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Diffusion-Tensor MR Imaging
of Corticospinal Tract in
Amyotrophic Lateral Sclerosis
and Progressive Muscular
Atrophy1

PURPOSE: To prospectively evaluate several diffusion-tensor magnetic resonance
(MR) imaging indexes (mean diffusivity [MD], fractional anisotropy [FA], and ei-
genvalues) of corticospinal tract impairment in patients with progressive muscular
atrophy (PMA) and patients with amyotrophic lateral sclerosis (ALS).

MATERIALS AND METHODS: This study had institutional review board approval,
and written informed consent was obtained from all subjects. Eight male patients
with PMA (mean age, 63 years � 13 [standard deviation]), eighteen patients with
ALS (14 men and four women; mean age, 64 years � 7), and twelve control subjects
(four men and eight women; mean age, 65 years � 6) underwent diffusion-tensor
MR imaging at which 25 spin-echo echo-planar imaging diffusion-weighted images
(b � 1000 sec/mm2) were acquired along noncollinear directions. MD and FA were
measured along the corticospinal tracts in each patient and subject. Changes in
diffusion along and orthogonal to fiber bundles in patients were evaluated by using
diffusion-tensor eigenvalues. Differences in diffusion-tensor imaging indexes be-
tween patients with PMA and those with ALS, as compared with these indexes in
control subjects, were evaluated with Mann-Whitney testing. Correlations between
diffusion-tensor imaging indexes and clinical variables were estimated with Pearson
and Spearman rank correlation testing.

RESULTS: As compared with MD (697.1 � 10�6 mm2/sec � 28.1) and FA (0.585 �
0.032) in control subjects, MD was typically significantly increased (734.7 � 10�6

mm2/sec � 41.2, P � .035) and FA significantly decreased (0.534 � 0.053, P �
.037) along the corticospinal tracts in patients with ALS, while these parameters
showed no significant change in patients with PMA (MD, 707.0 � 10�6 mm2/sec �
44.2; FA, 0.559 � 0.028). Estimation of diffusion-tensor eigenvalues revealed nor-
mal diffusion along fiber tracts in all patients, while diffusion was increased orthog-
onal to fiber tracts only in patients with typical ALS. In patients with ALS, MD
correlated with disease duration while FA correlated with disease severity.

CONCLUSION: Diffusion-tensor MR imaging reveals corticospinal tract impairment
in ALS but not in PMA.
© RSNA, 2005

Amyotrophic lateral sclerosis (ALS), or Charcot disease, is a progressive neurodegenerative
disorder that affects the corticospinal tracts and lower motor neurons and has an incidence
rate of 1.2–1.8 per 100 000 individuals (1). Such clinical manifestations of the disease as
weakness of voluntary muscles, muscle atrophy, tendon jerks, fasciculations, spasticity,
and the Babinski sign are variously present depending on the prevalent involvement of the
upper motor neurons or the lower motor neurons. Although signs of upper or lower motor
neuron involvement may predominate at disease onset, signs of both upper and lower
motor neuron involvement will be present further along in the course of the disease.
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Progressive muscular atrophy (PMA) is
a rare form of motor neuron disease char-
acterized by weakness and wasting of
muscles of the limbs or trunk without
evidence of upper motor neuron dys-
function (2). Its nosologic importance
with respect to typical ALS is uncertain,
and whether and when signs of upper
motor neuron involvement will develop
further along in the course of PMA can-
not be predicted. However, the correct
detection of cases of PMA can be worth-
while because disease progression is usu-
ally slower and the prognosis more be-
nign with PMA than with typical ALS.
Although the lower motor neurons can
easily be investigated with electromyo-
graphy (3), the ascertainment of marked
upper motor neuron dysfunction is not
easy with current diagnostic tools and
often rests strictly on clinical findings.

