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Combined MR spectroscopic imaging
and diffusion tensor MRI visualizes
corticospinal tract degeneration

in amyotrophic lateral sclerosis

Abstract Motor neuron damage
and cortical spinal tract (CST) de-
generation are pathological fea-
tures of amyotrophic lateral sclero-
sis (ALS). We combined whole-
brain diffusion tensor imaging
(DTI) and three-dimensional
magnetic resonance spectroscopic
imaging (MRSI) to study the CST
at different locations. Eight ALS pa-
tients were compared with normal
controls. Fractional anisotropy
(FA) and mean diffusivity (MD),
and the ratio of N-acetyl-aspartate
(NAA) to creatine (Cr) were mea-
sured at various locations in the
CST, including the subcortical
white matter (SWM), centrum
semiovale (CS), periventricular
white matter (PV), posterior limb
of the internal capsule (PIC) and
cerebral peduncle (CP). Patients
showed significantly lower FA than

controls in the CST, including the
SWM, CS, PV and PIC. Although
there was a trend towards elevated
MD in ALS patients, this did not
reach statistical significance.
NAA/Cr ratios were also decreased
in ALS patients compared with
normal controls, with significant
differences in the SWM and PV but
not in PIC. Combined whole-brain
DTI and MRSI can detect axonal
degeneration in ALS. Measure-
ments of FA obtained in the SWM,
CS, PV and PIC, and NAA/Cr ratios
in the SWM and PV yield the most
robust results.
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Introduction

Amyotrophic lateral sclerosis (ALS) is the most common
motor neuron disease. This devastating neurodegenera-
tive disorder of unknown origin is characterized by de-
generation and loss of the motor neurons in the spinal
cord, brainstem, and cerebral cortex, and associated
with damage to the corticobulbar and corticospinal
tracts (CST) [1,2]. Clinically, sporadic ALS is manifested
by muscle weakness, wasting, spasticity, and weight loss.
Death usually occurs within 2-5 years after the onset of
symptoms. Currently, there is no technique to objec-
tively and quantitatively assess the extent of upper mo-

tor neuron damage. Diagnosis is based on the El Escor-
ial clinical criteria, electrophysiological findings, and
exclusion of other conditions [3,4].

Conventional magnetic resonance imaging (MRI)
has been applied to the diagnosis of ALS, with limited
success [5-8]. More recently, attention has focused on
proton MR spectroscopy to provide a metabolic marker
of upper motor neuron involvement [9-16]. Diffusion
tensor imaging (DTI) is a novel magnetic resonance
method that makes use of multiple non-collinear diffu-
sion sensitizing gradients to study the movement of
molecular water. DTI indices that may be obtained in-
clude mean diffusivity (MD), which measures the mag-
nitude of water diffusion independent of direction, and
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fractional anisotropy (FA), which quantifies the direc-
tionality of water diffusion [17, 18]. Exploiting the prin-
ciples of anisotropy (the preferential diffusion of water
along fiber tracts), these quantitative markers may be
useful in the study of the function and microstructural
integrity of white matter [17,18]. DTI has been success-
fully applied to the study of cerebral ischemia, multiple
sclerosis, brain tumors [19-21], and ALS [22-24]. How-
ever, there have been no previous studies using both
whole-brain DTI and magnetic resonance spectroscopic
imaging (MRSI) to examine ALS patients. We therefore
combined studies of the CST in ALS patients using these
novel MR techniques, and compare these parameters at
different locations along the CST.

Materials and methods

Patients

Eight patients with clinically definite ALS based on El Escorial crite-
ria [3, 4] attending the PLA General Hospital neurology service were
studied. The mean age of ALS patients was 45.75 +7.94 years, with a
median duration of symptoms of 15.63 months (range 6-25); there
were 4 men and 4 women. Twelve healthy age-matched controls
(mean age: 45.08 + 11.73 years, 8 men and 4 women) were included in
the DTI study; a second group of non-matched volunteers without
neurological disease (mean age: 43.8+16.72, 3 men and 2 women)
was analysed for MRSI. Informed consent was obtained from all sub-
jects before entry into the study.

