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Abstract

Objective: To assess the performance of a combination of three quantitative

MRI markers (iron deposition, basal neuronal metabolism, and regional atro-

phy) for differential diagnosis between amyotrophic lateral sclerosis (ALS) and

primary lateral sclerosis (PLS). Methods: In total, 33 ALS, 12 PLS, and 28

healthy control (HC) subjects underwent a 3T MRI study including single- and

multi-echo sequences for gray matter (GM) volumetry and quantitative suscep-

tibility mapping (QSM) and a pseudo-continuous arterial spin labeling (ASL)

sequence for cerebral blood flow (CBF) measurement. Mean values of QSM,

CBF, and GM volumes were extracted in the motor cortex, basal ganglia, thala-

mus, amygdala, and hippocampus. A generalized linear model was applied to

the three measures to binary discriminate between groups. The diagnostic per-

formances were evaluated via receiver operating characteristic analyses. Results:

A significant discrimination was obtained: between ALS and HCs in the left

and right motor cortex, where QSM increases were respectively associated with

disability scores and disease duration; between PLS and ALS in the left motor

cortex, where PLS patients resulted significantly more atrophic; between ALS

and HC in the right motor cortex, where GM volumes were associated with

upper motor neuron scores. Significant discrimination between ALS and HC

was achieved in subcortical structures only combining all three parameters.

Interpretation: While increased QSM values in the motor cortex of ALS

patients is a consolidated finding, combining QSM, CBF, and GM volumetry

shows higher diagnostic potential for differentiating ALS patients from HC sub-

jects and, in the motor cortex, between ALS and PLS.

Introduction

Amyotrophic lateral sclerosis (ALS) is a progressive fatal

disease of the motor system, affecting brain upper motor

neurons (UMN) and spinal or brainstem lower motor

neurons (LMN), with variable involvement of extra-

motor brain regions.1 Each patient differs in region of

disease onset, progression, and phenotype, which is

related to the combination of motor neurons involve-

ment, meaning that ALS has a marked clinical hetero-

geneity.2 The “classic” ALS phenotype is characterized by

both UMN and LMN impairment, while primary lateral

sclerosis (PLS) and progressive muscular atrophy (PMA)

represent the extremities of the spectrum of motor neu-

ron disease (MND) phenotypes, respectively, characterized

by pure UMN or LMN syndromes.2,3 Other ALS pheno-

types (bulbar, flail limbs, and pyramidal phenotypes) are

(respectively) characterized by the decline of voluntary

bulbar functions, progressive wasting in the upper or

lower limbs, and degeneration of the pyramidal tract.2,3

An early diagnosis and characterization of the ALS phe-

notypes would help clinicians to frame a more personal-

ized therapy and possibly increase life quality and

expectancy.2–4 Differentiation of PLS from UMN-

dominant phenotype of ALS remains a significant chal-

lenge in the early symptomatic phase of both disorders,

with ongoing debate as to whether they form a clinical

and histopathological continuum, the latter being recently

analyzed by the review of Finegan et al. 2019.5 In this

regard, conventional brain MRI fails to differentiate ALS
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from PLS due to a lack of a way to combine signs of the

pathology into a combined clinical MRI diagnostic frame-

work.6,7 The development of advanced MRI techniques

has allowed the proliferation of quantitative MRI (qMRI)

markers, MRI-derived measures that can be calibrated to

standard physical units, whose diagnostic potential is yet

to be fully investigated in the context of clinical MRI

studies on the ALS pathology. For example, the involve-

ment of gray matter (GM) structures in ALS neurodegen-

eration has been extensively studied using quantitative

MRI markers, not only as morphometric indices of GM

atrophy, but also as biophysical surrogates of structural

and metabolic tissue properties, such as iron deposition8–

18 and cerebral perfusion.19–21

Among these, abnormal iron accumulation in the

motor cortex seems to be the most consistent finding in

ALS patients, probably due to the activation of a proin-

flammatory mechanism that causes a microglial iron

deposition in the middle and deep cortical layers, a phe-

nomenon that was originally associated with ALS disease

severity.22,23 However, only one previous work has inves-

tigated the regional cerebral blood flow (CBF) concur-

rently with QSM, in ALS patients.21 As CBF provides a

regional index of basal neuronal metabolism, it could in

principle provide an independent quantitative marker of

neuronal degeneration complementing the other ALS

structural markers. In fact, similar to a positron emission

tomography (PET) scan, a CBF measure would possibly

address if pathological iron deposition, as resulting from

cell death,24 is also accompanied by metabolic dysregula-

tion (eventually before structural atrophy becomes mani-

fest).

