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Abstract: Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease characterized by the pro-
gressive and simultaneous degeneration of upper and lower motor neurons. The pathological process
associated to ALS, albeit more pronounced in the motor/premotor cortices and along the corticospinal
tracts (CST), does not spare extra-motor brain gray (GM) and white (WM) matter structures. However, it
remains unclear whether such extra-motor cerebral abnormalities occur with mildly disabling disease,
and how irreversible tissue loss and intrinsic tissue damage are interrelated. To this end, we used an
optimized version of voxel-based morphometry (VBM) analysis to investigate the patterns of regional
GM density changes and to quantify GM and WM diffusivity alterations of the entire brain from mildly
disabled patients with ALS. A high-resolution T1-weighted 3D magnetization-prepared rapid acquisition
gradient echo and a pulsed gradient spin–echo single shot echo–planar sequence of the brain were
acquired from 25 mildly disabled patients with ALS and 18 matched healthy controls. An analysis of co-
variance was used to compare volumetry and diffusivity measurements between patients and controls.
Compared with controls, ALS patients had significant clusters of locally reduced GM density (P < 0.001)
in the right premotor cortex, left inferior frontal gyrus (IFG), and superior temporal gyrus (STG), bilater-
ally. In ALS patients contrasted to controls, we also found significant clusters of locally increased MD
(P < 0.001) in the splenium of the corpus callosum and in the WM adjacent to the IFG, STG, and middle
temporal gyrus (MTG) of the right hemisphere, and in the WM adjacent to the MTG and lingual gyrus
in the left hemisphere. Compared with controls, ALS patients also had significant clusters of locally
decreased FA values (P < 0.001) in the CST in the midbrain and corpus callosum, bilaterally. This study
supports the notion that ALS is a multisystem disorder and suggests that extra-motor involvement may
be an early feature of the disease. Hum Brain Mapp 28:1430–1438, 2007. VVC 2007 Wiley-Liss, Inc.
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INTRODUCTION

In agreement with the ‘‘classical’’ pathological descrip-
tion of amyotrophic lateral sclerosis (ALS) as a neurodege-
nerative disorder characterized by the progressive and si-
multaneous degeneration of upper and lower motor neu-
rons [Hughes, 1982], several studies, using a variety of
conventional magnetic resonance imaging (cMRI) sequen-
ces, have shown signal intensity changes along the cortico-
spinal tracts (CST) [Abe et al., 1997a; Cheung et al., 1995;
Goodin et al., 1988; Hecht et al., 2001, 2002; Ishikawa et al.,
1993; Mirowitz et al., 1989; Oba et al., 1993; Thorpe et al.,
1996; Waragai, 1997] and in the precentral gyrus [Cheung
et al., 1995; Hecht et al., 2002; Ishikawa et al., 1993; Oba
et al., 1993; Thorpe et al., 1996; Waragai, 1997]. This view
has also been confirmed by the application of modern
quantitative MR techniques for the assessment of tissue
damage in patients with ALS. Proton MR spectroscopy
showed a reduction of the N-acetylaspartate peak in the
motor cortex [Bowen et al., 2000; Ellis et al., 1998, 2001],
whereas magnetization transfer (MT) MRI [Kato et al.,
1997; Tanabe et al., 1998] and diffusion tensor (DT) MRI
[Abe et al., 2004; Ciccarelli et al., 2006; Cosottini et al.,
2005; Ellis et al., 1999; Graham et al., 2004; Sach et al.,
2004; Toosy et al., 2003] confirmed the presence of intrinsic
tissue damage to the CST of these patients.
Recently, several pieces of evidence from neuropsycho-