MRI protocols

All MR studies were performed on a 1.5 T Signa Twinspeed MRI sys-
tem (General Electric, Milwaukee, USA). All patients and volunteers
underwent fast spin-echo T2-weighted (TR 3600 ms, TE 102 ms; ma-
trix size 128x256; FOV 240 mm; 28x6 mm axial slices), and fluid at-
tenuated inversion recovery (TI=2200 ms) studies. Patients and DTI
volunteers underwent diffusion-weighted protocol comprising sin-
gle-shot echo-planar imaging (TR 8000 ms, TE 70 ms; acquisition ma-
trix 128x128; FOV 24 cm; b values 0 and 1000 s/mm?, applied along 25
non-collinear directions). Each section was 6 mm thick, with 0.5m
gap.

Patients and MRSI volunteers underwent localized three-dimen-
sional multi-voxel proton spectroscopic imaging. Point-resolved
spectroscopy (PRESS) sequence localization was used (TR 1500 ms,
TE 136 ms, one excitation) to acquire a single volume acquisition of
an 80 mm cube. The localizer volume was selected to include the CST
and avoid scalp contamination. The total acquisition time for all se-
quences was approximately 60 minutes.

Data analysis

Two observers (HY, CCTL), who were blinded to the clinical details,
analysed the conventional MRI, DTT and MRSI studies by consensus
reading on Advantage Windows workstation (Functool, General Elec-
tric, Milwaukee, USA). In each subject, CST white matter was studied
at 5 anatomical locations: subcortical white matter (SWM) below the
precentral gyrus, centrum semiovale (CS), periventricular white mat-
ter (PV), posterior limb of the internal capsule (PIC), and cerebral pe-
duncle (CP), were analysed. On conventional MRI, the presence or ab-
sence of abnormal signal intensity in the CST and precentral gyrus
was noted; other focal areas of signal abnormality were also recorded.

Post-processing of DTI data was carried out using a pixel-by-pixel
method to calculate fractional anisotropy (FA) and mean diffusivity
(MD). Elliptical regions of interest (ROIs) of uniform size
(20-30 mm?) were placed in the CST as visualized on the b=0 (T2-
weighted) images bilaterally, 10 regions in all. Care was taken to place
the ROIs along the CST to minimize partial volume effects from sur-
rounding non-CST regions. These ROIs were automatically propa-
gated to the FA and MD maps by the manufacturer’s software, which
recorded these values.

Individual MRSI voxels with nominal dimensions of 15x15
x10 mm were placed in the CS, PV, PIC guided by the same b=0 im-
ages obtained from the DTI dataset. Semi-quantitative spectral mea-
surements of peak heights of N-acetyl aspartate (NAA) and creatine
(Cr), were obtained, followed by calculation of the metabolite ratio
NAA/Cr. Again, results of voxels on both sides were summed. Exam-
ples of MRSI voxel and ROI placement on FA and MD maps are shown
in Fig. 1.

Comparison of means of FA, MD, and NAA/Cr between groups
was performed using the Mann-Whitney test for independent sam-
ples, followed by comparisons at different locations along the CST.
Statistical significance was established at p <0.05.

Results

There were six ALS patients with limb onset disease and
two with bulbar onset; average duration of disease was
of 15.63+6.53 months. Conventional MRI studies in
four of eight ALS patients showed foci of high signal in
the PIC on T2 or FLAIR images, two patients had sub-
cortical white matter hyperintensities and two had ab-
normalities in the CP. No patient had abnormal findings
of low signal intensity in the precentral gyrus. Five of 12
normal volunteers had bilateral foci of high signal in the
PIC on T2-weighted images and one had an abnormal-
ity in the subcortical white matter.

The differences in combined and regional DTI and
MRSI parameters are shown in Table 1. ALS patients had
significantly lower FA (0.44+0.09) than controls
(0.50%£0.08, p=0.001), MD values were also higher in
patients (7.75+£0.25 x 10* mm?/s) than controls
(7.58 £0.22 x 10~ mm?/sec) although this difference did
not reach significance (p=0.189). Regional FA differ-
ences were significant in the SWM, CS, PV, and PIC, but
not the CP.

