
PAPER

Diffusion anisotropy of the cervical cord is strictly associated
with disability in amyotrophic lateral sclerosis
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Background: Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease with severe cervical cord
damage due to degeneration of the corticospinal tracts and loss of lower motor neurones. Diffusion tensor
magnetic resonance imaging (DT MRI) allows the measurement of quantities reflecting the size (such as mean
diffusivity) and orientation (such as fractional anisotropy) of water-filled spaces in biological tissues.
Methods: Mean diffusivity and fractional anisotropy histograms from the cervical cord of patients with ALS
were obtained to: (1) quantify the extent of tissue damage in this critical central nervous system region; and
(2) investigate the magnitude of the correlation of cervical cord DT MRI metrics with patients’ disability and
tissue damage along the brain portion of the corticospinal tracts. Cervical cord and brain DT MRI scans were
obtained from 28 patients with ALS and 20 age-matched and sex-matched controls. Cord mean diffusivity
and fractional anisotropy histograms were produced and the cord cross-sectional area was measured.
Average mean diffusivity and fractional anisotropy along the brain portion of the corticospinal tracts were
also measured.
Results: Compared with controls, patients with ALS had significantly lower mean fractional anisotropy
(p = 0.002) and cord cross-sectional area (p,0.001). Mean diffusivity histogram-derived metrics did not
differ between the two groups. A strong correlation was found between mean cord fractional anisotropy and
the ALS Functional Rating Score (r = 0.74, p,0.001). Mean cord and brain fractional anisotropy values
correlated moderately (r = 0.37, p = 0.05).
Conclusions: Cervical cord DT MRI in patients with ALS allows the extent of cord damage to be graded. The
conventional and DT MRI changes found are compatible with the presence of neuroaxonal loss and reactive
gliosis, with a heterogeneous distribution of the pathological process between the brain and the cord. The
correlation found between cord fractional anisotropy and disability suggests that DT MRI may be a useful
adjunctive tool to monitor the evolution of ALS.

A
myotrophic lateral sclerosis (ALS) is the most common
adult-onset motor neurone disease, characterised by a
progressive and simultaneous degeneration of upper and

lower motor neurones.1 2 In its typical form, the disease begins
either in one limb or with a combination of bulbar and
corticobulbar symptoms, and continues with progressive
weakness of the bulbar, limb, thoracic and abdominal
musculature.1 2 By using a variety of conventional magnetic
resonance imaging (MRI) sequences, several studies3–15 have
shown changes in signal intensity along the brain portion of the
corticospinal tracts, particularly in the posterior limb of the
internal capsule and cerebral peduncles, varying between 25%
and 80%. Reduced magnetisation transfer ratios in the internal
capsule8 11 and N-acetylaspartate levels in the motor cor-
tex13 16 17 of patients with ALS have also been observed.
However, none of these studies has reported a correlation
between such magnetic resonance abnormalities and the degree
of disability.8 11 13 16 17

Diffusion-tensor magnetic resonance imaging (DT MRI)
enables the random diffusional motion of water molecules to
be measured and thus provides quantitative indices of the
structural and orientational features of the central nervous
system (CNS).18 DT MRI has been used to assess quantitatively
the tissue damage of the brain portion of the corticospinal
tracts in ALS,12 19–23 and all studies have shown increased mean
diffusivity (indicating a loss of structural barriers limiting the
motion of water molecules) and decreased fractional anisotropy
(indicating a loss of tissue organisation). However, brain DT
MRI studies also resulted in heterogeneous clinicopathological

correlations, as some authors found a moderate correlation
between brain DT MRI metrics and the severity of disabil-
ity,12 21 23 but others did not.19 In the past few years, DT MRI has
also been used successfully to grade the extent of cervical cord
damage associated with demyelinating conditions.24–26

Considering that the cervical cord in ALS is one of the most
affected portions of the CNS (owing to the combined presence
of neuronal loss in the anterior horns of the grey matter and
degeneration of the corticospinal tracts), we obtained mean
diffusivity and fractional anisotropy histograms of the cervical
cord from patients with ALS with the following aims: (1) to
quantify the extent of tissue damage in this critical CNS region;
and (2) to investigate the magnitude of the correlation of
cervical cord DT MRI metrics with patients’ disability and tissue
damage along the brain portion of the corticospinal tracts.