logical [Lomen-Hoerth et al., 2003; Massman et al., 1996;
Ringholz et al., 2005; Strong et al., 2003; Wilson et al., 2001;
Yoshida, 2004] and neuroimaging [Abe et al., 1997b, 2001;
Abrahams et al., 1996, 1997, 2000, 2004, 2005; Chang et al.,
2005; Ellis et al., 2001; Kato et al., 1993; Kiernan and Hud-
son, 1994; Mantovan et al., 2003; Rule et al., 2004] studies
indicate that the pathological process associated to ALS,
albeit more pronounced in the motor/premotor cortices
and along the CST, does not spare other brain gray (GM)
and white (WM) matter structures, especially in the frontal
lobes [Abrahams et al., 1996, 1997, 2000, 2004, 2005;
Kiernan and Hudson, 1994]. While this suggests that ALS
is a multisystem disorder, it remains unclear whether such
extra-motor cerebral abnormalities occur with mildly dis-
abling disease and how irreversible tissue loss and intrin-
sic tissue damage are interrelated. Against this back-
ground, we used voxel-based morphometry (VBM) analy-
sis, a fully automated and unbiased method which allows
to obtain a comprehensive characterization of GM and
WM changes on a voxel by voxel basis [Ashburner and
Friston, 2000; Good et al., 2001], to investigate the patterns
of regional GM density changes and to quantify GM and
WM diffusivity alterations from the entire brain of mildly
disabled patients with ALS.

PATIENTS AND METHODS

Patients

We recruited 25 patients [14 men and 11 women, mean
age ¼ 54.1 years (range ¼ 27–75 years), mean disease du-

ration ¼ 39 months (range ¼ 6–58 months)] with probable
or definite ALS, according to the El Escorial criteria
[Brooks, 1994], and mild disability, defined as a score
equal to or greater than 20 at the ALS Functional Rating
Scale (ALSFRS) [The Amyotrophic Lateral Sclerosis Func-
tional Rating Scale, 1996]. Six patients had a bulbar-onset
and 19 patients had a limb-onset disease. None of the
patients had clinical evidence of frontotemporal dementia.
Eighteen sex- and age-matched healthy subjects [11 men
and 7 women, mean age ¼ 52.2 years (range ¼ 27–
72 years)] served as controls. A single experienced neurol-
ogist, unaware of the MRI results, administered to all
patients the ALSFRS questionnaire [The Amyotrophic Lat-
eral Sclerosis Functional Rating Scale, 1996] within 48 h
from acquisition of the MR images. Mean ALSFRS score
was 29 (range ¼ 21–38, SD ¼ 4.3). Local Ethical Committee
approval and written informed consent from all subjects
were obtained prior to study initiation.

MRI Acquisition

Using a magnet operating at 1.5 Tesla (Magnetom
Avanto, Siemens, Erlangen, Germany), the following
sequences were obtained from the brain of all subjects: (a)
dual-echo (DE) turbo spin echo (TSE) [TR ¼ 3,460, TE ¼
27/109, echo train length (ETL) ¼ 5, field of view (FOV) ¼
250 � 250 mm2, matrix size ¼ 512 � 512, 35 contiguous, 4-
mm thick, axial slices); (b) T2-weighted TSE (TR ¼ 3,460,
TE ¼ 109, ETL ¼ 13, number of averages ¼ 2, FOV ¼
240 � 180 mm2, matrix size ¼ 240 � 320, 24 coronal, 4-mm
thick slices with a distance factor of 30%); (c) sagittal 3D-
T1-weighted magnetization prepared rapid acquisition gra-
dient echo (MP-RAGE) (TR ¼ 2,000, TE ¼ 3.93, flip angle
(a) ¼ 128, FOV ¼ 270 � 270 mm2, matrix size ¼ 256 � 256,
voxel size ¼ 0.9 � 0.5 � 0.5 mm3, slab thickness ¼ 187.2
mm); (d) pulsed gradient SE single shot echo–planar
(PGSE-SS-EPI) (TR ¼ 2,900, TE ¼ 84, a ¼ 908, FOV ¼
240 � 240 mm2, matrix size ¼ 128 � 128, nominal pixel
size ¼ 1.87 � 1.87 mm2, inter-echo spacing ¼ 0.77 ms, 18
contiguous, 4-mm thick, axial slices), with diffusion-encod-
ing gradients applied in 12 non-collinear directions, coded
as default in the scanner. The maximum b factor in each
direction was set to 900 s/mm2 and only two b factors
were used (b1 ¼ 0, b2 ¼ 900 s/mm2). The maximum ampli-
tude of the diffusion gradients was 33 mT/m and a multi-
ple channels head coil was used for signal reception. Two
averages were acquired to improve SNR, with no parallel
acquisition. The central slice of this sequence was posi-
tioned to match exactly the central slice of the DE set.

