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Abstract: Objective: To test the influence of functional cerebral reorganization in amyotrophic lateral
sclerosis (ALS) on disease progression. Methods: Nineteen predominantly right-handed ALS patients
and 21 controls underwent clinical evaluation, functional Magnetic Resonance Imaging (fMRI), and dif-
fusion tensor imaging. Patients were clinically re-evaluated 1 year later and followed until death. For
fMRI, subjects executed and imagined a simple hand-motor task. Between-group comparisons were
performed, and correlations were searched with motor deficit arm Medical Research Council (MRC)
score, disease progression ALS Functional Rating Scale (ALSFRS), and survival time. Results: By the
MRC score, the hand strength was lowered by 12% in the ALS group predominating on the right side
in accordance with an abnormal fractional anisotropy (FA) limited to the left corticospinal tract (37.3%
reduction vs. controls P < 0.01). Compared to controls, patients displayed overactivations in the con-
trolateral parietal (P < 0.004) and somatosensory (P < 0.004) cortex and in the ipsilateral parietal (P <
0.01) and somatosensory (P < 0.01) cortex to right-hand movement. Movement imagination gave similar
results while no difference occurred with left-hand tasks. Stepwise regression analysis corrected for multi-
ple comparisons showed that controlateral parietal activity was inversely correlated with disease progres-
sion (R* = 043, P = 0.001) and ipsilateral somatosensory activations with the severity of the right-arm
deficit (R* = 0.48, P = 0.001). Conclusions: Cortical Blood Oxygen Level Dependent (BOLD) signal changes
occur in the brain of ALS patients during a simple hand-motor task when the motor deficit is still moder-
ate. It is correlated with the rate of disease progression suggesting that brain functional rearrangement in
ALS may have prognostic implications. Hum Brain Mapp 34:2391-2401, 2013.  © 2012 Wiley Periodicals, Inc.
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INTRODUCTION

Neuroplasticity refers to structural and functional brain
reorganizations that occur during normal aging or cerebral
lesions and reflects the adaptative power of the brain to
compensate functional loss [Caramia et al., 2000; Pascual-
Leone et al., 2005]. In amyotrophic lateral sclerosis (ALS)
which is a consequence of a progressive degeneration of
brain and spinal cord motor neurons, functional imaging
studies have shown modulations of cortical and subcorti-
cal activity during the completion of motor and cognitive
tasks, suggesting a reorganization of the motor system
with recruitment of extramotor [Abrahams et al.,, 1996;
Abrahams et al., 2004; Konrad et al., 2002; Konrad et al.,
2006; Schoenfeld et al., 2005; Tessitore et al., 2006] and
motor-related areas [Luppino et al., 2000]. This activity is
modulated with disease progression but whether it
increases or decreases is controversial [Lulé et al., 2007;
Mohammadi et al., 2010].

However, the dynamics of functional brain rearrange-
ments in ALS is still poorly understood and whether this
could have a prognostic value on disease progression and
survival is unknown. While progression rates in ALS are
usually linear with a median survival of 3 years, a great
interindividual heterogeneity exists. A few clinical indica-
tors have been associated with longer survival but predict-
ing the rate of clinical decline in individual patients
remains delicate [Magnus et al., 2002]. Here, we performed
a study in ALS patients and were able to show that early
brain cortical modifications correlated with the severity of
motor deficit and the disease progression.

MATERIALS AND METHODS
Subjects

Nineteen patients with a definite diagnosis of ALS
according to the revised El Escorial criteria [Brooks et al.,
2000] and receiving riluzole were compared to 21 healthy
controls. The initial ALS functional rating scale (ALSFRS)
was >35/40 corresponding to an early stage of the disease.
None of the subjects had any past medical history of cere-
brovascular disease, neoplasia, hypertension, diabetes, al-
coholism, or psychiatric illness. They were not depressed
(Montgomery-Asberg depression rating scale (MADRS)
score <20/60), or demented (minimental state examination
(MMSE) score >27/30) and had normal neuropsychologi-
cal evaluation of frontal lobe functions on the Tower of
London, Stroop, and verbal fluency tests (see Supporting
Information Table 1). Handedness was tested using the
Edinburgh handedness inventory (EHI) [Oldfield et al.,
1971]. Before inclusion, written informed consent was
obtained from all subjects according to the Declaration of
Helsinki, and the study was approved by the regional
Research Ethics Committee.

