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ABSTRACT

Upper motor neuron (UMN) dysfunction in Amyotrophic Lateral Sclerosis (ALS) is not easy to identify clinically:
Diffusion Tensor Imaging (DTI) and single-voxel Magnetic Resonance Spectroscopy (H-MRS) can identify markers
of UMN involvement. The aim of this study was to correlate brain DTI and MRS data with clinical parameters in
ALS patients (PALS).

We studied 32 PALS using Magnetic Resonance Imaging. The subjects were subdivided into definite/probable
(D/P) and possible/suspected (P/S). DTI indices included Fractional Anisotropy (FA) and averaged Apparent
Diffusion Coefficient (avADC). Anatomical areas were sampled by positioning regions of interest along cortico-
spinal tracts, from the precentral cortex to the bulb. H-MRS voxels were localized bilaterally in precentral regions.
D/P-PALS showed significantly lower FA values than healthy controls in almost all regions, whereas P/S-PALS FA
values were significantly lower only in the left precentral gray matter (GM), right precentral white matter (WM),
cerebral peduncles (CP), left hemipons, and left bulbar pyramid (BP).

Significantly higher avADC values were observed in the D/P-PALS right precentral GM, precentral WM, right
semioval center-posterior limb of the internal capsule (SC-PLIC), and left CP; and in the precentral WM, right
SC-PLIC, left CP, and right hemipons of P/S-PALS.

With increasing disability, only D/P-PALS showed significantly reduced FA values in the left precentral WM and
hemipons, and increased avADC values in the precentral WM.

Significantly lower N-acetylaspartate (NAA)/creatine-phosphocreatine complex (Cr) and higher choline (Cho)/Cr
and myoinositol (ml)/Cr ratios were found in D/P-PALS, while only higher Cho/Cr and ml/Cr ratios were found
in P/S-PALS.

Our data highlight the usefulness of DTI and H-MRS in assessing UMN involvement. Given FA sensitivity and
specificity, despite the small number of PALS, our findings support its use as a diagnostic marker in D/P-PALS.
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Infroduction neuron (LMN) dysfunctions are required for an

ALS diagnosis (Brooks et al., 2000). Whereas
Amyotrophic Lateral Sclerosis (ALS) is a neuro- LMN degeneration can be demonstrated electro-
degenerative disease progressively involving the myographically, there are no objective markers of
cortex, brainstem and spinal cord motor neurons. UMN involvement (Ellis et al., 2001), which would
Both upper motor neuron (UMN) and lower motor be very useful in neurological practice as well as
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in clinical trials (Sach et al., 2004). Neuroimaging
in ALS is currently performed in order to rule out
other curable illnesses, such as immuno-mediated,
metabolic, toxic or drug-induced. Cortico-spinal
tract (CST) involvement has been studied using
Magnetic Resonance Imaging (MRI) with variable
results. Changes observed were neither sensitive nor
specific (Ellis et al., 2001); however, a recent report
highlighted a good correlation with ALS (Ghaham
et al., 2004).

Attention has been more recently focussed on
Diffusion Tensor Imaging (DTT). DTI indices include
mean diffusivity, which measures the magnitude of
direction-independent water diffusion (avADC), and
fractional anisotropy (FA), which quantifies water
diffusion directionality (Pierpaoli et al., 1996). Such
quantitative markers are useful in studying micro-
structural and functional white matter (WM) integ-
rity since they detect the preferential water diffusion
along fiber tracts.

In recent years many authors (Ellis et al. 1999;
Toosy et al., 2003; Ghaham et al., 2004; Hong et
al., 2004; Yin et al., 2004; Cosottini et al., 2005;
Ciccarelli et al., 2006; Wang et al., 2006; Blain et
al., 2007; Mitsumoto et al., 2007; Sage et al., 2007;
Thivard et al., 2007; Iwata et al., 2008) have used
DTI to study patients affected by ALS (PALS),
showing significantly lower FA at different CST
levels compared to healthy controls.

Some authors found in few regions significant cor-
relations between clinical disabilities, length of
illness and diffusion indices. Ellis et al. (1999) and
Cosottini et al. (2005) identified a significant corre-
lation between severity and length of illness, lower
FA values and higher avADC values in the internal
capsule (IC). Still in the IC, Wang et al. (2006)
reported an opposite correlation between FA values
and length or severity of illness. Exploring the pyra-
mid tract between the WM and the IC, Sage et al.
(2007) observed an opposite correlation between FA
and clinical disability.

