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ABSTRACT

Background: Patterns of initiation and propagation of disease in Amyotrophic Lateral Sclerosis (ALS) are still
partly unknown. Single or multiple foci of neurodegeneration followed by disease diffusion to contiguous or
connected regions have been proposed as mechanisms underlying symptom occurrence. Here, we investigated
cortical patterns of upper motor neuron (UMN) pathology in ALS using iron-sensitive MR imaging.

Methods: Signal intensity and magnetic susceptibility of the primary motor cortex (M1), which are associated
with clinical UMN burden and neuroinflammation, were assessed in 78 ALS patients using respectively T2*-
weighted images and Quantitative Susceptibility Maps. The signal intensity of the whole M1 and each of its
functional regions was rated as normal or reduced, and the magnetic susceptibility of each M1 region was
measured.

Results: The highest frequencies of T2* hypointensity were found in M1 regions associated with the body sites of
symptom onset. Homologous M1 regions were both hypointense in 80-93 % of patients with cortical abnor-
malities, and magnetic susceptibility values measured in homologous M1 regions were strongly correlated with
each other (p = 0.88; p < 0.0001). In some cases, the T2* hypointensity was detectable in two non-contiguous
M1 regions but spared the cortex in between.

Conclusions: M1 regions associated with the body site of onset are frequently affected at imaging. The simulta-
neous involvement of both homologous M1 regions is frequent, followed by that of adjacent regions; the affection
of non-contiguous regions, instead, seems rare. This type of cortical involvement suggests the interhemispheric
connections as one of the preferential paths for the UMN pathology diffusion in ALS.

1. Introduction

Besides the motor impairment, the frequent occurrence of neuropsy-
chological deficits, which range from mild cognitive or behavioural

Amyotrophic lateral sclerosis (ALS) is a progressive and clinically
heterogeneous (Chio et al., 2011) neurological disease primarily
affecting the voluntary motor system with the degeneration of both
cortical and bulbar/spinal motor neurons (respectively upper motor
neurons, UMNs, and lower motor neurons, LMNs) (Brooks et al., 2000).

symptoms to overt frontotemporal dementia, has led to consider ALS as
a multi-system disorder (Christidi et al., 2018).

The motor phenotypes of the disease exist in a continuum which
extends across a variable mix of UMN and LMN impairment and
different body regions of onset (Cosottini et al., 2016; Ravits and La

Abbreviations: ALS, amyotrophic lateral sclerosis; UMN, upper motor neuron; LMN, lower motor neuron; M1, primary motor cortex; MRI, magnetic resonance

imaging.
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Spada, 2009; Zoccolella et al., 2006). The clinical onset is typically focal
(Fujimura-Kiyono et al., 2011; Korner et al, 2011; Ravits et al., 2007;
Ravits and La Spada, 2009; Ravits, 2014; Walhout et al., 2018), with
symptoms appearing in one limb or in the orofacial region. Then, the
disease gets worse in the region of onset and progresses affecting
contiguous and, less frequently, non-contiguous somatic areas (Brooks,
1991; Fujimura-Kiyono et al., 2011; Gargiulo-Monachelli et al., 2012;
Ravits and La Spada, 2009; Ravits 2014; Turner et al., 2010; Walhout
et al., 2018; Zhenfei et al., 2019) until the respiratory function is sup-
ported (Ravits and La Spada, 2009), leading to an extensive involvement
of both UMNs and LMNs (Dharmadasa et al., 2020; Sabatelli et al.,
2011).

The reason why the disease starts in one body site or another, the
linkage between UMN and LMN degeneration and patterns of initiation
and spread of pathology across body regions and cortical mantle have
not yet been completely elucidated. So far, different theories and clinical
scenarios have been reported, including the focal onset followed by
propagation to contiguous anatomical regions at both the cortical and
spinal levels (Ravits et al., 2007; Ravits and La Spada, 2009; Ravits,
2014), the multiple and non-contiguous foci of disease followed by local
propagation (Sekiguchi et al., 2014), and the focal onset followed by
disease spread to highly connected contralateral cortical/spinal seg-
ments (Brooks, 1991; Walhout et al., 2018).

Patterns of disease onset and progression have been investigated in
the past mainly using clinical signs and symptoms (Brooks, 1991;
Fujimura-Kiyono et al., 2011; Gargiulo-Monachelli et al., 2012; Korner
et al., 2011; Ravits et al., 2007; Turner et al., 2010; Walhout et al., 2018;
Zhenfei et al., 2019), often without distinguishing between the contri-
bution of UMNs and LMNs (Brooks, 1991; Fujimura-Kiyono et al., 2011;
Gargiulo-Monachelli et al., 2012; Zhenfei et al., 2019). Neurophysio-
logical (Sekiguchi et al., 2014; Zhenfei et al., 2019) and imaging studies
(Vazquez-Costa et al., 2018) are, instead, less copious and an MRI study
has never been purposely performed for this aim.

