz fre-
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quency. The subjects were trained before performing the
experiments and were instructed to keep their eyes closed
during fMRI acquisition. They were monitored visually
during scanning to ensure accurate task performance and
to check for additional (e.g., mirror) movements. In
healthy controls, the task was performed only with the
right hand, while patients performed the task with both
the affected and the unaffected hands, during two differ-
ent fMRI runs.

fMRI Acquisition

Brain MRI scans were obtained on a magnet operating
at 1.5 T (Vision, Siemens, Erlangen, Germany). Sagittal T1-
weighted images were acquired to define the anterior–pos-
terior commissural (AC–PC) plane. Functional MR images
were acquired using a T2*-weighted echo-planar imaging
(EPI) sequence (repetition time [TR] ¼ 5.5 s, echo time
[TE] ¼ 66 ms, flip angle ¼ 908, matrix size ¼ 128 3 128,
field of view [FOV] ¼ 256 3 256 mm2). Twenty-four axial
slices, parallel to the AC–PC plane, with a thickness of 5
mm, covering the whole brain were acquired during each
measurement. Shimmimg was performed for the entire
brain using an autoshim routine, which yielded satisfac-
tory magnetic field homogeneity. During each fMRI ses-
sion, which lasted for 5 min and 30 sec, 60 measurements
were acquired. The first five measurements of each run
were not considered in the analysis to minimize spin satu-
ration effects.

Conventional MRI Acquisition

During the same imaging session, the following addi-
tional sequences of the brain were acquired to image the
brain: (a) dual-echo turbo spin-echo (SE) (TR ¼ 3,300 ms,
first echo TE ¼ 16 ms, second echo TE ¼ 98 ms, echo train
length ¼ 5); (b) T1-weighted conventional SE (TR ¼ 768
ms; TE ¼ 15 ms) before and after the administration of 0.1
mmol/Kg of Gadolinium (Gd). For all the scans, 24 contig-
uous axial slices were acquired with 5-mm slice thickness,
256 3 256 matrix, and 250 3 250 mm2 FOV. The slices
were positioned to run parallel to a line that joins the most
inferoanterior and inferoposterior parts of the corpus cal-
losum [Miller et al., 1991].

fMRI Analysis

All image postprocessing was performed on an inde-
pendent computer workstation (Sun Sparcstation, Sun
Microsystems, Mountain View, CA) by a single observer
unaware of subjects’ identity and structural MRI findings.
fMRI data were analyzed using the statistical parametric
mapping (SPM99) software developed by Friston et al.
[1995]. Prior to statistical analysis, all images were real-
igned to the first one to correct for subject motion,
spatially normalized into the stereotaxic space of SPM pro-
vided by Montreal Neurological Institute (MNI), and

smoothed with a 10-mm, 3D Gaussian filter. To have on
the same side the hemisphere contralateral to movement,
scans obtained when motor task was performed with the
left hand were flipped. With this approach, all patients
were assumed to have left hemispheric lesions and right
hemiparesis.

Conventional MRI Analysis

Conventional MRI postprocessing was performed by a
single observer, unaware to whom the scans belonged and
blinded to fMRI results. Lesions were identified on the
proton-density (PD)-weighted and post-contrast T1-
weighted scans. The T2-weighted and the pre-contrast T1-
weighted images were always used to increase confidence
in lesion identification. Then, PD lesion volumes were
measured using a segmentation technique based on local
thresholding, as previously described [Filippi et al., 2001].

Statistical Analysis

Changes in blood oxygenation level dependent (BOLD)
contrast associated with the performance of the motor task
were assessed on a pixel-by-pixel basis, using the general
linear model and the theory of Gaussian fields [Worsley
and Friston, 1995]. Specific effects were tested by applying
appropriate linear contrasts. Significant hemodynamic
changes for each contrast were assessed using t statistical
parametric maps (SPMt). The within-group activations and
between-groups (hands) comparisons were investigated
with a random-effect analysis [Friston et al., 1999]. A one-
sample t test was used to assess within-group activations
during left and right hand movements. A paired t test was
used to compare activations between left and right hand
movements in patients and changes of activation over time
in healthy controls. A two-sample t test was used to com-
pare activations between healthy controls and patients and
between patients with good and poor motor recovery.
Cluster of voxels with a height threshold P < 0.001 (uncor-
rected) were considered as significant. In areas where an a
priori hypothesis was available, the cut-off value for signif-
icance was set at P < 0.05, applying a small volume cor-
rection (SVC) for multiple comparisons by using a 10-mm
radius. A linear regression model was used to assess the
relation between fMRI changes and NHPT, pseudotumoral
lesion volume, disease duration, and time of examination.
For this analysis, we report activation at a threshold of
P < 0.001, uncorrected for multiple comparisons.