H-MRS provides metabolic markers of UMN
involvement (Yin et al., 2004). Spectrum is achieved
from a volume of interest specifically chosen to
include the diseased tissue, using single voxel
samples. N-acetylaspartate (NAA), choline (Cho),
creatine-phosphocreatine complex (Cr) and myoi-
nositol (ml) resonances are identified in accordance
with their spectral position, and expressed in terms

of standard-related frequency shifts in parts per mil-
lion (ppm).

Decreased NAA/Cr ratios and increased mI/Cr and
Cho/Cr ratios in PALS have been reported, with both
single- and multiple-voxel techniques (Gredal et al.,
1997; Bowen et al., 2000; Suhy et al., 2002; Yin et
al., 2004; Karla et al., 2006), although some authors
have reported no significant differences between
PALS and healthy subjects (Ken et al., 2001). On the
other hand, Kalra et al. (2006) found that NAA/mI
ratios were significantly more decreased compared
to NAA/Cr ratios.

Over the last few years several spectroscopic studies
have quantified absolute metabolite concentrations
in ALS and other neurological diseases (Gredal et
al., 1997; Pohl et al., 2001; Dixon et al., 2002; Isobe
et al., 2002; Schubert et al., 2002; Fernando et al.,
2004; Traber et al., 2006). Gredal et al. (1997) found
a significantly decreased absolute NAA concentra-
tion in the primary motor cortex of PALS when
compared with that of healthy controls. Pohl et al.
(2001) studied both absolute metabolite concentra-
tions and their ratios, and reported reduced amounts
of NAA and NAA/Cho ratios in the motor cortex.
The aim of our study was to assess water diffusion
changes in PALS with a long lasting disease from
the prerolandic cortex along the pyramidal tracts
down to the brainstem (by DTI). In addition, the
aim was to examine metabolic changes in the pre-
rolandic regions (by H-MRS), in order to more pre-
cisely detect markers of UMN involvement, already
investigated in previous studies, but not in such a
systematic way, and to establish correlations with
clinical data, which until now have been reported
only sporadically.

Subjects and methods

Subjects

Thirty two PALS were enrolled at the
Neurorehabilitation Unit (Neuroscience Dept,
University of Pisa): 13 had definite/probable (D/P)-
ALS (6 females and 7 males; mean age + SD: 54 + 10
years; mean illness duration + SD: 39 + 27 months)
and 19 possible/suspected (P/S)-ALS (5 females and
14 males; mean age + SD: 60 + 10 years; mean illness
duration: 35 + 26 months) (Table I), according to the
El Escorial criteria (World Federation of neurology
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Table I.- Details of patients with ALS.
Patients Sex Age (yrs) DDtIJSrz(TJiZi CIEcll slisif?ggfciin Dgf;? ASI_eS\Ié(ra?gy olzaD’izlg;Ze Ul\g:\l Lﬁ/lrl]\ld/
(months) Progression Involvement

1 M 61 16 P/S 35 0.022 UMN-LMN
2 F 64 54 P/S 32 0.013 UMN-LMN
3 M 60 29 D/P 31 0.033 UMN-LMN
4 M 63 28 P/S 38 0.008 LMN
5 M 52 9 D/P 35 0.038 UMN-LMN
6 F 64 12 D/P 26 0.069 UMN-LMN
7 M 47 20 P/S 36 0.031 LMN
8 F 53 7 P/S 35 0.049 UMN
9 M 44 78 P/S 35 0.005 UMN-LMN
10 F 57 62 D/P 31 0.012 UMN-LMN
11 M 57 61 P/S 12 0.040 LMN
12 M 50 116 D/P 17 0.210 UMN-LMN
13 F 74 32 P/S 24 0.046 LMN
14 M 46 41 D/P 29 0.025 UMN-LMN
15 M 73 78 P/S 19 0.021 UMN-LMN
16 M 54 14 P/S 38 0.180 UMN
17 M 60 23 D/P 40 0.000 UMN-LMN
18 F 77 10 P/S 34 0.028 LMN
19 F 32 59 D/P 13 0.038 UMN-LMN
20 M 48 68 P/S 28 0.014 UMN-LMN
21 M 64 60 P/S 23 0.024 UMN-LMN
22 M 48 31 D/P 27 0.035 UMN-LMN
23 M 75 36 P/S 28 0.029 LMN
24 F 58 35 D/P 20 0.053 UMN-LMN
25 M 62 12 P/S 36 0.046 LMN
26 M 62 32 P/S 39 0.003 LMN
27 F 60 44 D/P 26 0.026 UMN-LMN
28 F 60 26 D/P 37 0.009 UMN-LMN
29 M 52 82 P/S 26 0.014 UMN-LMN
30 M 65 25 D/P 23 0.046 UMN-LMN
31 M 64 10 P/S 33 0.053 UMN-LMN
32 F 51 86 P/S 34 0.006 UMN-LMN