Study Design

We conducted a cross sectional fMRI/DTI study with a
clinical longitudinal follow-up. At inclusion, the patients
and the controls underwent a full clinical evaluation, re-
cording of ALSFRS, MRC scores, Norris limbs and bulbar
scales [Brooks et al., 1994], and an MR examination,
including fMRI and DTI. Then patients underwent a quar-
terly evaluation during which MRC scores and ALSFRS
were recorded. After 1 year of follow-up, the rate of dis-
ease progression was calculated as: (ALSFRS score at
inclusion — ALSFRS score at last follow-up)/(time in
months from inclusion to last follow-up). Survival time af-
ter inclusion was noted up to death or tracheotomy or af-
ter a 5-year follow-up corresponding to the end of the
study. Clinical evaluations were performed blind of the
MRI results.

Image Acquisition

The MR examination comprised sequences including
3D-T1 anatomical, BOLD fMRI, and diffusion acquisitions
on a 1.5 T Siemens Symphony scanner using an eight-
channel head coil.

Each fMRI session allowed to record 171 volumes using
axial single-shot gradient-echo echo-planar sequence (TR/
TE: 2,880/66 ms, flip angle: 90°, acquisition matrix: 64 X
64, FoV: 256 mm, 28 contiguous 4-mm slices).

Diffusion imaging was performed using a single-shot
spin-echo echo-planar sequence with two b values (0 and
1,000 s/mm?) along each of 12 gradient axes. One b = 0
image was acquired per dataset. The following parameters
were used: TR/TE 6,000/89 ms, flip angle 90°, one acquisi-
tion, matrix 64 x 64, and field of view 240 x 240 mm?Z.
Forty-four contiguous 3.5-mm slices were then acquired
twice.

Experimental Design and fMRI Paradigm

The subjects performed two visually paced simple motor
tasks. They had to execute or to imagine the action of
opening and closing the hand with an autogenerated
rhythm alternating with a rest condition. The two condi-
tions were performed in a random sequence of 30-s blocks.
During the rest condition, the subjects were asked to stay
still and to stare at a white cross. Each volunteer per-
formed one motor session with the right hand and another
with the left hand. Just before scanning, the subjects were
trained to the experimental tasks in a dummy environment
until the task was clearly understood and correctly per-
formed. During scanning, the subjects were observed to
ensure that the tasks were performed and to confirm the
absence of movement during mental imagery. At the end
of the imagination sequence, the patients were asked
whether they have executed the task.
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DATA ANALYSIS
Clinical Data

The nonparametric Mann-Whitney test was used for
between-group analyses. A paired t-test was conducted to
compare patients” clinical characteristics at initial and final
evaluation.

fMRI Data

Preprocessing and statistical analysis were performed
using SPM2 software

Preprocessing

All scans of each individual were realigned to the first
image of each session to correct for movement artefacts.
The data from all the subjects had translation corrections
<3 mm and rotation corrections <3°. A mean functional
volume was constructed for each subject from the real-
igned images. Functional images were normalized to a
template brain image created by the Montreal Neurologi-
cal Institute (MNI). The mean functional image was used
to determine the parameters for the spatial normalization
process of the EPI images. The parameters estimated from
this normalization process were then applied to each of
the functional images. The resulting voxel size in standard
stereotaxic coordinates was 4 x 4 x 4 mm°. The normal-
ized images were smoothed with a Gaussian kernel of 8-
mm full-width half-maximum.

Statistics

We searched for significantly activated voxels displaying
the effects of interest using a two-level random-effect anal-
ysis. In a first level (fixed effects), we performed a single-
subject analysis. The task-related neural activities for each
condition were modeled with a canonical hemodynamic
response function. Data were high-pass filtered, with a cut
off period set to 128 s. Serial correlations were corrected
using an autoregressive model. Individual contrast images
reflecting the contrasts of interest (activation > rest or rest
> activation) for each subject were then obtained and
entered into a second level (random effects) analyses. In
this second level, within-group (one sample t-test) and
between-group (ANOVA) comparisons were carried out
with the total MRC score as covariate to smooth the effect
of the between-patients variance in the global motor defi-
cit. Statistical parametric maps were first thresholded at P
< 0.001 at the voxel level then thresholded at P < 0.05 cor-
rected for multiple comparisons at the cluster level. Ana-
tomical labeling was performed by projecting the results
on the mean anatomical group images and with the help
of the automated anatomical labeling and anatomy tool-
boxes [Eickhoff et al., 2005; Tzourio-Mazoyer et al., 2002].