RESULTS

Clinical Characteristics

We studied 12 patients (5 men; mean age 35.1 years,
range ¼ 18–63 years) in the acute-subacute phase (mean
time 20 days; range 6–45 days) of the clinical attack. Nine
of them had RR MS (median disease duration ¼ 3 years,
range ¼ 1–12 years), while the remaining three patients
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had a CIS suggestive of MS with spatial dissemination of
lesions [Polman et al., 2005]. The clinical attack, entirely
ascribable to a single large demyelinating lesion, consisted
of left (eight patients) or right (four patients) hemiparesis
with a sudden onset and a mild worsening over the next
few days. All patients were treated with 1 g methylpredni-
solone i.v./day for 5 days at symptom onset. In Table I,
the main clinical and conventional MRI characteristics of
the patients studied at the time of the acute relapse are
summarized. In two of the CIS patients, a stereotactic bi-
opsy of the lesion was performed because of the tumor-
like appearance. After the analysis of the biopsed material
revealed pathological findings consistent with a demyeli-
nating disease, they were included into the study. Seven
patients had a good recovery of the motor deficits after a 6
months relapse-free follow-up, while the remaining five
patients had poor or absent motor recovery. None of the
patients had any further clinical attack during the follow-
up period. Monthly serial MRI examinations (mean follow
up, relapse-free, period ¼ 180 days, range ¼ 173–187 days)
were obtained from six patients (3 CIS and 3 RR MS
patients). Only in four of them there was a good motor re-
covery. Temporal dissemination of lesions was detected
during follow-up in all the three CIS patients [Polman
et al., 2005].

Structural MRI of Pseudotumoral Lesions

The pseudotumoral lesion was located in the right hemi-
sphere in eight patients and in the left hemisphere in the
remaining four. Lesions were located along the corticospi-
nal tracts, mostly in the centrum semiovale; two patients
had also involvement of the internal capsule. In all the
cases, lesion enhancement was detected on T1-weighted
images after Gd administration. The median T2-weighted
lesion volume was 35.5 ml (SD ¼ 37.3 ml). In the six
patients who underwent serial MRI examination, a pro-
gressive reduction of pseudotumoral lesion volume was
observed (mean pseudotumoral lesion volumes at follow-
up ¼ 10.8; SD ¼ 9.2; P vs. baseline lesion volumes ¼ n.s.)
(see Fig. 1). No correlation was found between pseudotu-
moral lesion volume and motor performance evaluated
with the NHPT (both at baseline and follow-up). Whole
brain PD-weighted lesion load was 41.5 ml (SD ¼ 41.1).

fMRI Results: Cross-Sectional Evaluation

During fMRI acquisition, all patients were able to per-
form the tasks adequately, although with lower velocity
with the impaired hand, and no additional movements
were noted. During tasks performance, all subjects had a
pattern of cortical activations which involved areas known
to be associated with motor planning and performance
[Fink et al., 1997] (Table II). Figure 2 shows intragroup
activations during task performance in healthy subjects
(right hand) and patients (unimpaired and impaired
hand).
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Between-group comparisons: Patients vs. controls

During task performance with the unimpaired hand,
when contrasted to controls, patients had more significant
activations (P < 0.001 uncorrected, P < 0.05 after SVC) of
several regions located in the contralateral (contralesional)
cerebral hemisphere, including the primary sensorimotor
cortex (SMC) (SPM space coordinates: �38, �24, 52), sup-
plementary motor area (SMA) (SPM space coordinates:
�14, �14, 48), inferior frontal gyrus (IFG) (SPM space
coordinates: �48, 14, 4), infraparietal sulcus (IPS) (SPM
space coordinates: �22, �66, 44), and secondary sensori-
motor cortex (SII) (SPM space coordinates: �50, �24, 28).
During task performance with the impaired hand, when
contrasted to controls, patients had more significant activa-

tions (P < 0.001 uncorrected, P < 0.05 after SVC) of the
ipsilateral primary SMC (SPM space coordinates: 26, �12,

