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Abstract: If fatigue in multiple sclerosis (MS) is related to an abnormal activation of the sensorimotor brain
network, the activity of such a network should vary with varying fatigue. We studied 22 patients treated with
interferon beta 1a (IFNB-1a; Avonex, Biogen, Cambridge, MA) with no fatigue (10) and with reversible fatigue
(12). fMRI examinations were performed: 1) the same day of IFNB-1a injection (no fatigue; entry), 2) the day
after IFNB-1a injection (fatigue; time 1), and 3) 4 days after IFNB-1a injection (no fatigue; time 2). Patients
performed a simple motor task with the right, clinically unaffected hand. At time 1, compared with entry and
time 2, MS patients with reversible fatigue showed an increased activation of the thalamus bilaterally. In MS
patients without fatigue thalamus was more activated at entry than at time 1. In both groups at entry the
primary SMC and the SMA were more activated than at times 1 and 2. At entry and time 1, when compared
to patients with reversible fatigue, those without showed increased activations of the SII. Conversely, patients
with reversible fatigue had increased activations of the thalamus and of several regions of the frontal lobes. An
abnormal recruitment of the fronto-thalamic circuitry is associated with IFNB-la-induced fatigue in MS

patients. Hum Brain Mapp 28:373-382, 2007.
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INTRODUCTION

During the last decade, great effort has been devoted to
achieve a better understanding of the pathophysiology of
fatigue in multiple sclerosis (MS). Such understanding is
central for the development of effective treatment to cure
this common and troublesome symptom of the disease
[Krupp et al., 1988]. Electrophysiological [Leocani et al.,
2001; Sandroni et al., 1992; Sheean et al., 1997] and imaging
[Filippi et al., 2002; Roelcke et al., 1997] studies have sup-
ported the hypothesis of a central origin of fatigue in MS. In
particular, a functional MRI (fMRI) study of the motor sys-
tem in MS patients with fatigue [Filippi et al., 2002] has
demonstrated an altered recruitment of the brain sensorimo-
tor network (including the thalamus, the cerebellum, the
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TABLE I. Main demographic and clinical characteristics of MS patients without and with
reversible fatigue after IFNB-1a injection

MS patients without MS patients with

fatigue reversible fatigue

Mean age (range) 33.1(21-44) 34.1 (22-42)
Median disease duration (range) 5.0 (2-11) 6.0 (2-15)
Median EDSS score (range) 1.0 (0.0-2.0) 1.0 (0.0-3.0)
Mean time to complete the nine-hole peg test (range) [sec] 20.2 (17-22) 22.0 (19-24)
Mean maximum finger tapping rate (range) [/sec] 3.5(2.5-3.8) 3.5(2.6-3.8)
Mean maximum foot tapping rate (range) [/sec] 3.1(2.6-3.8) 3.2 (2.6-4.0)
Mean IFN beta-1a treatment duration (range) [years] 2.5 (14) 3.4 (1.5-5)
Entry mean FSS score (range) 24 (11-23) 23 (11-24)
Time 1 mean FSS score (range) 21 (9-23) 41 (29-59)
Time 2 mean FSS score (range) 21 (9-23) 22 (9-24)

FSS, fatigue severity scale; EDSS, expanded disability status scale; MS, multiple sclerosis; IFN, interferon; SD,

standard deviation. For statistical analysis, see text.

frontal lobes, and the cingulum) in fatigued MS patients. The
correlation found between the extent of activity of some of
these regions and the severity of the clinical fatigue score
also supports this notion [Filippi et al., 2002]. Against this
background, we reasoned that if fatigue in MS is related to
an abnormal recruitment of brain sensorimotor regions, the
activity of such regions should vary with varying fatigue
complaint. To this end, we assessed whether short-term
movement-associated changes of cortical activations were
detectable in patients treated with interferon beta-1a (IFINB-
la) (Avonex, Biogen, Cambridge, MA; 30 g intramuscu-
larly (i.m.) weekly) complaining of reversible fatigue after
drug administration.

MATERIALS AND METHODS
Patients

Among the MS population with clinically definite MS
[Poser et al., 1983] and a relapsing-remitting (RR) course
[Lublin and Reingold, 1996] treated with intramuscular
IFNB-1a once a week (Avonex, 30 ng i.m. weekly) from at
least 1 year attending the Outpatient Clinic of our depart-
ment, we recruited patients with either no side effects after
IFNB-1a injection or, alternatively, complaining of subjective
reversible fatigue as the unique adverse reaction to drug
administration during the past 3 months. Local Ethical Com-
mittee approval and written informed consent from all pa-
tients were obtained prior to study initiation. To be included
patients also had to have: 1) no clinical relapses for at least
6 months prior to study entry; 2) no other major medical
conditions and no substance abuse; 3) no concomitant ther-
apy with antidepressant, psychoactive, steroid, immuno-
modulant/immunosuppressive drugs as well as other drugs
that can be used for the treatment of fatigue (e.g., amanta-
dine); 4) no complaint of mood or sleep disorders and no
evidence of depression (the Montgomery and Asberg De-
pression Rating Scale [Montgomery and Asberg, 1979] was
administered to all subjects and all of them had to have a
score =16); 5) no previous symptoms, based on clinical

history, and completely normal functioning of the right up-
per and lower limbs.