In our MRSI study, we could not consistently obtain
measurements from the precentral gyrus in all subjects
owing to technical difficulties near the scalp. Similarly,
measurements in the brainstem were discarded because
of inability to place the ROI in the correct anatomical lo-
cation. Hence, only the SWM, PV and PIC were studied.
The combined NAA/Cr ratio was significantly lower in
ALS patients (1.94+0.19) than normal controls
(2.20£0.34, p=0.002). Within the CST, the difference
between patients and controls was significant at the
SWM and PV but not at the PIC.
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Fig.1 Axial MRimages from a patient with ALS showing location of regions of interest in the corticospinal tracts. Fractional anisotropy (FA) maps from (A) subcortical white
matter (SWM); (B) centrum semiovale (CS); (C) periventricular white matter (PV); (D) posterior limb of internal capsule (PIC); and (E) cerebral peduncle (CP). (F) T-2 weighted
(b = 0) image shows MRSI voxel placement within the PIC

Discussion

ALS affects both upper and lower motor neurons.
Histopathological examination has revealed degenera-
tion and motor neuron death in both the cortical gray
matter and white matter tract throughout the CST. Mu-
tations in superoxide dismutase, free radicals, increased
lipofuscin granules in the motor neurons, and apoptosis
have been implicated in disease pathogenesis [7, 25, 26].

Neuron and axonal damage may be detected as ab-
normal signal intensity in the areas of the motor cortex
and along the CST. T2-weighted MRI studies have shown
decreased signal intensity in the precentral gyrus, as
well as increased signal intensity in the CST [5-8]. These
findings may be more prominent and more frequently
seen on FLAIR sequences [27, 28]. On T2-weighted and
FLAIR MRI, none of our patients had precentral gyral
abnormality, and only half had abnormal findings in the

CST. Similar signal changes were also present in a
smaller percentage of normal controls. Our results are in
agreement with previous reports, which have shown
that hyperintensity in the CST was not specific for ALS;
ischemic disease, vitamin B12 deficiency and Friedrich’s
ataxia may also cause similar findings on MRI [29, 30].
Other studies have also found bilaterally symmetrical,
sharply defined foci of high signal in the PIC in neuro-
logically normal controls [31-33]. In these individuals,
hyperintense foci in the PIC may be due to the presence
of large fibers with thick myelin sheaths in the CST [34].

The poor sensitivity and overlapping appearances on
qualitative MRI has led to interest in DTI and MRSI as
quantitative markers of ALS. Using seven non-collinear
diffusion directions, Ellis et al. found reduced FA and el-
evated MD in the posterior limbs of the internal capsule
in ALS patients [22]. In that study, the PIC was studied
on a single section in the coronal plane, and compared
with sex-matched controls. Our study, using 25 diffusion
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Table1 DTl and MRSI parameters in the cortico-

spinal tracts Regions Mean FA +SD Mean F{\ +SD yA p
controls ALS Patients
All locations 0.50 0.08 0.44 0.09 -3.24 0.001*
SWM 0.41 0.05 0.36 0.04 -2.24 0.025*
() 0.41 0.03 0.36 0.03 -2.55 0.011*
PV 0.53 0.04 0.45 0.06 -2.78 0.005*
PIC 0.58 0.03 0.52 0.06 -2.70 0.007*
cp 0.54 0.06 0.52 0.04 -0.97 0.335
Regions Mean MD +SD Mean MD +SD yA p
controls ALS Patients
MD all locations 7.58 0.22 7.75 0.25 -1.31 0.189
MD SWM 7.15 0.27 7.37 0.33 -1.70 0.090
MD CS 744 0.27 7.63 0.27 -1.51 0.132
MD PV 741 0.23 7.50 0.30 -0.58 0.563
MD PIC 7.26 0.23 7.45 0.34 -0.81 0.418
MD CP 8.65 0.72 8.79 0.70 -0.62 0.537
Regions Mean NAA/Cr +SD Mean NAA/Cr +SD Z p
controls ALS Patients
NAA/Cr all locations 2.20 0.34 1.94 0.19 -3.15 0.002*
NAA/Cr SWM 2.46 0.24 2.08 0.19 -2.49 0.013*
NAA/Cr PV 2.12 0.15 1.85 0.19 -2.49 0.013*
NAA/Cr PIC 1.88 0.27 1.63 0.24 -1.61 0.107

* Significantly different at p < 0.05
MD is expressed in units of x10~* mm?/s

directions, extends this initial work and examines re-
gional differences along the course of the CST, from the
subcortical region down to the cerebral peduncles, ten
regions in all.