48), cingulate motor area (CMA) (SPM space coordinates:

12, �28, 38), ipsilateral SII (SPM space coordinates: 56,

�44, 14), contralateral IFG (SPM space coordinates: �50,

16, 8), and IPS, bilaterally (SPM space coordinates: right

28, 58, 54, left �22, �76, 40). Compared with controls,

patients also had significantly reduced activations (P <

0.001 uncorrected, P < 0.05 after SVC) of the contralateral

thalamus (SPM space coordinates: �6, �16, 8), and ipsilat-

eral cerebellar hemisphere (SPM space coordinates: 20,

�50, �20). The use of a lower threshold (t ¼ 2) in this lat-

ter analysis showed also a reduced activation of the con-

tralateral primary SMC (SPM space coordinates: �40, �16,

Figure 1.

Evolution over time (baseline

and month 6) of a pseudotu-

moral MS lesion in one patient

followed up over 6 months. On

T2-weighted images, a progres-

sive reduction of lesion volumes

over time is visible.

TABLE II. Brain areas activated in healthy controls during task performance with the right hand and in patients

during task performance with impaired and unimpaired hands

Activation sites

Healthy controls Patients impaired hand Patients unimpaired hand

SPM coordinate (X, Y, Z) t SPM coordinates (X, Y, Z) t SPM coordinate (X, Y, Z) t

L primary SMC �40, �16, �58 15.8 �42, �34, 62 6.1 �32, �22, 54 14.0
R primary SMC 50, �32, 50 9.5 52, 4, 34 6.4 54, 2, 36 5.1
SMA �2, �6, 50 9.8 6, �6, 48 6.4 4, �4, 60 7.1
L SII �58, �22, 20 8.8 �56, �30, 30 8.1 �58, �26, 22 6.9
R SII 64, �22, 24 8.9 64, �20, 22 5.2 60, �28, 32 6.9
L IFG �56, 4, 28 7.0 �56, 12, 4 6.2 �52, 12, 2 8.4
R IFG 58, 6, 34 6.4 — — 50, 4, 4 10.9
L thalamus �12, �18, 4 6.6 — — �16, �22, 6 6.7
L MFG — — —32, 40, 22 5.8 — —
CMA 2, 6, 40 9.8 8, �4, 40 6.2 �10, �16, 44 6.2
L cerebellum �24, �60, �26 5.1 �34, �48, �28 5.0 — —
R cerebellum 18, �52, �24 18.4 — — 24, �52, �26 8.7

R: right; L: left; SMC: sensorimotor cortex; SMA: supplementary motor area; SII: secondary sensorimotor cortex; IFG: inferior frontal
gyrus; MFG: middle frontal gyrus; CMA: cingulate motor area. See text for further details.
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58; t ¼ 2.47, P < 0.05 after SVC) in patients compared with

controls.

Within-group comparison (patients): Unimpaired

vs. impaired hand

In comparison with task performance with the unimpaired
hand, during task performance with the impaired hand the
primary SMC of the ipsilateral (contralesional) hemisphere
(SPM space coordinates: 42, �10, 56; P < 0.05 after SVC) was
significantly more activated (see Fig. 3). In contrast, during
task performance with the unimpaired hand, the ipsilateral
cerebellum (SPM space coordinates: 24, �58, �20; P < 0.05
after SVC), and several motor areas in the contralateral hemi-
sphere, including the primary SMC (SPM space coordinates:
�42,�28, 52; P< 0.05 corrected), SII (SPM space coordinates:
�50, �22, 16; P < 0.05 after SVC), and thalamus (SPM space
coordinates: �14, �14, 20; P < 0.05 after SVC) were signifi-
cantly more active (see Fig. 3).
During task performance with the impaired hand, the