The aim of this work was to explore the diagnostic

potential of combining QSM and CBF measures with GM

volumetry (regional atrophy) in the discrimination of

ALS/PLS patients from age- and sex-matched healthy

controls and between ALS and PLS phenotypes. Thus, a

regional analysis was conducted for motor cortex, basal

ganglia, thalamus, and hippocampus and amygdala com-

plex.

The set of cortical and subcortical regions of interest

was chosen with the following rationale: (i) we had strong

prior expectations on the basis of previous pathological

findings,8,25,26 (ii) we made use of a precise and validated

GM parcellation to obtain a reliable and quantitative GM

volumetry of the brain in each individual native imaging

space. Particularly, the latter choice was operated to avoid

any spatial transformation of the reconstructed QSM and

CBF images prior to individual marker extractions, as

well as to provide an additional quantitative marker for

the regional brain atrophy that could possibly inconsis-

tently covary with either QSM or CBF estimation, because

of different neurodegeneration processes. We

hypothesized that combining multiple qMRI features

would possibly increase the discrimination power with

respect to ALS/PLS pathology and phenotype, compared

to the separate analysis of each feature.

Materials and Methods

Subjects

Thirty-three right-handed patients (19 males, 14 females;

mean age 59 � 10), with definite, clinical or laboratory-

supported probable ALS, according to El-Escorial revised

criteria,27 were consecutively recruited at the First Divi-

sion of Neurology of the University of Campania “Luigi

Vanvitelli” (Naples, Italy) from November 2018 to March

2020. ALS patients were required to meet the following

criteria: classic, bulbar, LMN, or UMN dominant pheno-

types3; disease onset not earlier than 36 months from

enrollment; age of onset of 40 years or older. Twelve

right-handed patients (9 males, 3 females; mean age

59 � 10) met the new consensus diagnostic criteria of

probable (n = 2) and definite (n = 10) PLS.28

The clinical assessment included: disability status evalu-

ation, measuring the ALSFRS-R score (0–48, with lower

total reflecting higher disability)29 and the UMN score,

index of pyramidal dysfunction through the evaluation of

the number of pathologic reflexes elicited from 15 body

sites30; assessment of global cognitive functioning, admin-

istering the Italian version of Edinburgh Cognitive and

Behavioural ALS Screen (ECAS).31,32

Disease duration was calculated from symptom onset

to scan date in months, and the rate of progression deter-

mined by: (48 � current ALSFRS-R)/disease duration.

Disease stage was assessed according to King’s clinical

staging system.33 Genetic analysis was performed in all

patients, exploring C9orf72 repeat expansion and muta-

tions of SOD1, TARDBP, and FUS/TLS in all patients

and, additionally, SPAST and SPG7, in PLS patients. No

mutations of these genes were reported.

Twenty-eight right-handed healthy control subjects

(HCs) (13 males, 15 females; mean age 56 � 16) were

enrolled by “word of mouth” and among caregivers’

friends. They were age-, sex-, and education-matched

with the enrolled ALS patients and unrelated to them.

Moreover, they had no comorbid neurological, psychi-

atric, or medical conditions. They underwent MMSE and

their scores were ≥27.
Exclusion criteria were: medical illnesses or substance

abuse that could interfere with cognitive functioning; any

(other) major systemic, psychiatric, or neurological dis-

eases; other causes of brain damage, including lacunae

and extensive cerebrovascular disorders at MRI; a vital

capacity lower than 70% of the predicted value.
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For more details, the demographic and clinical charac-

terization is presented in Table 1. All participants pro-

vided written informed consent to participate in the

study according to the Declaration of Helsinki. The study

was approved by the Ethics Committee of the University

of Campania “L. Vanvitelli” (Protocol nr. 591/2018).

