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Abstract

Objective: To evaluate alterations in phase-shift values in the gray matter of patients with
amyotrophic lateral sclerosis (ALS) using susceptibility-weighted imaging (SWVI).

Methods: Twenty patients with definite or probable ALS and |9 age- and sex-matched healthy
controls were enrolled. SWI was performed using a 3.0 T magnetic resonance imaging scanner.
Phase-shift values were measured in corrected phase images using regions of interest, which were
placed on the bilateral precentral gyrus, frontal cortex, caudate nucleus, globus pallidus, and
putamen.

Results: Phase-shift values of the precentral gyrus were significantly lower in ALS patients
(—0.176 £0.050) than in the control group (—0.1194+0.016) on SWI. The average phase-shift
values of the frontal cortex, caudate nucleus, globus pallidus, and putamen in ALS patients
(—0.089 £0.023, —0.065+0.016, —0.336 +-0.191, and —0.227 +-0.101, respectively) were not
significantly different from those in the healthy controls (—0.885+0.015, —0.079 +0.018,
—0.329 +0.136, and —0.229 4-0.083, respectively).

Conclusions: Compared with healthy controls, ALS patients had a lower phase-shift value in the
precentral gyrus, which may be related to abnormal iron overload. Thus, SWI is a potential
method for identifying ALS patients.
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Introduction

Amyotrophic lateral sclerosis (ALS) is one
of the most common neuromuscular dis-
eases worldwide, and affects people of all
races and ethnic backgrounds. One or
two out of 100,000 people develop ALS
each year. It is characterized by selective
damage to both upper and lower motor
neurons, resulting in progressive weakness
and eventually death—usually from respira-
tory failure.

The pathogenesis of ALS remains
unclear, although glutamate toxicity has
been associated with this disease.'”
Decreased N-acetylaspartate levels and
higher glutamate/glutamine (f, 7-Glx)
values have been identified in ALS patients,
suggesting metabolic abnormalities in the
precentral gyrus.*> Another hypothesis is
that ALS is caused by a disorder of iron
homeostasis.®’” Dysfunctional iron regula-
tion can induce oxidative stress and lead
to motor neuron damage.S*”

Abnormal iron deposition in the brain
has been suggested by the presence of a
hypointense signal or dark line in the pre-
central gyrus of ALS patients via magnetic
resonance imaging (MRI) techniques, such
as T2-weighted imaging (T2WI)."> !
However, iron deposition can also occur
in the cortex of the normal population
with aging.'” Thus, T2WI may show a sim-
ilar low intensity in the precentral gyrus of
the normal aged population, rendering
T2WI ineffective for differentiating ALS
patients from healthy individuals. A more

sensitive method is therefore needed to
determine upper motor neuron damage.

Susceptibility-weighted imaging (SWI) is
an advanced imaging technique based on
the magnetic susceptibility differences of
tissue.'®!” It involves three-dimensional
acquisition, full flow compensation, high
resolution, and a thin-layer gradient-echo
sequence reconstruction. Both magnitude
and phase images can be obtained on
SWI. The phase image is performed with a
high-pass filter to remove unwanted arti-
facts. The magnitude image is then com-
bined with the phase image to create an
enhanced-contrast magnitude image (i.e.,
SWI). SWI has been demonstrated to be
highly sensitive to vein structures, blood
metabolites, and iron deposition. It is of
high clinical value in imaging brain
tumors, cerebrovascular disease, traumatic
brain injury, neurodegenerative diseases,
and other central nervous system lesions.'®
Therefore, the application of SWI may pro-
vide new, key information that may help us
to better understand the physiology of ALS.

In the present study, we aimed to inves-
tigate whether SWI was able to identify
ALS patients from the healthy population,
using statistical analyses of the phase data
generated from SWI.

Materials and methods

Patients

This study included patients diagnosed with
or suspected to have ALS, as determined by
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a hospital clinical neurology specialist.
These patients were included after a careful
application of the El Escorial criteria.
Disability was evaluated using the modified
Norris score and the ALS Functional
Rating Scale (ALSFRS).

