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ARTICLE INFO ABSTRACT

Keywords: Background: Unconventional magnetic resonance imaging studies of the brainstem have recently acquired a
ALS growing interest in amyotrophic lateral sclerosis (ALS) pathology since they provide a unique opportunity to
MRI

evaluate motor tract degeneration and bulbar lower motor neuron involvement. The aim of this study was to
investigate the role of brainstem structures as accurate biomarkers of disease severity and predictors of survival.
Materials and Methods: A total of 60 ALS patients and 30 healthy controls subjects (CS) were recruited in this
study. Patients were divided in two subgroups according to the onset of the disease: 42 spinal (S-ALS) and 18
bulbar (B-ALS). All subjects underwent 3D-structural MRI. Brainstem volume both of the entire cohort of ALS
patients and S-ALS and B-ALS onset were compared with those of CS. In addition the two ALS subgroups were
tested for differences in brainstem volumes.

Volumetric, vertex-wise, and voxel-based approaches were implemented to assess correlations between MR
structural features and clinical characteristics expressed as ALSFRS-r and its bulbar (ALSFSR-r-B) and spinal
subscores (ALSFSR-r-S). ROC curves were performed to test the accuracy of midbrain, pons, and medulla
oblongata volumes able to discriminate patients dichotomized into long and short survivors by using Two-Steps
cluster analysis. Univariate and multivariate survival analyses were carried out to test the prognostic role of
brainstem structures’ volume, trichotomized by applying a k-means clustering algorithm.

Results: Both the entire cohort of ALS patients and B-ALS and S-ALS showed significant lower volumes of both
medulla oblongata and pons compared to CS. Furthermore, B-ALS showed a significant lower volume of medulla
oblongata, compared to S-ALS. Lower score of ALSFRS-r correlated to atrophy in the anterior compartment of
midbrain, pons, and medulla oblongata, as well as in the posterior portion of only this latter region. ALSFSR-r-S
positively correlated with shape deformation and density reduction of the anterior portion of the entire brain-
stem, along the corticospinal tracts. ALSFSR-r-B instead showed a positive correlation with shape deformation of
the floor of the fourth ventricle in the medulla oblongata and the crus cerebri in the midbrain. Only medulla
oblongata volume demonstrated a significant accuracy to discriminate long and short survivors ALS patients
(ROC AUC 0.76, p < 0.001). Univariate and multivariate analysis confirmed the survival predictive role of the
medulla oblongata (log rank test p: 0.003).

Discussions: Our findings suggest that brainstem volume may reflect the impairment of corticospinal and corti-
cobulbar tracts as well as lower bulbar motor neurons. Furthermore, medulla oblongata could be used as an early
predictor of survival in ALS patients.
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1. Background disease known for its extremely heterogeneous natural course (Chio
et al., 2011). Early identification of patients characterized by a faster
Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative disease progression rate is one of the primary goals in the field of motor
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neuron diseases. Not only this would allow to timely intervene with
therapeutic approaches such as non-invasive ventilation and percuta-
neous endoscopic gastrostomy (Miller et al., 2009), but also to accu-
rately stratify newly diagnosed patients at the time of enrolment in
clinical trials (Hardiman et al., 2011).

Magnetic Resonance Imaging (MRI) has progressively acquired
greater relevance to assess in vivo the extent of central nervous system
damage in ALS patients, given its accessibility and non-invasiveness.
Previous unconventional MRI studies unravelled several core imaging
features related to the pathogenesis of ALS, including degeneration of
the precentral gyrus (Bede et al., 2013; Schuster et al., 2014), corpus
callosum (Schuster et al., 2016) and corticospinal tracts (CST) (Ciccarelli
et al., 2009). The correlation between atrophy in these structures and
disease progression rate (Mezzapesa et al., 2013; Spinelli et al., 2020),
King’s College staging (Floeter et al., 2018), and disease severity
expressed as ALSFRS-r (Grosskreutz et al., 2006) suggested the use of
these MRI metrics to evaluate the effect of new therapeutic approaches
in ALS (Distaso et al., 2021; Wainger et al., 2021). However, none of
them has received a universal consensus, since they seemed not to fully
characterize the broad clinical spectrum of ALS disease (Grolez et al.,
2016).