Even though clinical data are easily available in large cohorts of ALS
patients and neurophysiological indices of neuronal dysfunction seem
sensitive to preclinical alterations (Wittstock et al., 2007), magnetic
resonance imaging (MRI) could support UMN evaluation. MRI can
explore the corticomotoneuronal pathology in a few minutes and pro-
vide valuable insights into different and coexisting aspects of neuro-
degeneration: motor neuron loss and neuroinflammation. Indeed, the
T2* hypointensity and the increased magnetic susceptibility of the deep
layers of the primary motor cortex (M1) have been suggested as markers
of UMN impairment and neuroinflammation in ALS as they correlate
with the clinical UMN burden (Cosottini et al., 2016; Costagli et al.,
2016) and reflect the degree of microglial activation (Pallebage-
Gamarallage et al., 2018) and iron load (Costagli et al., 2016; Kwan
et al., 2012).

With these premises, we explored patterns of UMN pathology across
M1 using qualitative and quantitative iron-sensitive MRI sequences in a
large cohort of ALS patients. First, we investigated the relationship be-
tween cortical distribution of T2* hypointensity and body region of
symptom onset (aim 1); then, we assessed the frequency of the simul-
taneous radiological involvement of homologous, adjacent (aim 2) or
non-contiguous (aim 3) M1 regions.

2. Material and methods
2.1. Patients

We retrospectively selected all the outpatients of the Neurological
Unit of the University Hospital of Pisa with the diagnosis of definite or
probable ALS (Brooks et al., 2000) or suspected to have ALS who un-
derwent a 3 T MRI exam of the brain between December 2013 and
February 2020. We also took notes of patients who had a follow-up MRI
scan. All patients suspected to have ALS received the diagnosis of
probable or definite ALS in the follow-up.
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Clinical data of patients were retrieved from the Hospital database
and included the following information: the body region of symptom
onset; the disease severity, assessed with the ALS Functional Rating
Scale-Revised (ALSFRS-R; range 0-48 with lower scores reflecting
greater disability) (Cedarbaum et al., 1999); the UMN impairment,
scored using the UMN-scale (range 0-33 with higher scores reflecting
greater impairment) (Cosottini et al., 2016); the disease duration,
computed as the number of months from symptom onset to MRI exam;
the disease progression rate, calculated according to the formula (48 -
ALSFRS-R)/(disease duration) (Walhout et al., 2015).

This study was approved by the local ethics committee and all pa-
tients gave their written informed consent to examinations and data
processing.

2.2. Analyses employed for each aim

2.2.1. Aim 1: To assess the relationship between cortical distribution of T2*
hypointensity and body region of symptom onset,

a) we analysed the frequency distribution of the T2* hypointensity in
each pair of homologous M1 regions, namely the paracentral lobules,
hand knob and orofacial regions (identified as described in following
subsection 2.3.b), separately in patients with lower limb, upper limb and
bulbar onset (Fig. 1a).

2.2.2. Aim 2: To assess the simultaneous radiological involvement of
homologous and adjacent M1 regions,

b) we identified the pairs of M1 regions more frequently affected at
the same time in the same patient. For this purpose, we identified all the
combinations without repetition of the six M1 regions (i.e., left and right
paracentral lobules, hand knob and orofacial regions) taken in pairs.
Then, we computed the percentage of patients with T2* hypointensity in
both regions in the subgroup of patients with T2* hypointensity in at
least one of them (referred to in the text as “concordance rate of T2*
hypointensity”). Finally, we identified the pairs of M1 regions with the
highest concordance rate of T2* hypointensity (Fig. 1b);

c) we investigated the symmetry of the cortical T2* hypointensity at
visual inspection and measuring the magnetic susceptibility of each re-
gion of the motor homunculus (Fig. 1c). Our goal was to demonstrate
that, when detectable, homologous M1 regions usually had a similar
radiological involvement;

d) we assessed appearance and worsening of the cortical T2* hypo-
intensity over time in patients who had a follow-up MRI scan (Fig. 1d).

The interhemispheric fibres have been supposed to be a conduit for
the spread of disease (Eisen, 2009) and, in cases of unilateral limb onset,
the contralateral limb has been reported as the preferential second body
site to be affected (Walhout et al., 2018). Therefore, we expected that
homologous M1 regions were both hypointense in most cases, and that
the hypointensity was symmetric or get symmetric over time.

