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Whole-Brain Analysis of
Amyotrophic Lateral Sclerosis
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Spectroscopic Imaging’
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Purpose: To detect regional metabolic differences in amyotrophic
lateral sclerosis (ALS) with whole-brain echo-planar spec-
troscopic imaging.
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Sulaiman Sheriff, BE Materials and Sixteen patients with ALS (nine men, seven women; mean
Lauren B. Elman, MD Methods: age, 56.6 years), five persons suspected of having ALS
Leo F. McCluskey, MD (four men, one woman; mean age, 62.6 years), and 10
Murray Grossman, MD healthy control subjects (five men, five women; mean age,
Elias R. Melhem, MD 56.1 years) underwent echo-planar spectroscopic im-
Andrew A. Maudsley, PhD aging after providing informed consent. The study was
Harish Poptani, PhD approved by the institutional review board and complied

with HIPAA. Data were analyzed with the Metabolic Im-
aging and Data Analysis System software, and processed
metabolite maps were coregistered and normalized to
a standard brain template. Metabolite maps of creatine
(Cr), choline (Cho), and N-acetylaspartate (NAA) were
segmented into 81 regions with Automated Anatomical
Labeling software to measure metabolic changes through-
out the brains of patients with ALS. Statistical analysis in-
volved an unpaired, uncorrected, two-sided Student ¢ test.

Results: The NAA/Cho ratio across six regions was significantly
lower by a mean of 23% (P = .01) in patients with ALS
than in control subjects. These regions included the cau-
date, lingual gyrus, supramarginal gyrus, and right and
left superior and right inferior occipital lobes. The NAA/
Cr ratio was significantly lower (P = .01) in eight regions
in the patient group, by a mean of 16%. These included
the caudate, cuneus, frontal inferior operculum, Heschl
gyrus, precentral gyrus, rolandic operculum, and superior
and inferior occipital lobes. The Cho/Cr ratio did not sig-
nificantly differ in any region between patient and control
groups.

Conclusion: Whole-brain echo-planar spectroscopic imaging permits
detection of regional metabolic abnormalities in ALS, in-
cluding not only the motor cortex but also several other
regions implicated in ALS pathophysiologic findings.
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myotrophic  lateral  sclerosis

(ALS) is a neurologic disorder

characterized by progressive de-
generation of upper motor neurons
and lower motor neurons (1). ALS
manifests as muscle paralysis and loss
of voluntary motor control, progres-
sively disrupting such functions as limb
movement, speech, eating, and respi-
ration. Increasing neurologic and path-
ologic evidence suggests that ALS is
not an isolated motor neuron disorder
but rather a multisystem disease with
varying presentations and widespread
extramotor involvement. Although elec-
tromyography depicts involvement of
lower motor neurons, subjective neuro-
logic examination remains the current
standard for assessing involvement of
upper motor neurons (2,3). Clinical
assessment of dysfunction of the up-
per motor neurons can be confounded
by the masking effect of lower motor
neuron dysfunction. Sensitive and ob-
jective methods for earlier detection of
involvement of upper motor neurons
may help accelerate the time course of
diagnosis and therapeutic intervention.

Advances in Knowledge

B [n patients with amyotrophic lat-
eral sclerosis (ALS), N-acetyl
aspartate (NAA)/choline (Cho)
and NAA/creatine (Cr) ratios
were significantly lower (P = .01)
near the motor cortex and in
previously understudied regions,
including the left caudate and
occipital lobe.

B In the six regions where the
mean NAA/Cho ratio was signifi-
cantly different between patient
and control groups, it was 8.2 *
2.2 (standard deviation) in the
control group and 6.7 = 1.4 in
the patient group (23% lower in
patients).

B [n the eight regions where the
mean NAA/Cr ratio was signifi-
cantly different between patient
and control groups, it was
6.1 = 1.9 in the control group and
5.3 £ 2.3 in the patient group
(16% lower in patients).

Furthermore, because histopathologic
abnormalities are widespread (4), de-
tecting metabolic dysfunction through-
out the brain could help better charac-
terize this disease.

Magnetic resonance (MR) spectros-
copy is among several advanced imag-
ing modalities with the potential to help
objectively evaluate the pathologic fea-
tures of ALS (5-7). Previous MR spec-
troscopic studies of ALS found signif-
icant reductions in N-acetyl aspartate
(NAA) and increases in choline (Cho)
and creatine (Cr) or decreases in the
NAA/Cho and NAA/Cr ratios, particu-
larly in the motor cortex (8-10).