For the control group, age- and sex-
matched volunteers were enrolled. These
control patients had no history of any
organic disease or other neurological disor-
ders, and were not taking any medication
that may impact the nervous system.

This retrospective study was approved
by the Ethics Committee of Chinese PLA
General Hospital. Written informed con-
sent was obtained from all participants.

MRI acquisition

MRI examinations were performed on a 3.0
T MRI scanner (GE Medical Systems,
Milwaukee WI, USA) with a gradient field
of 40mT/m, a gradient switching rate of
150 T/m/s, and an eight-channel head coil.
Images were analyzed using a Sun graphics
workstation (Sun  Microsystems Inc.,
Menlo Park, CA, USA) and Advantage™
for Windows version 4.2 software (TA
Instruments, New Castle, DE, USA). The
following SWI sequence parameters were
used: T2-weighted imaging (T2WI; repeti-
tion time (TR)/echo time (TE)=5000ms/
113.7ms), slice thickness=6mm, inter-
val=1mm, flip angle=90°, field-of-view
(FOV)=24cm x 24cm, number of excita-
tions (NEX) = 1. Phase images were acquired
using a three-dimensional flow-compensated
gradient-echo sequence, with a total of 56
slices: slice thickness=2mm, TR =32ms,
TE=19ms, flip angle=20°, FOV=24x
24 cm, matrix 448 x 384, NEX =0.75.

Data processing and analysis

The obtained gradient-echo sequence
images were stored in the Sun graphics
workstation and were corrected using

FuncTool software (GE Healthcare,
Chicago, 1L, USA). Two experienced radi-
ologists who were unaware of the clinical
data reviewed the regions of interest
(ROIs) in the corrected phase images. Five
ROIs were identified: the bilateral precentral
gyrus (15-25 pixels), frontal cortex (15-25
pixels), caudate nucleus (25-35 pixels),
globus pallidus, and putamen. To measure
the phase-shift value in the precentral gyrus,
the three slices with the largest amount of
phase shift were selected. To measure phase-
shift values in the frontal cortex, caudate
nucleus, globus pallidus, and putamen, the
slice with the highest phase-shift value
among three measurements was selected.

Statistical analysis

SPSS for Windows, Version 15.0 (SPSS
Inc., Chicago, IL, USA) was used to ana-
lyze the correlations between phase-shift
values and disease severity (as assessed by
disease duration, modified Norris score,
and ALSFRS score). P<0.05 was consid-
ered statistically significant.

Results

Patients

This study included 20 patients (13 male
patients and seven female patients with a
mean age of 46+ 14.5 years, ranging from
17 to 75 years) diagnosed with or suspected
to have ALS. Of the 20 patients, 11 were
cases of definite ALS, five were cases of
probable ALS, and four were cases of pos-
sible ALS. All patients except two had spo-
radic ALS. Disease duration for the
18 sporadic ALS cases ranged from 4 to
76 months, while the disease durations for
the two familial cases were 144 and
192 months. The overall mean disease dura-
tion was 41.2 + 57.1 months. Thirteen cases
had received routine electromyography and
showed neurogenic damage.
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For the control group, 19 age- and sex-
matched volunteers (11 male patients and
eight female patients with a mean age of
43.8+12.7 years, ranging from 14 to 62
years) were enrolled. All patients in the
ALS and control groups were right-
handed. The clinical characteristics of
both groups are presented in Table 1.

Comparisons of SWI images between ALS
patients and controls

The SWI images (Figure 1) showed a higher
number of low-signal lines in the bilateral

Table |I. Amyotrophic lateral sclerosis (ALS)
clinical cases and controls

ALS Control

Clinical condition (n=20) (n=19)
Average age (years) 46.1 +14.5 438+ 127
Male/female 13/7 11/8
Disease duration 41.2+£57.1 -

(months)
Modified Norris 665+ 14.2 -

score
ALSFRS 3I.1+£63 -

ALSFRS, Amyotrophic Lateral Sclerosis Functional Rating
Scale.

precentral gyrus of ALS patients (left)
compared with healthy controls (right).
Although the precentral gyrus of healthy
controls also showed some low-signal
lines, they were not as dark or abundant
as those in ALS patients.