Neuroimaging is used in ALS to rule
out other diagnostic possibilities but does
not contribute to enhancing the likeli-
hood of the diagnosis (4). Brain magnetic
resonance (MR) imaging has limited
value in the diagnostic workup of ALS (5)
because of its low sensitivity in the detec-
tion of corticospinal tract degeneration,
although changes in signal intensity
along the internal capsule or primary
motor cortex have been observed with
use of various MR imaging sequences (6–
9). MR spectroscopy has been shown to
reveal a reduced concentration of the
neuronal marker metabolite N-acetylas-
partate in the motor cortex of patients
with ALS. Nevertheless, spectroscopic
methods need to be better standardized
for routine clinical evaluation of patients
with ALS (10), especially given the ad-
vent of absolute metabolite quantifica-
tion and high-field-strength MR spectro-
scopic techniques that may overcome
some previous limitations of MR spec-
troscopy (eg, low sensitivity in the early
stages of the disease [11,12] and low spec-
ificity).

Diffusion-tensor imaging is an MR im-
aging technique that is sensitized to the
diffusive properties of water molecules
(13) and offers the possibility of detect-
ing brain injuries earlier than they can be
detected with conventional imaging
methods (14). Potential clinical applica-
tions of diffusion-tensor MR imaging
arise from the principle that, during their
random diffusion-driven displacements,
water molecules probe tissue structures at
a microscopic scale that is well beyond
the usual image resolution (15). Water
diffusion, a three-dimensional process
that is not the same in all directions in an
anisotropic tissue like brain white matter

(16), is fully expressed by means of the
effective symmetric diffusion tensor D
(17).

Diffusion-tensor imaging involves the
MR measurement of the diffusion tensor
D and the analysis and display of the
information that it contains (18). Diffu-
sion-tensor imaging enables the measure-
ment of the magnitude and directional-
ity of water diffusion. Diffusion-tensor
diagonalization yields eigenvectors and
eigenvalues (�1, �2, and �3) that represent
the main diffusion directions and associ-
ated diffusivities of water molecules (19).
In white-matter fibers, the eigenvector
associated with the largest eigenvalue
(�1) indicates the direction of the fastest
diffusion that corresponds to the fiber
direction. Conversely, the smallest (�3)
and the middle (�2) eigenvalues can be
used to estimate the diffusion along the
orthogonal directions perpendicular to
fiber bundles. Two scalar measures, mean
diffusivity (MD) and fractional anisot-
ropy (FA), can be extracted from the dif-
fusion tensor and used to create quanti-
tative maps of isotropic and anisotropic
diffusion in tissues, respectively. MD and
FA are rotationally invariant diffusion in-
dexes (20) that can be easily compared
between individuals because they are ori-
entation independent.

Relatively recently, diffusion-tensor
imaging has been applied to the evalua-
tion of corticospinal tract impairment in
patients with ALS, in whom a significant
increase in MD and reduction in FA have
been found (21). Use of this technique in
patients with ALS can be justified on the
assumption that the degree of orienta-
tional coherence of fibers influences wa-
ter diffusion, and, therefore, changes in
the architecture of corticospinal tracts
that occur in a neurodegenerative disease
such as ALS may affect diffusion-tensor
imaging indexes.

On the basis of this background, the
aim of our work was to prospectively
evaluate several diffusion-tensor imaging
indexes (MD, FA, and eigenvalues) of cor-
ticospinal tract impairment in patients
with PMA and patients with ALS.

MATERIALS AND METHODS

Patients and Control Subjects

Written informed consent was ob-
tained from all participants in this study,
and the study was approved by the insti-
tutional review board of the University of
Pisa. Between July 2003 and January
2004, we examined a total of 26 consec-
utive patients (22 men and four women)

with motor neuron disease that was diag-
nosed according to the revised El Escorial
diagnostic criteria for ALS (22). Eight
male patients had a diagnosis of sporadic
PMA characterized by asymmetrical dis-
tal muscle weakness, wasting, flaccidity,
fasciculations, and deep tendon areflexia
without corticospinal tract involvement
for more than 2 years after the onset of
symptoms. Sparing of central motor
pathways was confirmed with magnetic
transcranial motor evoked potential
analysis. Results of genetic analysis for
both androgen receptor genes (Kennedy
disease) and survival motor neuron genes
(spinal muscular atrophy) were negative.