P/S: possible/suspected ALS; D/P: definite/probable ALS; Rapidity of disease progression: 40-ALSFRS score/disease duration; UMN: Upper

Motor Neuron; LMN: Lower Motor Neuron.

Research Group, 1994; Brooks et al., 2000). These
PALS were subdivided into possible (P) or suspected
(S) on the basis of the 1994 El Escorial classifica-
tion. Since more recent classification criteria do not
include S-PALS (with clinical involvement of LMN
only), such cases (7 males and 1 female) were also
analysed separately. Each patient was scored accord-
ing to the ALS Functional Rating Scale, ALSFRS
(Cedarbaum et al., 1997), to assess disease severity:

lower scores correspond to higher clinical impair-
ment. The PALS were arbitrarily subdivided into
three groups (Group I: scoring from 31 to 40; Group
II: from 21 to 30; Group III: below 21). For each sub-
ject, disease progression was also determined using
the following formula (Ellis et al., 1999):

(40 — ALSFRSscore)

disease duration (months)

Rapidity of disease progression =
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Nineteen healthy controls with normal MRI were
studied (4 females and 15 males; mean age + SD:
54 + 11 years). Informed consent was obtained from
all subjects.

Neuroimaging methods

All patients and controls underwent MRI brain scans
(1.5 T GE Signa Excite™ HD, Milwaukee, USA)
at the MRI laboratory of the Institute of Clinical
Physiology-National Research Council in Pisa.

The MRI protocol followed axial FSE (Fast Spin
echo) T2 (TR: 3.500 ms, TE: 102 ms; acquisition
matrix: 192x256; FOV: 240 mm; 24 axial contigu-
ous slices, 4-mm thick and 1-mm gap), coronal and
axial FLAIR (Fluid Attenuation Inversion Recovery)
(TR: 10.000 ms, TI: 2.600 ms; 24 contiguous slices,
4-mm thick and 1-mm gap) conventional images,
evaluated blindly and independently by two trained
neuroradiologists (FL and DM).

The DTI was performed using single-shot EPI (Echo
Planar Image) on an axial plane (TR: 10.000 ms, TE:
88.8 ms; BW: 109 kHz; acquisition matrix: 128x128;
FOV: 240 mm; b-value O and 1.000 s/mm (Ellis et
al., 2001); 24 contiguous slice, 4-mm thick and
1-mm gap), with 25 different gradient directions and
tensor reconstruction to get isotropy and anisotropy
maps (acquisition time: 5.24 min). DTI images were
processed at a workstation (Advantage Windows,
GE Medical System, version 4.1), using commer-
cial software (Functool, GE Medical System) and
applying a correction for any distortions caused by
eddy-currents and micromovements (stretch, trans-
lation and shear). By manually defining individual
regions of interest (ROI,), FA and average Apparent
Diffusion Coefficient (avADC, measuring mean
diffusivity) values were obtained on both sides in
1, 2 or 3 consecutive slices, taking into account the
rostro-caudal CST direction, bilaterally at the level
of prerolandic gray matter (GM) and WM (3 slices),
semioval center-posterior limb of internal capsule
(SC-PLIC, 1-3 slices), cerebral peduncle (CP) and
pons (2 slices respectively), and bulbar pyramid
(BP, 1 slice). To locate the ROI, the b = 0 images
of DTI acquisition (as T2 anatomical reference)
were visualized. The dimensions of the ROIL; were
calibrated on the knee of the internal capsule (IC)
(about 33 mm?, 17.6 pixels), and used for all the
regions under study, apart from CP,, pons and BP;
where they were reduced (25 mm?, 13.3 pixels) to

limit the so-called “partial volume effect” with the
cerebrospinal fluid (CSF), due to physiological CST
thinning in the brainstem. ROI, positioning was per-
formed by FL and repeated independently by DM to
test measurement reproducibility.