Correlations Between Cortical Activations and
Clinical Data

We searched for correlations between modifications of
brain activity in the ALS group comparatively to controls
and different clinical variables estimating the patient defi-
cits or illness progression. We used the SPSS software to
perform a stepwise multivariate regression analysis to
select the clinical variable that independently explained
BOLD signal changes in patients. The BOLD signal
changes in regions with modified activity comparatively to
controls were the dependent variable, and age, disease
progression rate at last follow-up, survival time since
inclusion, and the lateralization of the motor deficit in the
upper limbs (RUL/UL) were independent variables. The
significant threshold was set to P < 0.05 after Bonferroni
correction for multiple comparisons. For each task of both
hands, first peak coordinates of significant clusters (P <
0.05) from the between group analyses were used as center
of spherical regions of interest (ROIs). For each ROI, the
activity estimates (B values) were extracted on individual
contrast images and averaged for all the voxels within
each of the regions. Then correlation analyses were per-
formed using these activity estimates. To assess the lateral-
ization of motor deficit, we created a specific ratio to take
into account the possibility that brain modulation might
depend on the lateralization of the motor deficit in the
upper limbs. This ratio was calculated as (right or left
upper limb MRC score)/(total upper limb MRC score) and
was designated as the RUL/UL ratio for the right side and
the LUL/UL ratio for the left side; the lower the ratio, the
greater the contribution of that side to the whole deficit of
the upper limbs.

DTI Data Processing

The DTI datasets were processed using DtiStudio
(www.DtiStudio.org, Department of Radiology, Johns
Hopkins University). Any potential small bulk motion or
Eddy-current distortion was removed, the b-matrix modi-
fied after motion correction, and the images were real-
igned by affine transformation using Automated Image
Registration [Woods et al., 1998]. The diffusion tensors
were calculated for each voxel using multivariant linear
fitting. After computation of eigenvalues and eigenvectors,
fractional Anisotropy (FA) maps were obtained [Pierpaoli
et al., 1996]. We used SPM2 and in-house software written
in Matlab to normalize images to the International Consor-
tium for Brain Mapping (ICBM) standard template using a
two-step procedure. We first created a customized tem-
plate of our FA maps based on the brains of all 40 partici-
pants. The first normalization step was performed using a
12-parameter affine transformation and b=0 images. These
transformation parameters were applied to each individual
FA map, which were then averaged and smoothed (with a
Gaussian kernel of 8-mm full-width half-maximum) to cre-
ate the customized FA template. In the second normaliza-
tion step, a 12-parameter affine transformation was used
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to match the original FA images of each individual to the
FA template and was refined using 16 nonlinear iterations,
medium regularization and a 25-mm cut off. Each normal-
ized image was finally resampled at 3 x 3 x 3 mm and
smoothed with an 8-mm full-width half-maximum kernel.
The resulting FA maps of controls and ALS were com-
pared using both a whole brain voxel-based analysis
(VBA) and a ROI study.

VBA

FA group differences were investigated using analysis
of covariance in each voxel of the brain using the general
linear formulation of SPM2. Age and gender were
included as covariates in the model. Statistical parametric
maps were thresholded at P < 0.05 corrected at the cluster
level. MRIcro software was used for figure captions [Ror-
den et al., 2000].

ROI study

Six elliptical ROIs were manually drawn along the CST
using the b = 0 and FA maps using DTIStudio/RoiEditor
and standardized guidelines based on location and size.
They included the cerebral peduncle, the internal capsule,
and the stem of the corona radiata bilaterally. Mean and
standard deviation were computed for each ROI and every
subject. An ANOVA analysis with age and gender as
covariates was computed for each ROI to investigate
potential group differences.