volume of the pseudotumoral lesion was significantly
correlated with relative activations of the contralateral pri-
mary SMC (SPM space coordinates: �48, �18, 54; t ¼ 5.25;
r ¼ �0.86), and ipsilateral primary SMC (SPM space coor-
dinates: 32, �18, 58; t ¼ 5.08; r ¼ �0.85) (see Fig. 4). Dur-
ing task performance with the impaired hand, the motor
performance, assessed by NHPTr, was significantly corre-
lated with relative activation in the contralateral primary
SMC (SPM space coordinates: �32, �16, 46; t ¼ 6.03; r ¼
0.88) (see Fig. 4). During both tasks, no correlation was
found between the extent of movement-associated cortical
activations and disease duration.

Within-group comparison: Patients with

good vs. patients with poor/absent recovery

The comparison of the baseline movement-associated
brain patterns of cortical activations during task perform-
ance with the impaired hand between patients with good
recovery (seven) and those with poor/absent recovery
(five) at 6 months follow-up showed increased activations
(P < 0.001 uncorrected, P < 0.05 after SVC) of the contra-
lateral CMA (SPM space coordinates: �16, �6, 42), contra-
lateral primary SMC (SPM space coordinates: �14, �22,
62), ipsilateral SMA (SPM space coordinates: 10, �16, 48),
and SII, bilaterally (SPM space coordinates: right 40, �40,
12, left �48, �44, 10) in the former group (see Fig. 5).
Conversely, when contrasted to patients with good recov-
ery, patients with poor/absent recovery at follow-up had
an increased recruitment (P < 0.001 uncorrected, P < 0.05
after SVC) of several regions located in the frontal and
parietal lobes, bilaterally, including the superior frontal
sulcus (SPM space coordinates: 36, 28, 28 and �36, 30, 40),
IFG (SPM space coordinates: �40, 50, �12), CMA (SPM
space coordinates: 2, 22, 38 and 8, �42, 56), and IPS (SPM
space coordinates: �14, �76, 50).

fMRI Results: Longitudinal Evaluation

Longitudinal fMRI study was performed in five healthy
controls, four patients with good recovery and two
patients with poor/absent recovery (patients 4 and 5 from
Table I). During the follow up, no change in the patterns
of cortical activations was observed in healthy controls. In
patients, the analysis of unimpaired hand movement

Figure 2.

Cortical activations during right

hand movement in healthy sub-

jects (A) and during movement

of unimpaired (B) and impaired

(C) hand in patients in the

acute-subacute phase of a clini-

cal relapse. In patients, scans

obtained during task perform-

ance with the left hand have

been flipped in order to keep

the left hemisphere contralateral

to movement. Images are in

neurological convention. See

text for further details.
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showed reduced activations over time of the ipsilateral pri-
mary SMC (SPM space coordinates: 42, �24, 58; t ¼ 16.74),
SMA (SPM space coordinates: 6, �10, 66; t ¼ 15.63), and
contralateral SII (SPM space coordinates: �56, �30, 24; t ¼
34.35). No areas with a significantly increased activation
over time were observed. The analysis of impaired hand
movement was performed considering the clinical recovery
of the patients. In the four patients with a clinical improve-
ment, a progressive recovery of function of the primary
SMC of the affected hemisphere together with reduction of
ipsilateral primary SMC recruitment were detected (see
Fig. 6). On the contrary, in the two patients who showed a
poor/absent clinical recovery, there was a persistent

recruitment of the ipsilateral primary SMC in the unaf-
fected hemisphere (see Fig. 6).

DISCUSSION

Despite the extensive literature describing the move-
ment-associated patterns of cortical activations in patients
with MS, only a single study, performed on an individual
patient, has assessed the short-term fMRI changes follow-
ing an acute motor relapse [Reddy et al., 2000]. The main
problem in planning such studies is that they require a rigor-
ous subject selection based upon clinical and MRI criteria,

Figure 3.