2.2.3. Aim 3: To assess the simultaneous radiological involvement of non-
contiguous M1 regions,

e) we identified patients who had T2* hypointensity in two non-
contiguous M1 regions of the same hemisphere, namely the para-
central lobule and the orofacial region, but normal signal intensity in the
cortex in between, that is the hand knob (Fig. 1e).

We defined the non-contiguous involvement as the simultaneous T2*
hypointensity in two non-homologous and non-adjacent M1 regions.
Among the non-contiguous patterns of M1 pathology, we included in the
analysis only those involving the paracentral lobule and the orofacial
region and who did not have signal hypointensity in either the left or the
right hand knob in order to rule out a combination of transcallosal and
contiguous disease diffusion.

The sequential UMN-related impairment of non-contiguous body
areas has been reported in a substantial number of patients (Walhout
et al., 2018), therefore we expect that some patients had signal hypo-
intensity in two non-contiguous M1 regions.
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Overall aim
To explore patterns of UMN pathology across the
primary motor cortex of ALS patients using MRI

Aim 1
To assess the relationship
between cortical distribution of
T2* hypointensity and body
region of symptom onset by:

Aim 2
To assess the simultaneous
radiological involvement of
homologous and adjacent
regions of the primary motor
cortex:

Aim 3
To assess the simultaneous
radiological involvement of
non-contiguous regions of the
primary motor cortex:

a)

analysing the frequency
distribution of T2*
hypointensity in each region of
the primary motor cortex

b)

assessing the pairs of regions
of the primary motor cortex
with the highest concordance
rate of T2* hypointensity

c)

d)

investigating the symmetry of
iron-related signal changes
between the left and right
primary motor cortex using
qualitative and quantitative
assessments

assessing changes in T2*
signal intensity of the primary
motor cortex over time

e)

exploring the occurrence of
T2* hypointensity in two non-
contiguous regions of the
primary motor cortex (i.e.,
paracentral lobule and
orofacial region) but normal
signal intensity in both the left
and right hand knob

Fig. 1. Summary of aims of the study and analyses employed for each aim. UMN, upper motor neuron.

2.3. Imaging acquisition, post-processing and analysis

All MRI exams were performed using a 3 T system (MR750 scanner,
GE Healthcare, Milwaukee, WI) equipped with an 8-channel head coil.
The acquisition protocol included a 3D T1-weighted image and two 3D
gradient multi-echo T2*-weighted sequences.

1) The 3D T1-weighted fast-spoiled gradient echo sequence was used
in the processing of T2*-weighted datasets, covered the whole brain and
had the following parameters: Time of Repetition, TR = 8.2 ms; Time of
Echo, TE = 3.2 ms; Inversion Time = 450 ms; Flip Angle, FA = 12 deg;
spatial resolution = 1 x 1 x 1 mm?, scan duration = 4'33".

2) The first 3D gradient multi-echo To*-weighted sequence was used
for the visual assessment of M1 (TR = 68.3 ms; TE{:ATE:TE;q =
13:5.6:63.7 ms; FA = 15 deg; spatial resolution of reconstructed images
=0.39 x 0.39 x 1 mm?; axial prescription; scan duration = 4'22"). We
analysed these images because they are sensitive to iron accumulation
within intracortical activated microglia of ALS cases (Kwan et al., 2012),
and the iron-related signal hypointensity in M1 has been associated with
UMN impairment (Cosottini et al., 2016). Images obtained at the base-
line and in the follow-up were inspected in a random order by two
neuroradiologists with experience in neuroimaging of ALS. The raters
assessed images independently with each other, blinded to clinical in-
formation and, when inspecting follow-up scans, also to the results of the
analysis of the baseline exam. They focused on the deep layers of M1
because the signal hypointensity locates selectively in this part of the
cortex (Kwan et al., 2012; Cosottini et al., 2016; Donatelli et al., 2018).
Any disagreement in image interpretation was solved in a consensus

reading.

After comparison with the post-central cortex, the signal intensity of
the deep layers of M1 was rated as isointense, mildly hypointense or
markedly hypointense (Fig. 2) (Donatelli et al., 2019). This evaluation
was made separately in each region of the left and right M1, namely
paracentral lobules, hand knob and orofacial regions which functionally
correspond respectively to lower limbs, upper limbs and face-throat
region (Donatelli et al., 2019; Yousry et al., 1997). Both the mild and
marked hypointensity were considered abnormal and were referred to as
“T2* hypointensity” and “signal change”.

Then, the symmetry of the T2* hypointensity between the left and
right M1s as well as between the left and right paracentral lobules, hand
knob and orofacial regions were assessed in each patient and scored
based on the location, degree and length of the hypointense strip as non-
symmetric, quite symmetric or highly symmetric (Fig. 3).

