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Abstract
Our objective was to characterize the structural and metabolic changes of the corticospinal tract (CST) in ALS patients
using combined diffusion tensor imaging (DTI) and magnetic resonance spectroscopic imaging (MRSI). Fourteen patients
(male:female, 6:8; mean age, 54 years) and 14 controls (male:female, 8:6; mean age, 53 years) underwent imaging. Four
regions of the CST were evaluated: precentral gyrus, corona radiata, posterior limb of the internal capsule, and cerebral
peduncle. DTI and MRSI indices tested included fractional anisotropy (FA), apparent diffusion coefficient (ADC), and the
ratio of N-acetylaspartate to choline (NAA/Cho) and creatine (NAA/Cr). In the precentral gyrus, NAA/Cho was reduced
18% (pB0.001), NAA/Cr was reduced 9% (p�0.01), and FA was reduced 3% (p�0.02). NAA/Cho and NAA/Cr were
reduced in the corona radiata (pB0.001). Reduced NAA/Cho in the precentral gyrus correlated with shorter symptom
duration (r�0.66, p�0.02) and faster disease progression (r��0.65, p�0.008). Increased spasticity correlated with
higher ADC in the precentral gyrus (R�0.52, p�0.005). In conclusion, both MRSI and DTI provided in vivo evidence of
intracranial degeneration of the CST in ALS that was most prominent rostrally in the precentral gyrus.
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imaging

Introduction

Clinical assessment of upper motor neuron (UMN)

degeneration in ALS patients is sub-optimal due to

the semi-objective nature of the clinical exam and

because UMN signs can be attenuated by severe

concomitant lower motor neuron (LMN) degenera-

tion. Electrophysiological techniques such as motor

unit number estimation can objectively evaluate

LMN involvement. However, the inability to quan-

tify UMN disease burden is a serious impediment to

understanding pathogenesis and contributes to de-

lays in diagnosis.

Diffusion tensor imaging (DTI) and magnetic

resonance spectroscopy (MRS) have emerged as

potential surrogates of cerebral degeneration in

ALS. DTI can assess the integrity of white matter

tracts. This is quantified by fractional anisotropy (FA)

which reflects the coherence of directional diffusion of

water in tissues, and the apparent diffusion coefficient

(ADC) which measures the magnitude of diffusion.

Studies in ALS have generally found reduced FA

(1�10) and increased ADC (4�7,9) along the corti-

cospinal tract (CST). Most studies have focused on

the posterior limb of the internal capsule (1�5,8�10),

whereas other regions such as the precentral gyrus

(1,9,10) have not been evaluated as extensively. MRS

permits the measurement of cerebral metabolites in

vivo. MRS studies have consistently shown that the

neuronal marker N-acetylaspartate (NAA) is dimin-

ished in ALS in areas of the brain relevant to motor

function, including the precentral gyus (1�3,11�24),

posterior limb of the internal capsule (1,13,16), and

brainstem (11,25).

Previous studies combining DTI and MRS

examined isolated components of the CST (1�3).

A better understanding of the prominent motor

impairment of ALS could be gained by measuring
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diffusional and metabolic changes throughout the

entire course of the CST, as is the objective of this

study. With this aim, we extended our previous DTI

analysis from the level of the corona radiata to the

cerebral peduncle (7) to include the precentral gyrus

and, additionally, we incorporated a multivoxel

magnetic resonance spectroscopic imaging (MRSI)

protocol to evaluate metabolic changes from the

motor cortex to the midbrain. Previous studies have

used single voxel or axial multivoxel MRS techni-

ques; however, these have limitations in the ability

and efficiency to study the intracranial portion of the

CST. Thus, we developed a coronal multivoxel

MRSI protocol that would permit its contiguous

evaluation.

Materials and methods

Subjects and clinical evaluation

Patients with a clinical diagnosis of probable or

definite ALS according to the El Escorial (26)

criteria (having both UMN and LMN signs) were

recruited. The DTI findings (between the corona

radiata and the cerebral peduncle) on the majority of

these subjects have been reported previously (7).

The study was approved by the Human Research

Ethics Board and subjects gave informed consent.

General disability was assessed using the ALS

Functional Rating Scale (ALSFRS) (27). Measures

of UMN function included the modified Ashworth

spasticity scale, and finger and foot tapping rate

(28). The rate of disease progression was estimated

as follows: rate�(40-ALSFRS)/symptom duration

(4). Healthy control subjects were free of neurologi-

cal or psychiatric disease.