Comparative analysis of the
phase-shift values

We further compared the phase-shift values
of ALS patients with those of controls in
the precentral gyrus, frontal cortex, caudate
nucleus, globus pallidus, and putamen
(Table 2 and 3). The average phase-shift
values of the precentral gyrus, frontal
cortex, caudate nucleus, globus pallidus,
and putamen in ALS were —0.176 +0.050,
—0.089 +0.023, —0.065+0.016, —0.336 +

0.191, and —0.227+£0.101, respectively.
The corresponding average phase-shift
values of the controls were —0.119+
0.016, —0.885+£0.015, —0.079+0.018,

—0.329+£0.136 and —0.229 £ 0.083, respec-
tively. The phase-shift values were signifi-
cantly lower in the precentral gyrus of
ALS patients compared with the control
group (F=16.859, P<0.001). No signifi-
cant differences were identified between

Figure |I. Comparison of susceptibility-weighted images of the precentral gyrus between a 47-year-old
amyotrophic lateral sclerosis patient (left) and a 54-year-old healthy control (right)
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Table 2. The relative phase-shift values in the bilateral frontal cortex, caudate nucleus, globus pallidus, and

putamen in 20 amyotrophic lateral sclerosis patients

No. Sex Age (years) Frontal cortex Caudate nucleus Globus pallidus Putamen
| F 71 —0.109 —0.066 —0.229 —0.253
2 F 70 —0.077 —0.076 —0.422 —0.183
3a F 47 —0.121 —0.049 —0.558 —0.272
3b F 48 —0.075 —0.059 —0.262 —0.153
4 M 34 —0.091 —0.046 —0.238 —0.215
5a M 41 —0.088 —0.047 —0.267 —0.176
5b M 42 —0.083 —0.080 —0.300 —0.199
6a M 42 —0.078 —0.071 —0.207 —0.206
6b M 42 —0.085 —0.071 —0.204 —0.346
7 F 32 —0.106 —0.091 —0.290 —0.158
8 M 56 —0.139 —0.082 —0.483 —0.507
9 M 39 —0.047 —0.046 —0.246 —0.282
10 M 48 —0.076 —0.081 —0.246 —0.282
I M 32 —0.081 —0.061 —0.253 —0.151
12 M 51 —0.089 —0.070 —0.260 —0.328
13 F 42 —0.094 —0.073 —0.256 —0.147
14a F 39 —0.104 —0.048 —0.285 —0.129
14b F 39 —0.068 —0.063 —0.3015 —0.235
15 M 17 —0.066 —0.043 —0.263 —0.062
16 M 62 —0.094 —0.073 —0.25 —0.241
17 M 75 —0.051 —0.082 —0.974 —0.258
18 F 40 —0.102 —0.056 —0.312 —0.251
19 F 43 —0.092 —0.054 —0.249 —0.262
20 M 45 —0.068 —0.064 —0.253 —0.209

F, female; M, male.

the two groups in the comparison of other
regions (Figure 2).

Comparative analysis of gray matter
phase-shift values between the left and
right hemispheres in ALS patients

We also compared the gray matter phase-
shift values between the left and right hemi-
spheres in ALS patients, to determine
whether there were differences in the
amount of iron deposition. There were no
significant differences between the left and
right gray matter regions (including the pre-
central gyrus, frontal cortex, caudate nucle-
us, globus pallidus, and putamen) in ALS
patients.

Correlations between the precentral gyrus
phase-shift value and disease severity

Statistical analysis revealed no significant
correlations between the precentral gyrus
phase-shift values (means) and disease
duration, modified Norris score, or
ALSFRS (data not shown).