Comparison of cortical activations

between task performance with unim-

paired and impaired hands. Scans obtained

during task performance with the left

hand have been flipped in order to keep

the left hemisphere contralateral to

movement. (A) During task performance

with the impaired hand, the primary sen-

sorimotor cortex (SMC) of the ipsilateral

hemisphere was significantly more acti-

vated than during the unimpaired hand

task. (B–D) During task performance

with the unimpaired hand, several motor

areas in contralateral hemisphere, includ-

ing the primary SMC (B), secondary sen-

sorimotor area, thalamus (C), and ipsilat-

eral cerebellum (D) were significantly

more active than during impaired hand

task. Images are in neurological conven-

tion. See text for further details.
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because MS patients typically have a multifocal sympto-
mathology and multiple T2-visible lesions with different
temporal evolutions, which, in addition, are poorly interre-
lated. A central aspect of this study is the selection of
patients without previous overt neurological symptoms/
signs, in the acute-subacute phase of a new attack com-
pletely ascribable to a single pseudotumoral lesion, with
similar clinical manifestations at the time of the onset of
the symptoms (except for the side affected). The majority
of the patients had a previous diagnosis of RR MS, while
two of the three patients at their first clinical manifestation
had a biopsy-proven diagnosis of demyelinating disease,
compatible with MS. Furthermore, they had a disease dis-
semination over space and time according to the revised
McDonald criteria [Polman et al., 2005]. The use of such
stringent inclusion criteria is likely to reduce the ability to
generalize our finding to the entire MS population. How-
ever, this was an unavoidable requisite to assess whether
motor system plasticity follows the same strategies in case
of acute damage, independently of its aetiology.
In patients with acute CNS insults of different aetiolo-

gies, it is well established that spontaneous clinical recov-
ery may occur. In addition to resolution of the primary
insult, cortical adaptive reorganization is one of the mecha-
nisms responsible for recovery after brain injury. In this
context, neurophysiologic and neuroimaging studies have
provided convincing evidence that the adult human cere-
bral cortex is capable of significant functional plasticity,
which may be due to different substrates, such as an
increased axonal expression of sodium channels, synaptic
changes, increased recruitment of parallel existing path-
ways or ‘‘latent’’ connections, and reorganization of distant

sites [Calautti and Baron, 2003; Cifelli and Matthews,
2002].
In the case of MS, fMRI studies of the motor system in

clinically stable, uncompromised, patients with RR MS
[Filippi et al., 2002b, 2004b; Rocca et al., 2002, 2005] and
CIS [Filippi et al., 2004a; Rocca et al., 2003a, 2005] have
essentially demonstrated an increased recruitment of ‘‘clas-
sical’’ motor areas (including the primary SMC, the SII,
and the SMA) of the dominant cerebral hemisphere, which
might represent a compensatory mechanism contributing
to the maintenance of a normal level of function after tis-
sue damage. A study conducted in clinically stable RR MS
patients with a previous hemiparesis [Pantano et al., 2002]
showed a marked recruitment of motor areas of the ipsilat-
eral cerebral hemisphere in these patients when contrasted
to healthy controls and patients with previous optic neuri-
tis, suggesting that recruitment of parallel existing path-
ways might contribute to motor recovery. However, fMRI
acquisition was performed in these patients at a mean
interval of 24 months after the acute episode, therefore no
conclusion can be driven regarding the short-term changes
of fMRI patterns of activations and their relation with the
clinical outcome. More recently, the follow-up of these
patients demonstrated changes in the recruitment of motor
areas over time (characterized by the reduction of the acti-
vation of the right primary SMC and left cerebellum) [Pan-
tano et al., 2005]. However, the precise relation between
motor system structural damage and the corresponding
functional changes remains unclear, because all the
patients were studied outside the acute phase and the
location and characteristics of the lesions responsible for
the motor symptomathology were not evaluated.

Figure 4.

