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Amyotrophic lateral sclerosis phenotypes significantly differ in terms
of magnetic susceptibility properties of the precentral cortex
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Abstract
Objectives The aim of our study was to investigate whether the magnetic susceptibility varies according to the amyotrophic
lateral sclerosis (ALS) phenotypes based on the predominance of upper motor neuron (UMN)/lower motor neuron (LMN)
impairment.
Methods We retrospectively collected imaging and clinical data of 47 ALS patients (12 with UMN predominance (UMN-ALS),
16 with LMN predominance (LMN-ALS), and 19 with no clinically defined predominance (Np-ALS)). We further enrolled 23
healthy controls (HC) and 15 ALS mimics (ALS-Mim). These participants underwent brain 3-T magnetic resonance imaging (3-
T MRI) with T1-weighted and gradient-echo multi-echo sequences. Automatic segmentation and quantitative susceptibility
mapping (QSM) were performed. The skewness of the susceptibility values in the precentral cortex (SuscSKEW) was automat-
ically computed, compared among the groups, and correlated to the clinical variables.
Results The Kruskal-Wallis test showed significant differences in terms of SuscSKEW among groups (χ2(3) = 24.2, p < 0.001),
and pairwise tests showed that SuscSKEW was higher in UMN-ALS compared to those in LMN-ALS (p < 0.001), HC
(p < 0.001), Np-ALS (p = 0.012), and ALS-Mim (p < 0.001). SuscSKEW was highly correlated with the Penn UMN score
(Spearman’s rho 0.612, p < 0.001).
Conclusion This study demonstrates that the clinical ALS phenotypes based on UMN/LMN sign predominance significantly
differ in terms of magnetic susceptibility properties of the precentral cortex. Combined MRI-histopathology investigations are
strongly encouraged to confirm whether this evidence is due to iron overload in UMN-ALS, unlike in LMN-ALS.
Key Points
• Magnetic susceptibility in the precentral cortex reflects the prevalence of UMN/LMN impairment in the clinical ALS
phenotypes.

• The degree of UMN/LMN impairment might be well described by the automatically derived measure of SuscSKEW in the
precentral cortex.

• Increased SuscSKEW in the precentral cortex is more relevant in UMN-ALS patients compared to those in Np-ALS and LMN-
ALS patients.
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Abbreviations
ALS Amyotrophic lateral sclerosis
ALSFRS-R Revised Amyotrophic Lateral

Sclerosis Functional Rating Scale
ALS-Mim ALS mimics and chameleons
C-ALS “Classic” ALS
GRE Gradient-echo
HC Healthy controls
LMN Lower motor neuron
LMN-ALS ALS patients with LMN predominance
Np-ALS ALS patients with no clinically

defined predominance
PLS Primary lateral sclerosis
PMA Progressive muscular atrophy
QSM Quantitative susceptibility mapping
SuscSKEW Skewness of the susceptibility value

distribution in the precentral cortex
UMN Upper motor neuron
UMN-ALS ALS patients with UMN predominance

Introduction

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative
disease characterized by progressive degeneration of upper
motor neurons (UMN) and/or lower motor neurons (LMN)
[1]. “Classic” ALS (C-ALS) is characterized by both UMN
and LMN impairment, while atypical forms include primary
lateral sclerosis (PLS) and progressive muscular atrophy
(PMA), characterized by clinical evidence of isolated UMN
or LMN signs, respectively. While the latter phenotypes have
been considered separate entities from C-ALS for decades,
recent neuropathological studies are supporting a unifying di-
agnosis of ALS as a spectrum of UMN and LMN degenera-
tion [2].

Magnetic resonance imaging (MRI) with susceptibility-
weighted imaging (SWI) has been recently proven to detect
changes in susceptibility in the motor cortex of patients affect-
ed by ALS, which has been proposed to correspond to the
pathological iron accumulation in deep layers of the primary
motor cortex [3–5]. Quantitative susceptibility mapping
(QSM) algorithms have been used to quantify magnetic sus-
ceptibility in the motor cortex in ALS, resulting in a possible
radiological marker of UMN burden in ALS [3, 6, 7]. This
perspective is attractive for the management of those cases in
which the signs of UMN dysfunction are difficult to recognize
because of concurrent LMN degeneration, particularly in the
early stages of ALS [8, 9].