A growing interest was recently aroused by radiological studies of
the brainstem. This neuroanatomical region potentially gives the op-
portunity to acquire several information regarding the involvement of
both CSTs and motor nuclei of different cranial nerves, respectively.
Although brainstem atrophy has always been considered a hallmark of
ALS pathology (Clarke and Jackson, 1867), only few MRI studies have
been performed to evaluate in vivo the involvement of this structure,
and, not surprisingly, all of them confirmed degeneration of both white
and grey matter in this neuroanatomical region in ALS patients (Bede
et al., 2019; Grolez et al., 2018).

Therefore, in the present study we investigate the role of brainstem
structures, namely midbrain, pons and medulla oblongata, as accurate
biomarkers of disease severity and survival.

2. Materials and methods
2.1. Population

A total of 108 incident ALS patients who referred to our ALS tertiary
center between 2018 and 2020 were consecutively recruited at the time
of diagnosis. A careful diagnostic work-up was performed to exclude
ALS-mimicking diseases. All patients met the criteria for clinically def-
inite (n = 29), probable (n = 44) or possible (n = 35) ALS according to
El-Escorial revised criteria (Brooks, 1994). Among these patients, 48
were excluded due to psychiatric illness or use of psychiatric drugs (n =
13), neurological comorbidities (e.g. stroke, trauma) (n = 15), or unable
to undergo MRI acquisition due to claustrophobia, presence of metal
plaques, or lack of adequate MRI sequences (n = 20). Ultimately, 60 ALS
patients with analysable MRI data were included in the study. None of
them fulfilled criteria for ALS-Frontotemporal dementia according to
Strong criteria (Strong et al., 2017). Genetic analyses for all common
ALS related genes were negative in all but one patient, which showed
C9orf72 hexanucleotide repeat expansion. Demographic characteristics
and clinical data have been registered and collected by experienced
neurologists of the ALS team. The following demographic and clinical
variables were recorded: age at symptom onset (AAO), gender, onset to
diagnosis interval (ODI), age at diagnosis (corresponding to the first
neurological clinical evaluation), site of symptom onset, and clinical
phenotypes (Chio et al., 2011).

All patients were functionally evaluated using the ALS Functional
Rating Scale-Revised (ALSFRS-r), based on 12 items including: bulbar
symptoms (1st-3rd items), limb/axial function (4th-9th items) and res-
piratory symptoms (10th —12th items), each ranging 0-4 (Cedarbaum
et al., 1999). For each patient, selective bulbar and spinal subscores of
the scale were also calculated (ALSFSR-r-B as the sum of the first three
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items and ALSFRS-r-S as the sum of the following six items). Longitu-
dinal clinical evaluations were performed at 4-6-months interval and
data regarding death or tracheostomy were recorded. Censoring date
was set on March 31, 2021. Tracheostomy or death (if occurred) were
considered as outcomes.

Control subjects (CS) consisted of 30 subjects not affected by in-
flammatory, autoimmune, vascular or neurodegenerative diseases,
without family history of ALS, and without brain MRI abnormalities.

2.2. MRI acquisitions

All participants underwent MRI on a Philips MRI system 1.5 T
scanner. Specifically, ALS patients underwent MRI at time of diagnosis,
concurrent with their first neurological evaluation. Routine T1-, T2-
weighted and fluid-attenuated inversion recovery (FLAIR) sequences
were performed to exclude other causes of focal or diffuse brain damage,
including lacunar and extensive cerebrovascular lesions. 3D-structural
MRI was acquired using a T1-weighted MP-RAGE (magnetization-pre-
pared rapid acquisition with gradient echo) sequence (TR/TE/flip angle:
25.00 msec/4.60 msec/30.00 degree; Field of View [FOV]: 240 mm;
matrix 256x256, voxel size 0.93x0.93x1.0 mm°).

2.3. MRI analysis

2.3.1. Volumetric analysis

FreeSurfer (version 7.0) image analysis suite (Fischl, 2012) was used
for the pre-processing of T1-weighted data: non-brain tissue was
removed; subcortical white matter and deep grey matter structures were
segmented according to a specific atlas (Grachev et al., 1999). Intensity
normalization, tessellation of the grey matter-white matter boundary,
and automated topology correction were performed. Subsequently,
midbrain, pons, and medulla oblongata volumes were obtained using
the Freesurfer’s tool “segmentBS.sh”. Segmentation was conducted using
arobust and accurate Bayesian algorithm relying on a probabilistic atlas
of the brainstem and neighbouring anatomical structures implemented
in Freesurfer (Iglesias et al., 2015). Raw volumetric values were kept for
each study participant for further statistical analysis.

