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Abstract

Objective—Diagnosis of amyotrophic lateral sclerosis (ALS) and primary lateral sclerosis (PLS)
is often difficult due to absence of disease biomarkers. Our aim was to investigate quantitative
susceptibility mapping (QSM) of the motor cortex as a potential quantitative biomarker for the
diagnosis of ALS and PLS.

Materials and Methods—Ultilizing an institutional review board approved retrospective
database, QSM images for 16 patients with upper motor neuron disease (12 with ALS and 4 with
PLS; mean age 56.3; 56% male) and 23 control patients (mean age 56.6; 57% male) were
reviewed. Two neuroradiologists, blinded to diagnosis, qualitatively assessed QSM, T2, T2*, and
T2 FLAIR-weighted images. Relative motor cortex susceptibility (RMCS) was quantitatively
calculated by subtracting adjacent white matter/CSF signal intensity from mean motor cortex
susceptibility on the axial image most representative of the hand lobule, and receiver operating
characteristic (ROC) analysis was performed. The Fisher’s exact and Student’s t tests were used to
evaluate for statistical differences between the groups.

Results—Qualitatively, QSM had higher diagnostic accuracy than T2, T2*, or T2 FLAIR for the
diagnosis of ALS/PLS. Quantitatively, RMCS was found to be significantly higher in patients with
motor neuron disease than in control patients (46.0 and 35.0, respectively; p<0.001). ROC analysis
demonstrated an area-under-the-curve of 0.88 (p<0.0001) and an optimal cutoff value of 40.5 ppb
for distinguishing between control and ALS/PLS patients (sensitivity, 87.5%; specificity, 87.0%).

Conclusions—QSM is a sensitive and specific quantitative biomarker of iron deposition in the
motor cortex in ALS and PLS.

"Corresponding Author.
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Introduction

Amyotrophic lateral sclerosis (ALS) is an idiopathic, progressive neurodegenerative disease
affecting upper and lower motor neurons that invariably results in death, with mean survival
ranging from 3 to 5 years. The majority of ALS cases are sporadic, with multifactorial
pathophysiological mechanisms leading to disease (1). Diagnosis relies on documented
progressive upper and lower motor neuron signs and symptoms involving the brain and
multiple spinal cord regions of innervation (1). Primary lateral sclerosis (PLS) is a less
common, more slowly progressive neurodegenerative disease that only affects upper motor
neurons. There remains debate as to whether ALS and PLS are two distinct disorders or
whether they represent a continuum of the same disease process (2).

In addition to serial clinical assessment, the diagnosis of ALS and exclusion of its mimics is
supported by laboratory tests including blood and CSF analysis, nerve conduction studies,
electromyography, and muscle biopsy. The current role of imaging lies mainly in excluding
structural lesions such as syringohydromyelia or multiple sclerosis. Diagnosis is commonly
delayed, with a median time from symptom onset to diagnosis of 14 months in ALS (1), and
a minimum four year symptom duration in PLS (3). In addition, published false positive
ALS diagnosis rates range from 8 to 44% (1). Due to the clinical importance of establishing
early diagnosis, avoiding false positives, and predicting the rate of progression, there has
been great interest in potential imaging biomarkers.

Conventional imaging findings in ALS include motor cortex T2 hypointensity (4—6) and
corticospinal tract T2 hyperintensity (7,8). Conventional imaging findings in PLS are similar
and include corticospinal tract T2 hyperintensity, motor and premotor cortical atrophy, and
T2 hypointensity within the precentral gyrus (8,9). Postmortem studies have shown that
motor cortex hypointensity on 7T T2*-weighted gradient recall echo (GRE) images
corresponds to accumulation of iron within microglia in middle and deep layers of the motor
cortex (5), providing evidence that the paramagnetic effect of iron causes motor cortex
susceptibility in ALS. Qualitative motor cortex scoring of hypointensity on T2*-weighted
images in patients has been shown to correlate with disease severity (using ALS-FRS-R) in
ALS patients, with the majority of patients demonstrating increased qualitative motor cortex
susceptibility 6 months after baseline imaging, suggesting correlation with disease
progression (6). Despite some understanding of the imaging findings in ALS/PLS, diagnosis
remains a challenge.