Susceptibility changes depicted by MRI are not constant
and could reflect the clinical prevalence of UMN or LMN
signs [10].

The aim of the study was to demonstrate that in the ALS
clinical spectrum, the susceptibility properties of the

precentral gyrus investigated by QSM differ according to the
UMN/LMN sign predominance.

Methods

Study participants

We retrospectively enrolled 47 ALS patients who had consec-
utively undergone a comprehensive evaluation, including
neurological history, neurophysiological assessment, and
MRI at the IRCCS Istituto Auxologico Italiano in Milan
(Italy), between January 2016 and December 2017.
Diagnosis of ALS was made according to the revised El
Escorial criteria [1].

Neurological examination was performed by two neurolo-
gists with more than 15 years of experience in the assessment
of neuromuscular disorders. According to our clinical proto-
col, the patients underwent MRI within 1 day from the clinical
assessment. In addition to the MR images, we collected the
following clinical data: predominance of UMN or LMN im-
pairment signs, site of onset (spinal or bulbar), disease dura-
tion, Penn UMN score, and score at the revised Amyotrophic
Lateral Sclerosis Functional Rating Scale (ALSFRS-R) [11].
The exclusion criteria were as follows: (a) concomitant psy-
chiatric or neurological disorders; (b) the presence of MR
imaging artifacts; or (c) brain lesions at the MR imaging in-
volving the motor cortex and corticospinal tracts not related to
ALS. The neurologists subgrouped the patients according to
the predominance of UMN and LMN impairment, blinded to
the imaging data: UMN-predominant ALS (UMN-ALS),
LMN-predominant ALS (LMN-ALS), and ALS patients with
no clinically defined predominance (Np-ALS). Twelve pa-
tients were grouped as UMN-ALS, and six of them who had
an absence of LMN signs with a disease duration > 4 years
were diagnosed with PLS. Sixteen patients were grouped as
LMN-ALS, and eight of them who had an absence of UMN
signs with a disease duration > 4 years were diagnosed with
PMA. Nineteen patients were grouped as Np-ALS.

We enrolled 23 healthy controls (HC)—volunteers and
non-blood relatives of the patients—between January 2018
and September 2018. HC enrollment was performed accord-
ing to the following criteria: (a) age included in the age range
of the ALS group; (b) no history of psychiatric or neurological
disorders; and (c) no reported substance abuse. The exclusion
criteria were (a) image artifacts in the T1-weighted and/or
gradient-echo images or (b) brain MRI showing abnormal
findings, except for sporadic small gliotic lesions in the white
matter. Study participants partially overlapped with the sam-
ple of a previous study focused on the investigation of an
unbiased biomarker of the UMN impairment by using a fully
automatic paradigm [6].
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Additionally, we retrospectively collected images of 15
patients defined as mimics and chameleons (ALS-Mim), as
defined by Turner and Talbot [12] who had undergone the
same MRI protocol as ALS and HC patients between
January 2016 and September 2018. The definite diagnoses
of ALS-Mim were extracted from clinical records as follows:
two hereditary spastic paraparesis, one metabolic myelopathy
with vitamin B12 deficiency, three corticobasal degeneration,
two cervical myeloradiculopathy, five parkinsonism, and two
frontotemporal dementia.

Flowchart of the subject’s enrollment is shown in Fig. 1.
The research protocol was reviewed and approved by the

local ethics committee (Area 2 Milano), in accordance with
the Declaration of Helsinki, and written informed consent was
obtained from all participants.

Image acquisition and processing

The acquisition protocol and processing pipeline of the MR
images are described in Contarino et al [6] and summarized as
follows.