PATIENTS AND METHODS
In all, 28 patients (16 men and 12 women, mean age 55 (range
27–73) years) with probable or definite ALS27 were recruited
consecutively. All patients had a sporadic form of the disease.
The median disease duration was 26 (range 6–58) months.
Each patient was examined clinically, and a questionnaire for
the ALS Functional Rating Scale (ALSFRS) was used to assess
disease severity.28 The mean functional score in our patients

Abbreviations: ALS, amyotrophic lateral sclerosis; ALSFRS, ALS
Functional Rating scale; CNS, central nervous system; CSF, cerebrospinal
fluid; DT MRI, diffusion tensor magnetic resonance imaging; ETL, echo train
length; FOV, field of view; TSE, turbo spin echo
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group was 27 (range 7–38) years. A total of 20 age-matched
and sex-matched healthy people (11 men and 9 women, mean
age 53 (range 28–73) years) served as controls. All the
participants gave written informed consent before entry into
the study. The study was approved by the local ethics
committee.

MRI scans were obtained using a machine operating at 1.5 T
(Magnetom Avanto, Siemens, Erlangen, Germany), with a
maximum gradient strength of 33 mT/m and a slew rate of
125 mT/m/ms. Using standard matrix head and neck coils, the
following pulse sequences were acquired from all participants.

1. Cervical cord: (a) dual-echo turbo spin echo (TSE;
TR = 2000 ms; TE = 30/145 ms; flip angle = 150 ;̊ echo
t r a i n l e n g t h ( E T L ) = 2 3 ; f i e l d o f v i e w
(FOV) = 3006300 mm; matrix size = 3206320; 7 sagittal
contiguous slices with a thickness of 4 mm); (b) sagittal
T1-weighted three-dimensional magnetisation-prepared
rapid acquisition gradient echo (TR = 11.6 ms;
TE = 4.2 ms; flip angle = 15 ;̊ FOV = 3006300 mm; matrix
size = 2306230; slice thickness = 0.9 mm); and (c) single-
shot spin SE echo planar imaging (EPI; TR = 2900 ms;
TE = 84 ms; flip angle = 90 ;̊ FOV = 240690 mm; matrix
size = 128648; nominal pixel size = 1.8761.87 mm; inter-
echo spacing = 0.77 ms). Five sagittal slices with a slice
thickness of 4 mm and a slice gap of 1.2 mm were
acquired. Usually, the three central slices of the slab
covered the cord. For each section, diffusion-weighting
gradient pulses were applied in 12 non-collinear orienta-
tions. An additional set of images without diffusion
weighting was also obtained. Diffusion measurements
were optimised by using only two b factors (b = 0 and
900 s/mm2), as described previously.29 Two acquisitions for
each set of diffusion data were performed and averaged
after magnitude reconstruction to improve the signal-to-
noise ratio. Three saturation bands were used, positioned in
the anterior part of the neck and transversely at the edges
of the FOV in the anterior–posterior direction.

2. Brain: (a) dual-echo TSE (TR = 3460 ms; TE = 27/109 ms;
flip angle = 150 ;̊ ETL = 5; FOV = 2506250 mm; matrix
size = 5126512; 35 contiguous axial slices with a thickness
of 4 mm). The slices were positioned to run parallel to a
line that joins the most inferoanterior and inferoposterior
parts of the corpus callosum; (bn) T2-weighted TSE
(TR = 3460 ms; TE = 109 ms; flip angle = 150 ;̊ ETL = 13;
number of averages = 2; FOV = 2406180 mm; matrix
size = 3206240; 24 coronal slices with a thickness of
4 mm and a gap of 1.2 mm between slices); and (c)
single-shot spin EPI with the same acquisition parameters
as for the cord, except that there were 18 contiguous axial
slices with a slice thickness of 4 mm. These slices were
positioned with the same orientation as the dual-echo scan,
with the central slice positioned to match the central slice
of the dual-echo set. For each section, diffusion-weighting
gradient pulses were applied in 12 non-collinear orienta-
tions, with the same orientation scheme and b factors as for
the sequence used for the cord. Two acquisitions for each
set of diffusion data were performed and averaged after
magnitude reconstruction to improve the signal-to-noise
ratio.