MRI Post-Processing

All the structural MRI analysis was performed by two
experienced observers by consensus, unaware of subjects’
identity. Axial DE and coronal T2-weighted images were
analyzed to assess the presence and location of areas with
increased signal intensity. Volumetry measurements were
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performed using an optimized VBM approach, as
described by Ashburner and Friston [2000] and Good et al.
[2001], on the 3D-T1-weighted MP-RAGE images, using
the statistical parametric mapping (SPM2) software
[Friston et al., 1995]. Full details of the steps involved in
the optimized method of VBM analysis have been pre-
sented extensively elsewhere [Ashburner and Friston,
2000; Good et al., 2001]. Briefly, a customized T1 template,
together with the corresponding probability maps of GM,
WM, and cerebrospinal fluid (CSF), were first created
using MP-RAGE scans of both healthy controls and
patients. This procedure involved spatial normalization of
the original images to the standard SPM T1 template, seg-
mentation into WM and GM, averaging of the images, and
smoothing with an 8-mm FWHM Gaussian kernel. Then,
the same MP-RAGE data were segmented and normalized
to the customized template using the GM tissue maps
driving this transformation. After a new segmentation step
in the SPM steoreotaxic space, the GM normalized maps
obtained were modulated to incorporate the point-wise
volume expansion/contraction induced by the transforma-
tion [Ashburner and Friston, 2000] and smoothed with a
12 mm3 FWHM Gaussian kernel.
PGSE-SS-EPI images were corrected for distortion

induced by eddy currents and mean diffusivity (MD) and
fractional anisotropy (FA) derived for every pixel, as previ-
ously described [Rovaris et al., 2005]. MD and FA maps
were then normalized into a standard space. Using SPM2,
a rigid transformation was calculated between the nondif-
fusion weighted images and the T2-weighted images.
Then, the T2-weighted images were normalized to the
SPM T2-weighted atlas. Finally, these two transformations
were applied to MD and FA maps. This procedure was
applied because of the better brain coverage of the DE
scan, which allows a more accurate estimation of the trans-
formation. A customized FA atlas was obtained by averag-
ing the transformed FA maps of both healthy controls and
patients. Then, using SPM2, a nonlinear transformation
was calculated between the customized FA atlas and the
FA maps and applied to MD maps as well. Finally, the
normalized FA and MD maps were smoothed with a 12-
mm3 FWHM Gaussian kernel. Average MD and FA were
also calculated in those WM areas of the original maps
from patients and controls, using regions of interest (ROIs)
of 17 mm2 in size, where VBM analysis showed significant
clusters of locally abnormal MD and FA values in ALS
patients.

Statistical Analysis

An analysis of covariance (ANCOVA) was used to com-
pare volumetry and diffusivity measurements between
patients and controls and between patients with and with-
out hyperintense lesions on cMRI scans. Age and intracra-
nial volume were included as nuisance covariates for the
GM volume comparisons, whereas age only was used as a
nuisance covariate when comparing DT MRI metrics.

According to previous reports [Abe et al., 2004; Kassubek
et al., 2005] and to a priori hypothesis based on available
studies [Chang et al., 2005; Sach et al., 2004], the signifi-
cance threshold for these comparisons was set at P < 0.001
(uncorrected for multiple comparisons). Since such an
uncorrected threshold might result in false positive differ-
ences, for those areas which passed this threshold, a small
volume correction (SVC) for multiple comparisons was
then applied, setting the cut off value for significance at
P < 0.05 and using a 10-mm radius. Only those areas that
passed this additional correction are reported. A two-tailed
Student’s t test for not-paired data was used to compare
the average MD and FA values of WM ROIs between
patients and controls. To assess the correlations between
volumetry and diffusivity abnormalities with clinical find-
ings (ALSFRS and disease duration), the corresponding
metrics were entered into the SPM design matrix, using
basic models and linear regression analysis.