Eighteen patients (14 men and four
women) had definite ALS with upper and
lower motor neuron involvement that
was characterized by distal asymmetric
weakness, spasticity, hyperreflexia, loss
of dexterity associated with muscle atro-
phy, and fasciculations. Upper motor
neuron involvement was confirmed at
electrophysiologic examination with
motor evoked potentials that revealed a
central motor conduction velocity (mean
value, 19.8 msec � 2.2 [standard devia-
tion] for lower limbs and 9.4 msec � 3 for
upper limbs) that was increased with re-
spect to normal values.

No patient had a family history of ALS,
and all patients had negative results at
genetic analysis for the Cu/Zn SOD-1
gene mutation. In 16 patients, the onset
of symptoms had involved the lower
limbs, and in 10 patients it had involved
the upper limbs. No bulbar onset or in-
volvement was present in our study
group. Clinical evaluation of disease se-
verity was performed by using the ALS
Functional Rating Scale (ALSFRS) (23).
The ALSFRS scores were not significantly
different (P � .05) between patients with
PMA (30.5 � 9.1) and patients with ALS
(34.7 � 2.9). The disease duration in pa-
tients with PMA was longer (46.25
months � 10), but not significantly so
(P � .05), compared with the duration in
patients with ALS (33.4 months � 20).
No patient had undergone percutaneous
endoscopic gastrostomy, and only one
patient with ALS had received noninva-
sive ventilation.

Twelve volunteer control subjects (four
men and eight women) of a mean age (65
years � 6) that was comparable to the
mean ages of the patients with PMA (63
years � 13, P � .05) and the patients with
ALS (64 years � 7, P � .05) were also
enrolled in the study so that we could
avoid a potential age-related bias in terms
of tensor indexes (24,25). Control sub-
jects were recruited among nurses of the
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Department of Radiology of the Univer-
sity of Pisa and their parents. The control
subjects had no history of and negative
physical examination results for neuro-
logic disorders and gave informed con-
sent after the aims of the study were ex-
plained.

MR and Diffusion-Tensor Imaging

Examinations were performed with
1.5-T MR imaging equipment (Signa In-
finity Twinspeed; GE Medical Systems,
Milwaukee, Wis) with a maximum gradi-
ent strength of 40 mT/m and a slew rate
of 150 (T � m�1)/sec. A standard quadra-
ture head coil was used for radiofre-
quency transmission and reception of
the MR signal. The MR imaging protocol
included a fluid-attenuated inversion re-
covery sequence in the transverse plane
that covered the brain along the bicom-
missural axis (repetition time msec/echo
time msec/inversion time msec, 8000/90/
2000; field of view, 24 � 24 cm; section
thickness, 5 mm; intersection gap, 1 mm;
matrix, 224 � 224; number of signals
acquired, one). Images obtained with the
conventional sequence were evaluated
by a single radiologist (M.C., who had 13
years of experience in interpreting brain
MR images) who was blinded to the clin-
ical status of the patient. This radiologist
assessed the presence or absence of areas
of hyperintense signal in the corticospi-
nal tracts.

The diffusion tensor D is generally es-
timated after at least six diffusion-
weighted images along noncollinear di-
rections and a reference image without
diffusion weighting are acquired. In our
study, diffusion-weighted images were
obtained with a spin-echo echo-planar
imaging sequence (26) (repetition time
msec/echo time msec, 6500/79.9; field of
view, 24 � 24 cm; section thickness, 5
mm; intersection gap, 1 mm; matrix,
128 � 128; number of signals acquired,
two; acquisition time, 5 minutes 51 sec-
onds) that was sensitized to water diffu-
sion by means of a strong magnetic field
gradient pulse (b � 1000 sec/mm2) (27).
We decided to use a diffusion-weighted
imaging scheme that involved 25 diffu-
sion-encoding gradient directions for
sampling space more uniformly, reduc-
ing noise, and improving the precision of
diffusion-tensor imaging measurements
(28).