RESULTS
Subject Characteristics

The characteristics of the patients and controls are sum-
marized in Table I. The MRC subscores of the hand were
17.75 + 2.5/20 for the right hand and 18.88 + 1.1/20 for
the left hand indicating that patients had a minor hand
deficit at first evaluation. As the RUL/UL ratio (0.48, SD
0.02) was significantly lower than the LUL/UL ratio (0.52,
SD 0.02) (P = 0.009), the severity of motor deficit was
greater on the right side. There was a significant correla-
tion between the MRC score in the right upper limb and
the RUL/UL ratio (Pearson 0.898, P < 0.001), but not for
the left side (Pearson —0.361, P = 0.13). Thus, for a given
patient, the lower the RUL/UL ratio, the greater the deficit
in the right upper limb (Fig. 1).

After the initial assessment, patients were regularly fol-
lowed. One patient committed suicide, three went out of
the study because of an important fatigue, and 15 patients
were clinically reinvestigated 12 months later (mean 11.8;
SD 1.1). As expected, there was a significant worsening of
their neurological status (Table II). The RUL/UL ratio was
still significantly lower than the LUL/UL ratio (P = 0.04).
The 15 patients except one died or underwent tracheotomy
(one case) during the follow-up (mean (SD) survival time
after inclusion: 32.3 (8.6) varying from 13.2 to 485

TABLE I. Characteristics of the two groups at inclusion

ALS Controls
(n =19) (n =21)
mean (SD) mean (SD) P

Age (years) 63.8 (8.7) 60.3 (8.0) 0.20
Sex ratio (% male) 1.4 (57.8) 1.1 (52.3) 0.31
Handedness EHI 91.0 (24.0) 93.5 (19.5) 0.77

(% right handed)
MADRS/60 8.4 (5.1) 2.6 (3.4) 0.0003
MMSE/30 29.1 (1.3) 29.6 (0.7) 0.20
Clinical onset 9LL-7UL-3B n.a. -
Disease duration (months) 18.2 (9.6) n.a. -
ALSFRS/40 35.3 (2.7) n.a. -
Norris limbs functional 56 (5.9) n.a. -

score/63
Norris bulbar functional 37.4 (3.3) n.a. -

score/39
MRC total limb and neck 139.1 (11.3) 150 (0) <0.0001

score/150
Total upper limb score/70 65.9 (4.2) 70 (0) 0.0002
Total lower limb score/70 63.1 (11.4) 70 (0) 0.0006
Neck score/10 10 (0) 10 (0) >0.99

MADRS, Montgomery-Asberg Depression Rating Scale; MMSE,
Mini-Mental State Examination; n.a, not applicable; LL, lower
limb; UL, upper limb; B, bulbar.

months). The last patient was still alive at the end of the
study after 64 months.

fMRI
Group activation maps (Fig. 2)

Right-hand tasks. During execution of right-hand move-
ment, the control group displayed activations in the con-
trolateral primary motor cortex (BA 4), mid-cingulate

36 1
34
32 1
30 1

28

Right Upper Limb MRC score

26

24 -l T T T T T T T T 1
42 43 44 45 46 4T 48 49 50 51
RUL/UL RATIO

Figure I.
Correlation between the MRC score in the right upper limb and
the RUL/UL ratio. RUL/UL ratio: right upper limb MRC score/
total upper limb MRC score.
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TABLE Il. Clinical data of patients at inclusion (n = 19) and after 12 months of
follow-up (n= 15)

Initial assessment Follow-up

ALS mean (SD) mean (SD) P
Time since initial assessment (months) - 11.8 (1.1) -
ALSFRS /40) 344 (3.1) 29.3 (2.5) 0.0001
Norris limbs functional score (/63) 529 (7.1) 44.1 (10.3) 0.01
MRC total limb and neck score (/150) 138.3 (8.1) 121.6 (14.5) 0.005
RUL/UL ratio 0.48 (0.03) 0.48 (0.04) 0.567
Disease progression rate - 0.4 (0.2) .

*P < 0.05; *P < 0.005.

gyrus (BA 32, 24) and basal ganglia (thalamus and puta-
men), the ipsilateral frontopolar region (BA 10, 46) and the
bilateral SMA (BA 6), primary somatosensory cortex (BA
3, 1, 2), parietal cortex (BA 40), temporal inferior cortex
(BA 37), temporo-operculo-insular region (BA 22, 45), and
cerebellum. The ALS group showed the same activations,
except for the lateral premotor cortex (BA 6) and basal
ganglia, which were activated bilaterally.