RESULTS

No abnormalities were seen on conventional MRI scans
obtained from all control subjects. On the DE scans of the
brain from ALS patients, hyperintesities of the CST were
detected bilaterally in 14 of them (56%). The regional dis-
tribution of such abnormalities was as follows: subcortical
precentral gyrus, 3 patients; centrum semiovale, 10
patients; posterior limb of internal capsule, 12 patients; cer-
ebral peduncles, 14 patients; pons, 3 patients; and pyra-
mids, 3 patients.
When ALS patients were compared with controls, signif-

icant clusters of locally reduced GM density were found in
the right precentral gyrus (SPM coordinates: 45, �12, 38),
left inferior frontal gyrus (IFG) (SPM coordinates: �54, 21,
4), and superior temporal gyrus (STG), bilaterally (SPM
coordinates: 31, 19, �25, on the right; �26, 23, �34, on the
left) (Table I) (Fig. 1). No difference in GM density was
found between ALS patients with and without areas of
increased signal intensity on cMRI scans (data not shown).
Compared with controls, ALS patients had significant

clusters of locally increased MD in the splenium of the cor-

TABLE I. Regions of significantly reduced GM density in

ALS patients compared to healthy controls

Anatomical regions Side
Brodmann

areas

SPM space
coordinates
(x, y, z) T values

Precentral gyrus Right 6 45, �12, 38 4.06
Superior temporal
gyrus

Right 38 31, 19, �25 3.69

Inferior frontal gyrus Left 47 �54, 21, 4 4.12
Superior temporal
gyrus

Left 38 �26, 23, �34 3.45

P < 0.001, uncorrected for multiple comparisons; P < 0.05, after
small volume correction. See the text for further details.
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pus callosum (SPM coordinates: 16, �26, 32), in the WM
adjacent to the IFG (SPM coordinates: 42, 4, 26), STG and
middle temporal gyrus (MTG) (SPM coordinates: 54, �16,
�4, and 48, �2, �22, respectively) of the right hemisphere,
and in the WM adjacent to the MTG (SPM coordinates:
�52, �46, 8, and �34, 2, �26) and lingual gyrus (SPM
coordinates: �14, �98, �12) of the left hemisphere
(Table II) (Fig. 2). No difference in MD was found between
ALS patients with and without areas of increased signal
intensity on cMRI scans (data not shown).
Compared with controls, ALS patients also had signifi-

cant clusters of locally decreased FA values in the mid-

brain portion of the CST (SPM coordinates: 14, �12, �10
[right] and �12, �20, �14 [left]) and in the body of the
corpus callosum, bilaterally (SPM coordinates: 20, �20, 26
[right] and �18, �22, 28 [left]) (Table III) (Fig. 3). When
ALS patients with hyperintense lesions on brain DE scans
were compared with ALS patients without, significant
clusters of locally decreased FA values were found in the
posterior limb of the internal capsule, bilaterally (SPM
coordinates: 10, 6, �2 [right] and �16, 8, �6 [left]; t values:
4.46 [right] and 3.52 [left]).
Compared to controls, ALS patients had significantly

increased MD and significantly decreased FA values in
all ROIs located in those WM areas where VBM analysis
showed diffusivity changes between the two groups

Figure 1.

SPM regions with decreased GM density in patients with ALS

contrasted to healthy controls (P < 0.001, uncorrected for mul-

tiple comparisons; P < 0.05, after SVC): (A) right precentral

gyrus, (B) left IFG, and (C) bilateral STG.

TABLE II. White matter regions with significantly

increased mean diffusivity in ALS patients compared

to healthy controls

Anatomical regions Side

SPM space
coordinates
(x, y, z) t values

Corpus callosum (splenium) Right 16, �26, 32 3.86
Inferior frontal gyrus Right 42, 4, 26 3.60
Superior temporal gyrus Right 54, �16, �4 3.83
Middle temporal gyrus Right 48, �2, �22 4.11
Middle temporal gyrus Left �52, �46, 8 3.43
Middle temporal gyrus Left �34, 2, �26 3.32
Lingual gyrus Left �14, �98, �12 3.72

P < 0.001, uncorrected for multiple comparisons; P < 0.05, after
small volume correction.