H-MRS was performed by sampling rolandic
regions using a single-voxel technique (acquisition
time: 5.04 min) with the short TE PRESS (Point
Resolved Spectroscopy Sequence) sequence (TR:
2000 ms, TE: 30, FOV: 260 mm, voxel: 15x15x15
mm?), to get metabolic NAA, Cho and ml peaks,
each referred to the Cr peak. Orthogonal images
(axial FSE T2, coronal FLAIR and sagittal scout)
were used to position volumes of interest. To define
a peak table for NAA, Cho, Cr and ml, data were
processed using SAGE software 7.0 (GE Medical
System).

The total scan time for DTT and H-MRS (both rolan-
dic regions) was 15.32 min.

Statistical analysis

PALS data obtained from the non-structural MRI
were compared with the controls. PALS data were
cross-compared according to age, sex, diagnosis,
clinical disability, progression, and illness duration.
A comparison between two independent sample
means was carried out using a non-parametric
Wilcoxon-Mann-Whitney test; comparisons between
more than two means were performed by non-para-
metric variance analysis. Correlations between MRI
data, age, clinical disability and disease progression
were evaluated using the non-parametric Spearman
(p) coefficient. Differences were considered signifi-
cant for p < 0.05.

Test discriminant efficacy was carried out using the
Receiver Operating Characteristic (ROC) curve. The
area under the ROC curve (AUC) was used to pro-
vide a measure of the test’s performance. The choice
of test with a good performance was based on the
following criterion: AUC > 0.8 and lower limit of
AUC confidence range > 0.7, according to Swets’s
classification (Swets, 1998). The cut-off chosen
maximized both sensitivity and specificity, namely
the highest point on the left of the ROC curve.

The research received prior approval from an inter-
nal institutional review body and informed consent
was obtained from all the patients and volunteers.
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Results

Pafients vs. controls

FA and avADC means in specific PALS and control
brain regions are shown in Table II.

FA

In D/P-PALS vs. controls comparison, lower mean
values in all regions, with statistical significance in
the left precentral GM, bilaterally precentral WM,
bilaterally CP,and left BP (p < 0.001); right BP (p <
0.01); right GM and right SC-PLIC (p < 0.05) were
found (Fig. 1A and Table II).

In P/S-PALS vs. controls comparison, overall lower
mean values, with statistical significance in the left
precentral GM and bilaterally CP, (p < 0.001); right
precentral WM, left hemipons and left BP (p < 0.05)
were found (Fig. 1B and Table II). In S-PALS vs.
controls: overall lower mean values, with statistical
significance in the left precentral GM (p < 0.01) and
CP, (bilaterally p < 0.05).

avADC

Comparing D/P-PALS vs. controls, significantly
higher mean values right precentral WM (p <
0.001); right SC-PLIC (p < 0.01); in right precentral
GM, left precentral WM and left CP (p < 0.05) were
found (Fig. 2A and Table II).

In P/S-PALS vs. controls comparison significantly
higher mean values in the right precentral WM, right
SC-PLIC and left CP (p < 0.01); left precentral WM
and right hemipons (p < 0.05) were found (Fig. 2B
and Table II). In S-PALS vs. controls: significantly
higher mean values only in the right precentral WM
(p <0.05).

Spectroscopy

Comparing D/P-PALS vs. controls, on both sides,
significantly lower NAA/Cr ratio values (p < 0.05
bilaterally), higher mI/Cr (p < 0.01 bilaterally) and
Cho/Cr (p < 0.05 bilaterally) ratio values (Fig. 3A
and Table III).

In P/S-PALS vs. controls, higher mI/Cr ratio values
on the left-hand side (p < 0.05) and Cho/Cr ratio
values on both sides (p < 0.01) (Fig. 3B and Table
IIT). In S-PALS vs. controls, significantly higher ml/
Cr (p < 0.05) and Cho/Cr (p < 0.05) ratio values on
the right-hand side.

Clinical disability

With increasing disability, there were reduced mean
FA values only in D/P-PALS in the left precentral
WM and left hemipons (p < 0.05) (Fig. 4), and
increased mean avADC values in the precentral WM
(p < 0.05 right; p £ 0.01 left) (Fig. 5).