Most spectroscopic studies of ALS
have focused on such regions as the
motor cortex, where neuronal dys-
function is already suspected, because
conventional single-voxel spectroscopy
and two-dimensional chemical shift
imaging (7-14) are limited in spatial
coverage and relatively large individual
voxels (15,16). Moreover, conventional
phase encoding of both spatial dimen-
sions in chemical shift imaging results
in relatively long acquisition times and
coverage typically restricted to a single
section.

Three-dimensional echo-planar spec-
troscopic imaging facilitates high-reso-
lution volumetric (multisection) studies
(17) by using echo-planar readouts to
accelerate spatial encoding. Recent
evidence suggests that ALS is more
diffuse than previously understood
because more widespread brain dys-
function has been reported (18-20).
Echo-planar spectroscopic imaging has

Implications for Patient Care

B Echo-planar spectroscopic im-
aging provides metabolic infor-
mation from the entire brain,
offering the potential to improve
the screening process for ALS by
not requiring knowledge of the
specific location of metabolic dys-
function before imaging.

B Echo-planar spectroscopic im-
aging will facilitate the develop-
ment of rigorous testing of objec-
tive markers for involvement of
upper motor neurons in ALS.

demonstrated utility in detecting meta-
bolic abnormalities in such regions as
the basal ganglia, thalamus, and cor-
ticospinal tract of patients with ALS
(21,22).

Because specific brain regions with
metabolic abnormalities in ALS are un-
known, we performed unbiased whole-
brain analysis by coregistering metab-
olite maps to a segmented Montreal
Neurological Institute template brain
atlas. Data from patients with ALS were
compared with those from age-matched
healthy control subjects to detect brain
regions that demonstrate MR spectros-
copy—detectable abnormalities. The pur-
pose of this study was to detect regional
metabolic differences in ALS by using
whole-brain echo-planar spectroscopic
imaging.

Materials and Methods

Twenty-one patients (13 men, eight
women; mean age * standard devia-
tion, 58.0 years * 10.7 [range, 45-82
years]|) were recruited from the Hos-
pital of the University of Pennsylvania
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(Philadelphia, Pa) for this retrospec-
tive study, along with 10 age- and sex-
matched healthy persons as control
subjects (five men, five women; mean
age, 56.1 years * 4.3 [range, 49-62
years]|). All subjects underwent echo-
planar spectroscopic imaging after
providing informed consent. Healthy
persons had no family history of ALS
and reported no known neurologic
disease or symptoms. All studies were
conducted between March 2009 and
July 2011, were approved by the insti-
tutional review board at the University
of Pennsylvania, and complied with the
Health Insurance Portability and Ac-
countability Act. Informed consent was
obtained from all participants. Patients
categorized as having clinically definite,
clinically probable, and clinically possi-
ble ALS were included in the study. Pa-
tients only suspected of having ALS (n
= 5) were excluded from the analysis.
Exclusion criterion included contrain-
dications to MR imaging (claustropho-
bia, pacemaker, metallic implants in
the brain) and presence of any brain
disease other than ALS.

Clinical diagnoses were made
(L.B.E., L.EM., or M.G., with 14, 24,
and 27 years of experience, respec-
tively), and patients underwent neuro-
logic examination to evaluate disease
severity according to the revised ALS
Functional Rating Scale, or ALSFRS-R.
This scale assesses impairment with
scores ranging from zero, indicating
total disability, to 48, indicating no
disability. Pathologic or hyperactive re-
flexes or otherwise preserved reflexes
in weak limbs, along with increased
tone or spasticity, were all considered
indicators of upper motor neuron dys-
function in patients (23). Patients with
ALS were each classified as having clini-
cally definite (n = 3), clinically probable
(n = 6), clinically possible (n = 3), and
clinically suspected (n = 5) ALS accord-
ing to the El Escorial World Federation
of Neurology criteria (24). As noted,
the last group was excluded from the
analysis. The remaining participants
classified as having clinically definite,
clinically probable, and clinically pos-
sible ALS were grouped together (n =
16), and their data were then compared

statistically with those of control sub-
jects (n =10).