All subjects underwent a brain MRI in a 3-T SIGNA
General Electric (GE Healthcare Medical Systems) unit at
the IRCCS Istituto Auxologico Italiano in Milan (Italy). The
protocol included 3D T1-weighted, 3D fluid-attenuated inver-
sion recovery (FLAIR), T2-weighted fast spin-echo

sequences, and a spoiled multi-echo gradient-echo (GRE)
pulse sequence with flow compensation. The echoes were
averaged and the phase images were high-pass-filtered by
the scanner for clinical purposes. The brain MRIs were col-
lected and assessed by two neuroradiologists (with 4 and 30
years of experience) to define motion artifacts in the T1 or
GRE sequences and brain lesions, arriving at a consensus.
The whole-brain QSM was calculated from the 3D spoiled
gradient-echo pulse sequence using STI Suite [13, 14]. The
SPM12 MATLAB Toolbox was used to coregister the QSM
map to the 3D T1-weighted image using the normalized mu-
tual information between the 3D T1-weighted and the magni-
tude image. The 3D T1-weighted images were segmented
using FreeSurfer [13, 14], and the “precentral gyrus” and
“paracentral lobule” regions-of-interest (ROIs) were merged
to build up the precentral cortex ROI shown in Fig. 2. Three
representative cases of QSM in the precentral cortex ROI are
shown in Figure 1 in Supplemental Material.

The processing time was about 8 h each patient on a 32GB
RAM workstation (Intel Xeon W-2145 CPU at 3.70 GHz,
3696 MHz, 8 cores, 16 logical processors), and processing
of patients was parallelized to perform 16 patients (according
to the number of logical processors) simultaneously. Most of
the time is needed for the FreeSurfer segmentation which took
about 7 h each patient on a RAM 32.0GB workstation.
Processing of several patients was parallelized as much as

ALS Patients Inclusion criteria
- Diagnosis according to the revised El Escorial criteria (n=59)

ALS Patients
(n=47)

Exclusion criteria
- psychiatric or neurological disorders (n=2)

- MR imaging artifacts (n=7)

- brain lesions in cortico-spinal tract (n=3)

Volunteers Inclusion criteria
- age included in the age range of ALS group

- no history of psychiatric or neurological disorders

- no reported substance abuse (n=29)

Mimics-ALS
(n=15)

ENROLLMENT

Mimics Patients Definitive diagnosis
- hereditary spastic paraparesis (n=2)

- metabolic myelopathy with B12 deficiency (n=1)

- corticobasal degeneration (n=3)

- cervical myeloradiculopathy (n=2)

- parkinsonism (n=5)

- frontotemporal dementia (n=2)

Exclusion criteria
- psychiatric or neurological disorders (n=0)

- MR imaging artifacts (n=0)

- brain lesions in cortico-spinal tract (n=0)

Healthy control
(n=23)

Exclusion criteria
- psychiatric or neurological disorders (n=1)

- MR imaging artifacts (n=3)

- brain lesions in cortico-spinal tract (n=2)

Fig. 1 Flowchart of the subject enrollment
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the number of cores available. The QSM processing takes
about a few minutes and the coregistration step about 10–20
min.

The skewness of the susceptibility value distribution in the
precentral cortex ROI (SuscSKEW) was calculated using the
relative command in MATLAB R2018a (The MathWorks).
The susceptibility was chosen among the other statistical met-
rics according to the previous study [6]. As example, Fig. 3
shows the distributions of the susceptibility values in the
precentral cortex in each UMN-ALS (red) and LMN-ALS
(blue) patient.

Statistical analysis

Shapiro-Wilk tests were performed to test the distribution nor-
mality of the continuous variables (age, disease duration,
ALSFRS-R, and SuscSKEW). The Kruskal-Wallis test was
used to compare the continuous variables among the ALS
phenotypes, HC, and ALS-Mim, and a chi-square test was

used to compare the categorical variables (disease onset, gen-
der, El Escorial criteria) in the groups. Dunn-Bonferroni tests
were carried out for post hoc pairwise comparisons. Rank
analysis of covariances (Quade’s test) was used to compare
SuscSKEW among groups using age as covariate [15].

The Spearman test was used to evaluate the correlation
between the SuscSKEW and the disease duration, ALSFRS-
R, and the UMN score in the ALS patients.

A statistical package for social science (IBM SPSS
Statistics, v.25.0.0.1: IBM Corp.) was used to analyze the
data. p values less than 0.05 were considered significant.