Table Il.- Means + standard deviations and stafistically significant p-values (if not = ns) for FA and avADC measurements in
ASL D/P and P/S patients and confrols.
FA values ADC values (mm?/s x 10)
Regions D/P P/S D/P P/S
of interest SenlelB Patients p< Patients p< ST 3 Patients p< Patients p<
n=19 n=13 values n=19 values n=19 n=13 values n=19 values
Precential | 0284004 | 0242003 | 005 | 025:005| ns || 7.98:1.22 | 8742093 | 005 | 839:092 | ns
Precential | 0284004 | 0235003 | 0.001 | 0242003 | 0001 || 8052109 | 8712115 | ns | 850095 | ns
Pr%t/:'\e/lnérol 0.47 £0.05 | 0.38+0.05 0.001 0.42 £ 0.06 0.05 6.70+0.33 | 7.39£0.49 | 0.001 7.10+0.35 0.01
P’ev\‘j,‘f/l”fc" 045+005 | 0.38+0.05 | 0001 |042+007  ns 6.88+031 | 7.24+054 | 005 | 710041 | 005
SC-PLICR 0.57 £ 0.04 | 0.54+0.04 0.05 0.55 +0.05 ns 6.61£0.22 | 6.97 £0.35 0.01 6.93 + 0.41 0.01
SC-PLIC L 0.58 £+ 0.04 | 0.56+0.05 ns 0.55+0.03 ns 6.64+£029 | 687 £0.34 ns 6.85+0.43 ns
CPR 0.70+£0.04 | 0.61 +£0.06 0.001 0.65+0.03 | 0.001 716 +0.46 | 7.43 +0.47 ns 7.47 +0.50 ns
CPL 0.70£0.04 | 0.63 +0.06 0.001 0.65+0.04 | 0.001 724 +0.72 | 7.38 £0.41 0.05 7.68 +0.54 0.01
Hemipons R 0.49 +0.08 | 0.44 +0.06 ns 0.45 + 0.08 ns 6.31 £0.68 | 6.36+0.63 ns 6.81 £0.81 0.05
Hemipons L 0.51+0.09 | 0.45+0.06 ns 0.44 +0.08 0.05 6.45 +0.69 | 6.56 +0.61 ns 6.78 +0.71 ns
BP R 0.37+0.07 | 0.30+0.04 0.01 0.33 +0.07 ns Q.68 +2.72 | 9.25+2.35 ns 10.06 + 2.88 ns
BP L 0.37+0.05 | 0.29 +0.04 0.001 0.32 +0.06 0.05 949 +242 | 9.86+2.27 ns 9.19 +2.28 ns
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Fig. 1. - Mean FA values and 95% confidence intervals in selected anatomical areas of D/P (A) and P/S ALS patients

(B) vs. controls.

Fig. 2. - Mean avADC values and 95% confidence intervals in selected anatomical areas of D/P (A) and P/S ALS

patients (B) vs. controls.
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Fig. 3. - Mean NAA/Cr, Cho/Cr and ml/Cr ratios, and 95% confidence intervals in precentral areas of D/P (A) and
P/S ALS patients (B) vs. controls. Only mean values related to significant differences between subject groups are

reported.

Table lll. - Means + standard deviations and statistically significant p-values (if not = ns) for MRS measurements in ASL D/P
and P/S patients, and controls.
Controls D/P Patients P/S Patients
n=19 n=13 p < values n=19 p < values
R 148 +0.15 0.05 1.58+0.14 ns
NAA/Cr 1.62+0.12
L 146 +0.18 0.05 1.58+0.16 ns
R 0.9+0.1 0.01 0.83+0.13 ns
ml/Cr 0.75+0.14
L 0.9 +0.09 0.01 0.84+0.13 0.05
R 0.92 +0.1 0.05 093 +0.11 0.01
Cho/Cr 08 +0.14
L 0.88 + 0.07 0.05 094 +0.11 0.01

By subdividing patients into groups according to
their disability, in Group III PALS compared to
Groups I and II, FA mean values tended to be lower
in the precentral WM, SC-PLIC and pons, with
significance only on the right-hand side (p < 0.05).
Moreover, in PALS Group III compared to Groups
I and II avADC, mean values tended to be higher
bilaterally in precentral WM and SC-PLIC, with

significance only on the right-hand side (p < 0.05).
No significant correlation was found between disease
severity and spectroscopic data (data not shown).