Total intracranial volume (TIV) was measured by FMRIB v6.0 Soft-
ware Library (FSL) in each subject and it was used as a covariate for
subsequent analyses. Each subject’s brain was skull-stripped and line-
arly aligned to the standard MNI152 brain image; then, the inverse of
the determinant of the affine registration matrix was calculated and
multiplied by the size of the template. FSL-FLIRT was used for regis-
tration to template (Jenkinson and Smith, 2001), and tissue type seg-
mentation was performed using FSL-FAST (Zhang et al., 2001).

2.3.2. Vertex wise analysis

Shape analysis was performed to characterise anatomical patterns of
degenerative changes in the brainstem beyond overall volume re-
ductions,. The FSL tool “FIRST” was used for subcortical segmentation of
brainstem. During registration, raw 3D T1 images were transformed to
Montreal neurological Institute 152 (MNI152) template by standard 12
degrees of freedom and accurately registered to MNI brainstem mask to
exclude voxels outside the brainstem region. Afterward, the quantitative
scalar values of the brainstem were generated and projected on an
average study-specific template (positive value being outside the surface
and negative values inside).

2.3.3. Region of interest morphometry

Voxel based morphometry (VBM) was performed using FSL tool
“FSL_VBM to detect focal density alterations within the brainstem. After
brain extraction and tissue-type segmentation, all subjects’ grey-matter
partial volume images were aligned to the MNI152 standard space using
affine registration. Subsequently, each patient’s grey matter images
were nonlinearly co-registered to a study specific template.


http://segmentBS.sh

G. Milella et al.
3. Statistical analysis

ALS demographic and clinical variables were reported as median
(along with IQR) or frequencies (percentages) for continuous and cate-
gorical variables, respectively. Group differences in the demographic
between the entire cohort of ALS patients and CSs were evaluated using
a Mann-Whitney U test for continuous variables and Chi-square tests for
discrete variables. Analyses of covariance (ANCOVA) were performed to
evaluate differences in brainstem volumes between the following
groups: CS compared firstly to the entire group of ALS patients, then to
S-ALS and B-ALS. Lastly, these latter two groups were tested for differ-
ences in brainstem volumes. In the analysis, brainstem volumes were
included as dependent variables and study groups as an categorical in-
dependent variable. TIV, age at the first neurological evaluation and
gender were considered as potential confounding factors (Bede et al.,
2014) and they were used as covariates. The estimated marginal values
of brainstem volumes generated using the residual methods, (Pintzka
et al., 2015) were used for subsequent statistical analyses.

Bivariate models were computed using Spearman correlations to
assess correlations between estimated values of midbrain, pons and
medulla oblongata volume and clinical scales (ALSFRS-r, ALSFRS-1-B,
and ALSFRS-r-S).

In order to highlight brainstem shape modification according to
disease severity, single linear regression with clinical parameters were
performed for the following contrasts: ALSFRS-r, ALSFRS-r-B, ALSFRS-r-
S. Age at first neurological evaluation, gender and TIV were used as
covariates (Winkler et al., 2014); probability maps were corrected for
multiple comparisons using threshold-free cluster enhancement (TFCE),
and a statistical threshold of p < 0.05 was considered significant.

Afterwards, a voxel-wise generalized linear model and permutation-
based non-parametric testing was used to highlight density alterations
for correlations with clinical scales using the tool “randomise” of FSL. In
order to improve the statistical power of the analysis, we ran “ran-
domise” with 5000 permutations in a smaller mask using labels of the
Harvard-Oxford probabilistic structural atlas (Desikan et al., 2006) and
labels of the Talairach probabilistic (Lancaster et al., 2000) atlas to
generate a merged brainstem mask, which incorporated medulla
oblongata, pons and midbrain. Also in VBM analysis, age at first
neurological evaluation, gender and TIV were used as covariates (Win-
kler et al., 2014) and probability maps were corrected for multiple
comparisons using TFCE, with a statistical significant threshold of p <
0.05.