The signal attenuation due to diffusion
and the field gradient pulse applied is
expressed by the following equation:

ln�Sb/Sb�0� � � �
i, j�1

3

bijDij,

where Sb and Sb�0 are the signal intensi-
ties on the diffusion-weighted image and
the reference image, respectively; ij rep-
resents the elements of the diffusion ten-
sor; and bij represents the components of
the symmetric b matrix b (29). The six
independent elements (Dij) of the diffu-
sion tensor were estimated voxelwise by
performing multivariant linear least-
square fitting of Equation (1). Diffusion-
tensor diagonalization yields eigenvec-
tors and eigenvalues (�1 is the largest eig-
envalue, �2 is the middle eigenvalue, and
�3 is the smallest eigenvalue) that repre-
sent the main orthogonal diffusion direc-
tions and the associated diffusivities of
every voxel (19).

Maps of the rotationally invariant in-
dexes MD and FA were calculated. MD
describes the magnitude of diffusivity re-
gardless of direction, and use of this in-
dex removes the effects of directionality
from diffusion measurements in aniso-
tropic media. The MD was estimated
from the sum of the diffusion-tensor ei-
genvalues as follows:

MD �
1
3
	�1 � �2 � �3
. (2)

FA is a dimensionless index that re-
flects the degree of anisotropy in tissues.
It was estimated from the fraction of the
magnitude of the diffusion tensor related
to anisotropy by using the following
equation:

FA � � 	3/2


� �	�1 � MD
2 � 	�2 � MD
2 � 	�3 � MD
2/

�	�1
2 � �2

2 � �3
2
 . (3)

FA values range from 0 (for an isotropic
medium) to 1 (for a medium with the
highest degree of anisotropy).

The MD and FA and the largest (�1),
smallest (�3), and middle (�2) eigenvalues
were measured along the corticospinal
tracts visualized on the FA maps. Two
regions of interest (ROIs) of 26 mm2

each—one in the posterior limb of the
internal capsule and one in the middle
part of the cerebral peduncles on both
sides—were placed by a single operator
(G.L., who had 4 years of experience in
interpreting brain MR images), and two
other ROIs of 26 mm2 and 11 mm2, re-
spectively, were traced in the pons and in
the pyramids of the medulla on both
sides. Altogether, we placed 10 ROIs
along both corticospinal tracts for each
patient (Fig 1). MD, FA, �1, �2, and �3

were measured for each ROI location
level so that we could evaluate the distri-
bution of diffusion-tensor imaging pa-
rameters along the corticospinal tract in
control subjects and in patients. Fiber
tract asymmetry was assessed by compar-
ing mean MD, FA, �1, �2, and �3 along
the right and the left corticospinal tracts
in patients with PMA, patients with ALS,
and control subjects. Finally, the values
of each diffusion-tensor imaging index in
the 10 ROIs were averaged to obtain a
single mean diffusion-tensor imaging pa-
rameter (FA, MD, �1, �2, and �3) along the
corticospinal tracts for each patient and
control subject.

Statistical Analysis

Asymmetries in mean MD, FA, and ei-
genvalue measurements between the
right and the left corticospinal tracts of
patients and control subjects were evalu-
ated with the two-tailed Wilcoxon test
for paired samples. After a preliminary
power analysis, differences in diffusion-
tensor imaging parameters between the
patients with PMA and the patients with
ALS with respect to these parameters in
the control subjects were assessed with a
nonparametric two-tailed Mann-Whit-
ney test and Bonferroni correction for
multiple comparisons. On the basis of
results of previous work (21), power cal-
culation was performed given the as-
sumption of minimum detectable mean
differences of 50 � 10�6 mm2/sec � 30
for the single mean MD, �1, �2, and �3

values and 0.04 � 0.03 for the single
mean FA value, with � � .05 (type I error)
corrected for multiple comparisons. The
threshold of statistical significance was
set at P � .05. Correlations between clin-
ical variables (disease duration and ALS-
FRS score) and single mean FA, MD, �1,
�2, and �3 values were investigated with
Pearson and Spearman rank correlation
testing, respectively. Statistical analyses
were performed by using SPSS, version
10.1.0 (SPSS, Chicago, Ill) and GPower,
version 2.0 (F. Faul and E. Erdfelder,
Bonn University; available at http://www
.psycho.uni-duesseldorf.de/aap/projects
/gpower).