MRI images were transferred to a workstation (Sun
Microsystem, Mountain View, California, USA) for postproces-
sing, which was performed by two experienced observers by
consensus, unaware of the participants’ identity. Cervical
cord and brain DT MRI data were first corrected for eddy
current-induced distortions introduced by diffusion-weighting
gradient pulses, by using an algorithm that maximises mutual

information between the diffusion-unweighted and diffusion-
weighted images.30 Then, the diffusion tensor was calculated for
each voxel of spinal cord using linear regression,31 and the
eigenvalues and the eigenvectors of the tensor matrix were
derived. The eigenvalues were averaged to give the mean
diffusivity and used to calculate the fractional anisotropy.32

From cervical cord mean diffusivity and fractional anisotropy
maps, the corresponding histograms were produced as
described previously.25 Figure 1 shows two illustrative examples
of mean diffusivity and fractional anisotropy maps derived
from a normal control and a patient with ALS. To correct for the
between-patient difference in cord volume, each histogram was
normalised by dividing the height of each histogram bin by the
total number of pixels included. Signal intensity artefacts at the
edges of the images were carefully excluded and the borders of
the segmented tissue were drawn to exclude pixels at the edge
of the cord to minimise partial volume averaging. For each
histogram, only average mean diffusivity and fractional
anisotropy were derived. This was because of the strong
correlation existing among all histogram-derived metrics33; as
a consequence, this approach was chosen to minimise the
number of comparisons and, therefore, reduce the risk of type I
error. Conventional MRI scans of the cervical cord were
analysed to assess the presence of areas with increased signal
intensity.

The original magnetisation-prepared rapid acquisition gra-
dient echo data were reformatted, and a set of five contiguous,
3-mm thick axial slices was reconstructed using the centre of
the C2–C3 disc as the caudal landmark. Then, a semiautomated
technique was used to segment the cord tissue and to measure
the cross-sectional cord area at the level of each slice.34 Values
from the five slices were averaged to obtain a single value for
each participant.

Conventional MRIs of the brain were analysed to assess the
presence and location (subcortical precentral gyrus, centrum
semiovale, posterior limb of the internal capsule, cerebral
peduncles, pons and pyramids) of areas with increased signal
intensity. On the brain fractional anisotropy and mean
diffusivity maps, regions of interest were manually applied
along the left and right corticospinal tracts on all axial slices,
extending from the pyramids to the top of the internal capsule,
as detailed elsewhere.19 All regions of interest were of the same
size (17 mm2), and the corticospinal tracts were localised on
the basis of a priori anatomical knowledge and reference to
relevant literature.35 36 The overall average values of mean
diffusivity and fractional anisotropy for the brain corticospinal
tracts were entered into the statistical analysis; these values
were calculated by averaging the values obtained for the right
and left tracts at the four anatomical locations studied
(posterior limb of the internal capsule, cerebral peduncles,
pons and pyramids).

Student’s t test for paired data was used to compare average
mean diffusivity and fractional anisotropy values of the cervical
cord and the brain corticospinal tracts between controls and
ALS. To exclude a potential effect of cord atrophy on cervical
cord DT MRI metrics, an analysis of variance model was also
run after correction for the mean cord cross-sectional area.
Univariate correlations were assessed using Spearman’s rank
correlation coefficient.