Image acquistion

Imaging was performed on a 1.5 tesla MR system

(Magnetom Sonata, Siemens Medical Systems).

Sagittal (TR�6860 ms, TE�112 ms) and trans-

verse (TR�6950 ms, TE�113 ms) T2W images

were acquired. Coronal T2W (TR�7480 ms, TE�
113 ms) and 3D MPRAGE (TR�1890 ms, TE�
4.38 ms, TI�1100 ms, voxel size 1�1�1 mm)

imaging followed with an angulation parallel to the

CST as viewed on sagittal images. Angulation was

further refined by ensuring a coronal slice intersected

the cerebral peduncles and the hyperintense signal of

the CST in the posterior limb of the internal capsule

and corona radiata on axial images.

A 2D spin-echo MRSI sequence was used (TR�
1500 ms, TE�135 ms, n�4, 12�12 phase en-

codes interpolated to a 16�16 matrix, FOV 160�
160 mm, voxel size 1�1�1.5 cm) with the slab

angulated to the plane of the coronal images and

positioned to enclose the CST (Figure 1A).

Coronal DT images were acquired using spin-

echo echo planar imaging (20 contiguous slices (no

gap), slice thickness�5 mm, TR�3200 ms, TE�
88 ms, matrix size�128�128 zero-filled to 256�
256, 75% phase partial Fourier, FOV�220�220

mm, 6 diffusion gradient directions, b�1000 s/

mm2, 8 averages). A non-diffusion weighted image

(b�0 s/mm2) was also acquired.

MR data processing

The MPRAGE images were coregistered to the non-

diffusion weighted (b�0) reference image using

SPM5 software (http://www.fil.ion.ucl.ac.uk/spm/

software/spm5/, Friston, 2004). DTIstudio (Johns

Hopkins University, Baltimore, MD) was used to

derive diffusion maps for FA, trace ADC, the three

eigenvalues (l1, l2, l3), and a colour map encoding

principal diffusivity (the eigenvector associated with

l1). Three-dimensional renderings of the cortex

were created using MRIcro (v1.40, freeware, Chris

Rorden) (29) from the MPRAGE datasets.

DTI analysis

Images were analysed by a single examiner (TEP)

blinded to diagnosis. Given the considerable variation

in the anatomy of the precentral gyrus (30), axial,

coronal, and sagittal images and the three-dimen-

sional renderings were used to confirm identification

of the precentral gyrus on the coregistered DTI maps.

The subcortical white matter (WM) of the entire

precentral gyrus was segmented manually on multiple

coronal slices of the FA maps using ImageJ (v1.37,

Wayne Rasband, National Institutes of Health, USA)

(Figure 2A). Grey matter is characterized by an FA

between 0.1 and 0.2 (31). To minimize the possibility

of partial volume contamination and to increase

objectivity, a threshold FA of 0.3 was used for voxel

inclusion. The CST caudal to the precentral gyrus

was manually traced from the corona radiata to the

cerebral peduncle and subdivided into the corona

radiata, posterior limb of the internal capsule, and

cerebral peduncle (Figure 2B) as previously described

(7). Bilateral mean FA and ADC were measured in

these sub-regions and the precentral gyrus.

Prior studies have evaluated the utility of using

small discrete regions of interest (ROIs) placed in

the precentral gyrus. To compare our method of

segmentation of the entire precentral gyrus we

also measured diffusion indices in a circular ROI

(16 mm2) placed in the WM of the precentral gyrus

(Figure 2C).

MRSI analysis

Processing of the spectroscopic data and determina-

tion of peak area ratios (NAA/Cr, NAA/Cho, Cho/Cr)

158 T. Pyra et al.
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for each voxel was performed using LCModel (http://

www.s-provencher.com/pages/lcmodel.shtml). Voxels

were assigned to the precentral gyrus, corona radiata,

posterior limb of the internal capsule, or cerebral

peduncle (Figure 1B) if at least 50% of its contents

contained the structure. Those assigned to the pre-

central gyrus were within the boundaries of the ROI

drawn on the FA map. Metabolite ratios for each

region (e.g. precentral gyrus) were calculated by

determining the average ratio for all voxels assigned

to that region.