We recruited 22 patients with right-hand dominance (17
women and 5 men). In all patients, disability was evaluated
using the Expanded Disability Status Scale (EDSS) [Kurtzke,
1983] and fatigue was assessed using the Fatigue Severity
Scale (FSS) [Krupp et al.,, 1989]. This is a nine-statement
interview with a seven-point scale response per statement.
We calculated a global score by summing up the values
obtained at each individual item of the scale [Filippi et al.,
2002; Leocani et al., 2001]. Patients who had an FSS score of
25 1 day after IFNB-1a injection (mean + 2 SD from our
normative data obtained from 46 sex- and age-matched
healthy volunteers) or higher were considered as having
reversible fatigue [Filippi et al., 2002; Leocani et al., 2001].
All patients were assessed clinically by a single neurologist,
who was unaware of the MRI and fMRI results.

Functional Assessment

Right limb motor functional assessment was performed in
all the subjects on the same day of fMRI acquisitions. For the
upper limbs, the nine-hole peg test (9-HPT) and the maxi-
mum finger-tapping frequency were used [Herndon, 1997].
The maximum finger-tapping rate was observed for two 30-s
trial periods outside the magnet and the mean frequency to
the nearest 0.5 Hz entered the analysis. For the right lower
limbs, the maximum foot-tapping frequency was used
[Reddy et al., 2000]. No difference was found in the perfor-
mance of these tests between MS patients with and without
reversible fatigue (Table I).

Experimental Design

Using a block design (ABAB), where epochs of activation
were alternated with epochs of rest (each period of activa-
tion and rest consisting of five measurements), all patients
performed two different tasks (to test result reproducibility),
each of them consisting of 60 measurements. Task 1 con-
sisted of repetitive flexion-extension of the last four fingers
of the right hand moving together. Task 2 consisted of
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repetitive flexion-extension of the right hand and right foot,
in a phasic manner. During scanning, all tasks were paced
by a metronome at a 1-Hz frequency. To correct for inter-
session variability of fMRI activations, during each fMRI
session each task was repeated twice. Patients were trained
before performing the experiments. Subjects were instructed
to keep their eyes closed during fMRI acquisition and were
monitored visually during scanning to ensure accurate task
performance and to assess for additional (e.g., mirror) move-
ments. Tasks were performed adequately by all subjects.

fMRI Acquisition

Each patient underwent three fMRI examinations: 1) on
the same day of IFNB-1a injection, but before it, when no
patient was fatigued (entry/time 0); 2) the day after IFNB-1a
injection, when some patients were fatigued (time 1); and 3)
4 days after IFNB-1a injection, when, again, no patient was
fatigued (time 2). Body temperature was measured in all
patients before fMRI acquisition at time 1; there was no
statistical difference between the two groups of patients
(mean body temperature = SD: 36.4 = 0.5°C in nonfatigued
MS patients vs. 36.2 = 0.6°C in fatigued MS patients, P
= n.s.). For within-group comparisons, each patient served
as his/her own control. Brain MRI scans were obtained
using a 1.5 T machine (Vision, Siemens, Erlangen, Germany).
Sagittal T1-weighted images were acquired to define the
anterior—posterior commissural (AC-PC) plane. Functional
MR images were acquired using a T2*-weighted echo-planar
imaging (EPI) sequence (TE = 66 ms, flip angle = 90°, matrix
size = 128 X 128, field of view = 256 X 256 mm, TR = 5.5 s).
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. Shimming was performed for the
entire brain using an auto-shim routine, which yielded sat-
isfactory magnetic field homogeneity.