Results

Nineteen Np-ALS, 12 UMN-ALS, 16 LMN-ALS, 23
HCs, and 15 ALS-Mim were included in the analysis.
The groups did not statistically differ in terms of sex
(χ2(4) = 1.24, p = 0.872). The Kruskal-Wallis test showed

Fig. 2 a 3D reconstruction of the
brain. The automatically
segmented precentral cortex ROI
is highlighted in red. b Precentral
cortex ROI (red) overlapped on
the quantitative susceptibility
map. The figure was modified af-
ter permission from Contarino
et al [6]. ROI, region-of-interest
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a statistically significant difference in terms of age among
groups (χ2(4) = 10.6, p = 0.03), but the pairwise test did
not show any statistically significant difference. Np-ALS,
UMN-ALS, and LMN-ALS did not statistically differ in
terms of El Escorial criteria (χ2(2) = 5.59, p = 0.252),
disease onset (χ2(2) = 3.39, p = 0.183), ALSFRS-R
(χ2(2) = 0.02, p = 0.990), and disease duration (χ2(2) =
2.66, p = 0.265). The demographic and clinical data and
the SuscSKEW in the subject groups are summarized in
Table 1.

The Kruskal-Wallis test showed significant differences in
terms of SuscSKEW among groups (χ2(4) = 26.2 (p < 0.001),
and, in particular, the pairwise tests showed that SuscSKEW
was higher in UMN-ALS compared to those in LMN-ALS
(p < 0.001), HC (p < 0.001), Np-ALS (p = 0.012), and ALS-
Mim (p < 0.001). The rank analysis of covariance confirmed
significant differences in terms of SuscSKEW among groups
after correction for age (F(4) = 9.3; p < 0.001).

The UMN score showed a significant correlation with the
SuscSKEW (Spearman’s rho 0.612, p < 0.001). There was no

Fig. 3 Susceptibility values in the
precentral cortex. Each single-
subject susceptibility value distri-
bution is shown as a single curve
and colored in red for UMN-ALS
patients and blue for LMN-ALS
patients. Susceptibility values
(ppb) are represented in x-axis
and probability density function
in y-axis. LMN-ALS, amyotro-
phic lateral sclerosis with preva-
lence of lower motor neuron im-
pairment; UMN-ALS, amyotro-
phic lateral sclerosis with preva-
lence of upper motor neuron
impairment

Table 1 Demographic data, clinical data, and SuscSKEW in the subject groups. Categorical variables are reported in frequencies, and continuous
variables in median and IQR

Demographic, clinical, and imaging variables Np-ALS
n = 19

UMN-ALS
n = 12

LMN-ALS
n = 16

ALS-Mim
n = 15

HC
n = 23

p value

Sex (female, male) 12/7 7/5 8/8 8/7 15/8 0.796

Age of patients (years) 58 (50–65) 59 (53–69) 67 (58–72) 70 (54–76) 57 (53–64) 0.06

Disease duration (months) 16 (7–24) 20.5 (18–33) 17 (12–32) 0.25

SuscSKEW − 0.7 (− 0.3 to 0.3) 0.3 (0.1–0.6) − 0.2 (− 0.3 to 0) − 0.1 (− 0.2 to 0) − 0.1 (− 0.2 to 0) 0.001

Variable with significant p values (p < 0.05) is shown in italic

IQR, interquartile range; SuscSKEW, skewness of the susceptibility value distribution in the precentral cortex;Np-ALS, amyotrophic lateral sclerosis with
no clinically defined predominance;HC, healthy control; IQR, interquartile range; LMN-ALS, amyotrophic lateral sclerosis with the prevalence of lower
motor neuron impairment; ALS-Mim, mimics and chameleons; UMN-ALS, amyotrophic lateral sclerosis with the prevalence of upper motor neuron
impairment
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significant correlation between ALSFRS-R score and SuscSKEW
(Spearman’s rho 0.016, p = 0.928) or between disease duration
and SuscSKEW (Spearman’s rho 0.005, p = 0.974).

The boxplots of SuscSKEW in the clinical ALS pheno-
types based on the UMN/LMN predominance (Np-ALS,
UMN-ALS, LMN-ALS) and in the common clinical diagnos-
tic groups, such as C-ALS, PLS, and PMA, grouped byUMN/
LMN predominance, are shown in Figs. 4 and 5, respectively.