To evaluate the prognostic role of brainstem structures, patients
were dichotomized into long and short survivors using the Two-Steps
cluster analysis (Chiu et al., 2001). This latter analysis has been
proved to be very informative for clinical practice, since it handled
continuous as well categorical variables (Benassi et al. 2020). Thus, we
included in the model the categorical variable (reaching or not the
endpoint), the continuous variables (time of observation from onset),
and we obtained two clusters of patients, namely long and short survi-
vors. ROC curves were performed to test the accuracy of midbrain, pons,
and medulla oblongata volumes to discriminate between long and short
survivors.

To perform survival analysis, the following continuous variables
were split by applying a k-means clustering algorithm (Bradley and
Fayyad, 1998) as following: age at symptoms onset and clinical scores (i.
e. ALSFSR-r, ALSFSR-r-B and ALSFSR-r-S) were divided into two clus-
ters, while midbrain, pons and medulla oblongata were divided into
three clusters. This latter approach has been shown as a valuable
approach for classifying datasets with single and multiple iterations
(Dubey et al., 2016) and has been used in previous neuroimaging studies
in ALS disease (Trojsi et al., 2021).

Kaplan-Meier survival curves were used to illustrate the distribution
of survival and log-rank tests were used to test for differences between
groups. All variables associated with survival in univariate analysis were
used as covariates in a Cox proportional hazard model with a backward
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Table 1

Clinical and demographic characteristics of ALS patients.

Age at symptoms onset (years)

(median; IQR) 60 (52-67)
Cluster I (centroid; n. of patients) 50 years; 26
Cluster II (centroid; n. of patients) 66 years; 34
Sex (Male/Female) 28/32
Male (%) (47%)
Age at diagnosis (years)
(median; IQR) 61 (53-68)
Onset to diagnosis interval (months)
(median; IQR) 10.5
(5.95-16.62)
Site of onset: Bulbar/Spinal (n. of patients) 18/42
Bulbar (%) (30%)
ALS phenotypes:
Classic/Bulbar/Flail arm/Flail leg/Pyramidal/Respiratory/ 50/4/0/0/1/0/
PLMN/PUMN (n. of patients) 5/0
Classic (%) (83%)
ALSFRS-r at diagnosis
(median; IQR) 41 (33-44)
Cluster I (centroid; n. of patients) 42, 44
Cluster II (centroid; n. of patients) 27,16
ALSFRS-1-B subscore at diagnosis
(median; IQR) 11 (9-12)
Cluster I (centroid; n. of patients) 11; 50
Cluster II (centroid; n. of patients) 7; 10
ALSFRS-1-S subscore at diagnosis
(median; IQR) 19 (12-22)
Cluster I (centroid; n. of patients) 20; 43
Cluster II (centroid; n. of patients) 9;17
Midbrain volume (mm?)
(Estimated marginal mean*) 5649
Cluster I (centroid; n. of patients) 5897 mm?; 28
Cluster II (centroid; n. of patients) 5526 mms; 8
Cluster III (centroid; n. of patients) 5400 mm?; 24
Pons volume (mm>)
(Estimated marginal mean*) 13807

Cluster I (centroid; n. of patients)

Cluster II (centroid; n. of patients)

Cluster III (centroid; n. of patients)
Medulla oblongata volume (mm®)

14611 mm?; 20
13869 mm?; 16
13097 mm?; 24

(Estimated marginal mean*) 3418

Cluster I (centroid; n. of patients) 3628 mm?; 20

Cluster II (centroid; n. of patients) 3401 mm?; 20

Cluster III (centroid; n. of patients) 3227 mm?; 20
Tracheostomy, number of patients (yes/no) 24/36

yes (%) (40.7%)
Death, number of patients (yes/no) 38/22

yes (%) (63.3%)
Composite outcome, number of patients (yes/no) 47/13

yes (%) (78.3%)
Survival time from symptoms onset to composite outcome 41 (40.12 - 43.7)

(months)

(estimated median; 95% C.I.)

Centroid and n. patients were calculated for age at symptoms onset, total
ALSFRS-r, bulbar subscores of ALSFRS-r (ALSFRS-r-B), spinal subscores of
ALSFRS-r (ALSFRS-1-S) and volume of each brainstem structure.

* Estimated marginal means were calculated using age at first neurological
evaluation, gender and total intracranial volume (TIV) as covariates. (Age at first
neurological evaluation = 60.44, gender = 1.47, TIV = 1443686.89).

PLMN: pure lower motor neuron phenotype.

PUMN: pure upper motor neuron phenotype.

stepwise variable selection, in order to identify factors independently
associated with survival. Risks were reported as hazard ratios (HRs)
along with their 95% CI. A p-value lower than 0.05 was considered for
statistical significance. All statistical analyses were performed using
SPSS Statistics package (V. 22).