Statistical analysis

Multivariate analyses of covariance (MANCOVA)

were performed initially to test differences in each of

bilateral FA, ADC, NAA/Cho, NAA/Cr, and Cho/

Cr between the control and ALS groups with age as

a covariate. There were four dependent variables

representing the imaging parameter for each anato-

mical region (e.g. FA for each of precentral gyrus,

corona radiata, posterior limb of the internal cap-

sule, and cerebral peduncle). The use of MAN-

COVA reduces the chances of a type I error due to

multiple comparisons since only a significant multi-

variate result for a parameter is followed by uni-

variate analyses to determine the region which is

abnormal. Relationships were quantified by Pearson

(p) and Spearman rank (R) correlation coefficients.

Correlations with clinical measures lacking lateral

bias (age, symptom duration, ALSFRS, and disease

rate) were tested with bilateral diffusion and spectro-

scopy results. Unilateral Ashworth scores and tap-

ping speeds were tested for associations with

contralateral imaging results. Statistical significance

was set at a two-tailed pB0.05.

Receiver operating characteristic (ROC) analysis

was performed (MedCalc Software version 7.4,

Figure 1. Magnetic resonance spectroscopic imaging. Axial, sagittal, and coronal T2-weighted MR images demonstrate placement of the

volume of interest (VOI, white box). A) The hyperintense signal of the CST within the VOI is indicated by white arrows. B) Dots indicate

selected voxels that include the CST. Metabolite ratios from the CST were analyzed by row to do a spatial analysis as demonstrated in

Figure 3 and grouped by anatomical region (yellow dots�precentral gyrus, blue dots�corona radiata, green dots�posterior limb of

the internal capsule, red dots�cerebral peduncle). At right is a sample spectrum from a single voxel; Cho�choline, Cr�creatine,

NAA�N-acetylaspartate.
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Figure 2. Diffusion tensor imaging � regional delineation of the corticospinal tract. A) The subcortical white matter of the precentral gyrus was labeled on a sequence of contiguous coronal FA maps. This

sequence from a single subject proceeds anteriorly from the top left to the bottom right image. B) The CST caudal to the precentral gyrus was outlined on a single coronal FA image and was subdivided into

corona radiata, posterior limb of the internal capsule, and cerebral peduncle. C) Diffusion indices were determined from a circular ROI in the precentral gyrus in both hemispheres to compare with the results

of the segmentation of the entire precentral gyrus as in A).
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Mariakerke, Belgium) for imaging parameters that

significantly differed between patients and controls.

The sensitivity and specificity for a parameter were

determined at the cut-off value with the highest

accuracy (minimal false negatives and false positives)

as determined by MedCalc.

Results

Fourteen patients (male:female, 6:8; age, 54915

years; limb:bulbar onset, 12:2, ALSFRS, 3096) and

14 healthy age-matched controls (male:female, 8:6;

age, 53912 years) were studied. Patients were

clinically diagnosed with probable (n�11) or defi-

nite (n�3) ALS (26). Patients had symptoms

ranging from 10 to 43 months in duration, except

one who had symptoms for 72 months.

Multivariate analyses (MANCOVA) revealed a

significant group difference for FA, NAA/Cho,

NAA/Cr, and Cho/Cr between ALS patients and

controls. Accordingly, a univariate analysis was

performed for each of these parameters to determine

which of the regions of the CST were abnormal.

Diffusion tensor imaging

FA was reduced bilaterally in the WM of the

precentral gyrus in ALS patients and reduced FA

in the cerebral peduncles showed a trend towards

significance (Table I). In contrast to FA calculated

from the entire precentral gyrus, FA derived from a

circular ROI placed in the left and right subcortical

white matter of the precentral gyrus was not

significantly reduced in patients compared to con-

trols (0.36990.057 vs. 0.38490.051, p�0.47).

ADC in patients was not different from controls.

WM volumes were not different between patients

and controls; precentral gyrus WM volume was

slightly lower in ALS (11.392.7 vs. 13.091.8),

but this did not reach statistical significance.