Quantitative susceptibility mapping (QSM) is a novel imaging technique that allows
quantitative assessment of tissue magnetic susceptibility. QSM measures tissues’ magnetic
susceptibilities, which quantitatively reflects the degree of magnetization in response to an
applied magnetic field. The voxel value in QSM is determined by its concentration of
paramagnetic and diamagnetic species, which exhibit positive and negative susceptibility
values, respectively. While T2*-weighted images qualitatively show hypointensity for both
paramagnetic and diamagnetic species, QSM is able to distinguish between paramagnetic
species (such as iron), which appear hyperintense, and diamagnetic species (such as
calcium), which appear hypointense. A study correlating QSM with iron concentration as
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determined by postmortem mass spectroscopy found a strong linear correlation between
tissue magnetic susceptibility and iron concentration in gray matter structures (10).

The aim of this case-control study is to investigate the diagnostic accuracy of QSM and its
potential to serve as a quantitative biomarker for the diagnosis of ALS and PLS.

ADS and TL had control of the data.

Data acquisition

This study was approved by our institutional review board. All consecutive patients referred
from a peripheral nerve and muscle disease clinic for clinically indicated MR imaging of the
brain to exclude structural causes of their symptoms were retrospectively included in this
study. Among this group, chart review was performed by two experienced neurologists; any
patients who did not have either possible, probable, or definite ALS per the El Escorial
criteria (11), or clinically confirmed PLS, were excluded. For patients meeting these criteria,
the following clinical data was collected: (1) date of disease onset; (2) type of motor neuron
disease (MND), separated into possible, probable, or definite amyotrophic lateral sclerosis
(ALS) and primary lateral sclerosis (PLS); (3) percent predicted forced vital capacity (FVC);
(4) ALS-FRS-R (revised ALS Functional Rating Scale) (12); and (5) Medical Research
Council (MRC) upper extremity strength scores, if available. FVC, ALS-FRS-R, and MRC
measurements were all performed within two months of imaging. Twenty-three control
patients, matched for age and sex with the cases, were selected from the same IRB-approved
retrospective database. This control group included patients with anatomically normal MR
examinations for age; any patients with upper/lower motor neuron disease, stroke,
hemorrhage, or other structural abnormality were excluded. All patients were imaged on a
3.0T scanner (GE Excite HD). T2-weighted, T2*-weighted, T2 FLAIR, and QSM images
were all acquired in oblique axial planes parallel to the anterior-posterior commissure line.
T2-weighted images were acquired using the following parameters: TR=6s, TE=81ms,
FA=90°, NEX=2, ETL=23, and voxel size=0.47x0.94x3mm3. T2 FLAIR images were
acquired using the following parameters: TR=6s, TE=130ms, T1=1.85s, FA=90°, NEX=1,
ETL=140, and voxel size=1.2x1.2x1.2mm3. The T2* and QSM images were acquired using
the same 3D multi gradient echo sequence (TE/ATE/4TE = 5ms/5ms/11, TR/FA/
BW=59ms/20°/+62.50 kHz, voxel size=0.57x0.75x2mm3). The T2* images are composite
images obtained by taking the weighted sum of all of the magnitude images at different
echoes. In order to obtain QSM images, real and imaginary images were saved, from which
the magnetic field inhomogeneity was estimated. The estimated field inhomogeneity was
further deconvolved by a magnetic dipole field to obtain the QSM image. To overcome noise
amplifications in the deconvolution, the morphology enabled dipole inversion (MEDI)
method was used for QSM reconstruction (13—15).