4. Results
4.1. Clinical and demographic characteristics

Median AAO was 61 years and median ODI was 10.5 months. Spinal
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Table 2
Brainstem volumes in control subjects (CS), ALS patients, spinal onset ALS patients (S-ALS), bulbar onset ALS patients (B-ALS).
Structure Study group Estimated marginal means * (mm3) Standard error P Post-hoc comparisons
Medulla Oblongata CS 3821 45 p < 0.001 ALS vs CS: p < 0.001
ALS 3418 32 S-ALS vs CS: p < 0.001
S-ALS 3452 39 B-ALS vs CS: p < 0.001
B-ALS 3340 59 B-ALS vs S-ALS: p = 0.029
Pons CS 14,513 141 p < 0.001 ALS vs CS: p < 0.001
ALS 13,807 98 S-ALS vs CS: p = 0.004
S-ALS 13,894 119 B-ALS vs CS: p < 0.001
B-ALS 13,605 182 S-ALS vs B-ALS: p: NS
Midbrain (¢ 5730 49
ALS 5649 35 p=NS
S-ALS 5676 42
B-ALS 5585 64

*Estimated marginal means and standard error are adjusted for age at first neurological evaluation, gender, and total intracranial volume. (Age at first neurological
evaluation = 60.44, gender = 1.47, TIV = 1443686.89).
NS = not significant.
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Fig. 1. Estimate marginal means with standard deviations of the midbrain, pons, medulla volumes are plotted for each study group adjusted for age, gender and total
intracranial volumes. CS = control subjects B-ALS = bulbar-onset ALS patients S-ALS = spinal-onset ALS patients.
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Fig. 2. Anatomical patterns of brainstem pathology based on vertex analyses correcting for age, gender, and total intracranial volumes. Correlations between shape
deformation of brainstem and ALSFRS-r score (A), ALSFRS-r-S (B) and ALSFRS-r-B (C) are illustrated in orange. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

onset of disease was more frequent than bulbar onset (70% and 30%
respectively). Fifty patients (84%) were classified as classic ALS phe-
notypes. Median values with relative interquartile range (IQR) and
clusters’ centroid of age at symptoms onset, total ALSFRS-r, ALSFRS-r-B,
ALSFRS-r-S are reported in Table 1. Fifty-one (79%) patients reached the
composite outcome (tracheostomy or death) at the censoring date.
Estimated median survival time from symptoms onset to combined
outcome was 41 months.

CS were sex and age- matched to ALS patients with a median age of
60 years (IQR 53-78) and a male to female ratio of 10/21 (46% male and
54% female).

4.2. Relations between volume of brainstem structures and clinical
features

4.2.1. Volumetric MRI analysis

ALS patients showed significant lower volumes of both medulla
oblongata and pons compared to CS (p < 0.001 for both brainstem
structures). Subgroups analysis revealed that ALS patients had lower
medulla oblongata and pons volume compared to CS despite the site of
onset. Moreover, B-ALS patients were characterized by a wider atrophy
of the medulla oblongata, compared to S_ALS patients (p = 0.029)
(Table 2 and Fig. 1). The only patient tested positive for C90rf72 hex-
anucleotide repeat expansion showed values of medulla oblongata, pons
and midbrain volume within IQR range of ALS patients (3568 mm?,
13640 mm?, 5510 mm? respectively).

Midbrain, pons and medulla oblongata volumes positively correlated
both with total ALSFSR-r (rs = 0.347, p = 0.007; rs = 0.369, p = 0.004; rg
= 0.381, p = 0.003 respectively), ALSFSR-r-S score (rs = 0.295, p =
0.022; rs = 0.283, p = 0.027; ry = 0.284, p = 0.028 respectively).
Otherwise, only medulla oblongata volume correlated with ALSFRS-r-B
score (rs = 0.345, p = 0.007).

4.2.2. Vertex analysis

Vertex analysis confirmed the correlation between total ALSFRS-r
score and shape deformation in all brainstem structures, specifically in
the anterior compartment of midbrain, pons and medulla oblongata and
the posterior portion only of this latter region (Fig. 2a). ALSFRS-r-S score
positively correlated with shape deformation of the anterior portion of
the entire brainstem, along the corticospinal tracts’ course (Fig. 2b).
Instead, vertex analysis revealed a significant positive correlation be-
tween score of ALSFRS-r-B and shape deformation of the floor of the
fourth ventricle in the medulla oblongata and the crus cerebri in the
midbrain (where the corticobulbar tracts run) (Fig. 2c).