Magnetic resonance spectroscopic imaging

MRS data of good quality were obtained from the

precentral gyrus, corona radiata, and posterior limb

of the internal capsule in all but one patient and one

control. In the cerebral peduncles, spectra adequate

for analysis were available from five patients and

eight controls (MRS of the cerebral peduncles is

technically challenging due to the presence of

vasculature and small volumes of tissue). The spatial

metabolite plots for controls (Figure 3) show that

NAA/Cr and Cho/Cr progressively increase and

NAA/Cho decreases in a rostral-to-caudal direction

until near the internal capsule. The plots reveal

reduced NAA/Cr and NAA/Cho throughout the

CST in patients, which is statistically significant in

the precentral gyrus and corona radiata (Figure 3,

Figure 3. Spatial variation of metabolite ratios along the corticospinal tract (left to right represents rostral to caudal � see Figure 1). NAA/

Cho and NAA/Cr are reduced throughout the CST with statistically significant abnormalities present more rostrally (see also Table 1). Cho/

Cr is increased in the rostral portion of the CST. Error bars represent standard error.

Table I. Quantitative regional analysis of DTI and MRSI parameters in the corticospinal tract of ALS patients and healthy controls.

Precentral gyrus Corona radiata Internal capsule Cerebral peduncles

ALS Controls ALS Controls ALS Controls ALS Controls

FA 0.41290.012$ 0.42590.014 0.48790.058 0.45790.039 0.65590.044 0.65190.027 0.72790.037* 0.75190.030

ADC 0.85090.041 0.83690.042 0.80390.040 0.77590.046 0.75890.041 0.74590.043 0.74090.044 0.74390.033

NAA/Cho 4.98490.449§ 6.07990.685 4.82590.485§ 5.80090.542 5.05390.570 5.27290.502 4.87191.110 5.41390.699

NAA/Cr 1.81290.154$ 1.98590.157 2.05390.156§ 2.32790.188 1.83290.180 1.90490.138 1.91690.334 2.06690.240

Cho/Cr 0.36690.027% 0.33190.0.040 0.42890.034 0.40590.048 0.36790.028 0.36490.032 0.39890.028 0.38790.063

Results are reported as bilateral mean9standard deviation. FA: fractional anisotropy; ADC: apparent diffusion coefficient (�10�3 mm2/s);

NAA: N-acetylaspartate; Cho: choline; Cr: creatine. *pB0.1, $pB0.05, %pB0.01, §pB0.001.
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Table I). No significant changes in any of the

metabolite ratios were found in the posterior limb

of the internal capsule or cerebral peduncles. The

pattern for each of NAA/Cr and Cho/Cr across the

CST is similar between controls and patients,

suggesting that the observed spatial variation is

dependent largely on Cr levels along the tract. While

NAA/Cho in controls declines rostro-caudally along

the CST, in patients this pattern is not found as

NAA/Cho is reduced rostrally and remains low

throughout the CST. NAA/Cho was used for sub-

sequent correlative analyses given its greater magni-

tude of change compared to the other metabolite

ratios.

Receiver operating characteristic analysis

Sensitivity and specificity were calculated using

ROC curves for imaging parameters that were

significantly different in patients compared to

controls in the precentral gyrus. This included

FA (sensitivity�79%, specificity�79%, cut-off�
0.422), NAA/Cho (sensitivity�100%, specificity�
85%, cut-off�5.640), NAA/Cr (sensitivity�54%,

specificity�100%, cut-off�1.799), and Cho/Cr

(sensitivity�69%, specificity�85%, cut-off�0.354).

Analysis of relationships

In the precentral gyrus of ALS patients, lower NAA/

Cho correlated with shorter symptom duration (r�
0.66, p�0.02) and a faster disease progression rate

(r��0.65, p�0.008) (Figure 4). A similar associa-

tion of NAA/Cho with progression rate was present

in the corona radiata (r��0.65, p�0.02). Greater

spasticity correlated with a higher ADC (R�0.52,

p�0.005) in the contralateral precentral gyrus,

with a statistical trend observed with lower FA

(R��0.39, p�0.06). Statistical trends were also

present for slower tapping speeds to be associated

with lower FA (r�0.35, p�0.08) and higher ADC

(r��0.36, p�0.07) in the contralateral precentral

gyrus. Neither DTI nor MRSI indices correlated

with ALSFRS scores. NAA/Cho did not correlate

with FA or ADC in any region.

Discussion

The objective of this study was to evaluate white

matter integrity and neurochemistry in the intracra-

nial course of the CST in patients with ALS. Two

complementary imaging techniques were used to

gain insight into pathogenesis and evaluate the

performance of imaging parameters as surrogate

markers of degeneration.