3) The second 3D gradient multi-echo To*-weighted sequence was
used to measure the magnetic susceptibility ()) in each region of the left
and right M1. y is a physical property of the tissue which relates to the
presence of diamagnetic and paramagnetic components. It can be
measured via Quantitative Susceptibility Mapping, a technique proved
to be accurate for iron mapping in grey matter structures (Sun et al.,
2015) and already employed to investigate abnormal cortical iron
storage in ALS (Acosta-Cabronero et al., 2018; Costagli et al., 2016).

The sequence covered the brain from the vertex to the ponto-bulbar
junction and had spatial resolution of 0.94 x 0.94 x 1 mm® (TR = 68.1
ms; TE;:ATE:TE;¢ = 13:3.4:64.4 ms; FA = 15 deg; axial prescription;
scan duration = 8'44"). The magnitude and phase of the complex data
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Fig. 2. Examples of the visual score system used to assess the T2* hypointensity of the primary motor cortex. Compared to the post-central cortex (asterisks), the
deep layers of the primary motor cortex (arrows) were rated as isointense (A), mildly hypointense (B) or markedly hypointense (C).

Fig. 3. Examples of the visual score system used to assess the symmetry of T2*
hypointensity between the left and right primary motor cortex. The cortical
signal change was rated as non-symmetric (A), quite symmetric (B) and highly
symmetric (C).

were processed using an established pipeline (Costagli et al., 2016), and
both an average T2*-weighted 3D image and a y map were generated for
each dataset.

The 3D T1-weighted image of each patient was brain-extracted using
BET (Smith, 2002), part of FSL (FMRIB Software Library package)
(Jenkinson et al., 2012). Then, two regions of interest corresponding
respectively to the left and right M1 (M1-ROI) were extracted from the
Harvard-Oxford Cortical Atlas and, for each patient, placed onto the
brain extracted 3D T1-weighted image via nonlinear registration (FSL-
FNIRT) (Andersson et al., 2010) and afterward onto the y map via linear
registration (FSL-FLIRT) (Jenkinson et al., 2012).

In order to obtain mean y values in each region of the motor
homunculus (left and right paracentral lobules, hand knob and orofacial
regions), the left and right M1 were partitioned into areas associated
with each arm and leg and with the face using the BOLD activation maps
generated in a healthy subject (female, 36 years old) during appropriate
motor tasks. This subject underwent a functional MRI (fMRI) exam,

performed with the 3 T system described above, consisting of five 2D
Gradient-Recalled Echo Planar Imaging sequences, one for each of the
following motor tasks: flexion—extension of left and right forearms and
legs, one limb at a time, and pronunciation of a tongue-twister. fMRI
sequences (TR = 3000 ms; TE = 40 ms; FA = 90 deg; spatial resolution =
2x2x4 mmg; scan duration = 5'12"") consisted of 28 interleaved slices
angled of 30° with respect to the anterior-posterior commissural plane
to minimise susceptibility artefacts, repeated over 104 volumes. Each
fMRI acquisition consisted in a block-design experiment with task pe-
riods of 30 s each alternated to rest periods of 30 s. fMRI data were
processed using FEAT tool (Woolrich et al., 2001), part of FSL. The BOLD
activation maps were then superimposed on the M1-ROI of each patient
via FNIRT registration, and three different regions associated with arm,
leg and face were obtained in each hemisphere. Each step of the pro-
cessing was visually inspected and refined when needed.

Then, for each patient, the mean y value was computed separately for
each M1 region considering only voxels with positive y values up to
0.125 ppm (Costagli et al., 2016; Donatelli et al., 2019) in order to
minimise the presence of tissue other than the cortical grey matter in the
ROL

2.4. Statistical analysis

Continuous data and scores of clinical scales were described by
median and interquartile range (IQR). For all pairs of homologous M1
regions of all patients, the relationship between the M1 regions with the
highest y values and the contralateral ones was analysed using the
Spearman’s correlation coefficient. Statistical analyses were performed
using GraphPad Prism 6.

3. Results

Seventy-eight patients met inclusion criteria; their epidemiological
and clinical data are reported in Table 1. The clinical onset was unilat-
eral in 84 % of patients with limb onset. Four patients had family history
of neurodegenerative diseases.

T2* hypointensity was noted in the M1 of 52 patients (67 %).