RESULTS

MR Imaging

On fluid-attenuated inversion recovery
images, hyperintense signal in the poste-
rior limb of the internal capsule was de-
tected in only two patients with ALS.
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MD, FA, and Eigenvalues

No side-related significant difference
in mean MD, FA, �1, �2, or �3 values in
the five ROIs along both corticospinal
tracts was observed in patients with PMA,
patients with ALS, or control subjects.

The MD had a tendency to increase
and FA had a tendency to decrease from
the internal capsule to the pyramids in
both patients and control subjects. In
Figure 2, the MD and FA measured at
different levels of the corticospinal tract
in the control group are reported.

Results of statistical analysis indicated
a high power for all comparisons be-
tween patients and control subjects, ex-
cept for the comparison of single mean
FA value between patients with PMA and
control subjects, for which there was me-
dium power. The single mean MD value
in patients with ALS, but not that in pa-
tients with PMA, was significantly in-
creased (P � .035) compared with that in
the control group. Similarly, the single
mean FA value in patients with ALS, but
not that in patients with PMA, was sig-
nificantly decreased (P � .037) compared
with that in the control group. The single
mean largest eigenvalue (�1) in both the
patients with PMA and the patients with
ALS was not significantly different from
that in the control group. Both the single
mean middle (�2) and smallest (�3) ei-
genvalues in the patients with ALS, but
not those in the patients with PMA, were
significantly increased (P � .024 for �2,
P � .017 for �3) with respect to these
eigenvalues in the control group. The
single mean MD, FA, �1, �2, and �3 values
in the patients with PMA, the patients
with ALS, and the control group are re-
ported in Table 1.

Correlation between
Diffusion-Tensor Imaging Indexes
and Clinical Variables

The single mean MD, FA, �1, �2, and �3

values in the patients with PMA did not
correlate with either disease duration or
ALSFRS score. In the patients with ALS,
the single mean FA, �3, and �2 values did
not correlate with disease duration, while
MD and �1 did; in addition, MD, �1, and
�2 did not correlate with ALSFRS score,
while FA and �3 did. The coefficients of
correlation between diffusion-tensor im-
aging indexes and clinical variables are
reported in Table 2.

DISCUSSION

Fluid-attenuated inversion recovery se-
quences are widely used as one of the

more reliable MR imaging acquisition
techniques for assessing the presence of
areas of hyperintense signal in the corti-
cospinal tracts of patients with ALS (8).
In our study, fluid-attenuated inversion
recovery MR images revealed areas of hy-
perintense signal in the internal capsule
as a marker of a degenerative process of
the upper motor neurons in only two
patients with ALS, indicating that con-
ventional MR imaging is not a suitable
diagnostic tool for corticospinal tract in-
vestigation in ALS (30).

Despite previous observations about
FA asymmetry in the internal capsule
that is not associated with handedness
(31), we did not find significant differ-

ences in diffusion parameters between
right and left sides. Moreover, our results
confirm the downward trend in FA and
upward trend in MD from the internal
capsule to the pyramids along the corti-
cospinal tract (31). This was why we pre-
ferred to average the diffusion-tensor im-
aging values of all the ROIs measured
along the corticospinal tracts to obtain a
single index value representative of the
entire corticospinal tracts. This strategy
also permits one to reduce the weight of
a possible confounding bias in diffusion-
tensor imaging measurements in some
regions like the rostral pons, where a
modification of FA or MD can be related
not only to fiber loss but also to the cross-

Figure 1. FA maps acquired at different levels along corticospinal tracts. FA maps were calcu-
lated after the acquisition of 25 spin-echo echo-planar imaging diffusion-weighted MR images
(6500/79.9; field of view, 24 � 24 cm; section thickness, 5 mm; intersection gap, 1 mm; matrix,
128 � 128; number of signals acquired, two; b � 1000 sec/mm2) along noncollinear directions
and a reference image without diffusion weighting. For each patient and control subject, two
ROIs were placed in (a) both internal capsules, and one ROI was placed on both sides of the
(b) cerebral peduncles, (c) pons, and (d) pyramids. Single mean FA, MD, �1, �2, and �3 values were
estimated from the averaged values of the diffusion-tensor imaging parameters in the 10 ROIs.
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ings between the corticospinal tract and
transverse pontine fibers (32,33).