RESULTS
No abnormalities were seen on the conventional brain and
cervical cord MRI scans obtained from controls. On the
conventional brain MRI scans, hyperintesities of the corticospinal
tract were detected bilaterally from 15 of the 28 (54%) patients
with ALS studied. In particular, hyperintense signals were seen in
the subcortical precentral gyrus (n = 4), centrum semiovale
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(n = 11), posterior limb of the internal capsule (n = 13), cerebral
peduncles (n = 14), pons (n = 3) and pyramids (n = 3). No
macroscopic cervical cord abnormalities were seen on the
conventional MRI scans from patients with ALS.

The cross-sectional cervical cord area was 79.5 (standard
deviation (SD) 6.2) mm2 in healthy people and 70.2 (SD
7.9) mm2 in patients with ALS (p,0.001). Table 1 reports the
cervical cord DT MRI metrics from ALS and controls. Compared
with controls, patients with ALS had significantly lower cervical
cord average fractional anisotropy (p = 0.002; after correction
for cord cross-sectional area, this difference remained signifi-
cant at p,0.05). Figure 2 shows mean diffusivity and fractional
anisotropy of the cervical cord from controls and patients with
ALS. Average mean diffusivity (0.75 (0.03) v 0.78 (0.04) mm2/s
6103; p = 0.01) and average fractional anisotropy (0.57 (0.03)
v 0.49 (0.04); p,0.001) of the brain portion of the corticospinal
tracts were different between controls and patients with ALS.

In patients, cord and brain average fractional anisotropy
values correlated moderately (r = 0.37, p = 0.05). On the other
hand, no significant correlation was found between cord and
brain average mean diffusivity values. Cord average fractional
anisotropy correlated strongly with the ALSFRS (r = 0.74,

p,0.001; fig 3), whereas cord average mean diffusivity
(r = –0.17, p = 0.37) and cross-sectional area (r = –0.007;
p = 0.97) did not. A moderate correlation between average
fractional anisotropy of the brain corticospinal tracts and
ALSFRS was also observed (r = 0.39, p = 0.01).

DISCUSSION
Recent studies have shown that DT MRI can grade cervical cord
damage in demyelinating conditions.25 26 In this study, we used
DT MRI to: (1) quantify the extent of tissue damage to the
cervical cord of patients with ALS; and (2) gain additional
insights into the nature of such damage by investigating the
relationship with diffusivity measures in the brain portion of
the corticospinal tracts. We also assessed the correlation
between cord diffusivity changes and the degree of patients’
disability as a preliminary step to define new magnetic
resonance markers of disease severity. To this end, we selected
a relatively large group of patients with probable or definite
ALS, who represented the general patient population both in
terms of their clinical and conventional MRI characteristics.37 38

The first result of this study was to show that, in comparison
with healthy people, patients with ALS have a significantly

A B
Figure 1 Illustrative examples of mean
diffusivity (images on the left of each pair)
and fractional anisotropy (images on the
right of each pair) maps obtained from a
healthy volunteer (A) and a patient with
amyotrophic lateral sclerosis (B).

Figure 2 Mean diffusivity (A) and fractional anisotropy (B) of the cervical cord from controls (black line) and patients with amyotrophic lateral sclerosis
(grey line).
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lower average cord fractional anisotropy. As a fractional
anisotropy decrease reflects a loss of fibre bundle direction-
ality,32 this finding indicates the presence of distortion of cord
tissue geometry and agrees with previous pathological data
showing a pronounced corticospinal tract degeneration in the
cord from patients with ALS39 and a reduction in the number of
lower motor neurones in the anterior horns of the grey matter.40