Figure 2.

SPM regions with increased mean diffusivity (MD) in patients

with ALS contrasted to healthy controls (P < 0.001, uncorrected

for multiple comparisons; P < 0.05, after SVC): right STG (A),

right (B) and left (D) medial temporal gyrus, right IFG (C) and

left lingual gyrus (E).

TABLE III. White matter regions with significantly

decreased fractional anisotropy in ALS patients

compared to healthy controls

Anatomical regions Side

SPM space
coordinates
(x, y, z) t values

Corticospinal tract in
the midbrain

Right 14, �12, �10 3.47

Corticospinal tract in the
midbrain

Left �12, �20, �14 4.49

Corpus callosum (corpus) Right 20, �20, 26 4.59
Corpus callosum (corpus) Left �18, �22, 28 3.61

P < 0.001, uncorrected for multiple comparisons; P < 0.05, after
small volume correction. See the text for further details.
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(Table IV). No significant correlations were found between
regions of decreased GM density or GM and WM diffusiv-
ity changes and ALSFRS and disease duration.

DISCUSSION

This study shows that patients with mildly disabling
ALS have a significant reduction of GM density in the
right precentral gyrus. This fits with the notion that one of
the pathologic hallmarks in ALS is the loss of cortical py-
ramidal neurons in the motor and premotor cortices
[Hughes, 1982]. Loss of neurons should also result in an
increased MD, which, however, was not the case in the

present study. Such a dissociation between tissue loss and
intrinsic tissue damage might be explained by a shrinkage
in size of the surviving motor neurons, which may lead to
a reduced GM density without affecting diffusivity to a
degree which can be detected in-vivo using 1.5 T MRI
scanners. Disorders of axonal transport are indeed thought
to play a role in this condition and a ‘‘dying back’’ model
of axon degeneration has been proposed as part of the nat-
ural history of ALS [Cavanagh, 1979; Ince, 2000]. Our find-
ing of an asymmetric interhemispheric GM decrease of
premotor cortex also agrees with the ‘‘right hemi-aging
model", i.e., the right hemisphere is more vulnerable to
age-related decline than the left hemisphere [Dolcos et al.,
2002], as well as with other MRI studies showing that an
asymmetric distribution of tissue damage is not uncom-
mon both in ALS [Kassubek et al., 2005] and in other neu-
rodegenerative disorders [Thompson et al., 2003; Whitwell
et al., 2005]. However, previous MRI studies did not reach
firm conclusions regarding the presence of motor and pre-
motor cortex atrophy in ALS, since this was found by
some authors [Chang et al., 2005; Kassubek et al., 2005;
Kato et al., 1993], but not by others [Abe et al., 1997a;
Abrahams et al., 2005; Cheung et al., 1995; Ellis et al., 2001;
Ishikawa et al., 1993; Kiernan and Hudson, 1994]. There
are two possible explanations for such a discrepancy. First,
the intrinsic heterogeneity of the pathologic process should
be considered [Ince, 2000]. Second, the different clinical
characteristics of the cohorts of patients studied may be re-
sponsible for the conflicting results. Since we studied
patients with a mildly disabling ALS and a reduced GM
density was also found in ALS patients with much more
severe disability [Chang et al., 2005], one tempting specu-
lation is to suggest that reactive gliosis might not have
occurred yet in our sample at a degree enough to ‘‘mask’’
tissue loss, as it might be the case in more advanced, but
still not very disabled, patients. The progressive loss of tis-
sue might then counterbalance the ‘‘pseudo-normalizing’’
effect of gliosis in the extremely disabled cases [Chang
et al., 2005].

Figure 3.

Voxels with decreased fractional anisotropy (FA) in the corpus

callosum from in patients with ALS contrasted to healthy con-

trols (P < 0.001, uncorrected for multiple comparisons; P <
0.05, after SVC). Note that, in this case, the region has been

superimposed on a customized FA atlas, normalized into stand-

ard SPM space.