3.1. Relationship between cortical distribution of T2* hypointensity and
body region of symptom onset

a) In the subgroup of patients with cortical signal change, the T2*
hypointensity was recorded more frequently in the M1 area associ-
ated with the body region of symptom onset (Table 2): the para-
central lobules were affected in 96 % of patients with lower limb
onset, the hand knob in 92 % of patients with upper limb onset and
the orofacial regions in all the patients with bulbar onset. Data sub-
grouped based on the side of symptom onset (left, right or both) and
the side of T2* hypointensity (left or right) are reported in Supple-
mentary Table S1.
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Table 1
Epidemiological and clinical data of ALS patients at the time of the MRI exam.

ALS patients

(n =78)
Sex (male/female) 41/ 37
Age 65 years (IQR 60-69)
Onset:
Bulbar 19 (24 %)
Upper limb 20 (26 %): 4 left side, 15 right side, 1
both sides
Lower limb 38 (49 %): 18 left side, 12 right side, 8
both sides
Bulbar + lower limb 101 %)
ALSFRS-R* 42 (IQR 39-44)
UMN score* 7 (IQR 2-11)
Number of patients with UMN
impairment in*:
Oro-facial region 32 (41 %)

Upper limbs'
Lower limbs

Disease duration (months)

Disease progression rate”

Days between clinical assessment and
MRI exam*

left: 46 (59 %); right: 51 (65 %)
left: 60 (77 %); right: 60 (77 %)
12 (IQR 6-17)
0.50 (IQR 0.32-0.93)
25 (IQR 12-62)

ALSFRS-R, Amyotrophic Lateral Sclerosis Functional Rating Scale-Revised;
UMN, upper motor neuron.

" Data recorded at the clinical assessment closest to the MRI exam.

T Ppatients with an UMN score of 1-8 are included.

Table 2

Frequency distribution of T2* hypointensity in each pair of homologous regions
of the primary motor cortex (paracentral lobules, hand knob and orofacial re-
gions) according to the body region of symptom onset in patients with cortical
signal change.

Symptom onset

Lower Upper Bulbar
limbs limbs
T2* Paracentral 96 % 75 % 65 %
hypointensity lobules
Hand knob 61 % 92 % 59 %
Orofacial regions 30 % 42 % 100 %

The signal intensity of each pair of homologous regions of the primary motor
cortex was considered abnormal if T2* hypointensity was noted in at least one of
them.

3.2. Assessing the simultaneous radiological involvement of homologous
and adjacent M1 regions

b) The homologous M1 regions showed the highest concordance rate
of T2* hypointensity, namely the left and right paracentral lobules
(concordance rate 93 %), the left and right hand knob (80 %), and the
left and right orofacial regions (86 %) (Table 3 and Fig. 4). The average
concordance rate of other region pairs was 46 %, and ranged between
30 % and 67 %.

Fourteen patients had only two hypointense M1 regions; all these
pairs of M1 regions were homologous.

c) In the subgroup of patients with cortical signal change, the
hypointensity between the left and right M1s as well as between the left
and right paracentral lobules, hand knob and orofacial regions was
highly symmetric or quite symmetric in 83-94 % of cases (Table 4).

Forty-five out of 78 patients had MRI data that enabled to generate a
y map. For each couple of homologous M1 regions, mean y values in the
regions with the higher y measures correlated significantly with the
contralateral ones (p = 0.88, p < 0.0001) (Fig. 5).

d) Six out of 78 patients underwent a second MRI exam including
T2*-weighted images for visual analysis. In this subgroup of patients
there were 3 males and 3 females, one with bulbar onset and the other
five with lower limb onset. The median age at the time of the first MRI
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Table 3
Concordance rate of T2* hypointensity in each pair of regions of the primary
motor cortex.

Left Left Left Right Right
orofacial hand paracentral orofacial hand
region knob lobule region knob
Right 42 % 63 % 93 % 42 % 67 %
paracentral
lobule
Right 39 % 80 % 61 % 39 %
hand knob
Right 86 % 30 % 37 %
orofacial
region
Left 37 % 57 %
paracentral
lobule
Left 33 %
hand knob

For each pair of regions, data reported in the table represent the relative fre-
quencies of patients with T2* hypointensity in both regions among those who
had the signal alteration in at least one of them.

right left
orofacial orofacial
region region

left hand
knob

right hand
knob

right left
paracentral paracentral
lobule lobule

Fig. 4. Graphic representation of the concordance rate of T2* hypointensity in
each pair of regions of the primary motor cortex. The darkness and thickness of
each line are proportional to the concordance rate.

Table 4
Frequency distribution of the degree of signal hypointensity symmetry between
left and right regions of interest in patients with cortical signal change.