4.2.3. Brainstem morphometry

VBM analyses implemented the results derived from vertex analyses.
Total ALSFRS-r score showed positive correlation with the density of the
medulla oblongata in toto and the anterior portion of the entire brain-
stem, confirming that the impairment of these latter loci reflects the
degree of clinical severity in ALS (Fig. 3a). Furthermore, ALSFRS-r-S
score positively correlated with the anterior portion of the brainstem
(Fig. 3b), while ALSFRS-r-B score with the posterior portion of the me-
dulla oblongata and crus cerebri (Fig. 3c).

4.3. Relations between volume of brainstem structures and survival

Two-Steps cluster analysis identified two clusters among our cohort
study: the first cluster (long survivors) included 13 patients with a mean
time of observation of 55 months (standard deviation 13) and none of
them reached the composite outcome. The second cluster was composed
of 47 patients with a mean time of observation of 35 months (standard
deviation 15) and all of them reached the composite outcome. Among all
the brainstem structure analysed, only medulla oblongata volume
demonstrated a significant accuracy to discriminate the long and short-
survivors patients (ROC AUC 0.76 p < 0.001) (Fig. 4).

Kaplan-Meier survival curves from symptoms onset failed to detect
significant differences between patients grouped according to three
cluster volumes of the midbrain and pons, calculated through the k-
means clustering algorithm. Only medulla oblongata volume showed a
significant impact on survival in the univariate analysis (log-rank p =
0.003) (Fig. 5). Furthermore, multivariate analysis showed that medulla
oblongata volume was the only independent significant predictor of ALS
survival [Hazard Ratio (HR): 2.882; 95% confidence interval (CI):
1.087-7.639; p = 0.033, comparing the cluster of patients with greater
medulla oblongata volume to those with intermediate medulla oblon-
gata volume; HR: 7.783; 95% CI: 2.015-30.061; p = 0.003 comparing
the cluster of patients with greater medulla oblongata volume to those
with lower volume].

5. Discussion

Our study demonstrated a major brainstem atrophy in ALS patients
compared to healthy controls primary driven by reduced volume of pons
and medulla oblongata. Furthermore B-ALS patients showed a smaller
medulla oblongata volume compared to S-ALS patients. Previous studies
highlighted the impairment of these neuroanatomical structures in ALS
patients (Bede et al., 2019; Li et al., 2021); innovatively, our data
revealed a smaller medulla oblongata volumes in ALS patients with
earlier involvement of bulbar district. This latter finding agreed with the
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Fig. 3. Morphometric brainstem alterations in ALS patients. Statistical maps are presented in MNI space, MNI coordinates are provided under each view.
Morphometric brainstem alterations correlated to ALSFRS-r score (A), ALSFRS-r-S (B), ALSFRS-r-B (C) at p < 0.05 TFCE FWE corrected for age, gender and TIV.
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Fig. 5. Kaplan Mayer survival curves in ALS patients stratified according to k-
means clustering algorithm of medulla oblongata.

most accredited model of ALS disease spreading, according to which the
motor neuron degeneration progresses over time primarily in the
neuroanatomical region where hypothetically the disease process began
and afterwards in the contiguous regions (Ravits et al., 2007; Ravits and
La Spada, 2009).

Furthermore, we verify the role of medulla oblongata, pons, and
midbrain volumes as possible biomarkers of disease severity and early
predictors of survival in ALS patients.