MRI data acquisition

MRI images were acquired on a 3 Tesla scanner equipped

with a 32-channel parallel head coil (General Electric

Healthcare, Milwaukee, Wisconsin). The imaging protocol

included:

- Three-dimensional T1-weighted images (gradient-echo

sequence Inversion Recovery prepared Fast Spoiled Gradi-

ent Recalled-echo): repetition time (TR) = 6900 msec, echo

time (TE) = 3.0 msec, resolution = 1 9 1 9 1 mm3,

matrix size = 256 9 256, inversion time (TI) = 650 msec.

Duration: 6.49 min.

- 3D-PCASL sequence: TR = 5306 msec, TE = 10.5 msec,

field of view 128 9 128 mm2, slice thickness 4 mm, in

plane resolution = 3.8 9 3.8 9 4 mm3, post labeling

delay 2525 msec for a total of 30 subjects, 2025 msec

for a total of 40 subjects, and 1525 msec for a total of

3 subjects, 34 slices. Duration: 5.09 min.

- Three-dimensional multi-echo gradient echo sequence:

TR = 47.3 msec, first TE = 3.2 msec, echo spac-

ing = 3.75 msec, total number of echoes = 12, resolu-

tion = 1 9 1 9 1 mm3, matrix size = 256 9 256,

anterior–posterior phase-encoding direction. Number

of signal averages (NEX) = 0.7. Duration: 10.18 min.

- FLuid-Attenuated Inversion Recovery (FLAIR) sequence:

TR = 11000 msec, TE = 122.7 msec, Echo train

length = 18, voxel dimension 0.5 9 0.5 9 3 mm3, ante-

rior–posterior phase-encoding direction. Fat Saturation.

Duration: 3.30 min.

MRI data processing

Structural data were processed using FreeSurfer (FS) v 6.0

(https://surfer.nmr.mgh.harvard.edu/) using a Dell Inc.

PowerEdge T430 workstation equipped with an Intel�

Xenon(R) CPU ES-2620 v4 @2.10 GHz processor and

8 GB of RAM and running Linux Ubuntu 18.04.5 LTS.

Anatomical data were imported in FS and submitted to

the standard structural image preprocessing and recon-

struction pipeline via the “recon-all" FS command.34–40

Table 1. Demographic, clinical, and neuropsychological measures of patients, divided into ALS and PLS, and healthy controls (HCs); data are

shown as mean (standard deviation) or count (percentage)

Variables HC (n = 28)

ALS

(n = 33)

PLS

(n = 12)

HC versus

ALS t-test

HC versus

ALS p-value

HC versus

PLS t-test

HC versus

PLS p-value

ALS versus

PLS t-test

ALS versus

PLS p-value

Demographics

Age, years 56 (16) 59 (10) 59 (10) �0.833 0.4 �0.602 0.5 �0.36 0.97

Education, years 12 (3) 11 (3) 12 (4) 0.624 0.535 �0.052 0.96 �0.48 0.63

Sex, male 13 (46.4%) 19 (57.6%) 9 (75%) 0.86 0.39 1.109 0.28 1.76 0.09

Clinical features

Disease duration,

months

n.a. 15 (11) 30 (11) �3.75 0.001

Disease onset

(bulbar/upper

limbs/lower limbs)

n.a. 8/12/13 3/0/9

Disease phenotype

(classic/bulbar/

LMN/pyramidal/PLS)

n.a. 3/6/11/13 12

ALSFRS�R total score n.a. 42 (5) 41 (5) 1.21 0.23

Disease progression rate1 n.a. 0.64

(0.57)

0.28

(0.16)

3.23 0.002

UMN score n.a. 8 (4) 11 (3) �1.92 0.062

King’s clinical staging:2 n.a. 9/19/5 0/8/4

Neuropsychological measures

MMSE 29 (1) n.a. n.a.

ECAS total score n.a. 91 (25) 96 (18) �0.65 0.52

Bold text formatting indicates statistical significant comparisons.