Data Acquisition

Studies were performed by one author
(S.C., with 10 years of experience) us-
ing a 3.0-T imager (Siemens Health-
care; Erlangen, Germany) that featured
a 12-channel phased-array head coil.
The protocol for echo-planar spectro-
scopic imaging consisted of a localizer,
an axial three-dimensional T1-weighted
magnetization-prepared rapid acqui-
sition gradient-echo (GRE) sequence
(repetition time msec/echo time msec/
inversion time msec, 1620/3.9/192; flip
angle, 15°; number of sections, 192;
spatial array, 256 X 256; section thick-
ness, 1.0 mm; voxel size, 1.0 X 1.0 X
1.0 mm?®), and axial proton density-
weighted images (repetition time msec/
echo time msec, 4100/13; number of
signals acquired, one; number of sec-
tions, 40; section thickness, 3.0 mm;
bandwidth, 130 Hz; flip angle, 120°).
Magnetization-prepared rapid acquisi-
tion GRE images were used for plan-
ning echo-planar spectroscopic imaging
sections and in postprocessing for im-
age coregistration.

Imaging parameters for the volu-
metric spin-echo echo-planar spectro-
scopic imaging sequence were as fol-
lows: 1710/70; spatial array, 50 X 50
X 18 over a field of view of 280 X 280
X 180 mm? (corresponding to a nom-
inal voxel size of 5.6 X 5.6 X 10 mm?®
[0.31 em?]); flip angle, 73°; number of
complex points, 512; bandwidth, 613
Hz; and number of signals acquired,
one. Water suppression with frequen-
cy-selective saturation pulses and in-
version-recovery nulling of lipid signal
was performed with an inversion time
of 198 milliseconds (25). The echo-
planar spectroscopic imaging sequence
took 26 minutes in total, including an
interleaved water reference acquisi-
tion image, obtained by using a GRE
acquisition with a 20° flip angle and
an echo time of 6.3 milliseconds. This
water-unsuppressed image obtained
before imaging was used to normalize
signals and correct for eddy currents.
This short single-average water image
obtained before imaging was also used

to coregister images. Manual shimming
was performed to achieve optimal full
width at half maximum of less than 20
Hz (magnitude spectrum). Data from
T1-weighted imaging and echo-planar
spectroscopic imaging were acquired
with the same angulation (approxi-
mately 15°-20°) and were aligned
along the anterior commissure-poste-
rior commissure line.

Data Analysis

Data processing was performed off-
line by two authors (S.C. and S.W.,
with 10 and 7 years of experience,
respectively) by using the Metabolic
Imaging and Data Analysis System, or
MIDAS, software package developed
by Maudsley et al (26). MIDAS allows
the correction for inhomogeneity in
the primary magnetic field, correction
for eddy-current distortion, and inter-
polation of the acquired data to a final
spatial resolution of 64 X 64 X 32. A
Gaussian filter was applied for spatial
smoothing, expanding the effective vox-
el size to 1 mL. The processing steps
also included correction of frequency
shifts caused by magnetic field strength
inhomogeneity and k-space extrapo-
lation to reduce ringing artifacts from
subcutaneous lipids by using a mask
of the scalp region derived from the
T1-weighted images. Lipid masking
was used to eliminate the voxels with
the heaviest lipid contamination, but
some voxels that contained both via-
ble metabolite spectra and remnant
lipids remained in the analysis. Base-
line correction was applied to reduce
the contribution from these lipids and
residual water from metabolite mea-
surements. Signal intensity of metab-
olite maps was normalized by using
tissue water as an internal reference.
Concentrations of NAA, Cr, and Cho,
as well as their respective metabolic
maps, were computed by using a prior
knowledge-based fitting algorithm
analogous to the LC Model algorithm
reported earlier (27). A spatial map
of water was also generated by using
interleaved unsuppressed water spec-
troscopic imaging.

Metabolite maps of Cho, Cr, NAA,
and unsuppressed water were co-regis-
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tered with T1-weighted magnetization-
prepared rapid acquisition GRE images
by one author (G.V., with 7 years of
experience) using statistical paramet-
ric mapping (SPMS5; University College
London, London, England) (28). Axial
magnetization-prepared rapid acqui-
sition GRE images were coregistered
with maps of unsuppressed water from
echo-planar spectroscopic imaging data
because water is considerably more
concentrated than brain metabolites are
(29,30). Once the water map was coreg-
istered with the magnetization-prepared
rapid acquisition GRE image, the offsets
generated by this coregistration were
applied to the metabolite maps. After
registration, all images were normalized
to a standard T1 template of statistical
parametric mapping (SPM5).