Qualitative analysis

Two neuroradiologists (AJT and AG, with 10 and 3 years of experience, respectively) who
were blinded to the presence/absence of MND performed qualitative scoring of the
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following four imaging features: (1) motor cortex T2 hypointensity, (2) motor cortex T2*
hypointensity, (3) motor cortex QSM hyperintensity, and (4) corticospinal tract T2
hyperintensity. Each neuroradiologist assigned scores for motor cortex T2/T2* hypointensity
and corticospinal tract T2 hyperintensity as follows: 0, absent; 1, present, mild; or 2, present,
marked. In our experience, in patients without motor cortex pathology, the motor cortex is
slightly more hyperintense than the rest of the supratentorial cortex (including the sensory
cortex) on the QSM images. Therefore, scores for motor cortex QSM hyperintensity were
assigned by each neuroradiologist, as follows: 0, slightly more hyperintense than sensory
cortex; 1, moderately more hyperintense than sensory cortex; or 2, markedly more
hyperintense than sensory cortex. Example images of each of the qualitative scores are
provided in the supplemental figures (1S-4S).

Quantitative analysis

Guided by a board-certified neuroradiologist with a certificate of added qualification (10
years experience), the central sulcus and image most representative of the hand lobule were
selected for each side, and the motor cortex of each subject was drawn in a standardized
fashion. A semi-automated program based on OsiriX v.5.8.1 (Pixmeo Sarl, Geneva,
Switzerland) was used to refine the segmentation between mator cortices and adjacent white
matter and CSF by applying a simple threshold. The threshold was heuristically adjusted to
ensure continuity and completeness of the cortex, and was typically in the range of 10 to 20
ppb (parts per billion). Relative susceptibility (in ppb) was calculated by subtracting adjacent
susceptibility from motor cortex susceptibility.

Statistical analysis

Results

For the qualitative analysis, Fisher’s exact test was used to evaluate for differences between
the MND and control groups and the kappa statistic was calculated to evaluate inter-observer
agreement between the two neuroradiologists who made qualitative assessments of the T2,
T2*, QSM, and T2 FLAIR images. For the quantitative analysis, the mean relative motor
cortex susceptibility (RMCS) of the right and left hand lobules was calculated for each
patient. XLSTAT version 2013 6.02 (Addinsoft, France) was used to perform the statistical
analyses. Linear regression was performed between these mean values and the clinical
scores (ALS-FRS-R, percent predicted FVC, and MRC upper extremity strength score). The
two-tailed Student’s t-test was used to evaluate for statistical differences between MND
cases and controls, with p values less than 0.05 considered statistically significant. Receiver
operating characteristic (ROC) analysis was performed utilizing the quantitative RMCS
values for both the control and MND patients. For all analyses, a p value of less than 0.05
was considered statistically significant. An optimal cutoff value distinguishing cases and
controls was established, and diagnostic test characteristics, including sensitivity and
specificity were calculated.

Among the 25 patients referred from the peripheral nerve and muscle disease clinic for MRI
including QSM between 12/1/2011 and 11/30/2013, 16 met the EIl Escorial criteria for ALS
(12) or had clinically confirmed PLS and were included in the study. Of the 9 excluded
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patients, 5 had unspecified motor neuropathy, 2 had possible atypical PLS, 1 had Parkinson
disease, and 1 had the superoxide dismutase 1 mutation (which has been linked to familial
ALS) but was normal functionally. Representative T2*-weighted images and QSM are
shown in Figure 1. Demographic and clinical characteristics of the 16 patients included in
the study are summarized in Table 1.

The average age for the 16 MND patients and control patients was 56.3 and 56.6,
respectively. The percent of the UMND and control groups that were male were 56.3 and
56.5%, respectively.

Table 2 shows how each neuroradiologist qualitatively assessed subjects and controls using
T2, T2*, T2 FLAIR, and QSM sequences. Statistically significant differences between MND
and control patients were observed for all sequences except for the T2* images by observer
2.

Table 3 shows mean sensitivity, specificity, and diagnostic accuracy for the detection of
MND, as well as the interobserver variability as measured by the weighted kappa statistic.
Highest diagnostic accuracy of 83% was achieved when the two observers used QSM and
counted either moderately or markedly more hyperintense motor cortex compared to sensory
cortex as positive for MND. QSM showing markedly more hyperintensity in the motor than
the sensory cortex, and T2 FLAIR showing presence of corticospinal tract T2 hyperintensity,
each had the highest specificity (100% for both observers). Interobserver agreement was best
for QSM and T2 FLAIR sequences.