Discussion

Our study demonstrated that the magnetic susceptibility in the
precentral cortex reflects the prevalence of UMN or LMN in
the clinical ALS phenotypes. According to our results, in-
creased susceptibility in the precentral cortex is more relevant
in UMN-ALS patients compared to those in Np-ALS and
LMN-ALS patients. Indeed, an increase in the skewness
means that the right tail of a distribution (in our case, corre-
sponding to higher susceptibility values) is larger than the left
tail (lower susceptibility values). As shown in Fig. 2, the right
tails of the distributions of the susceptibility values in UMN-
ALS patients are enlarged compared to those in the LMN-
ALS patients. The higher SuscSKEW of UMN-ALS patients
probably reflect an increase in the susceptibility values in

some (even a minority of) voxels within the precentral cortex
that are represented in the right tail of the red curves.

PLS patients showed overlapping SuscSKEW values com-
pared to the remaining patients in the UMN-ALS group, and
PMA patients showed overlapping SuscSKEW values com-
pared to the remaining patients in the LMN-ALS group. The
clinical predominance of UMN/LMN impairment is consis-
tent with the correlation between UMN scores and
SuscSKEW. This evidence supports the classification of
PLS and PMA not as distinct nosological entities from ALS,
but rather extreme clinical subtypes of ALS [1, 16]. LMN-
ALS patients showed SuscSKEW values similar to HCs.

The Np-ALS group shows a wide range of SuscSKEW
values, overlapping with those of both the UMN-ALS and
LMN-ALS groups. This finding suggests that the Np-ALS
group is very heterogeneous in terms of susceptibility in the
precentral cortex. The UMN involvement is sometimes diffi-
cult to determine clinically, since it can be hidden by signs/
symptoms of LMN disease, which explains the discrepancy
between the prevalence of UMN involvement at pathology
and clinical examination [9].

Considering our observations, we can speculate that the
difference in motor cortex susceptibility between UMN-ALS
and LMN-ALS might be related to different pathological
mechanisms occurring in UMN-ALS and LMN-ALS. Much
literature supports the evidence that iron is responsible for an

Fig. 4 Boxplots of the
SuscSKEW in the clinical ALS
phenotypes classified by UMN/
LMN predominance. The three
ALS phenotypes are colored: Np-
ALS in blue, UMNALS in red,
LMN-ALS in yellow. HC and
ALS-Mim are also plotted for
comparison and colored in green
and orange, respectively. ALS-
Mim, ALS mimics and chame-
leons; HC, healthy control; LMN,
lower motor neuron; LMN-ALS,
amyotrophic lateral sclerosis with
prevalence of lower motor neuron
impairment; Np-ALS, amyotro-
phic lateral sclerosis with no clin-
ically defined predominance;
SuscSKEW, skewness of the sus-
ceptibility value distribution in
the precentral cortex; UMN, up-
per motor neuron; UMN-ALS,
amyotrophic lateral sclerosis with
prevalence of upper motor neuron
impairment
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increase in the susceptibility values. While in UMN-ALS iron
accumulation might play an important role in the neurodegen-
eration of UMNs, leading to a metal-mediated oxidative
stress, microglia activation, and inflammation, in LMN-
ALS, the disorder primarily affects the LMNs in the spinal
cord, and UMNs might be subsequently involved via a mech-
anism unrelated to the above primary iron deposition [17–19].
To our knowledge, there is no histological evidence of iron
deposition in the motor cortex of patients with PMA, even if
other pathological changes are frequently reported on histolo-
gy examinations. For example, patients with PMA exhibited
macrophages in the cortical spinal tracts in 50% of the cases
[20] and degeneration of the cortical spinal tract and loss of
Betz cells are shown in 65% and 60%, respectively, of the
patients with a clinical diagnosis of PMA [21]. Finally, some
studies have demonstrated that a hyper-phosphorylated,
ubiquitinated, and cleaved form of TDP-43, which is the ma-
jor disease protein in ALS, is common in the cerebral cortex or
the subcortical white matter of patients with clinical PMA [16,
22]. Riku et al have reported pathological signs of UMN and
LMN systems in 85% of patients with PMA, while only the
remaining 15% lacked any apparent UMN degeneration [23],
possibly because of a secondary degeneration of UMN due to

the degeneration of LMN that might not be linked to iron
overload in the primary motor cortex.