Structural MRI Acquisition

Using the same magnet, the following sequences of the
brain were also acquired: 1) dual-echo turbo spin echo se-
quence (TSE) (TR = 3300 ms, first echo TE = 16 ms, second
echo TE = 98 ms, echo train length = 5), and 2) pulsed-
gradient spin-echo (PGSE) echo-planar sequence (inter-echo
spacing = 0.8, TE = 123), with diffusion gradients applied in
8 noncollinear directions, chosen in order to cover 3D space
uniformly [Jones et al., 1999]. The duration and maximum
amplitude of the diffusion gradients were 25 ms and 21
mTm ™}, giving a maximum b factor in each direction of
1044 s mm 2 To optimize the measurement of diffusion
only two b factors were used (b; ~ 0, b, = 1044 s mm ?)
[Bito et al., 1995]. Fat saturation was performed using a four
radio frequency (RF) pulse binomial pulse train to avoid the
chemical shift artifact. A birdcage headcoil of ~300 mm
diameter was used for RF transmission and for signal recep-
tion. For the TSE scans, 24 contiguous interleaved axial slices
were acquired with 5 mm slice thickness, 256 X 256 matrix
and 250 X 250 mm? FOV. The slices were positioned to run
parallel to a line that joins the most inferoanterior and in-

feroposterior parts of the corpus callosum [Miller et al.,
1991]. For the PGSE scans, 10 axial slices with 5 mm slice
thickness, 128 X 128 matrix and 250 X 250 mm? FOV were
acquired, with the same orientation as the dual echo scans,
with the second-to-last caudal slice positioned to match
exactly the central slices of the dual-echo sets. This brain
portion was chosen because the periventricular area is a
common location for MS lesions. In addition, these central
slices are less affected by the distortions due to BO field
inhomogeneity, which can affect image coregistration.

fMRI Analysis

All image postprocessing was performed on an indepen-
dent computer workstation (Sun Sparcstation, Sun Micro-
systems, Mountain View, CA) by a single experienced ob-
server, unaware of to whom the scans belonged and blinded
to the structural MRI results. fMRI data were analyzed using
statistical parametric mapping (SPM99) software [Friston et
al., 1995]. Prior to statistical analysis, all images were re-
aligned 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.

Structural MRI Postprocessing

All structural MRI analysis was performed by a single
experienced observer, unaware of to whom the scans be-
longed and blinded to the fMRI results. Brain lesions were
identified on the proton-density (PD)-weighted scans (T2-
weighted images were always used to increase confidence in
lesion identification), and lesion volumes were measured
using a segmentation technique based on local thresholding,
as previously described [Filippi et al., 2001]. Since the pres-
ence of T2 lesions in the pyramidal tracts was shown to
affect the fMRI pattern of activations related to simple motor
task performance [Rocca et al., 2004], the presence/absence
of these lesions was also recorded in each patient. PGSE
images were first corrected for distortion induced by eddy
currents using an algorithm that maximizes mutual infor-
mation between the diffusion unweighted and weighted
images [Studholme et al., 1996]. Then the diffusion tensor
was calculated and mean diffusivity (MD) and fractional
anisotropy (FA) derived for every pixel, as previously de-
scribed [Filippi et al., 2001]. The diffusion images were in-
terpolated to the same image matrix size as the dual-echo,
and then the b = 0 step of the PGSE scans (T2-weighted, but
not diffusion-weighted) were coregistered with the dual-
echo T2-weighted images using a 3D rigid-body coregistra-
tion algorithm based on mutual information [Studholme et
al., 1996]. The final step consisted of automatic transfer of
lesion outlines onto the MD and FA maps to calculate aver-
age lesion MD and FA. To study the MD and FA of normal-
appearing brain tissue (NABT), pixels lying inside lesion
outlines were nulled out and MD and FA histograms of the
NABT were produced [Filippi et al., 2001]. For each histo-
gram, the average MD and FA and the peak height (i.e., the
proportion of pixels at the commonest MD and FA value)
were measured. Given the strong correlation existing be-
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TABLE Il. Main structural MRI characteristics of MS patients without and with
reversible fatigue after IFNB-1a injection

MS patients without MS patients with

fatigue reversible fatigue
Mean dual-echo lesion load (ml) (SD) 6.3 (7.7) 13.1 (15.4)
NABT average MD (SD) [X10® mm?® s~ '] 1.03 (0.06) 1.05 (0.09)
NABT mean MD histogram peak height (SD) 90.8 (9.7) 85.8 (16.8)
NABT average FA (SD) 0.18 (0.01) 0.18 (0.01)
NABT mean FA histogram peak height (SD) 54.2 (4.9) 55.1 (6.4)

NABT, normal appearing brain tissue; MD, mean diffusivity; FA, fractional anisotropy; MS, multiple
sclerosis; SD, standard deviation. For statistical analysis, see text.

tween average histogram measures and the histogram peak
location [Rovaris et al., 2001], the latter quantity was not
considered for this study, in order to minimize the number
of comparisons and, therefore, reduce the risk of type I
errors.