Representative T2-weighted and QSM images for two cases and one control are shown in
Figure 1.

In the quantitative analysis, patients with MND (n=16) had significantly higher RMCS than
control patients (n=23), 46.0 and 35.0 ppb with standard deviations of 12.3 and 6.5 ppb,
respectively (p<0.001). ALS patients (n=12) also had significantly higher RMCS than
control patients (n=23), 45.4 and 35.0 ppb, respectively (p=0.005). PLS patients (n=4) also
had significantly higher RMCS than control patients (n=23), 47.6 and 35.0 ppb, respectively
(p<0.001). There was a trend towards higher motor cortex susceptibility in patients with
definite ALS compared to those with probable/possible ALS (46.6 and 44.3 ppb,
respectively), which was not statistically significant (p=0.80). Figure 2 shows that PLS
patients had slightly higher RMCS than ALS patients (47.6 and 45.4 ppb, respectively), but
this difference also was not statistically significant (p=0.77) and PLS patients had
significantly longer mean duration of symptoms at the time of imaging (57.5 and 20.0
months, respectively; p=0.001).

Figure 3 shows the receiver operating characteristic (ROC) curve including all 39 patients in
the study (16 MND patients and 23 control patients). The area under the ROC curve was
0.88 (p < 0.0001; 95% confidence interval, 0.752 to 0.998). The optimal cutoff value for
RMCS was found to be 40.5 ppb, which yielded a sensitivity of 87.5% (95% CI, 62.5 to
97.5%) and a specificity of 87.0% (95% ClI, 66.8 to 96.1%).
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Supplemental figures 5Sa—c show correlations between mean RMCS and clinical measures
of disease severity; modest inverse correlation with ALS-FRS-R, weak inverse correlation
with FVC (among the 11 of 16 patients where FVVC data were available at the time of MRI),
and modest inverse correlation with MRC upper extremity strength score.

Discussion

The diagnosis of ALS and PLS is made difficult by the absence of a quantitative biomarker
of disease. Imaging is currently utilized primarily to exclude structural lesions. Conventional
and advanced imaging techniques have been investigated to aid in diagnosis. Conventional
MRI studies have shown motor cortex T2 hypointensity (4—6) and corticospinal tract T2
hyperintensity (8,9) in ALS and PLS patients. Qualitative scoring of T2* hypointensity has
been correlated with disease progression (6). T2/T2* hypointensity in the motor cortex in
ALS has been related to iron accumulation, specifically as ferritin within microglial cells
within the middle and deep layers of the motor cortex (5). It is currently unknown whether
the increased iron deposition is due to primary iron metabolism dysregulation or is
secondary to iron scavenging by glial cells following neuronal loss (16—18). Regardless of
the mechanism of its deposition, the presence of increased iron within the motor cortex
provides a potential biomarker of disease.

In this study, we performed both qualitative and quantitative analysis using QSM to
investigate its diagnostic utility in ALS and PLS, and confirmed that both qualitative and
quantitative methods were able to diagnose ALS and PLS with high diagnostic accuracy.
Qualitatively, QSM demonstrating either moderately or markedly more motor than sensory
cortex hyperintensity had the highest diagnostic accuracy (83%) among the four sequences
analyzed (QSM, T2, T2*, and T2 FLAIR). Corticospinal tract T2 hyperintensity was very
specific for the presence of MND (100% for both observers), consistent with previously
published data (7). However, the sensitivity of corticospinal tract T2 hyperintensity was poor
(38 and 31% for observers 1 and 2, respectively). Marked motor cortex hypointensity on
QSM was also very specific for the presence of ALS or PLS (also 100% for both observers),
with a higher sensitivity than T2 FLAIR (50 and 44% for observers 1 and 2, respectively).
Quantitatively, patients with ALS and PLS had statistically significantly higher RMCS than
control patients, likely on the basis of iron deposition as demonstrated in previous
pathological examination of the motor cortices of ALS patients (5). While PLS patients had
slightly higher RMCS than ALS patients, this difference was not statistically significant.
Furthermore, the PLS patients had a significantly longer mean duration of disease than the
ALS patients (57.5 and 20.0 months, respectively), likely due to the more indolent course of
PLS.