Some limitations of our study should be acknowledged. First,
the number of cases in PLS, PMA, and ALS-Mim is low,
preventing us to test these clinical diagnostic groups for statistical
differences. A second limitation is the definition of the region of
interest. Because of the small width of the region studied, specif-
ically developed high-resolution sequences would be recom-
mended in order to decrease the partial-volume effects. A third
limitation is that no postmortem histopathologic measurements
of iron concentration in the precentral cortex were performed to
confirm that SuscSKEW increase is due to iron deposition in the
precentral cortex. However, previous literature demonstrated that
the altered MR signal on gradient-echo T2*-weighted sequence
in the motor cortex of ALS patients is consistent with the path-
ological iron accumulation

The main advantages of the analysis method here proposed
are the following: (1) the MRI sequences used are easy to imple-
ment into a routine protocol; (2) the fully automatic pipeline
allows the independence of the MRI measures from the users.

Future studies should evaluate the diagnostic value of
SuscSKEW in the confirmation of the diagnosis in patients
with a prevalence of UMN impairment, especially in early
cases. It would be interesting to test whether SuscSKEW

Fig. 5 Boxplots of the SuscSKEW in the clinical diagnostic groups. The
three common clinical diagnostic groups C-ALS, PLS, and PMA are
colored and plotted separately according to the UMN/LMN predomi-
nance (Np-ALS in blue, UMN-ALS in red, LMN-ALS in yellow). HC
and ALS-Mim are also plotted for comparison and colored in green and
orange, respectively. ALS-Mim, mimics and chameleons of amyotrophic
lateral sclerosis; C-ALS, classic amyotrophic lateral sclerosis; HC,

healthy control; LMN-ALS, amyotrophic lateral sclerosis with preva-
lence of lower motor neuron impairment; Np-ALS, amyotrophic lateral
sclerosis with no clinically defined predominance; PLS, primary lateral
sclerosis; PMA, progressive muscular atrophy; SuscSKEW, skewness of
the susceptibility value distribution in the precentral cortex; UMN-ALS,
amyotrophic lateral sclerosis with prevalence of upper motor neuron
impairment
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correlates with a histopathological measure of iron deposition
in the motor cortex. Future studies are also encouraged to
consider a larger group of pathologies that mimic the clinical
signs of motor neuron impairment. This would allow us to
define the specificity of the automatic measure in order to
recognize UMN-ALS against the mimicking disorder. Given
the new pharmacological trials testing iron chelators in ALS
patients, the use of a reliable automatic pipeline for the mag-
netic susceptibility analysis of the motor cortex could be use-
ful for the selection of those patients who would benefit most
from the administration of the drug and for monitoring the
results of these treatments. In recent years, animal studies have
investigated the possible therapeutic role of iron chelators, as
in murine models of familial and sporadic ALS, demonstrat-
ing a decrease in pathologic iron accumulation in the central
motor pathway. The iron chelation seems to reduce oxidative
stress and increases survival in mice [24–26]. More recently, a
pilot trial demonstrated that the use of iron chelators is safe in
humans and preliminary results suggest its association with a
lower progression disease and a decrease in iron concentration
in patients who have had their motor pathways measured by
MRI [27]. The user-independent quantitative method pro-
posed in the present study might be useful as a tool to quantify
iron deposition in large multicenter studies.

In conclusion, the present study suggests that the clinical
spectrum of ALS, as defined by the degree of UMN/LMN
impairment, might be well described by the automatically de-
rived measure of magnetic susceptibility in the motor cortex
SuscSKEW. Combined MRI and histopathology investiga-
tions are now strongly encouraged (1) to investigate the role
of the proposed quantitative tool in detecting the increase of
the magnetic susceptibility as marker of the iron overload in
Np-ALS, and (2) to confirm whether iron overload occurs
differently in UMN-ALS and LMN-ALS, as suggested by
SuscSKEW.
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