Interestingly, we did not find a corresponding increase in
average mean diffusivity in our patient sample. This mismatch
between mean diffusivity and fractional anisotropy results
might be due to glial proliferation, a common finding in
ALS,39 40 which in turn is likely to be the result of axonal
degeneration and loss of lower motor neurones,40 as supported
by the reduction in cervical cord cross-sectional area that we
found in the patients with ALS when compared with controls.
Reactive gliosis secondary to tissue loss would lead to a
‘‘pseudonormalisation’’ of mean diffusivity values, which
would reduce fractional anisotropy, as glial cells do not have
the same anisotropic morphology as the tissue they replace. The
presence of cell debris resulting from partially degenerated or
disintegrated nerve fibres along the corticospinal tracts41 42 is also
likely to contribute to a pseudonormalisation of mean diffusivity
and to a reduction in fractional anisotropy. Albeit the presence of
cord atrophy (as was the case in this study) increases the
likelihood of partial volume effect from the cerebrospinal fluid
(CSF), we do not believe that the observed cord fractional
anisotropy decrease is influenced a great deal by CSF contamina-
tion of pixels at the edge of the cord. This is because of at least
three reasons. Firstly, partial volume effect should have
influenced mean diffusivity and fractional anisotropy values in
concert. Secondly, fractional anisotropy values were also tested
after correction for cervical cord cross-sectional areas and
statistical significance was maintained. Finally, contamination
from the CSF was further minimised by considering, in the
analysis, only pixels away from the edge of the cord.

The second important finding of the study was to show that
the loss of fibre coherence in the cord was only moderately
related to similar changes occurring in the brain portion of the
corticospinal tracts. This suggests a heterogeneous distribution
of the various components of the pathological process between
the brain and the cord. Previous studies have shown that ALS
can cause corticospinal tract damage through a combined
action of anterograde degeneration of axons and their myelin
sheaths after the loss of pyramidal cortical motor neurones43 44

and disorders of axonal transport,45 both of which result in an
axonopathy with a caudocranial evolution. Postmortem46–48 and
DT MRI19 studies also reported an uneven involvement of the
corticospinal tracts with variable patterns of degeneration.
Clearly, the hypothesis of a heterogeneous distribution of the
process across the CNS cannot be investigated by histopatho-
logical studies (most of which are typically performed on end-
stage or near end-stage disease49) and calls for a longitudinal
assessment of the brain and cord diffusivity changes in ALS.

The third and perhaps most intriguing finding of this study was
to show a strong correlation between the extent of distortion of
cord microstructural geometry and the severity of disability of
patients with ALS. Such a correlation might be further improved
in the future by the use of high-field MRI scanners with increased
image resolution, which would allow selective segmentation of
those parts of the cord (ie, the corticospinal tracts and the anterior
portion of the grey matter) that are the targets of the ALS
pathological process. Although such an approach was not feasible
with the present MRI data set, the correlation we found is of
interest considering that optimal MRI quantities reflecting the
severity of the clinical manifestations of ALS are still lacking.

The limitations of this study are: firstly, the magnetic
resonance scanner used was not equipped with coils allowing
parallel imaging to be performed. As this may result in image
distortions, we tried to minimise them by using the minimum
TE allowed by scanner constraints and by using a rectangular
FOV of 37.5%, which enabled us to limit the number of phase-
encoding steps of the k-space in the phase-encoding direction.
This, together with the high slew rate of the scanner gradients,
resulted in the acquisition of DT MR images of good quality
(fig 1), with an acquisition time of about 80 s (a short
acquisition time is very helpful for patients with disability,
such as those with ALS, who might not tolerate long MRI
sessions). Secondly, the interslice gap used was high, thus
resulting in a relatively coarse image resolution.

Although cord DT MRI longitudinal studies are needed to
establish the magnitude of the correlation between anisotropy
changes over time and accumulation of irreversible disability,
this study suggests that the present DT MRI sequence designed
for cervical cord imaging of patients with disability may be a
useful adjunctive tool to monitor ALS evolution, either natural
or modified by treatment.
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Table 1 Cervical cord mean diffusivity and fractional
anisotropy in patients with amyotrophic lateral sclerosis and
controls

Patients with ALS Controls

MD (mm2/s 61023) 0.88 (0.06) 0.85 (0.11)
FA 0.48 (0.04) 0.52 (0.02)

ALS, amyotrophic lateral sclerosis; FA, fractional anisotropy; MD, mean
diffusivity.
Values are mean (SD).
For statistical analysis, see text.
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Figure 3 Scatterplot of the correlation between patients’ cervical cord
fractional anisotropy (FA) and ALS Functional Rating Scale (ALSFRS).
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