ALS, Amyotrophic Lateral Sclerosis; ALSFRS�R, ALS Functional Rating Scale Revised; ECAS, Edinburgh Cognitive and Behavioural ALS Screen;

MMSE, Mini Mental State Examination; HCs, Healthy Controls; v2, Chi-square test; LMN, Lower Motor Neuron; UMN, upper motor neuron.
1Disease Progression Rate was computed as: 48 � ALSFRS-R/Disease Duration.
2According to the King’s clinical staging system, the number of regions involved gives the stage.

1776 ª 2021 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association

Structural and Metabolic Markers in ALS and PLS A. Canna et al.

https://surfer.nmr.mgh.harvard.edu/


After preprocessing, two atlases, namely the apar-

c.a2009s+aseg and the aseg, were considered to extract the

cortical and subcortical regions of interests (ROIs) in the

subject native space, respectively the left and right precen-

tral gyri for the motor cortex, and the left and right cau-

date, putamen, pallidum, thalamus, hippocampus, and

amygdala.

Volumes of these structures were derived from the FS

commands asegstats2table and aparcstats2table.

Single-subject whole-brain CBF maps were calculated

from the 3D-PCASL raw images using the prescan proton

density (PD) volume and the perfusion-weighted series

using the calibration formula in.41

QSM maps were reconstructed in native space in

MATLAB using the toolbox “STI Suite”42 with the follow-

ing preprocessing steps: three-dimensional phase unwrap-

ping using Laplacian based method,43 background phase

removal using the V-SHARP method44 and the dipole

convolution for the final QSM map computation.45

For each subject, the two atlases were coregistered to

the CBF and QSM maps in a two-step procedure using

FSL software (https://fsl.fmrib.ox.ac.uk/fsl/): for CBF and

QSM analyses respectively, the prescan PD image and the

magnitude image of the multi-echo gradient echo acquisi-

tion were coregistered to the T1 images using FLIRT

command (9 degree of freedom and using a trilinear

interpolation). The obtained transformation matrices were

then inverted and applied to the two atlases in native

space using the FLIRT command (with nearest neighbor

interpolation). In this way no transformations were

applied to the CBF and QSM maps before extracting the

regional mean values.

On axial FLAIR images, white matter hyperintensities

(WMH) were rated according to the age-related white

matter changes scale (ARWMC)46 and Fazekas’ scale (4

point scale) for assessing periventricular and deep

WMH.47

Statistical analysis

Mean CBF and QSM values within the ROIs were then

computed for each subject. Using linear regression, the

GM volumes were adjusted for age, sex and total intracra-

nial volumes, the QSM values were adjusted for age and

sex whereas the CBF values were adjusted for age, sex,

post-labelling delay (PLD), and global CBF, the latter

computed as mean CBF value in the entire brain mask.

In all regions, a receiver operating characteristic (ROC)

curve analysis was performed in MATLAB using the

built-in function “perfcurve” to assess the binary discrim-

ination power of all three MRI measures combined

together. First, a generalized linear model (GLM) with

binomial distribution and logit link function was used to

predict the membership to one out of two groups (ALS

vs. HC, PLS vs. HC, ALS vs. PLS) from the regional

QSM, CBF, and GM volumes, which were used as predic-

tors. For each ROI, the GLM was fitted to the data and

the ROC curves were calculated by comparing the fitted

class values (predictions) with the true class memberships

by applying a threshold varying between zero and one.

This returned an area under the curve (AUC) as a diag-

nostic index and its confidence intervals and p-value, the

latter adjusted for multiple comparisons using false dis-

covery rate (FDR) correction across all the considered

ROIs.

The same discriminative analysis was also performed

considering the MRI parameters separately.

Post hoc statistical analyses in the regions allowing sig-

nificant between-group discrimination were conducted by

performing a one-way between-group ANOVA (three

levels for HCs, ALS, and PLS) and Student’s t-tests. In

the same regions, linear regression analysis via robustfit

MATLAB function was performed between the MR

parameters and the clinical scores of disease duration,

ALSFRS-R (measured at time of image acquisition), and

UMN.