Among ALS patients in our study, FA was signifi-
cantly lower, but despite the trend towards higher MD,
the difference did not reach statistical significance when
compared with normal controls. Our observations may
reflect the early phase of axonal degeneration, during
which decreased diffusion directionality results in de-
creased FA, but before disrupted cellular integrity or in-
creased extracellular space occurs to give rise to elevated
MD [35]. The shorter duration of symptoms (mean
15.63 months in our patients and 32.9 and 26.1 months
in limb and bulbar onset patients respectively), may
contribute to the disparity between our findings and
those of the previous study [22]. Such a combination of
decreased FA without significant elevation of MD has
also been observed in the normal appearing white mat-
ter in cerebral infarction [19] and multiple sclerosis
[20].In these studies the observations were attributed to
Wallerian degeneration of the axons and myelin. Our
findings raise the possibility that FA may be more sensi-
tive than MD in some patient populations with axonal
degeneration, and this may have future clinical applica-
tions, particularly in the early stage of the disease. How-
ever, our small sample size was a limiting factor, and
larger studies with longitudinal comparisons of FA and

MD as functions of duration and severity of ALS might
help resolve this issue.

In our study of regional variation in FA along the CST,
we found differences between patients and controls in
all regions of the CST except the CP. Technical difficul-
ties caused by partial volume effect of multiple fiber
tracts, perhaps compounded by sphenoid airspace sus-
ceptibility effects degrading measurements in the brain-
stem, may be responsible for the lack of significance in
the differences in the cerebral peduncles. With multiple
readings at different locations, we expect the accuracy
and confidence to improve on a study taking only a
single measurement.

NAA/Cr ratios were significantly decreased in ALS
patients compared with controls. In prior studies using
single-voxel methods and two-dimensional MRSI, a de-
crease in NAA concentration or NAA/Cr ratio had been
detected in the precentral gyrus [9-14, 36, 37]. Multi-
voxel techniques analyse metabolic information as an
array of spectra with smaller voxel sizes,and hence have
better spatial resolution than single-voxel methods.
Anatomical coverage is also superior, and multiple loca-
tions within the CST may be studied with a single three-
dimensional MRSI acquisition.

Our analysis of different locations in the CST showed
that the NAA/Cr ratio in the SWM and PVD were signif-
icantly different in ALS patients, but the differences in
the PIC failed to reach statistical significance. In a study



of the PIC in ALS patients, Schuff etal. also found nor-
mal NAA concentration but increased choline in the PIC
[37]. They postulated that there may be disproportion-
ately fewer losses of subcortical motor neuron fibers
than of cortical motor neurons. However, this does not
adequately explain our significant results in the SWM
and PV. In our combined study, there was difficulty in
obtaining an exact anatomical match between MRSI and
DTI within the same patient. These technical limita-
tions, as well as the larger voxel of interest in MRSI when
compared to DTI, may also contribute to our failure to
find a significant difference in the PIC on MRSI. Perhaps
technical improvements such as absolute metabolite
quantification [9-11, 37], or using other metabolite
markers such as glutamate at short echo times [15]
might be a more suitable parameter to study ALS pa-
tients at the PIC level.
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patients with non-specific conventional MRI findings,
combined whole-brain DTT and MRSI may be useful for
detecting neuronal damage in the CST. To yield the most
robust and consistent results, FA measurements may be
taken along the CST with the exception of the cerebral
peduncles, and spectroscopic measurement of NAA/Cr
should be obtained from the subcortical white matter
and periventricular white matter, but not the posterior
limb of the internal capsule. Further studies need to be
done with larger groups of patients before recommend-
ing these markers of upper motor neuron damage in
ALS. Such quantitative methods have the potential to be
used as surrogate markers to measure disease progres-
sion, which would be helpful in clinical trials to assess
treatment efficacy.
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