Coregistration of metabolite maps
with magnetization-prepared rapid ac-
quisition GRE data facilitated regional
analysis by using Automated Anatomi-
cal Labeling software (Cyceron, Caen,
France) (31). This software used the
Montreal Neurological Institute brain
atlas to identify and segment the
brain into separate regions of interest
(ROIs). Eighty-one ROIs of varying size
were selected; the ROIs covered the
whole brain superior to the cerebellum.
To minimize bias, no particular crite-
ria were used for the ROls except their
presence in the brain at section levels
superior to the cerebellum. Selecting
an ROI that encompassed multiple vox-
els effectively summed the metabolite
concentrations from several adjacent
voxels. Relative concentrations of Cho,
Cr, and NAA were calculated for each
ROI, and NAA/Cho and NAA/Cr ratios
were computed by using these summed
concentrations in each segmented ROI.
Statistical analyses for these measures
were performed with unpaired, uncor-
rected, two-sided Student t tests on
groups of patients with patients versus
control subjects by two authors (G.V.
and J.H.W., with 7 and 15 years of ex-
perience, respectively). Because in the
statistical analysis numerous regions
were compared, a conservative P value
(P = .01) was selected to establish a
significant difference between patients
with ALS and control subjects.

NAA/Cho Ratios in Patients with ALS and Control Subjects

Region ALS Group (n= 16) Control Group (7= 10) PValue
Right lingual gyrus 6.61 = 0.85 7.57 = 0.70 .007
Right superior occipital lobe 7.94 +1.31 10.89 + 3.03 .002
Left superior occipital lobe 7.75+1.25 9.86 *+ 2.59 .01
Right inferior occipital lobe 7.10 = 0.87 8.57 = 1.77 .009
Left supramarginal gyrus 6.56 = 0.71 7.71 =1.32 .008
Left caudate 3.98 +0.49 4.59 = 0.41 .003

Note.—Data are NAA/Cho ratios from the six regions in which ratios significantly varied (P = .01) between patient and control

groups. Data are means + standard deviations.

NAA/Cr Ratios in Patients with ALS and Control Subjects

Region ALS Group (7= 16) Control Group (7= 10) PValue
Right precentral gyrus 1.38 = 0.10 1.54 = 0.18 .009
Left inferior frontal operculum 1.41 +0.10 1.51 = 0.08 .009
Left rolandic operculum 1.34 = 0.11 1.46 = 0.11 .009
Right cuneus 1.46 +0.10 1.72 £ 0.32 .005
Right superior occipital lobe 1.50 £ 0.12 2.00 = 0.49 .001
Left inferior occipital lobe 143 +0.18 1.70 = 0.32 .01
Left caudate 1.22 = 0.15 143 +0.14 .001
Left Heschl gyrus 1.35 £ 0.1 1.48 +0.10 .006

Note.—Data are NAA/Cr ratios from the eight regions in which ratios significantly varied (P = .01) between patient and control

groups. Data are means * standard deviations.

Table 1 shows the NAA/Cho ratios from
the six segmented ROIs where signifi-
cant variation (P = .01) was detected
between patient and control groups
(left caudate, right lingual lobe, right
inferior occipital lobe, left and right
superior occipital lobes, and left supra-
marginal gyrus). The mean NAA/Cho
ratios across these six regions were
8.2 £ 2.2 in control subjects and 6.7 =
1.4 in patients with ALS (23% lower in
patients). Across all 81 segmented re-
gions, the mean NAA/Cho ratios were
6.1 = 1.9 in control subjects and 5.3
+ 2.3 in patients with ALS (13% lower
in patients). The NAA/Cho ratios were
also 14% and 15% lower in the right
precentral gyrus (P = .012) and left
precentral gyrus (P = .016) of the pa-
tient group, respectively, although the
P values were above the threshold level

used here to denote findings with a sig-
nificant difference.