Our diffusion-tensor imaging results
revealed a significant reduction in FA and
increase in MD along the corticospinal
tract in patients with ALS. The augmen-
tation of MD, a measure of water diffu-
sivity, may represent the expression of
extracellular volume increase secondary
to axonal loss and fiber density reduc-
tion, findings consistent with what has
been reported in other conditions char-
acterized by tissue rarefaction, such as
multiple sclerosis (34,35) and chronic
ischemia (36,37). In line with this inter-
pretation, MD showed a positive correla-

tion with disease duration, a finding that
is probably related to the pathologic ef-
fects of the underlying disease process
that result in neuronal loss in patients
with ALS. On the other hand, we believe
that the reduction in FA reflects a differ-
ent pathologic effect because it showed a
correlation with disease severity but not
with disease duration in patients with
ALS. This observation has previously
been reported in a study of ALS with bul-
bar onset (21) but was not confirmed in
another study (31).

To obtain further insight into the
structural changes of the corticospinal
tracts in ALS, we evaluated the behavior

of the eigenvalues that determine the ob-
served MD and FA changes. There is evi-
dence that in ALS the neurodegenerative
process is not exclusive to the motor
pathways but also affects the basal gan-
glia, the limbic system, and the interme-
diate zone of the spinal cord (38). Be-
cause relevant detectable decreases in an-
isotropy arise only from structural
modifications in regions with normally
high anisotropy (39), we calculated the
eigenvalues, as well as MD and FA, exclu-
sively along the corticospinal tracts,
which have high anisotropy owing to
their highly ordered white matter con-
tent. On the basis of our eigenvalues
data, it can be argued that the decreased
anisotropy we observed in patients with
ALS arose from increased diffusion trans-
verse to nerve fibers (as indicated by the
increased �2 and �3 values) rather than
decreased diffusion along the fiber bun-
dles (as indicated by the unchanged �1

value). Therefore, in the corticospinal
tract, patients with ALS may have a re-
duction in FA combined with an increase
in MD owing to increased diffusivity
only orthogonal to the fibers. This diffu-
sion-tensor imaging parameter profile is
considered a signature of wallerian de-
generation (33) that represents secondary
white matter degeneration.

In primary lesions in which the fiber
loss results from direct white matter in-
jury, as in stroke (33) or the acute plaques
of multiple sclerosis (40), the diffusion
impairment includes a consistent aug-
mentation of isotropic diffusion (ie, of
MD) and an increased diffusivity parallel
to the fibers (�1), while in wallerian de-
generation, MD is less impaired and �1 is
not increased. Such interpretations ensue
from similar results observed in animal
models of wallerian degeneration that re-
vealed a reduction in diffusion anisot-
ropy with decreased (41) or unchanged
(42) diffusivity in the direction parallel to
the fibers. In these pathologic and MR
imaging correlative studies, ultrastruc-
tural or histologic examination revealed
demyelination, inflammation, and ax-
onal loss. The augmented extracellular
space with gliosis promotes the diffusion
of water molecules orthogonal to the fi-
bers’ axis while limiting the diffusion
along the fiber tracts.

Taking into account the fact that the
main histologic finding of degeneration
along the corticospinal tracts in ALS is
loss of motor neurons and astrocytosis
(43–45) with depletion of large myelin-
ated fibers (46), our diffusion-tensor im-
aging results seem to be occasioned by
similar histologic changes (47) consistent

Figure 2. Graphs show (a) MD (� 10�6 mm2/sec) and (b) FA (di-
mensionless) at different levels of the corticospinal tract in control
subjects. The data points indicate mean values, and the error bars
indicate standard deviations.