Discussion

ALS is a fatal neurological disorder that is
characterized by the progressive failure of
motor neurons.'” Brain morphology is gen-
erally normal in ALS patients, with only
varying degrees of precentral gyrus atro-
phy.?® Other hallmarks of ALS pathophys-
iology include a reduction in the motor
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Table 3. The phase-shift values in three selected slices of bilateral precentral gyrus in amyotrophic lateral
sclerosis patients

Precentral gyrus

No. Sex Age (years) RI LI R2 L2 R3 L3

I F 71 —0.200 -0.220 -0.222 -0.219 —0.283 —0.251
2 F 70 -0.213 -0.277 —0.255 —0.308 —0.347 -0.318
3a F 47 —0.198 —0.225 -0.239 —0.262 0.197 -0.213
3b F 48 —0.248 -0.218 -0.223 —0.211 —-0.212 —-0.214
4 M 34 —0.164 —0.146 —0.152 —0.127 —0.157 -0.120
S5a M 4| —0.178 —-0.213 —0.241 —0.214 —0.019 —0.162
5b M 42 -0.229 —0.283 —0.256 —0.303 —0.294 —0.271
6a M 42 —0.259 —0.244 —0.241 —0.175 —0.202 —0.157
6b M 42 -0.213 -0.273 —0.296 -0.218 —0.231 —0.233
7 F 32 —0.182 —0.164 —0.139 —0.164 —0.135 —0.132
8 M 56 —0.262 —0.254 —0.260 —0.237 —-0.213 -0.210
9 M 39 —0.233 —0.153 —0.175 —0.166 —0.143 —0.140
10 M 48 —0.133 —0.125 —0.115 —0.152 —0.137 —0.125
I M 32 —0.140 -0.118 -0.130 —0.116 —0.161 —0.166
12 M 51 —0.145 —0.166 —0.143 —0.135 —0.118 —0.101
13 F 42 —0.255 —0.251 —0.262 —0.221 —0.155 —0.145
|4a F 39 —0.120 —0.152 —0.113 —0.138 —0.132 —0.12
14b F 39 —0.165 —0.129 —0.126 —0.148 —0.134 —0.121
15 M 17 —0.113 —0.117 —0.112 —0.133 —0.066 -0.077
16 M 62 —0.160 —0.140 —0.145 —0.126 —0.133 —0.133
17 M 75 —0.143 —0.194 —0.188 —0.185 —0.151 —0.125
18 F 40 —0.140 —0.158 —0.164 —0.152 -0.129 —0.124
19 F 43 —0.140 —0.148 —0.122 —0.102 —0.141 —0.107
20 M 45 —0.150 —0.143 —0.141 —0.108 —0.140 —0.111

F, female; L, left; M, male; R, right.

cortex pyramidal cell layer, gliosis in the
second and/or third layers of the brain,
and secondary degeneration in the cortico-
spinal tract.”** To date, no test can pro-
vide a definite diagnosis of ALS, although
the presence of upper and lower motor
neuron abnormalities in a single limb is
strongly suggestive of the disease. Damage
in the lower motor neurons can be accurate-
ly identified using muscle and nerve biop-
sies and electromyograms; however, it is
clinically more challenging to determine
damage in the upper motor neurons.
When ALS is suspected, physicians com-
monly perform an MRI examination to
take detailed images of the brain and

spinal cord. However, these MRI scans
can only reveal evidence of other problems
that may be causing the symptoms, such as
a spinal cord tumor, multiple sclerosis, a
herniated disk in the neck, syringomyelia,
or cervical spondylosis.

Elevated iron levels in the brain have
been associated with many neurodegenera-
tive diseases.>® In 1922, Julius Hallervorden
and Hugo Spatz first reported a neurode-
generative disease associated with motor
abnormalities among children; this disease,
which was later named pantothenate
kinase-associated neurodegeneration, was
associated with abnormal iron deposition
in the basal ganglia.?* Similarly, increased
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Figure 2. Comparisons of phase-shift values in various regions of the brain between amyotrophic lateral

sclerosis patients and controls

CA, caudate nucleus; FC, frontal cortex; GP, globus pallidus; PG, precentral gyrus; PU, putamen.