Statistical Analysis

Changes in blood oxygenation level-dependent (BOLD)
contrast associated with the performance of the motor tasks
were assessed on a pixel-by-pixel basis using the general
linear model [Friston et al., 1995] 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 us-
ing t statistical parametric maps (SPMt). For the analysis, we
obtained a mean contrast for each task at each session. The
intragroup activations and comparisons between groups
were investigated using a random-effect analysis [Friston et
al.,, 1999], with a one-sample or two-sample t-test performed
as appropriate. We also performed an analysis of interac-
tions to investigate the effect of IFNB-la on movement-
related activity during the fatigued session (time 1) in the
fatiguing population relative to the other two sessions (entry
and time 2) in comparison with the nonfatiguing population.
For this analysis, the following contrast was performed:
[time 1 activation —(entry+time 2 activation) fatiguing pop-
ulation] — [time 1 activation —(entry+time 2 activation)
nonfatiguing population]. Within-group activations were
tested at a threshold of P < 0.05, corrected for multiple
comparisons. For between-group comparisons, cluster of
voxels with a height threshold P < 0.001 (uncorrected) and
an extent threshold P < 0.05 (corrected) were considered
significant. The comparison of structural MRI derived met-
rics between MS patients with and without reversible fa-
tigue was performed using a t-test for not-paired data. To
assess the correlation of BOLD changes with quantities de-
rived from structural MRI, these metrics were entered into
the SPM design matrix using basic models and linear regres-
sion analysis [Friston et al., 1999]. Univariate correlations
between FSS and structural MR metrics were investigated
using the Spearman Rank Correlation Coefficient (SRCC).

RESULTS
Clinical and Structural MRI Findings

There were 12 patients complaining of reversible fatigue
at time 1 and 10 patients without fatigue at any time point.
Only one patient in each group had a mild motor impair-
ment in the left upper limb, while three patients in the group
complaining of reversible fatigue and one in that without
fatigue had mild left lower limb motor impairment. The
main demographic and clinical characteristics of the two
groups of patients are shown in Table I. By definition, the
only clinical variable that differed between the two groups
was the mean FSS score at time 1 (P = 0.005). At time 1 no
difference was found in the FSS between the two groups in
domains not directly related to motor activity. The mean
fatigue duration in those patients complaining of reversible
fatigue was 11 h (SD 8 h). In Table II the main structural MRI
quantities obtained in the two groups of patients are also
shown. No difference was found for any of these quantities.
Pyramidal tract lesions were seen in four patients complain-
ing of reversible fatigue and in two patients without fatigue
(this difference was not significant). No significant correla-
tion was found between FSS and any of the above structural
MRI metrics (data not shown).

Functional MRI

All subjects performed the tasks correctly and no addi-
tional movements were observed during fMRI acquisition.

Within-group comparisons

MS patients with reversible fatigue, task 1. At time 1, com-
pared with entry and time 2, MS patients with reversible
fatigue showed increased activations of the thalamus bilat-
erally (SPM space coordinates: 16, —24, —8 and —14, —24, 2;
t-values: 6.79 and 6.58). At time 1, compared with time 2,
they showed increased recruitment of the contralateral pri-
mary sensorimotor cortex (SMC) (SPM space coordinates:
—16, —26, 68 and —60, —28, 44; t-values: 4.38 and 4.03), and
contralateral superior frontal sulcus (SFS) (SPM space coor-
dinates: —28, —12, 62; t-value: 4.12) (Fig. 1B). At entry, the
ipsilateral primary SMC was more activated than at times 1
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Figure 1.
Cortical activations on a rendered brain (neurologi-
cal convention) from MS patients with reversible
fatigue after IFNB-Ila injection (A=C) and MS pa-
tients without fatigue (D-F) during the performance
of a simple motor task with their clinically unim-
paired, fully normal functioning, and dominant right
hands (within-group analysis; one-sample t-test) at
three time points: entry (A,D), time | (B,E), and
time 2 (C,F). Activated foci are shown with a signif-
icance threshold set at P < 0.05, corrected for mul-
tiple comparisons (color-coded t-values). In both
groups, a progressive decrease of the activation of
the primary sensorimotor cortex, bilaterally, is visi-
ble. See text for further details.

and 2 (SPM space coordinates: 56, —10, 38; t-value: 9.32) (Fig.
1A).