Disease progression

In D/P-PALS with faster disease progression higher
avADC mean values were found in the left precentral
GM (p < 0.05) and right SC-PLIC (p < 0.05) (Fig. 6).
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Fig. 5. - Correlation between mean avADC and clinical disability in ALS D/P patients.

FA and spectroscopy data were not found to be sig-
nificantly different (data not shown).

Sensitivity and specificity

Data sensitivity and specificity were calculated for
each anatomical site in which significantly different
DTI or H-MRS mean values were found between
D/P-PALS and controls. We did not take the P/S-
PALS group into account compared to healthy
subjects, as it was felt that the diagnostic efficiency
of our MRI techniques could only be reliably tested
on patients who were most likely affected by ALS.
Table IV shows results of the statistical tests that
performed well based on the predetermined cut-off
value.

Discussion

In 9 (5 males and 4 females; 6 D/P and 3 P/S) of 32
PALS studied, we observed high signals in conven-
tional MRI scans in the CST on T2 or FLAIR imag-
es. Our results parallel those from previous authors
who claimed that CST hyperintensity is not specific
for ALS, because vitamin B12 deficiency, ischemic
disease and Friedrich’s ataxia may also cause similar
MRI findings (Miaux et al., 1994; Peretti-Viton et
al., 1999).

The poor sensitivity of qualitative MRI has led to an
interest in DTI and H-MRS as quantitative markers
of ALS.

Findings outlined in the literature are heterogeneous
and sometimes discordant. This might be due to the
different anatomical sites explored and methods
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Fig. 6. - Correlation between rapidity of disease progression and mean avADC values in ALS D/P patients.

Table IV.- Sensitivity and Specificity in the anatomical regions in which a statistical significance were found comparing D/P

PALS and healthy subjects.

Region of inferest AUC Sensitivity Specificity
FA
Precentral GM L 88.3 76.9 89.5
Precentral WM R 89.5 84.6 84.2
Precentral WM L 84.4 76.9 84.2
CPR 92.7 92.3 89.5
CPL 85 92.3 78.9
Bulbar Pyramid R 84 61.5 79
Bulbar Pyramid L 88.3 69.2 89.5
avADC

Precentral WM R 90.3 76.9 89.5

used (largely ROI; some voxel-based morphometry
and probabilistic tractography for ROI placement on
the CST or for the calculation of a voxel-based con-
nectivity index). However, it might also depend on
the differing clinical features of the PALS selected:
for instance, illness duration, which might lead to
different histopathological combinations of motor
neuron loss, a dysfunction of surviving motor neu-
rons, fiber degeneration, increased extracellular
matrix, and glial cell proliferation (Chou and Huang,
1988; Leigh et al., 1989).

We studied motor tracts from the precentral GM
to BP.. Only Sach et al. (2004) and Thivard et al.
(2007) have previously investigated motor tracts as
thoroughly as we did: however, they used a different
method from the ROI approach. On the other hand,
our study also differs from previous research works,
in terms of the higher number of ROI, located in
consecutive slices for each anatomical site. This

means that our measurements achieved a greater
statistical power, thus compensating for the objec-
tive limitations of using ROI, such as the so-called
“partial volume effect (PVE)” at the level of the
precentral GM and bulb, where there are additional
complications related to fiber crossing.

None of the previous studies using the “ROI meth-
od” examined primary motor GM, probably because
of the difficulties in analysing such an anatomical
zone that is so superficial and contiguous to rolandic
cleft CSF. PVE are in fact responsible for overesti-
mating avADC and underestimating FA values in
brain parenchyma (Kwong et al., 1991; Papadakis
et al., 2002).

Despite these limitations, cortical GM has been stud-
ied using RO, in healthy subjects as well and in those
with other neurological diseases (Zacharopoulos et
al., 1998; Vrenken et al., 20006).