TABLE IV. Mean diffusivity and fractional anisotropy values of regions of interest

located in those white matter areas where VBM analysis showed diffusivity changes

between ALS patients and controls

Side Controls ALS patients P values*

Corpus callosum (splenium) MD (SD) (10�3 mm2 s�1) Right 0.71 (0.05) 0.75 (0.07) 0.023
Inferior frontal gyrus MD (SD) (10�3 mm2 s�1) Right 0.66 (0.04) 0.72 (0.04) <0.001
Superior temporal gyrus MD (SD) (10�3 mm2 s�1) Right 0.72 (0.03) 0.76 (0.06) 0.006
Middle temporal gyrus MD (SD) (10�3 mm2 s�1) Right 0.73 (0.05) 0.83 (0.07) <0.001
Middle temporal gyrus MD (SD) (10�3 mm2 s�1) Left 0.72 (0.04) 0.75 (0.05) 0.026
Lingual gyrus MD (SD) (10�3 mm2 s�1) Left 0.77 (0.03) 0.81 (0.06) 0.001
Corticospinal tract in the midbrain FA (SD) Right 0.65 (0.07) 0.60 (0.08) 0.037
Corticospinal tract in the midbrain FA (SD) Left 0.66 (0.03) 0.61 (0.07) 0.004
Corpus callosum (corpus) FA (SD) Right 0.75 (0.07) 0.69 (0.09) 0.016
Corpus callosum (corpus) FA (SD) Left 0.77 (0.05) 0.68 (0.08) <0.001

ALS, amyotrophic lateral sclerosis; FA, fractional anisotropy; MD, mean diffusivity; SD, standard deviation.
*Two-tailed Student’s t test for not-paired data. See the text for further details.
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This study also showed a decreased fiber integrity in the
midbrain portion of the CST. Since a FA decrease reflects a
loss of fiber bundle directionality [Pierpaoli et al., 1996], this
finding indicates the presence of distortion of corticospinal
tract tissue geometry. This agrees with previous pathological
[Cavanagh, 1979; Ince, 2000] and MRI [Abe et al., 2004; Cic-
carelli et al., 2006; Cosottini et al., 2005; Ellis et al., 1999; Gra-
ham et al., 2004; Sach et al., 2004; Toosy et al., 2003] studies
as well as with the presence of precentral gyrus atrophy in
these patients cohort, since about 40% of corticospinal tract
axons originate from the precentral motor cortex (Brodmann
area 6) and the parietal lobe [Davidoff, 1990]. This finding
(FA decrease in the midbrain portion of the CST, which was
not found more cranially) also confirms the notion that in
ALS there might be a downward trend of tissue damage
along the CST [Ince, 2000; Toosy et al., 2003]. We did not
find a corresponding increase of MD along the CST. Since
tissue loss should lead to both an increased MD and a
decreased FA (loss of restricting barriers to water molecular
motion should indeed affect in concert both water diffusiv-
ity and anisotropy), this mismatch between MD and FA
might result from glial proliferation along the CST, a com-
mon finding in ALS [Ince, 2000; Murray et al., 2006]. Reac-
tive gliosis secondary to tissue loss would lead to a ‘‘pseudo-
normalization’’ of MD values, but which would reduce FA,
since glial cells do not have the same anisotropic morphol-
ogy as the tissue they replace. The presence of cell debris
resulting from partially degenerated or disintegrated nerve
fibers along the CST [Chou, 1979] is also likely to contribute
to a ‘‘pseudo-normalization’’ of MD and to a reduction
of FA.
Another intriguing finding of this study was to demon-