iron content has been detected in the sub-
stantia nigra and globus pallidus of patients
diagnosed with Parkinson’s disease,?>**¢
and in the hippocampus of patients with
Alzheimer’s disease.?” In addition, deposi-
tion of spherical non-heme iron near chron-
ic plaques has been observed in patients
with multiple sclerosis.”® Furthermore, in
patients with Huntington’s disease, iron
content in the putamen is reportedly
150% higher compared with a healthy con-
trol group.?” A recent investigation has also
suggested iron overload in the motor cortex
of ALS patients.®*

The localization of iron deposition can
be attributed to ischemia or hypoxia in the
basal ganglia. Dietrich and Bradley®' dem-
onstrated that the normal axonal transport
of iron is interrupted during brain tissue
ischemia or hypoxia. During hypoxia/ische-
mia, increased iron deposition may be the
result of direct damage caused by degraded
products from lipid peroxidation, a process
that is catalyzed by iron.*' It is therefore
important to understand the progress of
neurodegenerative diseases by determining
iron deposition.

Abnormal deposition of iron in brain
tissue is suggested to be represented
by a dark line that is evident in T2WI
and fluid-attenuated inversion recovery
(FLAIR); however, T2WI and FLAIR are
ineffective for discriminating between ALS
patients and the healthy aged population
(free of neurological diseases) because
increased iron accumulation occurs in
both populations. In the present study, we
performed statistical analyses to determine
whether SWI was able to be used to identify
specific characteristics or alterations in
patients with ALS compared with age-
matched healthy patients. SWI is usually
run at a relatively high resolution (1 mm?)
and is extremely sensitive at detecting bleed-
ing in the gray matter/white matter bound-
aries, thus enabling the observation of very
small lesions and the detection of very
subtle injuries. SWI may therefore be
useful for assessing iron deposition in ALS
patients, and potentially for discriminating
individuals with ALS from an age-matched
population.

Previous studies have also investigated
ALS wusing SWI. For example, Prell
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et al.’? analyzed SWI data from a cohort of
27 patients with ALS and 30 healthy age-
matched controls. These authors suggested
that SWI may be capable of identifying iron
and myelin disturbances in ALS patients.
The SWI patterns observed in this previous
study indicate that widespread alterations
are caused by iron disturbances in patients
with ALS, and correlate with disease sever-
ity.* Adachi et al.*” scored the signal inten-
sity of the motor cortex on SWI, and
reported a significant difference in precen-
tral cortex signal intensity scores between
ALS patients and controls. These authors
concluded that a low signal intensity in
the motor cortex on SWI may be useful
for the diagnosis of ALS, particularly in
younger patients. MRI was also helpful
for speculating on the etiology of ALS.*°
Furthermore, Endo et al.®>’ analyzed the
relationship between relative susceptibility
changes in the motor cortex. Patients with
ALS exhibited significantly lower signal
intensity in the precentral gyrus on SWI
compared with controls.*® Our analyses of
SWI data in the present study clearly dem-
onstrated that the phase-shift value in the
precentral gyrus was lower (because of a
higher local magnetic susceptibility) in
ALS patients compared with age-matched
controls. This lower phase-shift value was
likely the result of increased iron deposition
in ALS patients, suggesting the presence of
lesions in the precentral gyrus. There were
no differences in phase-shift values between
ALS patients and healthy patients in the
frontal cortex, caudate nucleus, globus pal-
lidus, or putamen. Our results therefore
indicate that SWI may be a potential
method for diagnosing ALS.

There are several limitations in our
study. First, our results did not show any
correlations between phase-shift values and
disease duration or severity. However, the
lack of significance may be caused by the
relatively small number of patients included

in our study. Second, there was no follow-
up of patients in the present study. Third,
no postmortem study was performed to val-
idate the increase in iron deposition in the
precentral gyrus of ALS patients; thus, the
relevance of abnormal iron deposition
in ALS pathogenesis remains unclear.
Further study is therefore warranted to
confirm the association between phase
shifts and ALS pathology.

Conclusions

The ALS patients presented reduced phase-
shift values in the precentral gyrus. SWI
may potentially be used to diagnose ALS
patients.
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