Table 2 shows the eight regions
where the NAA/Cr ratio significantly
differed between patient and control
groups (P = .01). These were the left
caudate, right cuneus, left frontal infe-
rior operculum, left Heschl gyrus, right
superior occipital lobe, left inferior oc-
cipital lobe, right precentral gyrus, and
left rolandic operculum. Means and
standard deviations for each quantified
ROI are included in Table 2, and the
confidence interval can be computed
from these results; for example, the
95% confidence interval for the NAA/
Cr ratio in the right precentral gyrus
is 1.2 to 1.9. The mean NAA/Cr ra-
tios across these eight regions were
1.6 = 0.19 in control subjects and 1.4
+ 0.086 in patients (16% lower in pa-
tients). The NAA/Cr ratios were 1.5
+ 0.26 in control subjects and 1.3 *
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Figure 1:
Cr ratios (blue), or both (purple) in the patient group. Regions are highlighted

through four of 18 different section levels in the brain, moving from inferior to
superior in the left-to-right direction.

0.18 in patients (10% lower in patients)
across all 81 measured regions.

The left caudate and right superior
occipital lobes were the only two seg-
mented regions where both the NAA/
Cho and NAA/Cr ratios were signifi-
cantly different. Although the differ-
ences in the Cho/Cr ratio were also
compared, none of the surveyed regions
showed any significant variation between
patients and control subjects. The mean
Cho/Cr ratios were 0.26 = 0.050 for
patients and 0.26 = 0.060 for control
subjects across all 81 ROls, although the
ratio was 0.4% higher in patients.

Figure 1 shows the segmented re-
gions where significant differences were
found between patients and control sub-
jects through four of 18 different section
levels in the brain. The identified regions
have been colored red to indicate a sig-
nificant difference in the NAA/Cho ratio,
blue to indicate a significant difference

4 35 3

Regions showing significantly lower NAA/Cho ratios (red), NAA/

in the NAA/Cr ratio, and purple to in-
dicate a significant difference in both
ratios. These regions were then super-
imposed on a composite brain template.
Figure 2 shows representative spec-
tra from a voxel in the precentral gyrus
region of a patient (red) and a control
subject (black). This particular voxel
shows relatively lower NAA and Cr
levels in the patient, resulting in lower
NAA/Cho and NAA/Cr ratios.

Our study shows that echo-planar spec-
troscopic imaging is a useful method
for detecting metabolic abnormalities
throughout the brain of patients with
ALS. The findings of significantly lower
NAA/Cr and NAA/Cho ratios in the
precentral gyrus, midfrontal region, left
caudate, occipital lobe, and other re-
gions of patients confirm that ALS is a

25 2 1.5 1 0.5 0

Figure 2:  Representative spectra from the right precentral lobe of a 55-year-
old woman with ALS (red) and a 57-year-old healthy female control subject
(black), along with the corresponding voxel localization overlaid onto a coregis-
tered T1-weighted image.

multisystem disorder of the entire brain.
It is not just restricted to the motor cor-
tex, which has traditionally been a main
focus of ALS studies (32,33). The mean
NAA/Cho ratios were 8.2 = 2.2 in con-
trol subjects and 6.7 = 1.4 in patients
across the six regions where a significant
difference was observed, or 23% lower
in patients. The mean NAA/Cr ratio was
significantly different between patients
and control subjects in eight regions,
with 6.1 = 1.9 in control subjects and
5.3 = 2.3 in patients, or 16% lower in pa-
tients. No significant changes in the Cho/
Cr ratio were observed in any region.
Among the major metabolites de-
tectable with MR spectroscopy, NAA is
a marker for neuronal function, and Cho
is an indicator of cell membrane turn-
over, whereas Cr concentration reflects
cellular energy reserves. The NAA/Cr
ratio has previously been presented as
a biomarker for neuronal integrity (34).
Although none of the imaged patients
were prescribed Cr, its presence as an
over-the-counter supplement could have
played a role in observed changes in the
NAA/Cr ratio. Cho is present in cell
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membranes as a component of phospha-
tidylcholine, and increases in Cho con-
centration have previously been attrib-
uted to breakdown of these membranes,
resulting in accumulation of measurable
Cho. Involvement of the precentral re-
gion, resulting in decreases in the NAA/
Cho and NAA/Cr ratios, are consistent
with the pathologic features of ALS and
previously reported findings; they sug-
gest histopathologic disease in the mo-
tor cortex (35).