Regions of interest

primary paracentral hand orofacial

motor cortex lobules knob regions

1) Non-symmetric 5.8% 11.9% 17.1 % 17.2 %
2) Quite symmetric 40.4 % 14.3 % 20.0 % 41.4 %
3) Highly 53.8 % 73.8 % 62.9 % 41.4 %

symmetric

Total 100 % 100 % 100 % 100 %
2 + 3) Quite or 94.2 % 88.1 % 82.9 % 82.8%

highly symmetric

exam was 66 years (IQR 59-69) and the median time between the two
MRI exams was 7 months (IQR 6-9). In five of these patients the
appearance or worsening of the T2* hypointensity was noted in the
follow-up exam, with a tendency towards symmetry of M1 involvement
(Figs. 6 and 7).
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Fig. 5. Graphic representation of the mean magnetic susceptibility values (in
ppm) measured in each region of the left and right M1 of ALS patients. For each
pair of homologous M1 regions of each patient, the one with the higher sus-
ceptibility value is represented in the x-axis, whereas the contralateral one is
represented in the y-axis. The dotted line is the bisector of the graph. M1,
primary motor cortex.
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paraentral lobule
left

hand knob
right

left

right

orofacial region
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2 lower limb onset

bulbar onset

\:’ normal signal intensity
I:I mild hypointensity
- marked hypointensity

Fig. 6. Greyscale map representing the distribution of normal signal intensity
and T2* mild and marked hypointensity along the primary motor cortex of six
patients (P1-P6) at the first (TO) and second (T1) MRI exam, based on vi-
sual assessment.
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3.3. Assessing the simultaneous radiological involvement of non-
contiguous M1 regions

e) Four patients had T2* hypointensity in both the paracentral lobule
and the orofacial region of the same hemisphere and normal signal
intensity in the left and right hand knob (Fig. 8). Two of these pa-
tients had bulbar onset and two had lower limb onset.

4. Discussion

In this study we aimed to identify patterns of cortical UMN pathology
in a large cohort of ALS patients as revealed by the increased intra-
cortical iron accumulation, an indirect marker of corticomotoneuronal
degeneration and cortical inflammation.

The mechanisms underlying the progressively increased pool of
dysfunctional and injured motor neurons, have not yet been fully
elucidated. The main mechanism proposed is the spread of misfolded
proteins to neighbouring UMNSs through the extracellular matrix, to
distant but connected neurons through synapses, and to remote brain
regions through the cerebrospinal fluid (Frost and Diamond, 2010;
Hasegawa et al., 2011; Kanouchi et al., 2012; Pradat et al., 2015; Smith
et al., 2015). It is then reasonable that the mechanism of propagation of
pathology could be reflected in the pattern of damage at both the
cortical and brainstem/spinal levels and in the resulting clinical picture.

A number of clinical studies have investigated the patterns of disease
progression, often without analysing separately symptoms or signs of
UMN and LMN impairment (Brooks, 1991; Fujimura-Kiyono et al., 2011;
Gargiulo-Monachelli et al., 2012; Zhenfei et al., 2019). Even though the
propagation of UMN and LMN pathology might follow the same scheme
(Walhout et al., 2018), their separate assessment is a prudent approach
as the linkage between cortical and spinal motor neuron degeneration is
uncertain. The degeneration, indeed, might start in the UMNs and
spread to the LMNs (hypothesis of the anterograde dying-forward
degeneration) (Eisen et al., 1992; Hudson and Kiernan, 1988) or vice
versa (hypothesis of the retrograde dying-back degeneration) (Chou and
Norris, 1993), or might proceed independently at the cortical and
bulbar/spinal levels (Attarian et al., 2008; Kiernan and Hudson, 1991;
Pamphlett et al., 1995).

Here we focused on the UMN degeneration and analysed cortical
signal changes using both qualitative (3D multi-echo T2*-weighted
images) and quantitative (Quantitative Susceptibility Mapping) MRI
techniques able to reveal and estimate brain iron accumulation (Costagli
et al., 2016). Even though T2* hypointensity and high y values could be
associated with a number of paramagnetic substances, non-heme iron is
a major susceptibility source in the cortex (Fukunaga et al., 2010) and
the cause for cortical susceptibility changes in ALS (Kwan et al., 2012).

Iron is considered an important player in the neurodegenerative
process, although it is still a matter of debate whether the misregulation
of its metabolism is a cause of the disease and/or its abnormal cortical
deposition is the consequence of the neuronal death (Bu et al., 2019).
The abnormal storage of iron as ferritin within intracortical activated
microglial cells (Kwan et al., 2012) is visible with iron-sensitive MR
sequences in ALS patients (Cosottini et al., 2016; Costagli et al., 2016;
Donatelli et al., 2018; Kwan et al., 2012). Moreover, cortical micro-
gliosis is associated with UMN burden (Cosottini et al., 2016; Costagli
et al., 2016) and cortical thinning (Alshikho et al., 2016), therefore T2*
hypointensity can be considered an indirect marker of UMN
degeneration.