The strong positive correlation we found between ALSFRS-r score
and the volume of these neuroanatomical sites confirms the role of these
MRI measures as a global indicator of disease severity. Previous studies
have investigated the diagnostic role of brainstem volumes (Bede et al.,
2019) unravelling the trajectories of neurodegeneration in this neuro-
anatomical region over the course of the disease (Bede et al., 2020).
Moreover, grey matter loss of the brainstem was found to be associated
to pseudobulbar symptoms (e.g. pathological laughter and crying) (Tu
et al., 2021). However, to date, only one study has investigated the role
of brainstem as a potential indicator of disease severity and the authors
reported a significant positive correlation between diffusion tensor im-
aging (DTI) metrics of several white matter tracts (e.g. fractional
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anisotropy and radial diffusivity) in these structures and ALSFRS-r score,
but not between volumetric measures and this functional clinical scale
(Li et al., 2021). Differently from Li et al., our ALS population included
almost double participants (60 vs 33), conferring the study a superior
statistical sensitivity. Moreover, in the above-mentioned paper, no
formal adjustment for age, gender and total intracranial volume was
performed before carrying out correlation analyses. Through our work,
we reiterate the need to control the volumetric variables for possible
confounding factors, as previously reported in literature (Voevodskaya
et al., 2014). Additionally, in our opinion volumetric study of the
brainstem has several advantages over DTI in common clinical practice.
First, 3D T1 sequences can be easily acquired with a good spatial reso-
lution; conversely, DTI sequences require more time to be obtained with
possible distortions in the brainstem even after the application of
correction measures (Li et al., 2021). Furthermore, voxel-based and
shape analysis investigate not only white matter but also grey matter
involvement.

As a proof of this latter postulation, using a combination of volu-
metric, vertex and voxel-based morphometry analyses we demonstrate
that brainstem volumes can simultaneously detect the impairment of
CSTs, corticobulbar tracts and lower bulbar motor neurons. Several
previous studies have shown significant abnormalities of the CST at the
brainstem level in ALS patients (Baek et al., 2020; Cardenas-Blanco
et al., 2014; Floeter et al., 2014), and most of them agree to consider
this neuroanatomical region as a reliable biomarker of UMN impair-
ment. Our study confirms this evidence. To date, only one study found
that a lower performance in bulbar functions was associated with lower
fractional anisotropy values of the left CST at the brainstem level (Li
et al., 2021). Finding radiological biomarkers of selective impairment of
corticobulbar tracts originating from upper motor neuron in the cortex
could have a great relevance in common clinical practice since it could
allow clinicians to reach a higher and earlier level of diagnostic accuracy
of ALS, even in absence of clinical evidence.

On the other hand, we demonstrate that the drop of ALSFRS-r bulbar
score was due not only to corticobulbar tract impairment but primarily
to medulla oblongata atrophy, in particular at the level of the floor of the
fourth ventricle, where nuclei of several cranial nerves lie (e.g. IX, X,
XID). Although previous MRI studies reported impairment of this
neuroanatomical region as a hallmark of ALS disease (Bede et al., 2019),
to date our study was the first to propose medulla oblongata volume as a
biomarker of selective bulbar LMN impairment.

Considering that impaired bulbar function represents the main
source of disability in ALS patients (del Aguila et al., 2003; Stambler
et al., 1998) and, either directly or indirectly, it strongly affects survival,
it is not surprising that only medulla oblongata volume demonstrated a
prognostic role among all brainstem volumes. One could argue that also
the midbrain volume should play a prognostic role, since it reflects the
damage of UMN tracts running through this neuroanatomical structure.
However, it is well known that upper motor neuron burden is better
associated with onset and spread of ALS pathology rather than with
survival, unlike lower motor neuron impairment (Armon and Moses,
1998). Using a fully automated algorithm and routine MRI sequences we
demonstrate that MRI measures are able to predict survival with an
accuracy of 80%, in agreement with a previous study of Schuster et al.
(Schuster et al., 2017).

Furthermore, in our study, multivariate analysis demonstrates that
medulla oblongata volume is the only independent factor associated to
death among all demographic and clinical variables commonly associ-
ated to survival in literature.

The main limit of our study is the lack of longitudinal MRI analysis
that might allow to better define the rate of reduction of medulla
oblongata volumes. However, considering the extreme shortness and
variability of disease duration in ALS, identifying a second time-point to
perform longitudinal MRI acquisition is effortful. Indeed, a previous
study failed to detect longitudinal statistically significant changes in
brainstem volumes after four months of follow-up (Bede et al., 2019).
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Another limit of our study is the lack of a quantitative assessment of
pseudobulbar impairment, (e.g. Center for Neurologic Study Lability
Scale score (Moore et al., 1997)), and in particular an extensive neuro-
psychological assessment with standardized screening test (e.g. Edin-
burgh Cognitive and Behavioural ALS screening (Poletti et al., 2018)).

Notwithstanding these limitations, we demonstrated that brainstem
measures derived from T1-weighted data are attractive candidate bio-
markers of disease severity and survival in the disease course.
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