strate the presence of an extra-motor involvement in
mildly disabled ALS patients, thus suggesting that motor
and extra-motor involvement in ALS is not dissociated in
time. This is consistent with previous pathological [Mack-
enzie and Feldman, 2003; Okamoto et al., 1991; Piao et al.,
2003; Tsuchiya et al., 2002] and neuroimaging [Abe et al.,
1997b,2001; Abrahams et al., 1996, 1997, 2000, 2004, 2005;
Chang et al., 2005; Ellis et al., 2001; Kassubek et al., 2005;
Kato et al., 1993; Kiernan et al., 1994; Mantovan et al.,
2003; Rule et al., 2004] findings. Pathologically, ubiquitin-
positive intraneuronal inclusions and neuronal loss have
been found to extend beyond the motor system in ALS
patients with or without cognitive impairment [Mackenzie
et al., 2003; Okamoto et al., 1991; Tsuchiya et al., 2002].
Structural and functional neuroimaging studies have pro-
vided evidence for the presence of atrophy and hypome-
tabolism in extra-motor frontal and temporal cortices in
patients with ALS [Abe et al., 1997b; Abrahams et al.,
1996, 1997, 2000, 2004, 2005; Chang et al., 2005; Ellis et al.,
2001; Kassubek et al., 2005; Kato et al., 1993; Kiernan et al.,
1994; Mantovan et al., 2003; Rule et al., 2004].
The regional pattern of extra-motor changes seen in our

cohort of ALS patients is also of interest. We found that
the IFG was not spared by the pathological process and
the IFG is known to play a critical role in movement exe-

cution and imagination [Binkofski et al., 1999; Harrington
et al., 2000; Haslinger et al., 2002; Stephan et al., 1995]. The
IFG is also thought to influence finger movements either
through a direct action on the motor neurons of the spinal
cord [Dum and Strick, 1996; He et al., 1993] or, indirectly,
via corticocortical connections to the corticospinal neurons
of the motor cortex [Tokuno and Tanji, 1993]. Furthermore,
the left IFG (Broca’s area) is known to be associated with
speech production and word retrieval [Paulesu et al.,
1993]. Damage of left IFG may, therefore, be the substrate
of the verbal fluency dysfunction described in some non-
demented ALS patients [Abe et al., 1997b; Abrahams et al.,
1996, 1997, 2000, 2004; Frank et al., 1997; Gallassi et al.,
1989; Kew et al., 1993; Lomen-Hoerth et al., 2003; Ludolph
et al., 1992; Massman et al., 1996]. The pattern of regional
abnormalities we found in temporal lobe structures
(reduced GM density in the STG and increased MD in the
STG and MTG) is also in agreement with other volumetric
studies [Abrahams et al., 2005; Chang et al., 2005] of more
disabled patients and might contribute to explain part of
the cognitive symptoms observed in ALS patients [Abe
et al., 1997b; Abrahams et al., 1996, 2000, 2004; Frank et al.,
1997; Gallassi et al., 1989; Kew et al., 1993; Lomen-Hoerth
et al., 2003; Ludolph et al., 1992; Mantovan et al., 2003;
Massman et al., 1996; Ringholz et al., 2005; Strong et al.,
2003; Wilson et al., 2001]. The observed MD and FA
changes in the corpus callosum are in accordance with the
results obtained by Sach et al. [2004] and confirm neuro-
pathological findings of degeneration in regions outside
the motor tracts sensu stricto [Brownell et al., 1970; Murray
et al., 2006]. It is also worth noting that FA changes were
affecting the central part of the corpus callosum which
harbors interhemispheric fibers connecting the two motor
cortices. Thus, such a transcallosal fiber damage might yet
represent an additional mechanism responsible for the
motor manifestations of the disease. Admittedly, volume-
try and diffusivity changes were not correlated with the
clinical manifestations of the disease in this patients’
cohort. However, the absence of such a correlation might
be due to the fact that the subtle MRI abnormalities we
found may preceded the appearance of clinical symptoms
and signs. Longitudinal studies are now warranted to con-
firm this hypothesis and to assess whether the extent and
severity of the MRI-detectable extra-motor damage is pre-
dictive of subsequent development of cognitive impair-
ment, known to occur in patients with ALS [Abe et al.,
1997b; Abrahams et al., 1996, 2000, 2004; Frank et al., 1997;
Gallassi et al., 1989; Kew et al., 1993; Lomen-Hoerth et al.,
2003; Ludolph et al., 1992; Mantovan et al., 2003; Massman
et al., 1996; Ringholz et al., 2005; Strong et al., 2003; Wilson
et al., 2001].
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