MS patients with reversible fatigue, task 2. At time 1, com-
pared with entry and time 2, MS patients with reversible
fatigue had an increased recruitment of the thalami (SPM
space coordinates: 14, —4, 2 and —16, —24, 8; t-values: 5.67
and 4.99) and basal ganglia (SPM space coordinates: 18, 18,
—4 and —26, —6, —2; t-values: 4.49 and 4.56). At time 1,
compared with time 2, they showed increased activations of
the primary SMC bilaterally (SPM space coordinates: —38,
—30, 52 and 30, —32, 58; t-values: 4.21 and 4.30) and the
posterior portion of cingulate motor area (CMA) (SPM space
coordinates: 0, —52, 28; t-value: 4.99). At entry, the primary
SMC, bilaterally, was more activated than at times 1 and 2
(SPM space coordinates: 54, —30, 52 and —56, —22, 48§;
t-values: 5.40 and 5.34).

MS patients without reversible fatigue, task 1. At time 1,
compared with time 2, MS patients without fatigue showed
increased activations of the contralateral secondary sensori-
motor cortex (SII) (SPM space coordinates: —58, —18, 10;
t-value 6.03), and precentral gyrus (SPM space coordinates:
—54, 4, 40; t-value 5.84) (Fig. 1E). At entry, the primary SMC
bilaterally (SPM space coordinates: 48, —32, 52 and —54,
—26, 42; t-values: 8.18 and 5.36) (Fig. 1D) and the ipsilateral
inferior frontal gyrus (IFG) (SPM space coordinates: 56, 12,
12; t-value: 4.99) were more activated than at times 1 and 2.
In addition, compared with time 1, at entry there was also an
increased recruitment of the contralateral cerebellum (SPM
space coordinates: —30, —68, —34; t-value: 5.79) and ipsilat-
eral thalamus (SPM space coordinates: 18, —16, 6; t-value:
4.64).

MS patients without reversible fatigue, task 2. At time 1,
compared with time 2, MS patients without fatigue showed
an increased recruitment of the contralateral SFS (SPM space

coordinates: —30, 50, 18; t-value: 4.84). At entry, the primary
SMC bilaterally (SPM space coordinates: 38, —36, 48 and
—26, —26, 48; t-values: 5.71 and 6.88) and contralateral cer-
ebellum (SPM space coordinates: —24, —52, —34; t-value:
5.68) were more activated than at times 1 and 2. In addition,
when entry fMRI data were contrasted with time 1, there
was also an increased recruitment of the thalamus bilaterally
(SPM space coordinates: 20, —20, 6 and —16, —16, 4; t-values:
8.17 and 5.22).

Between-group comparisons

Task 1. Table III reports the areas with an increased activa-
tion at the different time points in MS patients with revers-
ible fatigue when contrasted with those without (Fig. 2).
Table IV reports the areas with an increased activation at the
different time points when the opposite contrast was per-
formed.

Analysis of interaction between “change in patients with
reversible fatigue” vs. “change in patients without reversible
fatigue” during the fatiguing session in comparison with the
other two sessions confirmed the aforementioned findings.
In particular, compared with MS patients without fatigue,
those complaining of reversible fatigue had an increased
recruitment of the ipsilateral thalamus (SPM space coordi-
nates: 22, —16, 4; t-value: 4.32), contralateral CMA (SPM
space coordinates: —8, 40, 30; t-value 3.76), and regions
located in the MFG, bilaterally (SPM space coordinates: 36,
32,24; 34,8, 2,58; 18, —6, 60; —22, 34, 28 and —14, —10, 63;
t-values ranging from 3.65 to 4.12). They also showed in-
creased recruitment of the primary SMC bilaterally (SPM
space coordinates: —42, —14, 56 and 30, —32, 58; t-values:
4.20 and 3.87) and of the SMA bilaterally (SPM space coor-
dinates 2, —36, 54; t-value: 4.32) (Fig. 3). On the contrary,
compared with MS patients with reversible fatigue, those
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TABLE Ill. Brain areas that showed an increased activation at the different time points and during both motor
tasks in MS patients with reversible fatigue when compared with those without

Entry Time 1 Time 2
SPM space SPM space SPM space
Activation sites coordinates X, Y, Z t-values coordinates X, Y, Z t-values coordinates X, Y, Z t-values
Task 1 L SMC -52,-14,48 5.8 — —
L thalamus -6,-8,-8 4.49 — —
R thalamus — 22,-16,8 4.57 —
L SFS -18,-38, 50 4.24 — —
L CMA -8,40,24 4.11 -8, 40, 32 3.94 —
-6, 50, -8 4.28 — —
B precuneus 20,-70, 28 4.88 — —
-10, -68, 22 3.88 — —

B MFG — 32,30, 46 3.66 —
— 34, 26,30 4.29 —
— -42,22,28 4.81 —
— 18,-12,8 3.94 —
Task 2 L SMC —54,-14,48 4.16 -52,-12,52 4.05 —
R basal ganglia 22,8,-8 471 — —
R thalamus — 18,-12,8 4.35 —
L precentral gyrus — -44, -4, 38 4.19 —

L, left; R, right; B, bilateral; SMC, primary sensorimotor cortex; SFS, superior frontal sulcus; CMA, cingulated motor area; MFG, middle

frontal gyrus.

without had increased activations of the contralateral SII
(SPM space coordinates: —60, —18, 4; t-value: 4.53) (Fig. 3).