Results

Demographics, clinical, and
neuropsychological variables

Patients and controls characteristics are reported in the

Table 1. ALS/PLS patients and HCs did not statistically

differ on age, gender, and education. The t-test revealed

no significant difference in ALSFRS-R total score and in

global cognitive performances in ALS patients compared

to PLS patients. On the basis of ECAS subscores,31,32

according to the Strong criteria for frontotemporal spec-

trum disorder of ALS,48 8 ALS patients and 4 PLS

patients had cognitive impairment (ci), with executive

dysfunction in all cases, except for one ALS patient with

both executive and language dysfunction. No differences

between HC and PT were found in terms of WMH and

none of patients reported severe periventricular and deep

WMH according to the Fazekas scale.

ROC curve analysis

The ROC analyses (Fig. 1) performed considering all

three qMRI measures as predictors significantly discrimi-

nated ALS patients from HC, in the motor cortex bilater-

ally (left precentral gyrus: AUC = 0.68, p < 0.05, q

(FDR) < 0.05; right precentral gyrus: AUC = 0.68,

p < 0.01, q(FDR) <0.05) and in several subcortical struc-

tures, preferentially from the right hemisphere (left
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caudate: AUC = 0.69, p < 0.01, q(FDR) < 0.05; right cau-

date: AUC = 0.66, p < 0.05, q(FDR) < 0.05; right puta-

men: AUC = 0.66, p < 0.05, q(FDR) < 0.05; right

pallidum: AUC = 0.67, p < 0.05, q(FDR) < 0.05; right

hippocampus: AUC = 0.69, p < 0.01, q(FDR) < 0.05;

right amygdala: AUC = 0.70, p < 0.01, q(FDR) < 0.05).

Moreover, PLS patients were significantly discriminated

from HC in the right precentral gyrus (AUC = 0.78,

p < 0.001, q(FDR) < 0.01) and from ALS patients in the

left precentral gyrus (AUC = 0.75, p < 0.001, q

(FDR) < 0.05).

No significant discriminations were found when con-

sidering the CBF and QSM separately in any groups’

comparisons and in any regions. When considering the

volume measure alone, significant discrimination was

found in the right precentral gyrus comparing HC and

PLS (Table S1–S3).

QSM analysis

The ANOVA analysis of the QSM measures revealed a

significant group effect only in the left (p < 0.05) and

right (p < 0.05) precentral gyrus (Fig. 2). In the left pre-

central gyrus, post hoc t-tests disclosed a significant QSM

increase in the ALS versus HC (p < 0.05) and versus PLS

(p < 0.05) groups, but not in the PLS versus HC

(p > 0.05) groups (Fig. 2A). In this region, QSM values

were significantly correlated to ALSFRS scores (t = 2.36,

p < 0.05) in the ALS group (Fig. 2B).

In the right precentral gyrus, post hoc t-test disclosed a

significant QSM increase in the ALS versus HC

(p < 0.05), but not in the ASL versus PLS (p > 0.05) or

PLS versus HC (p > 0.05), groups (Fig. 2C). In this

region, QSM values were significantly correlated to

disease durations (t = 2.74, p < 0.05) in the ALS group

(Fig. 2D).

CBF analysis

The ANOVA analysis of the CBF value did not reveal any

significant group effects in the considered ROIs.

GM volume analysis

In the motor cortex, the ANOVA analysis of the GM vol-

umes revealed a significant group effect in the right pre-

central gyrus (p < 0.05) and in the left caudate (p < 0.05)

(Fig. 3). Post hoc t-test in the right precentral gyrus did

not disclose GM volume differences between the ALS and

HC (p > 0.05) groups but revealed a significant decrease

of GM volume in the PLS versus HC (p < 0.01) and in

the PLS versus ALS (p < 0.05) groups (Fig. 3A). A signifi-

cant correlation was found between GM volume of the

right precentral gyrus and UMN scores (t = �2.68,

p < 0.05) for the ALS group (Fig. 3B).

Among subcortical structures, in the left caudate, post

hoc t-test revealed a significant decrease of GM volumes in

the ALS versus HC (p < 0.05) and versus PLS (p < 0.05)

groups, but no significant differences between the PLS and

HC (p > 0.05) groups (Fig. 3C). No significant correlations

were found between GM volumes and the clinical variables.