4.1. Relationship between cortical distribution of T2* hypointensity and
body region of symptom onset

The first finding of the study is that, when radiologically abnormal,
the M1 region more frequently affected was that associated with the site
of symptom onset. This is true when the left and right sides are
considered together. When data are sub-grouped based also on the side
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Fig. 7. T2*-weighted images of two patients at the time of the first (A, B) and second (A’, B’) MRI exam. In the follow-up exams, a cortical hypointense rim appeared
in both the paracentral lobules of one patient (upper row) and in the hand knob of the right hemisphere of the other patient (bottom row).

Fig. 8. T2*-weighted images of a patient with T2* hypointensity in the left paracentral lobule (arrow in A) and in the left orofacial region (arrow in C) but with a

normal signal intensity in the hand knob (arrows in B).

of symptom onset and T2* hypointensity, instead, groups are too small
to reveal an association between side of clinical onset and that of cortical
hypointensity.

This result agrees with many (Bede et al., 2013; Dharmadasa et al.,
2020; Ravits et al., 2007; Schuster et al., 2013; Schuster et al., 2016;
Vazquez-Costa et al., 2018) but not all (Korner et al., 2011) previous
studies where abnormal findings at clinical (severity of UMN deficit),
neurophysiological (cortical dysfunction) or imaging (cortical atrophy
and hypointensity, and subcortical loss of fibre integrity) assessment
were shown to match with the body region of symptom onset.

4.2. Assessing the simultaneous radiological involvement of homologous
and adjacent M1 regions

The second finding is that in our cohort of patients both qualitative

and quantitative data showed a substantial symmetry of M1 alterations.
The homologous M1 regions were those with the highest concordance
rate of T2* hypointensity (80-93 %), followed by the couple of adjacent
knob-paracentral lobule (57-67 %). In some cases, even though both
affected, homologous M1 regions showed a quite symmetric signal
hypointensity which appeared even more symmetric in the follow-up
scan. Moreover, when only two M1 regions were hypointense, they
were homologous in all cases. Based on these results we can gather that
the transcallosal propagation of UMN pathology occurs quickly after the
appearance of the signal hypointensity, even though the coexistence of
multiple and independent foci of neurodegeneration might represent an
alternative explanation for this radiological pattern.

Our results are in agreement with the bilateral and often symmetric
cortical hypointensity reported by Vazquez-Costa et al. (2018) and the
outward spread of disease shown in a previous clinical study. Indeed, in
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patients with UMN phenotype and unilateral limb onset, the contralat-
eral limb was reported as the preferential second site to be affected
(Walhout et al., 2018). Taken together, our and previous results support
the relevance of the corpus callosum in the cortical spread of UMN pa-
thology. While the disease diffusion to adjacent ipsilateral somatic re-
gions could be explained by the contiguous cell-to-cell propagation of
the cortical pathology (Ravits and La Spada, 2009; Ravits et al., 2014),
the spread to the contralateral limb can be accounted for by propagation
along the transcallosal fibres (Walhout et al., 2018).

The role of the corpus callosum as a conduit for the interhemispheric
spread of ALS pathology has been suggested some years ago (Eisen,
2009) and is supported by pathological (Cardenas et al., 2017; Smith,
1960; Sugiyama et al., 2013), neurophysiological (van den Bos et al.,
2021; Wittstock et al., 2007) and radiological findings (Cardenas et al.,
2017; Filippini et al., 2010; Kim et al., 2014; Verstraete et al., 2010).
Despite the anatomical distance between homologous M1 regions, it
probably acts early in the disease course, as the dysfunction of trans-
callosal motor fibres is detectable even before the appearance of UMN
signs (Wittstock et al., 2007). The most prominent alterations have been
found in the posterior midbody and isthmus, where it is crossed by fibres
interconnecting the two M1 (Kim et al., 2014). Here, neuronal and non-
neuronal alterations have been reported, namely the infiltration of
active macrophages/microglia and reactive astrocytes (Cardenas et al.,
2017; Sugiyama et al., 2013) together with axonal (Cardenas et al.,
2017) and myelin (Cardenas et al., 2017; Smith, 1960) loss.