We found CST involvement in ALS detectable

by DTI and MRSI to be focused in the precentral

gyrus. The most abnormal result was an 18%

reduction in NAA/Cho, whereas the decrease in

FA was quite small (3%). Given that NAA/Cho had

a better sensitivity-specificity profile and was con-

siderably more accurate at discriminating patients

from controls among these specific subjects, it may

be a preferred surrogate marker of degeneration in

ALS. It may also be the preferred spectroscopic

marker over NAA/Cr since the latter revealed a

spatial distribution along the CST similar to Cho/

Cr, suggesting that the distribution was significantly

dependent on Cr levels. Further studies are re-

quired with more subjects and with non-ALS

disease groups to refine the potential of these

imaging parameters as diagnostic and surrogate

markers.

Decreased NAA/Cho can reflect neuronal loss/

dysfunction (decreased NAA) or membrane turn-

over/gliosis (increased Cho), whereas reduced FA

suggests frank axonal loss or myelin degradation.

Thus, the greater abnormalities in MRSI could be a

reflection of a population of neurons that are

dysfunctional, perhaps in a stage preceding frank

structural change that is then detected by DTI. The

discrepancy in magnitude of change in spectro-

scopic and diffusion parameters has been reported

previously, including a recent large study that

combined MRSI of the motor cortex and DTI

of the posterior limb of the internal capsule in

64 patients (3).

The small magnitude of change in FA can also

partly be explained by the fact that FA is normally

low in the precentral gyrus and corona radiata due to

dispersion of CST fibres and their intermingling

with U-fibres and fibres of the association tracts that

run obliquely to the CST fibres. FA increases

moving caudally down the CST as the axons con-

verge and attain a predominant rostro-caudal ar-

rangement (7). Thus, changes in axonal integrity in
Figure 4. A faster disease progression rate was associated with

lower NAA/Cho in the precentral gyrus (r��0.65, p�0.008).

162 T. Pyra et al.
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the precentral gyrus or corona radiata would not

have as great an impact on FA as they would in the

posterior limb of the internal capsule or cerebral

peduncles where FA is much higher. We previously

reported reduced FA in the cerebral peduncles (7);

in this study it was reduced to a lesser degree and

reached a trend to statistical significance. This

discrepancy is probably due to differences in subject

characteristics.

NAA/Cho correlated with measures of disease

progression. The finding of lower NAA/Cho in those

with shorter symptom duration and a faster progres-

sion rate suggests that reduced NAA/Cho is asso-

ciated with a more aggressive phenotype. This

notion is supported by a study demonstrating

reduced survival in patients with decreased NAA/

Cho (23). One other study has reported a similar

relationship between metabolite ratios and symptom

duration (2) whereas others have not (15,17,

22,24,25). The inconsistency may be due to varying

progression rates and high variability in metabolite

ratios found in those imaged with a short duration of

symptoms. Future MRS studies in ALS should

attempt to confirm the relationship between spectro-

scopic change and rate of disease progression.

DTI indices in the precentral gyrus correlated

with clinical measures of UMN function whereas

NAA/Cho did not. Thus, initial stages of neuronal

dysfunction may be less apt to contribute to clinically

evident motor impairment but may be detected by

reduced NAA/Cho. Previous studies have inconsis-

tently shown correlations of imaging parameters with

clinical UMN measures (2�4,6�8,13,16,22,

24,32). Other studies using both MRS and DTI

have found that clinical indicators of UMN function

correlate with spectroscopic (2,3) but not diffusional

(2) changes. However, these studies examined only

the posterior limb of the internal capsule in their DTI

analysis (2,3). The disparate results between studies

are probably related to variability in clinical status of

study subjects, the clinical UMN scales used, and in

technical methodology.

The topographical pattern of the imaging

observations sheds light on the pathogenesis of

ALS. Confinement of the MRSI and DTI abnorm-

alities to the precentral gyrus and corona radiata

suggests a mechanism whereby neurodegeneration is

prominent in and perhaps begins in the cortex. With

the minimal changes in more caudal segments, the

abnormalities in the precentral gyrus and corona

radiata could reflect the involvement of interneurons

and association fibres that do not contribute to the

CST. Degeneration of cortical interneurons in ALS

is supported by immunohistochemical (33), electro-

physiological (34), and positron emission tomogra-

phy (35) studies. The decrease of FA in the cerebral

peduncles probably reflects degenerating CST fibres

and would support a dying-back process as has been

proposed for ALS (5).