Discussion

The aim of this study was to address the differential diag-

nostic potential of combining three validated qMRI mark-

ers for the potential discrimination of ALS and PLS

phenotypes in a clinical 3 T MRI study. This entailed

Figure 1. ROC curves for combined QSM, CBF, and GM volumes.
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obtaining regional quantities with established physical

meaning from advanced MRI techniques that are widely

available in clinical settings and can provide different

views on some morphological and metabolic aspects of

pathological brain alterations in ALS patients. Consider-

ing a number of GM regions previously reported as most

implicated in the neurodegeneration processes of ALS/

PLS pathology, we highlight that the combination of

QSM and CBF, as independent cerebral markers of local

iron deposition and blood flow metabolism, with GM

volumetry, as marker of brain atrophy, has significant dis-

crimination capabilities in differentiating ALS and PLS

phenotypes in the motor cortex and features some inter-

esting ALS-specific alterations in the investigated subcorti-

cal GM structures.

From the ROC analysis of combined QSM, CBF, and

GM volumes, a significant discrimination of ALS patients

from HC subjects was obtained in the left and right

motor cortices, and in subcortical structures, including

left and right caudate, right hippocampus, right putamen,

right pallidum, and right amygdala. Moreover, a discrimi-

nation between PLS and HC was statistically significant in

the right motor cortex whereas a statistically significant

discrimination between ALS and PLS was obtained in the

left precentral gyrus.

While the ANOVA analyses of the individual parame-

ters illustrated that the discrimination power of the three

parameters in the bilateral motor cortex and left caudate

is at least partly (if not mostly) explained by the concur-

rent QSM increases (iron accumulation) and GM volume

decreases (atrophy), the results from the right subcortical

structures clearly suggest that the three measures might

have constructively interacted among them toward pro-

viding a more powerful discrimination of ALS patients

from HC subjects. In fact, in those regions, none of the

individual parameters significantly explained the between-

group variance, nor were these found significantly altered,

in ALS patients.

Figure 2. QSM analysis. Histogram left-right precentral, scatter plots (with liner trend).
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Indeed, basal ganglia structures would be affected by

ALS pathology not simply as relay stations of the motor

pathway that supports the voluntary movements, but also

in relation to the more complex functioning of the

fronto-striatal circuit that regulates higher-order (cogni-

tive) aspects of motor control.26,49–51 In this regard, Fine-

gan et al.26 revealed by volumetric and morphometric

analyses, different patterns of subcortical GM degenera-

tion in motor neuron diseases, showing preferential med-

ial bi-thalamic pathology in PLS compared to the

predominant putaminal and amygdala degeneration

detected in ALS. Hence, the fact that in our study these

subcortical structures significantly discriminate between

HCs and ALS when considering QSM, CBF, and GM vol-

umes could suggest that different levels of atrophy and

iron deposition may interact with the local metabolism

within these structures.

The significant role of the hippocampus and amygdala

in the discrimination between ALS and HC is also not

surprising, given the multi-systemic nature of this disor-

der that usually presents a variety of clinical frontotempo-

ral manifestations as extra-motor signatures.52–54 As for

caudate, putamen and pallidum, in our analysis both hip-

pocampus and amygdala did not show any significant

atrophy, perfusion alteration, nor a significant variation

of iron content, in the analyzed ALS patients, albeit, when

all these parameters were concurrently included in a mul-

tiparametric discriminative analysis, this led to a signifi-

cant discrimination from HCs. These findings corroborate

previous neuropathological55 and neuroimaging20,26,56–58

evidence supporting the involvement of mesial temporal

lobe pathology in ALS, with particular regard to

hippocampal and amygdala pathology within the limbic

system.

Figure 3. GM volume analysis. Histogram right precentral gyrus and left caudate, scatter plot (with linear trend).
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The lack of significant alterations in the subcortical

structures, especially in PLS patients, could be ascribed to

the reduced sample size or to the fact that the informa-

tion from considered MR parameters was not sufficient

to discriminate this clinical form from both the ALS and

HC groups. A possible improvement would be the intro-

duction, in the same model, of additional surrogate MR

parameter, for example, describing the white matter dam-

age frequently observed in the pathology.59–61

The right lateralization of the results could be linked to

the manifestation of different types of ALS motor impair-

ment that usually end up differentially affecting the two

hemispheres,62 eventually with a different impact of atro-

phy across the two hemispheres.63,64 In addition, right

hemispheric microstructural and functional connectivity

impairments, particularly in the frontotemporal-limbic

circuit, have been related to emotional dysfunctions in

ALS,65–67 underlining the key role of the right limbic cir-

cuit in emotional processing in ALS.