Right Hand EXECUTION of movement

right side left side L

CONTROLS Top

Left Hand EXECUTION of movement

right side left side L

CONTROLS | 75

During imagination of right-hand movement, the control
group displayed bilateral activations in the SMA (BA 6),
lateral premotor (BA 6), prefrontal dorsolateral (BA 9),
motor (BA 4), somatosensory (BA 3, 1, 2), parietal (BA 40),
mid-cingulate gyrus (BA 24, 32), temporo-operculo-insular
(BA 22, 45), superior and medial temporal (BA 21, 22) cor-
tex, putamen, thalamus, and cerebellum. The ALS group
displayed, to a lesser extent, the same bilateral activations

Right Hand IMAGINATION of movement

right side left side L R

Left Hand IMAGINATION of movement

right side left side L R

Figure 2.
fMRI group activation maps during right-hand (top two rows) and left-hand (bottom two rows) tasks in
controls and ALS groups. Execution and imagination of movements are in left and right panels, respectively.
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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A.EXECUTION OF RIGHT HAND MOVEMENT

B. IMAGINATION OF RIGHT HAND MOVEMENT

| ' \\

1

T value

) I
1 1
3.0

2]

Figure 3.

fMRI between-group comparisons (ALS > controls). The correspond-
ing regions and coordinates are shown in Table Ill. A: During execu-
tion of right-hand movement, increased activity in the left motor
cortex and bilateral somatosensory and parietal cortex was observed

as the controls except for no activation in the basal ganglia
and a bilateral activation of the precuneus (BA 7).

Left-hand tasks. The brain activity pattern for execution of
left-hand movements was very similar to the execution of
right-hand movements in patients and controls. However,
in the control group, the frontopolar activation was absent
and, in both groups, temporo-operculo-insular activation
was only controlateral to movement.

During imagination of left-hand movement, the control
group showed the same bilateral activations as for the
right hand but with additional activations in the contralat-
eral precuneus and bilateral frontopolar cortex. The ALS
group displayed less activity, restricted to the bilateral
SMA, lateral premotor cortex, mid cingulate gyrus, tem-
poro-operculo-insular area, and the ipsilateral parietal
cortex.

Between group comparisons

Right-hand tasks. During right-hand-side tasks, significant
higher brain activity was seen in the ALS patients than in
the control group (ALS > controls) but no decrease of acti-
vation was elicited in the ALS group.

In the ALS group, execution of right-hand movement
induced stronger BOLD signal changes than in controls in
the controlateral motor, the somatosensory, and the parie-
tal cortices (including precuneus) as well as in the ipsilat-
eral somatosensory and parietal cortices.

in the ALS patients. B: During imagination of right-hand movement,
patients showed additional activations in the left motor and somato-
sensory cortex compared to controls. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]

During imagination of right-hand movement, the ALS
patients showed increased activity compared to controls in
the left motor and somatosensory cortex (Fig. 3 and Table
1I).

Left-hand tasks. We did not find any significant difference
between the two groups for the left-hand-side tasks.

Correlations Between Brain Activity and Clinical
Data in ALS Patients

Activity from execution of right-hand movement

By stepwise regression analysis, age was an independent
variable of ipsilateral parietal activity (Standardised Coeffi-
cient SC= 0.67, R> = 0.41, P = 0.001) and the RUL/UL ra-
tio of ipsilateral somatosensory activations (right
somatosensory cortex: SC= -0.61, R?>=048, P = 0.001). In
addition, disease progression rate at 1 year was an inde-
pendent variable of controlateral parietal areas activity
(left superior parietal lobule: SC= —0.66, R =039, P =
0.001; left precuneus: SC= —0.69, R?> = 043, P = 0.001)
(corrected for multiple comparison) (Fig. 4).