Three previous studies have coupled diffusion

and spectroscopic imaging (1�3); all used an ROI of

a fixed dimension in the CST. In contrast, we drew

an ROI to encompass all white matter of the

precentral gyrus and descending CST. All studies

employed a multivoxel MRSI protocol (1�3). One

employed 3D MRSI (1) and the others used axial

2D MRSI (2,3); however, the former did not analyse

the precentral gyrus due to technical limitations. Our

2D MRSI protocol used a coronal orientation for the

specific purpose of allowing analysis of the CST

from the cortex to the cerebral peduncles. Of the

three prior studies, only one attempted to examine

metabolite and diffusional changes along the entire

intracranial CSTas we did (less the precentral gyrus)

(1). However, no study has evaluated relationships

between diffusion and metabolic measures in each

region of the CST. We did not find an association

between MRSI and DTI measures. Taken together

with the disparate associations found between the

two imaging modalities and clinical parameters, this

suggests that these two imaging techniques measure

different pathological states and mechanisms leading

to disability.

By placing a small circular ROI of a pre-defined

size in the precentral gyrus, as many studies have

previously done, we could not detect DTI changes.

Thus, our method of using an ROI to include the

entire subcortical WM of the precentral gyrus was

superior. Inclusion of the entire precentral gyrus

was not possible, however, on the single MRSI slab.

Its careful positioning along the CST did permit

inclusion of the majority of the CST caudal to the

precentral gyrus. Spectroscopic analysis of the

entire precentral gyrus would require an alternative

technique, such as multislice MRSI. Our MR

protocol was developed to allow acquisition of the

necessary anatomic imaging, diffusion, and spectro-

scopic data within an acceptable time frame for

human study. For this same reason, metabolite

ratios were measured rather than absolute concen-

trations which require additional spectroscopy mea-

surements and are also associated with greater

experimental error. Cortical regions that contribute

(although in lesser proportion) fibres to the CST in

addition to the precentral gyrus, such as the

postcentral gyrus and premotor areas, were not

analysed (36). However, our protocol was focused

on the precentral gyrus where the brunt of the

cortical pathology is (37). In contrast to MRS,

whole brain DTI analysis of the brain is possible

using the method of voxel based morphometry.

Such studies have been consistent with ours in

demonstrating diffusional changes in the CST

and, additionally, have reinforced the notion that

ALS is a multisystem disorder by demonstrating

involvement of areas beyond the CST and motor

cortex (9,38�41). Within these studies there is
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considerable variation in the spatial distribution of

diffusion changes along the CST.

A limitation of this study was the incomplete

MRSI data at the level of the cerebral peduncles due

to the technically challenging nature of spectroscopy

in this region. Absolute quantitation of spectroscopic

data may allow a better understanding of the changes

in individual metabolites; however, this would have

considerably increased scanning time and made it

impossible to collect all of the imaging data within an

acceptable time frame for human study. The limita-

tion on scanning time was the reason for the use of

relatively thick (5 mm) DTI images. This thickness

would be inclusive of as much of the CST within a

single image plane caudal to the precentral gyrus;

however, it could have resulted in partial volume

averaging of non-CST tissue. Although our study

detected quite robust metabolite changes, the small

sample size may have hindered a full characterization

of statistical relationships. A correction for multiple

comparisons was not applied as the multivariate

technique of MANCOVA provides some protection

in this regard (42). A correction could be applied

according to the number of univariate tests per-

formed for those multivariate tests that were sig-

nificant (four multivariate tests, 16 comparisons); for

example, if the very conservative Bonferroni method

was used then the p-value required for significance

would be p�0.05/16 comparisons�0.003. Even

with this stringent correction the major findings of

this study hold, namely marked metabolic abnorm-

alities in the motor cortex and rostral CST.

In conclusion, combined structural and meta-

bolic imaging of the intracranial CST revealed

abnormalities focused in the motor cortex. Future

studies using a combination of MRSI and DTI in

early stages of the disease could be instructive to

elucidate the temporal and spatial pattern of CST

degeneration in ALS and, in particular, to address

the question of whether metabolic abnormalities

precede structural changes.
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