In our study, however, FA underestimation and
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avADC overestimation would in any case be repro-
duced in both PALS and controls, thus cancelling
both effects and allowing an adequate comparison
between the groups of subjects. We tried to limit
PVE by locating individual ROI, so as to include not
only GM, but also part of the precentral WM, never-
theless excluding the central cleft CSF. This means
of course that the diffusion indices obtained were
influenced not only by GM, but also partially by the
subcortical WM. Moreover, motor cortex atrophy in
ALS brains has to be carefully taken into account,
because it could be responsible for a greater PVE
in PALS than in healthy controls. Previous MRI
studies, however, have not been able to draw clear
conclusions, since this phenomenon was reported
by some authors (Chang et al., 2005; Kassubek et
al., 2005), but not others (Cheung et al., 1995; Ellis
et al., 2001; Abrahams et al., 2005). Such an appar-
ent discrepancy could be explained by the different
clinical features of patients and the intrinsic hetero-
geneity of pathological events (Bertrand et al., 1925;
Davison, 1941; Brownell et al., 1970; Chou, 1995;
Lowe et al., 1997; Ince, 2000). The progressive
tissue loss might then counterbalance the “pseudo-
normalizing” gliosis effect (Chang et al., 2005).
Agosta et al. (2007), using covariance analysis to
compare volumetric measurements, recently found
significantly reduced GM density in their PALS
group only in the right premotor cortex, left inferior
frontal gyrus and superior temporal gyri of both
sides. Therefore, given the present discrepancies in
the literature, we thought it appropriate to specifi-
cally study prerolandic GM.

In any case, specific anatomical regions can be
explored using ROI,, with extreme precision, thus
limiting neuroradiologist-dependent variations. Our
findings of non-significant differences between data
from ROI positioning by two independently trained
neuroradiologists support this concept.

Lower FA mean values observed in PALS in com-
parison with healthy controls are probably due to
structural disorganization resulting from CST motor
fiber degeneration, which is almost global in D/P-
PALS. Space between surviving fibers is occupied
by partially degenerated tracts, extracellular matrix
and glial cells.

The fact that mean values were not significantly
reduced in the left SC-PLIC and pons of D/P-PALS
probably depends on the non-uniformity of histo-

pathological lesions which could lead to a lack of
significance only in these sites; moreover, as far as
pons is concerned, our negative results may be due
to crossfibers and nuclei that ‘muddle’ the selective
study of motor CST.

The changes in avADC that we observed may
depend on balancing the contrasting effects of dif-
ferent histopathological alterations. An increased
extracellular matrix is responsible for an increase in
avADC. On the other hand, the latter is reduced by
astrocytosis in inter-axonal spaces and debris from
nerve fiber degeneration along the CST, which hin-
der water molecule diffusion (Toosy et al., 2003).
Higher avADC values in precentral regions and
right SC-PLIC found in our D/P-PALS, and in the
precentral WM, right SC-PLIC and right hemipons,
and the left CP found in P/S-PALS can be explained
by an increased extracellular volume due to neuronal
death and/or reduced neuron size, or axon thinning
and/or loss which are not sufficiently compensated
by concomitant gliosis (as probably still occurs in
all the remaining regions). Variability of statistically
significant anatomical sites probably depends on the
different combination of histopathological lesions.
Of the two diffusion indices, in D/P-PALS FA is
certainly the one which is most commonly altered.
Unlike most other authors, we found a significant
correlation between the clinical disability of D/P-
PALS and both diffusion indices in some of the
anatomical sites studied. We have not however,
managed to establish whether FA or avADC is the
most representative.

On the other hand, only finding significance in
some anatomical sites in D/P-PALS with a more
rapid disease progression and higher avADC values
probably means that avADC is the most reliable
diffusion marker in cases with a greater and more
rapid motor neuron loss, and thus a reduced number
of descending fibers with a consequent extracellular
matrix increase.

It is important to note that these conclusions so far
are plausible, but purely speculative. Compared to
most previous studies, the stronger correlation we
found between diffusion indices, patient group and
clinical markers probably depends on the different
features of the patients enrolled (illness duration,
clinical disability, disease progression). In fact,
our patients had a higher mean disease duration
compared to patients from previous studies. This
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would seem to indicate that our subjects had time
to develop greater damage to CST. The clinimetric
scales used probably play an important role since
they are unable to adequately discriminate between
disability caused by UMN involvement from that
due to LMN involvement. On the other hand, autop-
tic findings have highlighted a lack of CST involve-
ment (Lawyer et al., 1953; Brownell et al., 1970) in
PALS with severe disability.