Our analyses of the individual measures revealed that

QSM values were significantly increased in ALS patients,

compared to HC subjects, in both the left and right

motor cortex. However, this was not the case for PLS

patients, either due to a lack of statistical power or to a

higher impact of the GM cortical atrophy in PLS patients

which turned out to be significantly more atrophic than

both ALS patients and HC subjects. The finding of a

more marked atrophy of the precentral gyri in PLS

patients in comparison to ALS patients is in agreement

with previous neuropathological evidence reporting focal

“knife edge” atrophy of the precentral gyrus in PLS which

resulted strikingly absent in even advanced cases of ALS.68

Importantly, QSM values in the motor cortex of ALS

patients were associated with disease-specific functional

disability in the left precentral gyrus and with disease

duration in the right precentral gyrus. The different pat-

tern of clinical correlates between left and right motor

cortex is likely to be also ascribed to the different impact

of GM atrophy on the two cortical hemispheres, which,

in turn, could be related to the clinical type. In fact, only

in the right motor cortex, we found that GM volumes

were associated with the upper motor neuron disease bur-

den and, only there, the increased QSM values in ALS

patients were correlated with disease duration (and not

with disease-related disability). In contrast, only in the left

motor cortex, the QSM increases in ALS patients were

correlated with disease-related disability and these mea-

sures also resulted to differentiate between ALS and PLS

phenotypes. To the best of our knowledge, the finding

that in the left precentral gyrus the combination of perfu-

sion, volumetry, and QSM allows to significantly differen-

tiate between ALS and PLS is novel and may thus

represent a potential new marker for the diagnosis

validation between the two pathologies, albeit future stud-

ies on larger cohorts are needed to confirm this finding.

Thus, our results would confirm (i) that the primary

motor cortex is a cortical place of pathological iron depo-

sition in ALS patients,16 and (ii), that the QSM increase

is a valid cortical marker for the disease.25

Interestingly, the negative mean values of QSM in the

right precentral gyrus observed in some healthy subjects,

suggested the possible concomitant contribution of differ-

ent substances: paramagnetic substances like iron, which

determine positive values of QSM, and diamagnetic sub-

stances, like myelin or calcium, which determine the neg-

ative values of the QSM, as already observed in previous

report.69

Two previous QSM studies, using either a voxel-based

approach or a regional analysis along the posterior and pre-

central gyri, found an increase of iron deposition levels

within the motor cortex of ALS patients, in comparison to

either HCs8 or patients with ASL mimics and non-motor

neuron symptoms.13 In addition, the study of Donatelli

et al.,14 which specifically targeted the orofacial portion of

the primary motor cortex, also reported that the hypointen-

sity of T2* signal and the corresponding higher susceptibil-

ity values, albeit non-quantitatively, had significant

discriminative power in diagnosing ALS with functional

bulbar impairment. Similarly, the recent study of Conte

et al.11 found higher QSM values in ALS patients with pre-

dominant UMN impairment, compared to those with pre-

dominant LMN impairment, no clinically defined motor

neuron impairment, ALS mimics and HCs.

Thus, in contrast to some previous findings, we dis-

closed an inverse correlation between UMN scores and

GM volumes, rather than QSM values, in both left and

right precentral gyri, suggesting that GM atrophy also

plays a role in the morphological neurodegeneration of

the motor cortex in ALS patients. While the composition

of our sample did not allow to compare between bulbar

and UMN or LMN dominant phenotypes, it should be

also considered that the two morphological aspects of

iron deposition and neuronal loss likely interact with each

other on different spatial scales. Indeed, it is believed that

a QSM increase in the motor cortex may actually derive

from an unbalanced distribution of iron deposition

between middle and deep layers of the cortex, as demon-

strated by an ultra-high spatial resolution study per-

formed at 7T.12 Thus, the lack of GM volume reduction

in the ALS group would suggest that the stage of ALS dis-

ease of the studied patients was probably too early for

disclosing a significant atrophy of the motor cortex but

still not too early for disclosing a significantly abnormal

iron deposition.