4.3. Assessing the simultaneous radiological involvement of non-
contiguous M1 regions

The third finding is that in a few patients we observed T2* hypo-
intensity in non-contiguous M1 regions, that are the paracentral lobule
and the orofacial region of the same hemisphere, without signal ab-
normalities in the cortex in between. This pattern of MRI alterations
could be related to multifocal onset, subsequent and independent foci of
neurodegeneration or non-contiguous spread of the disease. However,
these patients had bulbar or lower limb onset, therefore we suppose that
the involvement of non-contiguous M1 regions was sequential. Other
mechanisms, such as the combination of contiguous and transcallosal
diffusion of the disease, seem unlikely since both the left and right hand
knob were not radiologically affected. This finding, together with the
multifocal onset that we recorded in one patient, seems to support the
possible occurrence of coexisting pathology in pools of UMNSs far from
each other. A clinical study including UMN phenotype cases reported a
substantial number of patients with sequential involvement of two non-
contiguous somatic areas (Walhout et al., 2018). The strict criteria that
we used to define the non-contiguous cortical involvement may have led
us to underestimate the occurrence of this radiological picture. Addi-
tional clinical and neurophysiological data on the UMN impairment in
ALS are needed to correctly estimate the incidence of this pattern.

The mechanism responsible for the involvement of non-contiguous
M1 regions is still uncertain, but it has been postulated that it may
occur as motor neurons become dysfunctional because of their selective
vulnerability and/or the remote spread of misfolded proteins through
the cerebrospinal fluid (Kanouchi et al., 2012).

4.4. Limitations and future perspectives

This study has some limitations. Firstly, MRI could under-estimate
the UMN burden (Donatelli et al., 2018). However, unlike clinical and
neurophysiological studies, MRI can provide information about the
involvement of the entire M1 in a fast, non-invasive and painless
acquisition that can be repeated over time and does not have the con-
founding influence of LMN degeneration. In particular, MRI could pre-
sent an added value in cases where the clinical detection of UMN signs is
difficult, such as in the orofacial region, or when heavy muscle wasting
coexists (Korner et al., 2011; Swash, 2012).
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Secondly, the longitudinal analysis in a small sub-group of patients
prevents us from drawing definite conclusions on spatial and temporal
directionality of the spread of UMN pathology. We can only make in-
ferences based on cross-sectional MRI data of a relatively wide cohort of
ALS patients that require longitudinal studies to be confirmed.

Lastly, we employed BOLD activation maps of one healthy volunteer
in all ALS patients. This approach relies on the anatomical correspon-
dence between the M1 of the volunteer and those of the patients and
avoids doing multiple fMRI acquisitions in suffering patients, but does
not account for the inter-individual variability in the cortical local-
isation of the voluntary motor functions.

To the best of our knowledge, this is the first radiological study
which purposely analysed iron-related patterns of M1 involvement in
ALS. The results we showed might be useful for sub-grouping patients
entering clinical trials (e.g., based on the location of T2* hypointensity
in M1, the number of M1 regions involved and the symmetry of the
signal change), monitoring disease progression and effectiveness of
treatments.

Most observations made in this study were based on the visual in-
spection of radiological images. This is a fast and practical approach that
can be supported by semi-quantitative and automated analysis of pres-
ence, location, degree and length of the T2* hypointense strip in M1. For
example, the voxel-wise comparison of the two M1 with each other
might allow to identify regions of the motor homunculus with an
asymmetric signal hypointensity.

As a future perspective, qualitative and quantitative iron-sensitive
MR techniques may also be employed to explore pathological iron
accumulation in extra-motor brain cortex of ALS patients and possible
associations between iron storage and specific neuropsychological def-
icits (Sheelakumari et al., 2017). Many patients, indeed, experience
cognitive or behavioural symptoms and frontotemporal dementia is not
an uncommon comorbidity (Christidi et al., 2018). Moreover, frontal
and temporal cortical regions showed different patterns of atrophy and
iron accumulation across clinical and pathological variants of fronto-
temporal dementia (Tisdall et al., 2022; Whitwell and Josephs, 2012).
Even though cortical regions close to paranasal sinuses cannot be
accurately assessed because of susceptibility artefacts due to air-tissue
interface, the use of high-resolution images at high magnetic field (3
T) might provide new insight into the pathological correlates of neuro-
psychological deficits in ALS.

It is worth pointing out that the imaging data of 47 out of 78 ALS
patients used in this study were included also in two previous studies
(Donatelli et al., 2018; Donatelli et al., 2019).

5. Conclusions

Using qualitative and quantitative MRI techniques, we found that the
M1 region more frequently affected was that associated with the site of
symptom onset. We also showed that homologous M1 regions are both
hypointense in most cases, suggesting that the interhemispheric propa-
gation of the UMN pathology along the transcallosal fibres could be an
early path of disease spread at the cortical level. Finally, we showed that
simultaneous radiological alterations affecting non-contiguous M1 re-
gions is an apparently less frequent event.
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