Our findings probably means there was less CST
damage in the P/S than the D/P group. Considering
that P/S-PALS also have a long lasting illness which
overlaps with D/P-PALS, it would seem to indicate
that the former are a subgroup with specific charac-
teristics rather than patients who necessarily become
D/P-PALS.

A separate assessment of the S group enabled us to
identify DTI parameters consistent with CST dam-
age, but only in a few anatomical sites. This is in
agreement with autoptic findings of intracranial CST
degeneration in patients who throughout their life
showed clinical involvement of just LMN (Ince et
al., 2003). We can therefore hypothesize that DTI is
more sensitive than a clinical assessment in identify-
ing UMN involvement in S-PALS. This then allows
an earlier treatment with riluzole, a neuroprotective
glutamatergic inhibitor, which has been proven to
modestly extend the survival of PALS (Miller et al.,
2003), in accordance with the ‘“National Institute
for Clinical Excellence” (NICE, 2003) recommen-
dations. Our observations in this patient subgroup,
which parallel those of Graham et al. (2004), would
seem to indicate that these patients too could benefit
from the riluzole therapeutic effect. Obviously, more
cases need to be studied, but if these data are con-
firmed it would imply that the current prescribing
guidelines of riluzole therapy need revisiting.

Using H-MRS, we observed a decreased NAA/Cr
ratio and increased ml/Cr and Cho/Cr ratios in D/P-
PALS.

The reduced NAA/Cr ratio that we found could be
regarded as a marker for motor neuron loss and/
or, at least partially, for neuro-axonal dysfunction
(Demougeot et al., 2001). However, the single-voxel
technique does not allow an adequate distinction
between what occurs in GM or subcortical WM.
Moreover, some authors have shown that in PALS
treated with riluzole there is an increase in NAA/
Cr ratios, which could indicate an improvement in

functionality of stressed, but not yet lost, neurons
(Karla et al., 1999).

On the assumption that Cho and Cr are ubiquitously
present in brain neurons and glial cells (Karla et al.,
2003) and that the latter essentially contain no NAA,
but high amounts of ml, the increased ml/Cr and
Cho/Cr values we found, in agreement with previ-
ous studies (Block et al., 1998; Bowen et al., 2000),
probably indicate concomitant astrogliosis and a
greater membrane phospholipids turnover, respec-
tively, which are known to occur in PALS CST.
Finally, we observed an increased Cho/Cr ratio
bilaterally in P/S-PALS and ml on the left-hand
side only. We analysed a subgroup of S patients and
found increased ml/Cr and Cho/Cr ratios only on
the right-hand side. These data parallel those from
DTI techniques insofar as they indicate damage in
precentral regions, but are less prominent than in
D/P-ALS patients.

We did not find any correlation between single
metabolite ratios and clinical markers.

Our measurements are not based on metabolite
absolute values, but on the ratios between them, on
the assumption that there is a good stability of Cr
values. Neuronal loss in any case is compensated for
by increased reactive astrogliosis. Although a deter-
mination of absolute values of metabolites would
intuitively be more precise (Lara et al., 1993; Husted
et al., 1994; Soher et al., 1996). On the other hand,
the use of ratios improves controls on the PVE due
to CSF containing only very low metabolite concen-
trations. Absolute NAA measurements might in fact
highlight its decrease in relation to cortical atrophy
(Rooney et al., 1998).

Conclusions

Our data highlight that DTI, more than H-MRS,
can be useful in assessing UMN involvement in
PALS. In fact, by comparing DTI and H-MRS per-
formances, we found that only DTI indices correlate
with disease severity and/or progression, showing
that the H-MRS technique seems to be less sensi-
tive than DTI. Although ALS diagnosis continues
to be largely clinical and electrophysiological, our
research, in addition to previous studies, indicates
that non-conventional MR techniques may give a
better patient characterization, thus allowing riluzole
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therapy to be started earlier. In terms of sensitivity
and the diagnostic specificity of the diffusion index
calculation in D/P-PALS, despite the small sample
size, our findings on FA are encouraging and help
support its use as diagnostic index. MR techniques
need to be used on larger samples, and in many dif-
ferent centres, in order to improve their statistical
significance with regard to sensitivity and diagnostic
specificity. However, it would seem reasonable to
state that DTI and H-MRS enable us to select and
monitor PALS in clinical trials more effectively and
more precisely.
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