There were modest inverse correlations between mean RMCS and ALS-FRS-R and MRC
upper extremity strength score, and a weak inverse correlation with percent predicted FVC.
It is possible that statistically significant correlations were not observed due to the relatively
small sample size, particularly for percent predicted FVVC, where data at the time of the MRI
was available for only 11 of the 16 patients. Other than the patient with the highest motor
cortex susceptibility of 81.7 ppb (patient #1, who had rapidly progressive, profound
weakness, and hence the greatest functional impairment) and the patient with the lowest
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susceptibility of 17.1 ppb (patient #15, who had a nearly normal ALS-FRS-R of 47), the
patients with upper motor neuron disease were predominantly clustered between RMCS
values of 41 and 48 ppb. While RMCS values in this range were higher than those in the
control group, it may not provide an adequately large range to discriminate between graded
measures of disease severity.

It is important to note several limitations of this study. First, we employed a relatively small,
retrospective case-control study with known disease cases and normal controls without
subjects having intermediate pre-test probability of upper motor neuron disease. We believe
that such an approach is justifiable in the initial assessment of QSM technology in ALS and
PLS as our study confirms the ability of QSM to discriminate patients with disease and
normal patients. However, we acknowledge that future investigations will require studying
diagnostic accuracy in a prospective cohort of patients not yet diagnosed with motor neuron
disease but in whom there is clinical suspicion of motor neuron disease (19). Second,
because QSM is an emerging technology, certain assumptions were made including that the
susceptibility of water is defined as zero; however, this has yet to be explicitly verified.
Therefore, at this time it is necessary to use an internal control (the subcortical white matter
and CSF adjacent to the segmented motor cortex) to calculate relative susceptibility. With
continued improvement of the QSM technique and validation of values of absolute tissue
susceptibility, a cutoff for absolute motor cortex susceptibility independent of scanning
hardware/software could be determined. Third, patients with advanced disease could not be
included in this study for logistical reasons related to their disability. This could bias our
case group towards more mild/moderate disease severity, with two possible consequences; a)
a possible limit on our ability to gain more than moderate correlations with ALS-FRS-R and
MRC upper extremity strength score, and b) possible lessening of the observed difference in
RMCS between cases and controls. Finally, cortical iron deposition has been reported in
other pathological states. Patients with cerebrovascular disease (multiple small infarctions in
the white matter and/or basal ganglia but no large vessel infarctions) have been shown to
have qualitative T2 shortening in the perirolandic cortex (motor to a greater degree than
Sensory cortex) (20) and the visual cortex (21), probably due to iron deposition. In
Alzheimer disease, iron deposition has been demonstrated in deep gray matter and in the
parietal cortex (22). Patients with beta-thalassemia major have demonstrated iron
accumulation in the motor cortex, temporal cortex, and deep gray structures (23). Iron
deposition in the motor cortex has also been well documented to occur in the process of
normal aging (20,24—26), which was addressed in this study by age-matching control and
disease patients. Nonetheless, these are potential confounding factors that should be
considered when future studies attempt to establish a RMCS cutoff for the diagnosis of ALS/
PLS.

The findings from our case-control study require further validation in a larger-scale
prospective cohort study to determine whether QSM of the motor cortex can aid in the early
diagnosis of motor neuron disease and can serve as imaging biomarker for disease severity.
Earlier and more confident diagnosis of ALS would allow earlier treatment with riluzole, an
inhibitor of glutamate release that has been shown to improve survival in two large
randomized controlled trials (27—29). Earlier physical therapy, occupational therapy, and
rehabilitation services may improve quality of life (30,31). Furthermore, earlier diagnosis
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may be beneficial if any of the promising investigational therapies in clinical trials (32)
prove effective. Future clinical trials could use QSM as a surrogate endpoint given its
feasibility, accuracy, and reproducibility.