Activity from imagination of right-hand movement

We did not find any significant correlation between ac-
tivity from imagination of right-hand movement and clini-
cal data.
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TABLE lll. Brain areas showing higher activity in ALS compared to controls during execution or imagination of
movement of the right hand

Side of hemisphere MNI coordinates Cluster
activation Brain region (BA) x, ¥, and z (mm) P Cluster size (voxels) T
Execution of right-hand movement
Left Superior parietal lobule (5) —16, —52, 52 0.004 49 5.28
Somatosensory (3, 1, 2) —12, —32, 64 0.004 49 4.02
Motor (4) —20, —28, 64 0.004 49 3.81
Right Somatosensory (3, 1, 2) 36, —36, 60 0.010 41 5.04
Parietal (5) 24, —52, 60 0.010 41 4.24
Imagination of right-hand movement
Left Somatosensory (3, 1, 2) —16, =32, 60 0.017 35 5.52
Motor (4) —20, —28, 64 0.017 35 5.98

BA, brodman area; P cluster, corrected probability of nondifference at the cluster level; T, value of peak voxel.

DTI
VBA

Group comparison revealed a decreased FA in the CST
of ALS patients compared to the controls in a region of
the left corona radiata projecting to the precentral gyrus

(Fig. 5).

ROI analysis

The ALS patients showed a decreased FA in both cere-
bral peduncles compared to the controls (right peduncle:
controls 0.20, ALS 0.13, P < 0.01; left peduncle: controls
0.19, ALS 0.12, P < 0.01) with a decrease of 34.2% in the
right cerebral peduncles and 37.3% in the left one.

1.8 1
1.55 4

1.3 9

1.06 1

0.8 1

0.55

0.3 1

0.05

Activity estimate in left SPL (a.u.)

-0.24
02

04 0.6 08 1

Progression rate at one year

Figure 4.
Brain activity differences between ALS and controls during
movement of the right hand and linear correlation between the
superior parietal lobule (SPL) activations and the disease progres-
sion at | year. a.u., arbitrary unit. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]

DISCUSSION

Using a simple motor task in fMRI, our study demon-
strated (1) that increased cortical BOLD signal changes
occurred in specific regions of the brain of ALS patients
when their motor deficit was still moderate, and that this
early signal changes correlated with (2) the lateralization
of the motor deficit or hand predominance, and more
importantly, (3) with the rate of disease progression at 1
year, suggesting that modulations of cerebral activity in
ALS may have functional implications.

The population of ALS patients included in this work
was different from those in previous fMRI studies. First,
the age (mean: 63.8 years) was more representative of spo-
radic ALS [Annegers et al., 1991] than that in previous
studies, which included younger patients (mean age: 44—
55.1 years) [Konrad et al., 2002, 2006; Lulé et al., 2007;
Stanton et al., 2007a; Stanton et al., 2007b; Tessitore et al.,
2006]. This point is important, because age is an essential

MNI coordinates P Cluster size
Side Brain region
X,¥,Z (mm) Cluster (voxels)
Left CST 21 21 38 0.041 39 5.37
Figure 5.

Whole brain voxel-based group comparison of the FA scores of
ALS patients and controls. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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factor in brain activation [Mattay et al., 2002; Ward et al.,
2003] and structural anatomy [Bennett et al., 2010; Yoon
et al., 2008]. In addition, our patients had a shorter disease
duration (mean: 18.6 months) at time of first assessment
compared to 21.5-50 months in others studies [Konrad
et al., 2002; Lulé et al., 2007; Stanton et al., 2007a,b; Tessi-
tore et al., 2006], making it possible to detect earlier
changes. Moreover, the prolonged follow-up (clinical re-
evaluation after 1 year and follow-up until the end of the
study after 64 months) allowed us to assess the predictive
values of cortical reorganization in terms of disease pro-
gression. Compared to the matched control group, the
ALS patients were mildly depressed on the MADRS score.
However, we do not believe that this state of mood influ-
enced our results. Indeed, the patients performed the task
properly, producing homogeneous activations in the same
way as controls. Moreover, the MADRS score was not cor-
related with any functional activity (data not shown). One
subject in each group was left handed. Each of them
showed an individual pattern of activity similar to that of
other subjects so that handedness probably did not intro-
duced a significant bias in this study.