Task 2. Table III reports the areas with an increased activa-
tion at the different time points in MS patients with revers-
ible fatigue when contrasted with those without. Table IV
reports the areas with an increased activation at the different
time points when the opposite contrast was performed.

Analysis of interaction between “change in patients with
reversible fatigue” vs. “change in patients without reversible
fatigue” during the fatiguing session in comparison with the
other two sessions confirmed the aforementioned findings.
In particular, when fMRI data from MS patients with revers-
ible fatigue were contrasted with fMRI data from those
without, increased activations of the thalamus bilaterally
(SPM space coordinates: 16, —14, 6 and —20, —22, 4; t-values:
4.45 and 4.12), contralateral primary SMC (SPM space coor-
dinates: —24, —26, 52; t-value: 4.34), and contralateral pre-
central gyrus (SPM space coordinates: —44, —4, 38; t-value:
3.89) were found. On the contrary, when MS patients with-
out reversible fatigue were contrasted with those with, the
former group had increased recruitment of the contralateral
SII (SPM space coordinates: —54, —6, 10; t-value: 4.57).

Correlations between fMRI and Structural
MRI Findings

During both tasks, no correlation was found between
structural MRI metrics and the extent of recruitment of
brain-activated areas.

DISCUSSION

Neurophysiologic [Leocani et al., 2001; Sandroni et al.,
1992; Sheean et al., 1997], proton MR spectroscopy (*H-MRS)

[Tartaglia et al., 2004], PET [Roelcke et al., 1997], and fMRI
[Filippi et al., 2002] studies have convincingly shown that
MS-related fatigue is likely to have a central origin. In detail,
electrophysiological studies have suggested an impaired in-
put to the primary motor cortex secondary to a damage/
dysfunction of circuitries involved in motor planning [San-
droni et al., 1992; Sheean et al., 1997]. In line with this, the
assessment of the EEG oscillations related to voluntary
movements in MS patients has shown an involvement of
cortical structures associated with motor programming and
a failure of the inhibitory intracortical mechanisms acting
after movement termination [Leocani et al.,, 2001]. More
recently, using 'H-MRS, a reduced N-acetylaspartate
(NAA)/creatine (Cr) ratio has been found in MS patients
complaining of fatigue when compared with nonfatigued
MS patients, suggesting an association between fatigue and
diffuse axonal dysfunction in MS [Tartaglia et al., 2004].
Using PET, a reduced glucose metabolism in the frontal
cortex and in the basal ganglia of fatigued MS patients
compared with nonfatigued patients was found [Roelcke et
al.,, 1997], suggesting the involvement in the former group of
the cortico-subcortical dorsolateral prefrontal pathway re-
lated to motor programming and executive functions. These
results have been confirmed by an fMRI study [Filippi et al.,
2002] of the motor system in MS, which showed a decreased
recruitment of several regions of the frontal lobes, basal
ganglia, and thalamus in fatigued MS patients, which was
strictly related to the severity of fatigue.

All these studies evaluated MS patients with stable and
chronic fatigue. Nevertheless, it is well known that MS-
related fatigue can be reversible, for instance, in patients
treated with IFNB-1a [Filippini et al., 2003; Neilley et al.,
1996; Walther and Hohlfeld, 1999]. In this study, to further
clarify our understanding of the pathophysiology of fatigue
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Figure 2.

Relative cortical activations of MS patients with reversible fatigue
after IFNB-1a injection during the performance of a simple motor
task with their clinically unimpaired, fully normal functioning, and
dominant right hands (two-sample t-test, height threshold P
< 0.001 (uncorrected), extent threshold P < 0.05 (corrected)). At
entry (A,B), compared to MS patients without fatigue, these
patients showed increased recruitment of the contralateral pri-
mary SMC (A), thalamus (B), superior frontal sulcus (A,B), and
cingulate motor area (B). At time | (C,D), compared with MS
patients without fatigue, these patients showed increased recruit-
ment of the ipsilateral thalamus (D), and contralateral middle
frontal gyrus (C). Note that the activations have been superim-
posed on a high-resolution TIl-weighted scan obtained from a
single, healthy subject and normalized into standard SPM space
(neurological convention).