Scatterplots of the correlations between volume of the pseudotumoral lesions and the relative

activations of the ipsilateral (A) and controlateral (B) primary SMC and between NHPTr and rel-

ative activation of the contralateral primary SMC (C) in patients during task performance with

the impaired hand.
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In this study, we found early changes in the movement-
associated brain pattern of cortical activations in MS
patients following an acute motor relapse when studying
both the affected and the unaffected upper limbs. The
analysis of the movement-associated brain pattern of corti-
cal activations during task performance with the unim-
paired hand showed, in agreement with previous findings
in patients with RR MS and no clinical disability [Rocca
et al., 2002] and in CIS patients without motor impairment
[Filippi et al., 2004a; Rocca et al., 2003a, 2005], an increased
activation of several regions mainly located in the contra-
lateral cerebral hemisphere, including the primary SMC,
the SMA, the IFG, and the IPS. In line with previous stud-
ies on patients with acute/subacute stroke [Ward, 2004]
and on a single patient with a large demyelinating lesion
[Reddy et al., 2000], we also detected significant increased
activation of the contralesional (ipsilateral) primary SMC
during task performance with the impaired hand.
Although EMG monitoring was not performed, patients
were carefully monitored during fMRI acquisition and
none of them showed mirror movements during tasks per-
formance. Therefore, we can reasonably rule out that the
activation of this region reflects additional, involuntary
movements, in the resting side. Conversely, the overre-
cruitment of this region might reflect disinhibition of par-
allel existing pathways and bilateral representation of
motor function. In addition, studies of healthy individuals
have shown that ipsilateral primary SMC activity increases
with increasing task complexity [Ehrsson et al., 2000; Wex-
ler et al., 1997]. Therefore, it is tempting to speculate that,
after an acute motor deficit related to MS, the ‘‘recovering’’
brain might consider a simple task as a complex task, thus
using alternative strategies for performing it.

By comparing task performance with the affected and
unaffected hand, and by considering the results obtained
from the comparisons of tasks performance between
patients and controls, our analysis also showed that during
task performance with the impaired hand patients had an
increased activation of the ipsilateral SII and a reduction of
the activation of the ipsilateral cerebellum and the contra-

Figure 6.

Longitudinal evolution of cortical activations in the primary

SMC, bilaterally, during task performance with impaired hand

compared to unimpaired hand in one patient with good clinical

recovery during follow up (A and B) and in one patient with

poor/absent clinical recovery (C and D). Scans obtained during

left hand motor task have been flipped in order to keep the left

hemisphere contralateral to movement. Activations have been

superimposed on a glass brain. At baseline, both patients

showed an increased activation of the primary SMC of the unaf-

fected (ipsilateral) hemisphere (A and C). During follow up, the

patient with good clinical recovery showed an increased func-

tionality of the primary SMC of the affected hemisphere (B),

while the patient with poor/absent clinical recovery continued

to show an recruitment of the primary SMC of the unaffected

hemisphere (D).

Figure 5.

SPMt maps superimposed on high-resolution T1-weighted images

showing relative cortical activations during task performance with

the impaired hand between patients with good recovery and those

with poor/absent recovery: (A) Contralateral primary SMC;

(B) Bilateral SII; (C) Contralateral CMA; (D) Ipsilateral SMA.
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lateral primary SMC and thalamus. SII is activated by
attention, tactile recognition, tactile learning, and memory
[Mima et al., 1998]. In addition, neurons from SII project
directly to the spinal cord [Dobkin, 2003; Galea and
Darian-Smith, 1994], indicating that this region might pro-
vide alternative pathways for motor controls in case of
primary SMC damage. The decreased activation of the
contralateral primary SMC might reflect damage of this
area due to the large demyelinating lesion, as suggested
by the correlation found between the activity of this region
and both pseudotumoral lesion volume and motor per-
formance. The decreased activation of the thalamus and
cerebellum might instead be the consequence of a func-
tional disconnection and/or diaschisis of anatomical path-
ways connecting these two regions with the primary SMC.
One of the main topic in MS research is based on the

attempt to define objective markers useful for identifying
patients at high risk for an unfavorable clinical evolution.
In this context, the identification of patients with a reduced
reserve of functional recovery after an acute attack might
be an important step forward. To study this aspect, we
compared, during task performance with the affected
hand, the movement-associated brain patterns of cortical
activations in the acute stage of the relapse between
patients with and those without clinical recovery at 6-
month follow-up. Patients with good clinical recovery had
a baseline pattern of movement-associated activations
which involved almost exclusively the ‘‘classical’’ areas
devoted to simple motor task performance, such as the
primary SMC, the SII, the SMA, and the CMA. Con-
versely, patients with poor/absent recovery showed a
widespread recruitment of several regions located in the
frontal and parietal lobes, which are involved in different
stages and with different roles in movement performance
[Picard and Strick, 1996; Rizzolatti and Luppino, 2001;
Rizzolatti et al., 1997]. These results are in line with stud-
ies on stroke patients, where an overactivation and overre-
cruitment of a widespread cortical network has been
related to an unfavorable clinical outcome [Calautti and
Baron, 2003].
Albeit longitudinal fMRI studies were performed only