The MRC subscores of the hand showed that the testing
of the hand was normal at 88.75% for the right hand and
94.4% for the left one. Thus, as hand deficits were only
minor, we thought that they were compatible with the
realization of the task. The lack of control of performance
during fMRI may be a drawback, but we think that the
motor paradigm we used for fMRI was effective and not
altered by the absence of objective monitoring of the force
and frequency of movement, as the results matched the
classical pattern of activations obtained with a simple
motor task of the hand. Furthermore, the results of the
within-group analysis conformed to those already
published.

Another important feature of our population, which was
not planned, but proved to be important for the under-
standing of the modulation of brain activation, was that
the burden of UL motor deficit predominated in the right
side while patients were predominantly right handed. This
result is in accordance with recent studies which showed a
strong concordance for the side of onset and handedness
in ALS patients with upper limb-onset [Turner et al.,
2010]. In keeping with this clinical observation, the VBA in
our patients showed a significant lateralization of FA
reduction in the left CST compared to controls and the
ROI analysis confirmed this asymmetry. Our DTI results
are in accordance with previous DTI studies which have
demonstrated significant decreased of FA in the CST and
the brain of patients with ALS [Agosta et al., 2007; Ciccar-
elli et al.,, 2009; Ellis et al., 1999; Hong et al., 2008; Sach
et al., 2004; Sage et al., 2007, 2009; Toosy et al., 2003; Wang
et al., 2006] which is thought to reflect upper motor neu-
ron degeneration. Correlations of diffusion parameters
with measures of disease duration or progression and dis-
ease severity have been established [Ciccarelli et al., 2008;
Ellis et al., 1999; Sage et al., 2007; Wang et al., 2006] but so

far, no correlations were elicited with the lateralization of
the motor deficit.

Imagination and execution of movements share a com-
mon neural circuitry in normal subjects [Porro et al., 2000].
In ALS patients, motor imagery may be useful for explor-
ing the functional motor network without the requirement
for movement execution. In our study, during the imagina-
tion task, both controls and patients recruited motor net-
works overlapping with those activated during movement
execution and the controlateral motor cortex was part of
this network. In normal subjects, the involvement of the
primary motor cortex (M1) in the mental performance of
hand movements is controversial [Nair et al., 2003; Porro
et al., 2000], but is strongly supported by studies using
transcranial magnetic stimulation [Facchini et al., 2002],
magnetoencephalography [Pfurtscheller et al., 1997], event-
related potentials [Romero et al., 2000], and high spatial
resolution fMRI [Dechent et al., 2004]. M1 activation has
also been reported in ALS patients, [Lulé et al., 2007; Stan-
ton et al.,, 2007b]. In addition to this motor-shared net-
work, we also found activity in the bilateral lateral
premotor cortex, prefrontal dorsolateral cortex, and supe-
rior temporal cortex, as well as ipsilateral activation of
motor and somatosensory cortex. The lateral premotor cor-
tex is known to participate in the preparation of move-
ment [Geyer et al, 2000], whereas the prefrontal
dorsolateral cortex reactivates the representation of a spe-
cific motor action during working memory [Lacourse
et al., 2005] and is highly implicated in autoinitiated motor
movement [Lehéricy et al., 2006]. Moreover, the ALS
group also displayed bilateral activation of the posterome-
dial portion of the parietal lobe and the precuneus. Recent
studies suggest a central role for the precuneus in a wide
spectrum of highly integrated tasks, including visuospatial
imagery, episodic memory retrieval, and self-processing
operations, and that the anterior region of the precuneus is
involved in self-centered mental imagery strategies [Cav-
anna et al., 2006], which would fit with our results.