Of the six and eight regions, re-
spectively, where NAA/Cho and NAA/
Cr ratios significantly differed between
patients with ALS and control subjects,
the ratios were lower in patients in each
instance. Because NAA is considered a
marker (36,37) for neuronal function,
a decrease in the NAA/Cho ratio is
consistent with neuronal dysfunction in
these areas (8). Of note, we observed
significant reduction of the NAA/Cho
ratio in the left caudate but not in the
right caudate, which was also reported
in a previous study with echo-planar
spectroscopic imaging (21). Metabolic
abnormalities assessed with echo-pla-
nar spectroscopic imaging were also
reported along the corticospinal tract,
thereby confirming the metabolic in-
volvement of upper motor neurons in
patients with ALS (22).

Decreases in the NAA/Cho ratio
from the occipital lobe of patients with
ALS were unexpected because the occip-
ital lobe is supposedly unaffected in ALS
(8). The proximity of the occipital lobe
to the posterior skull marrow possibly
contributed to variability in NAA mea-
surements. Despite prior knowledge-
based peak fitting performed by using
the MIDAS software, voxels close to skull
marrow were affected by the presence
of lipids, whose concentration is con-
siderably higher than that of NAA. This
caused an artificial increase in quantified
NAA concentration and was apparent
in both the NAA metabolite maps and
voxel spectra. Lipid contamination would
affect NAA more strongly than does ei-
ther Cho or Cr because of the relative
proximity of NAA to lipid resonances.
Despite this finding, some voxels that did
not exhibit any lipid contamination also
showed a decrease in the NAA/Cho ratio.

The reason for increased Cho in the oc-
cipital region remains unclear, although
histopathologic abnormalities have been
identified in this area in “heat maps” as-
sessing the density of pathologic features
of TAR DNA-binding protein 43 (or TDP-
43) throughout the brain (4). Future
studies that include histologic correlation
of MR spectroscopic studies from the oc-
cipital lobe may help delineate whether
increased histopathologic disease also oc-
curs in the occipital lobe in ALS.
Combined with segmentation anal-
ysis, echo-planar spectroscopic imaging
facilitated substantial expansion in the
spatial coverage of spectroscopic stud-
ies of ALS. Echo-planar spectroscopic
imaging offers improvements over sin-
gle-voxel spectroscopy and chemical
shift imaging by accelerating spatial en-
coding and facilitating smaller voxel siz-
es. The effective 1.0-mL acquired voxel
volume is considerably smaller than
that in previous chemical shift imag-
ing studies of ALS, wherein voxel sizes
were generally 2.0 mL or more (12,38).
Segmentation analysis requires coreg-
istration of spectroscopic imaging data
with separately acquired MR imaging,
which may contribute spatial inaccura-
cies even with relatively high-spatial-
resolution echo-planar spectroscopic
imaging data. More reliable coregis-
tration could facilitate segmentation
of smaller and more specific regions of
brain anatomy, extending spatial cover-
age to such regions as the brain stem.
Patient group size reflects both a
relatively low incidence of the disease
and the time-intensive nature of spec-
troscopic imaging and physical examina-
tion protocols. Larger patient and con-
trol cohorts could have lent statistical
weight to observed trends of decreased
NAA measured throughout the brain.
Because of the large number of regions
surveyed in the statistical analysis, ran-
dom variability could account for some
of the differences observed. For this rea-
son, the statistical observations should
be studied in greater detail and consid-
ered in combination with the broader
metabolic trends and the pathologic
features of ALS. Although echo-planar
spectroscopic imaging facilitated acqui-
sition from several ROls throughout the

brain, a limitation of such a multiregion
analysis is the potential of false-positive
findings. The false discovery rates (39)
were calculated to be 13.5% in the NAA/
Cho data set and 10.1% in the NAA/Cr
data set. The number of false-positive
results was limited by our decision to
use the conservative P value of .01.

In conclusion, echo-planar spectro-
scopic imaging is a useful method for de-
tecting metabolic abnormalities through-
out the brain of patients with ALS. Find-
ings of reduction of NAA/Cho and NAA/
Cr ratios obtained by using the echo-
planar spectroscopic imaging sequence
show agreement with findings of previ-
ous spectroscopic studies of the motor
cortex and also suggest other regions to
study the effects of ALS, such as the left
caudate and superior and inferior occip-
ital lobes.
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