Conclusion

Our aim was to investigate QSM of the motor cortex as a potential quantitative biomarker
for the diagnosis of ALS and PLS. In this case-control study, patients with ALS and PLS
were found to have significantly higher relative motor cortex susceptibility than control
patients, likely due to accelerated iron deposition. QSM was found to be accurate for both
qualitative and quantitative detection of this increased tissue susceptibility. QSM thus has
the potential to aid in earlier, more confident diagnosis of MND and could serve as a
quantitative biomarker.
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Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

ALS amyotrophic lateral sclerosis

QSM quantitative susceptibility mapping
PLS primary lateral sclerosis

MND motor neuron disease

RMCS relative motor cortex susceptibility
FvC forced vital capacity

ALSFRSR revised ALS functional rating scale
MRC Medical Research Council

MEDI morphology enabled dipole inversion
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(a) (b)

(e) Q)

Figure 1.
Axial T2-weighted and QSM images in a 50-year-old male control patient (a and b); a 42-

year-old man with definite ALS (c and d), with an MRC upper extremity strength score of
57/100 and an ALS-FRS-R of 30; and a 49-year-old woman with probable ALS (e and f),
with an MRC upper extremity strength score of 82/100 and an ALS-FRS-R of 43. Of note,
the patient with definite ALS in Figs. 1c and 1d presented with profound left upper
extremity weakness, and the RMCS scores for his right and left hand lobules were 89.3 ppb
and 74.2 ppb, respectively.
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Figure 2.
Relative motor cortex susceptibility by diagnosis stratified into ALS, PLS, and control

groups, with bars indicating standard error for each group. Note: RMCS, relative motor
cortex susceptibility.
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ROC curve of RMCS for diagnosis of MND (AUC=0.88)

True positive rate (sensitivity)
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Figure 3.
Receiver operating characteristic (ROC) curve for relative motor cortex susceptibility

value’s ability to predict the presence or absence of MND (ALS or PLS). Note: RMCS,
relative motor cortex susceptibility; AUC, area under the curve.
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Two neuroradiologists’ (observers 1 and 2) qualitative analysis of signal intensity in subjects and controls on
T2, T2*, T2 FLAIR, and QSM sequences. P values were generated using Fisher’s exact test.

Sequence
and Group

T2
ALS and
PLS
Control

T2*
ALS and
PLS

Control
T2 FLAIR
ALS and

PLS
Control

QSM

ALS and
PLS
Control

Observer 1

Motor cortex hypointensity

None Mild Marked
7 9 0
21 2 0
4 8 4
12 11 0

Motor cortex hyperintensity

None Mild Marked
10 6 0
23 0 0

Motor cortex hyperintensity
compared to sensory cortex

Slightly  Moderately = Markedly
more more more
1 8 7
19 4 0

P value

0.003

0.02

P value

0.002

P value

<0.0001

Observer 2
Motor cortex hypointensity
None Mild Marked
8 8 0
23 0 0
8 5 3
13 10 0

Motor cortex hyperintensity

None Mild Marked
11 5 0
23 0 0

Motor cortex hyperintensity
compared to sensory cortex

Slightly  Moderately Markedly
more more more
3 5 8
18 5 0

P value

0.0002

0.13

P value

0.008

P value

<0.0001
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Table 3

Two observers’ mean sensitivity, specificity, and diagnostic accuracy for the diagnosis of MND using
qualitative analysis. A test was considered positive if there was mild/marked hypointensity on T2 or T2*, mild
or marked hyperintensity on T2 FLAIR, or moderately/markedly more hyperintensity on QSM. The last row
shows the weighted kappa between both observers for each sequence.

T2 T2* | T2FLAIR | QSM

Sensitivity | 53% | 69% 34% 88%
Specificity | 96% | 54% 100% 80%
Accuracy | 78% | 60% 73% 83%
Kappa 0.66 | 0.80 0.89 0.89
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