in MS, we assessed the short-term changes of brain activa-
tions in patients complaining of this symptom exclusively
after weekly injection of IFNB-1la. We chose to study these
patients because the weekly frequency of administration
enabled us to investigate fMRI changes before and after the
appearance of fatigue. Admittedly, patients with reversible
fatigue had higher dual-echo lesion loads than patients
without reversible fatigue; however, this difference was not
statistically significant. As a consequence, we believe that
this variable should not have influenced our results a great
deal. Another variable that might have influenced our re-
sults is the presence of lesions along the cortico-spinal tracts.
Although only a minority of our patients had lesions in the
brain portion of this pathway, spinal cord imaging was not
performed, due to time constraints. Therefore, we can not
exclude an involvement of the cord portion of the cortico-
spinal tracts in our patients, which might have had some
influence on our results as well [Rocca et al., 2003].
Despite these limitations, we showed a progressive reduc-
tion of the activation of the primary SMC during follow-up,

independently of the presence/absence of fatigue, in the two
groups of patients. This is in line with studies performed in
healthy individuals showing that the stereotyped repetition
of a simple hand movement leads to cortical adaptation
[Dirnberger et al., 2004; Karni et al., 1995; Morgen et al.,
2004a]. In particular, the repetition of a simple sequence
within a brief time window, as was the case for the present
study, typically results in a reduced recruitment of the pri-

Figure 3.

Results of the analysis of interaction between “change in patients
with reversible fatigue” vs. “change in patients without reversible
fatigue” during the fatiguing session in comparison with the other
two sessions during the performance of a simple motor task with
their clinically unimpaired, fully normal functioning, and dominant
right hands (two-sample t-test, height threshold P < 0.001 (un-
corrected), extent threshold P < 0.05 (corrected)). Compared to
MS patients without fatigue (A-C), those complaining of reversible
fatigue had an increased recruitment of the ipsilateral thalamus
(A), CMA (B,C), bilateral MFG (B,C), primary SMC (B,C), and the
SMA, bilaterally (B,C). Compared to MS patients with reversible
fatigue (D), those without had increased activations of the con-
tralateral Sll (D). Note that the activations have been superim-
posed on a high-resolution Tl-weighted scan obtained from a
single, healthy subject and normalized into standard SPM space
(neurological convention).
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TABLE IV. Brain areas that showed an increased activation at the different time points and during both motor
tasks in MS patients without reversible fatigue when compared with those who complained of fatigue

Entry Time 1 Time 2
SPM space SPM space SPM space
Activation sites coordinates X, Y, Z t-values coordinates X, Y, Z t-values coordinates X, Y, Z t-values

Task 1 L SMA -8,-12, 60 4.85 — —
B postcentral gyrus 28, -60, 56 3.81 — —
48, -38, 58 491 — —
B SIT 58, -38, 24 4.55 — —
—-64,-38, 20 3.75 -64,-20, 4 5.25 —
L cerebellum -28,-64, 20 4.12 — —
-34, -66, 34 3.80 — —
Task 2 L SPL 24,-64,50 3.81 — —
B cerebellum 32,-74,-24 4.73 — —
-6,-62,-24 3.75 — —
B SII — 66, 20, 34 4.77 —
— -56,-6, 10 4.07 —

L, left; R, right; B, bilateral; SMA, supplementary motor area; SII, secondary sensorimotor cortex; SPL, superior parietal lobule.

mary SMC, due to habituation [Dirnberger et al., 2004; Karni
et al., 1995; Morgen et al., 2004a]. More recently [Morgen et
al., 2004a], a change in the degree of activation of the parietal
lobe from healthy volunteers has also been described after
motor training. Such changes were not found in MS patients
[Morgen et al., 2004b]. On the contrary, we showed a time-
related modification of cortical activations also in patients
with MS. Differences in the setting of the fMRI experiments
and in the statistical analysis might contribute to explain the
discrepancy between our findings and previous observa-
tions [Morgen et al., 2004b]. However, considering that, at
present, a large effort is being devoted to elucidate the
mechanisms of functional recovery in several neurological
conditions, including MS and stroke [Calautti and Baron,
2003; Filippi and Rocca, 2004], further longitudinal fMRI
studies are needed to clarify the neurophysiological sub-
strates of task repetition effects.

The within-group analysis of fMRI changes in this study
also showed different patterns of brain recruitment in MS
patients with and without reversible fatigue. In particular,
during both tasks, MS patients with reversible fatigue after
IFNB-1a injection showed increased activations of the basal
ganglia (thalami and/or lenticular nuclei). Conversely, in
MS patients without reversible fatigue, before IFNB-1a in-
jection, the thalamus was more activated, as well as the
cerebellum. At time 1, changes in the pattern of activations
of some frontal areas (e.g., the precentral gyrus and the SFG)
and SII of these patients were also observed.