TABLE 1
Diffusion-Tensor Imaging Indexes in Patients with PMA or ALS versus
Those in Control Subjects

Diffusion-Tensor
Imaging Index Patients with PMA Patients with ALS Control Subjects

MD (� 10�6 mm2/sec) 707.0 � 44.2 734.7 � 41.2* 697.1 � 28.1
FA 0.559 � 0.028 0.534 � 0.053† 0.585 � 0.032
�1 (� 10�6 mm2/sec) 1219.2 � 61.8 1216.8 � 71 1222.4 � 60.4
�2 (� 10�6 mm2/sec) 543.1 � 47.8 583.5 � 58* 522.9 � 38.1
�3 (� 10�6 mm2/sec) 368.2 � 47.2 395.4 � 46.7* 347.2 � 35.7

Note.—Data are single mean values averaged across 10 ROIs � standard deviations.
* Significantly increased compared with the value in control subjects (P � .035).
† Significantly decreased compared with the value in control subjects (P � .037).
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with the occurrence of wallerian degen-
eration in corticospinal tracts. In partic-
ular, the axonal loss and collapse of my-
elin destroys the distinction between the
intra- and the extra-axonal water envi-
ronment, thereby removing obstacles to
orthogonal diffusion. Furthermore, mac-
rophage infiltration of corticospinal
tracts (48) may cause increased obstruc-
tion of longitudinal diffusion. This pat-
tern of altered diffusivity cannot be con-
sidered specific for ALS because similar
results have been observed in the appar-
ently normal white matter of patients
with relapsing-remitting multiple sclero-
sis (39); instead, it could be considered
indicative of histologic changes second-
ary to white matter degeneration of dif-
ferent origin.

Our diffusion-tensor imaging results in
patients with PMA (a pure lower motor
neuron disease) are consistent with
pathologic findings that have been re-
ported for PMA. Neuronal loss and gliosis
in the anterior horn of the spinal cord
and the motor nuclei of the brainstem
and the absence of corticospinal tract le-
sions have been considered the only def-
inite diagnostic criteria for PMA (49).

Recently, diffusion-tensor imaging has
been shown to be able to reveal early
upper motor neuron involvement in pa-
tients with ALS and lower motor neuron
impairment before clinical symptoms of
corticospinal tract lesions become appar-
ent (50). In indicating that diffusion-ten-
sor imaging abnormalities do not occur
in patients with PMA, our results could
suggest the conclusion that patients with
solely lower motor neuron involvement
of long duration can be given a diagnosis
of PMA.

However, PMA has been considered to
be a distinct nosologic entity from typi-
cal ALS (51) owing to its slow progres-
sion, indolent course (1), and long dura-
tion with high survival rate (52). To date,
considering PMA as a separate disease has
been controversial and sometimes re-
jected, given that corticospinal system
involvement can occur at a certain time
in the disease course. In line with this,
some reports have indicated that there is
myelin pallor along the corticospinal
tracts in a proportion of patients with
PMA (53–55)—even patients with long
disease duration (56,57)—suggesting that
at least some patients with clinically di-
agnosed PMA have a subtype of ALS.

It has recently been reported that use
of CD68, a macrophage activation
marker, at immunohistochemistry can
reveal pathologic corticospinal tract ab-
normalities in 50% of patients with PMA,

whereas use of Luxol fast blue or Marchi
staining reveals such abnormalities in
only 20% of patients (58). On the basis of
these findings, we cannot exclude the
possibility that some patients with PMA
could have an impairment of the long
spinal tracts that is clinically undetect-
able because of profound terminal amyo-
trophy. Anyway, if this is the case, diffu-
sion-tensor imaging would not be able to
reveal (as well as conventional myelin
stains could) corticospinal tract involve-
ment in patients with PMA.

The main limitation of this study was
the fact that we evaluated the corticospi-
nal tract exclusively in the internal cap-
sule and brainstem, where the pathologic
hallmarks of ALS are less conspicuous
with respect to these hallmarks in the
spinal cord. Nevertheless, to date, diffu-
sion-tensor imaging of the spinal cord
remains a challenge because it is limited
by the susceptibility artifacts generated
in and the small dimensions of this ana-
tomic region (59).

In conclusion, such diffusion-tensor
imaging parameters as MD and FA ob-
tained along the corticospinal tracts en-
able the differentiation of patients with
ALS from control subjects. The modifica-
tions in the diffusion-tensor eigenvalues
observed in this study indicate that the
underlying structural changes in ALS
could be caused by nerve tract degenera-
tion of the secondary fibers that resem-
bles wallerian degeneration. In addition,
diffusion-tensor imaging did not reveal
any corticospinal tract abnormality in
patients with PMA.

Acknowledgment: We thank Lorenzo Fag-
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