While the within-group analyses were very similar in
ALS patients and controls, the between-groups comparison
highlighted higher activity in ALS patients during execu-
tion and imagery of the right-hand movement, but not
during the left-hand tasks. When executing the right-hand
movement, ALS patients presented an increased activation
in the controlateral motor, somatosensory, and parietal
cortex, as well as in the ipsilateral somatosensory and
parietal cortex. During imagination of the right-hand
movement, ALS patients showed a higher activation in
controlateral motor and somatosensory cortex. Different
patterns of activation/deactivation have been reported in
ALS, probably because of different task paradigms and
population characteristics [Konrad et al., 2002; Lulé et al,,
2007; Schoenfeld et al., 2005; Tessitore et al., 2006; Stanton
et al., 2007a,b]. However, heightened activity in controlat-
eral areas involved in motor execution, sensation, and or-
ganization of motor representations have commonly been
observed and interpreted as a compensation of the
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consequences of cell loss in the precentral regions during
motor task realization. Usually, two-thirds of pyramidal
tract fibers originate from the precentral areas (BA 4, 6)
and one-third from the somatosensory and parietal areas
(BA 3, 1, 2, 40). The loss of precentral neurons, shown by
the decrease in FA in this area in our patients, might lead
to overactivation of residual neurons from the pyramidal
tract and explain the modified cortical activations. The loss
of interneuron inhibition and the need for increasing sen-
sory input to maintain motor performance were also
hypothesized [Konrad et al., 2002; Schoenfeld et al., 2005;
Stanton et al., 2007a].

Ipsilateral activation was observed during right-hand
movement but not with movement imagination. Ipsilateral
activation observed during execution of hand movement
has been reported in ALS [Konrad et al., 2002; Schoenfeld
et al., 2005] and is a well-known phenomenon after acute
brain injury, such as stroke [Caramia et al., 2000]. This ip-
silateral overactivity was described in areas usually
engaged in sensation of movement, but not in execution.
This might be explained by reinforcement of movement
execution from both sensory areas through transhemi-
spheric connections. As these areas were not overactivated
during movement imagination, we may conclude that ipsi-
lateral activations need to be recruited for movement real-
ization only. This assertion must however be modulated
by the fact that the absence of significant task-related sig-
nal does not necessarily mean that there was no activation
but that the sensitivity of the method may not allow the
detection of significant differences. This ipsilateral overac-
tivity was negatively correlated with the RUL/UL ratio.
Thus, it implies that patients with the highest relative
right-hand deficit showed the highest level of activity in
the right ipsilateral cortex.

An important result was that the ALS patients did not
show higher cerebral activity than the controls during left-
hand movements. A default of task execution is unlikely
because the within-group analysis showed a similar pat-
tern of activity compared to the control group. The right-
side predominance of the upper limb deficit was the most
likely explanation. As the patients also had simultaneous
left-hand involvement, the absence of overactivation in the
controlateral cortex can be interpreted in four ways. First,
to develop or to be detected by fMRI, plasticity needs to
reach a certain threshold of neuronal loss in the motor cor-
tex. Second, the available resources for brain plasticity are
preferentially mobilized for the most affected side. Third,
they are mostly attributed to the dominant side, as in our
patients. Fourth, the sensitivity of fMRI was not sufficient
to detect differences in signal changes.

The most important finding of our study that has not
been reported previously in ALS was that development of
brain reorganization in the controlateral hemisphere was
negatively correlated with disease progression at 1 year.
The underlying structural changes occurring at this stage
and responsible for BOLD activity changes are of course
unknown. They certainly result from neuronal loss or dys-

function but whether they imply mechanisms of plasticity
can at present only be guessed. However, over activation
of specific cortical areas involved in motor-task realization
or control is more consistent with plasticity than the only
result of cell loss. Longitudinal fMRI studies have showed
that these changes are transient and occur at the initial
phase of the disease while later in the evolution BOLD ac-
tivity disappears from these regions [Mohammadi et al.,
2011]. Whatever the events occurring at the cellular level,
patients who developed a high level of brain reorganiza-
tion experienced a less severe course of their disease. Two
hypotheses can be suggested to explain this correlation.
First, patients with a slow spontaneous evolution of dis-
ease have more time and chance to develop brain rear-
rangements. Second, the fact that patients are able to
develop brain reorganization allows the installation of
compensatory mechanisms, which can slow down the
course of the disease. Interestingly, the ipsilateral overacti-
vations were not correlated with the disease progression,
probably because they were likely to be only involved in
the reinforcement of the executed movement, a reinforce-
ment which, in turn, depended on the severity of the
right-hand deficit.

In conclusion, cerebral activations during a simple
motor task, investigated by fMRI, may be considered as a
biomarker of disease progression. But future longitudinal
studies investigating larger cohorts of patients with
repeated clinical assessment and fMRI measures are
needed to confirm or not whether functional activity can
be used as a marker of disease progression in ALS.
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