The between-group comparison of fMRI activations con-
firmed the results of the within-group analysis and demon-
strated additional differences in the pattern of activations
between the two groups of patients. In particular, compared
to MS patients with reversible fatigue, those without tended
to have an increased recruitment of the SII, cerebellum, and
several regions in the parietal lobes (e.g., the postcentral
gyrus and the SPL). Conversely, MS patients with reversible
fatigue showed increased activations of the primary SMC,
basal ganglia, thalami, SMA, CMA, and several regions lo-

cated in the frontal lobes. Although all these regions are part
of the human brain sensorimotor network, each of them has
a specific role in movement execution. SII is considered to
function as a high-order processing area for somatosensory
perception, and its activation seems also to be related to
attention, manual dexterity, and coordination [Hamalainen
et al., 2000; Karhu and Tesche, 1999]. The parietal cortex is
formed by a multiplicity of independent areas, each of
which deals with specific aspects of sensory information
[Rizzolatti et al., 1997]. The cerebellum has a somatotopic
organization of the movements [Nitschke et al., 1996], and
its activation has been related to motor imagery [Grafton et
al., 1996] and motor learning [Sakai et al., 1998]. The frontal
cortex contains many areas contributing to the motor net-
work [Picard and Strick, 1996; Rizzolatti and Luppino, 2001].
The rostral portion of the frontal cortex has essentially cog-
nitive function, whereas the caudal portion is related to the
control of movements [Picard and Strick, 1996; Rizzolatti
and Luppino, 2001]. The SMA contributes to preparation,
coordination, temporal course, and execution of movements
[Lee et al., 1999; Ohara et al., 2000; Sadato et al., 1997]. CMA
activation has been found to be related to presentation of
new motor tasks and perhaps reflects relative task difficulty
[Jenkins et al., 1994; Paus et al., 1993; Rao et al., 1993]. It is
worth noting that basal ganglia, thalamus, and the frontal
lobes are part of an associative loop considered to be in-
volved in the genesis of central fatigue [Chaudhuri and
Behan, 2000].

Considering that baseline fatigue severity did not differ
between the two groups of patients, our results would sug-
gest a paroxysmal influence of IFNB-1a. However, given the
fact that all the patients included were treated with IFNB-1a
for at least 1 year, we cannot provide definitive answers as
to whether baseline variability in fMRI parameters between
the two groups is a reflection of differences related to the
pharmacogenomics of IFNB-la and, in particular, to the
effect that this drug exerts on the cytokine system or, con-
versely, are secondary to intrinsic disease-related differ-
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ences. Albeit the study of baseline fMRI characteristics of
patients complaining of IFNB-la-induced fatigue after a
drug holiday or the study of the fMRI changes induced by
IFNB-1a in healthy individuals might contribute to answer
this question, we did not perform such additional experi-
ments on the basis of ethical considerations.

Several factors might be advocated to explain the discrep-
ancies between the findings of this study (increased activa-
tion of basal ganglia, thalami, and frontal lobes) and those of
previous studies aimed at investigating the neuronal basis of
fatigue in MS (reduced activation of basal ganglia, thalami,
and frontal lobes) [Filippi et al., 2002; Roelcke et al., 1997].
First, all the patients of the previous studies had established,
chronic fatigue, and did not complain of reversible fatigue,
likely related to IFNB treatment. Second, to avoid possible
bias related to IFNB treatment on fatigue, in our previous
study [Filippi et al., 2002] we recruited only patients who
were not treated with immunomodulatory drugs. Finally,
whereas patients of the previous studies were compared
with healthy subjects, in the present study we compared the
brain patterns of activations between two groups of patients.
As a consequence, we cannot speculate as to whether the
patterns of activations we observed are similar or dissimilar
to those of healthy controls.

Nevertheless, by combining the results of this study with
those of the previous ones [Filippi et al., 2002; Roelcke et al.,
1997], it is a tempting speculation to suggest that some MS
patients might have an increased susceptibility to fatigue,
which is related to a different sensorimotor circuitry recruit-
ment during the performance of motor activity. In particu-
lar, it seems likely that potentially fatigable MS patients tend
to have a baseline “overactivation” of the basal ganglia,
frontal lobes, and cingulum. With time, this “overactivation”
might result in a depletion of the functional properties of
these regions and in their inability to undergo the dynamic
changes observed in MS patients without reversible fatigue
and, as a consequence, lead to the onset of “chronic” fatigue.
Albeit we recognize that only longitudinal studies on pa-
tients developing established fatigue can definitively prove
this hypothesis, we also believe that our results are robust,
since they have been obtained by the analysis of two differ-
ent motor tasks.
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