on a limited number of subjects, this analysis gave impor-
tant insights into the mechanisms of recovery after acute
damage in MS. In the four patients with a good clinical re-
covery, we found a normalization of inter-hemispheric bal-
ance, mainly characterized by a progressive recovery of
function of the primary SMC of the affected hemisphere
and a reduction of activity of ipsilateral primary SMC.
These results are in agreement with the study of a single
patients by Reddy et al. [2000] and with several reports on
patients with acute and chronic strokes [Calautti and
Baron, 2003], in whom the recovery of function of the
lesioned hemisphere has been associated with a better clin-
ical recovery. These results also suggest that unaffected
(ipsilateral) SMC activation may not be necessary for
recovery, and, rather, might represent a phenomenon of
maladaptive cortical reorganization due to lack/damage of

transcallosal inhibition. This hypothesis is supported, on
the one hand, by the demonstration of poor or absent clini-
cal improvement in the two patients who continued to
show increased activation of the undamaged primary
SMC, and, on the other, by the negative correlation found,
at baseline, between the activity of this region and the vol-
ume of the pseudotumoral lesion, which suggests an
abnormal transcallosal inhibition or a functional disconnec-
tion (diaschisis) between the primary SMC of two hemi-
spheres. Obviously, we can not completely rule out a
possible role of lesion resolution and improvement of the
severity of intrinsic lesion damage on the observed clinical
recovery. However, considering the absence of significant
pseudotumoral lesion volume changes over time and the
lack of correlation between pseudotumoral lesion volume
and NHPT performance, the previous two factors are
likely to play limited contribution in comparison with that
of cortical functional changes. Combined with the results
of previous studies obtained in patients with acute stroke
[Calautti and Baron, 2003], these results would suggest a
common behavior of mechanisms of brain plasticity in
case of acute motor system affections, independent of the
nature of the damage.
It is worth noting that, in agreement with the study of

Pantano et al. [2005], we found longitudinal changes of the
movement-associated brain pattern of cortical activations
also during the analysis of unimpaired hand movement. In
addition to practice effect, which has been shown also dur-
ing the repetition of simple motor sequences in healthy
individuals [Dirnberger et al., 2004; Karni et al., 1995; Mor-
gen et al., 2004], we can not exclude that other factors,
including the severity of intrinsic lesion damage and the
extent of normal-appearing brain and cord tissues involve-
ments, might have influenced these findings [Filippi and
Grossman, 2002; Filippi and Rocca, 2004].
Clearly, our study is not without limitations. First, even

if a good reproducibility of longitudinal fMRI studies has
been demonstrated in healthy subjects [Loubinoux et al.,
2001; Mattay et al., 1996; Yetkin et al., 1996], caution must
be exercised when interpreting fMRI results obtained from
pathology because various factors, including abnormalities
of the BOLD effect related to inflammatory lesions, could
affect the reliability of the data across sessions. Second, in
line with several studies performed in patients with stroke
we included patients with both left or right hemiparesis
and combined their findings. Although, theoretically, a
simple motor task should not be affected a great deal by
hemispheric dominance, some reports describe a cortical
asymmetry, with greater extension of motor areas activa-
tions during nondominant hand task [Ziemann and Hal-
lett, 2001]. Third, the range of interval between the onset
of the attack and the first MRI acquisition is quite hetero-
geneous, thus not allowing us to completely exclude a dif-
ferent degree of motor recovery among patients at the
time of fMRI acquisition. Finally, patients with pseudotu-
moral lesions and with the inclusion criteria of the present
study represent only a small percentage of MS patients,
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therefore our results need to be replicated on patients with
more typical disease forms, in order to be generalized.
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