We did not find any significant CBF differences

between groups in both cortical and subcortical
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structures. This was not surprising given the known

impact of GM atrophy on CBF estimates which would

expectedly be reduced in all groups, not only in response

to local GM volume reduction, but also as a related con-

sequence of partial volume effects on the reconstructed

CBF maps.70 Indeed, the spatial resolution of CBF maps

is a factor of three worse in each direction, resulting in

partial volume effect operating at the single voxel level.

Nonetheless, as we intended to keep all three measures as

independent as possible, we did not correct the original

voxel-wise CBF estimates with surrogated and non-

quantitative voxel-wise GM volume estimates, as is usu-

ally done in whole-brain voxel-wise analyses. On the

other hand, similar to our study, Welton et al.21 also

reported significant increases of QSM values with no con-

current alterations of regional CBF values, in the motor

cortex of ALS patients, and even the study of Shen

et al.,20 that was specifically designed to reveal localized

changes in whole-brain perfusion and GM volume,

reported no significant CBF changes in the comparison

between ALS patients (with or without cognitive

impairment) and HCs, although in ALS with frontotem-

poral dementia (FTD) a distinctive pattern of GM loss

and hypoperfusion (with more significant alterations in

the left frontal and temporal lobe) was revealed, in com-

parison to both ALS patients and HCs. Differently, in our

sample we did not include FTD patients, although 8 ALS

patients and 4 PLS patients had cognitive impairment

with a prevalent dysexecutive profile. Thus, the results of

Shen et al.,20 together with our findings, would suggest

that CBF is not strongly affected by ALS pathology but

other clinical factors, like the cognitive status and the co-

occurrence of FTD, would prevail in determining the

variance of CBF measures.71 Among potential confound-

ing methodological features, the inter-subject variability

in the arterial input function, possibly resulting in a sub-

optimal setting of the post-label delay, certainly represents

an important limitation of used clinical version of the

ASL sequence. Thus, apart from the partial volume issue,

which calls for ultra-high magnetic field implementations,

this particular methodological aspect could be possibly

addressed by future studies employing a multi-delay ver-

sion of the clinical ASL sequence.72

This study has some limitations. First, the lack of signifi-

cant differences in the studied regions when volumetric,

CBF, and QSM data have been considered separately, could

well be due to the heterogeneity of the studied population

(i.e., classic, UMN- and LMN-dominant, bulbar) which

could have produced less systematic alterations in one (or

more) of the considered parameters. Thus, studies with lar-

ger sample sizes, not only for the underrepresented PLS

group, but also for each subtype of ALS patients, are

needed to confirm the present data. Second, another limita-

tion of the present work resides in the lack of an additional

qMRI marker accounting for myelin content.73 However,

while we acknowledge that additional qMRI markers will

likely increase the discrimination power on a regional level,

we did not include this type of measurement in the pre-

sented protocol due to the need to keep the total duration

of the exam within the typical time constraints of a clinical

study (about 20 min). Another limitation of the current

work is the exclusion of the corticostriatal pathway (CST)

from our analysis, that instead has been reported to be

altered in these pathologies.5,8 This was essentially due to

technical reasons: first, because we obtained the ROI masks

in the native anatomical space of each subject, we could not

reach the same volumetric accuracy for the CST, for which

a tractography analysis would have been needed. On the

other hand, to obtain meaningful values from diffusion

MRI in the (cortical and subcortical) grey matter struc-

tures, more advanced diffusion MRI acquisitions (e.g.,

multi-shell diffusion MRI) and therefore longer scanning

would have been needed. Second, to perform the described

multi-parametric discriminative analysis, the combined use

Table 2. Confidence range and statistical p-value of the ROC curve

analyses considering the volumes, CBF and QSM values as input data

ROI ALS versus HC ALS versus PLS PLS versus HC

Left-thalamus [0.42 0.71]

>0.05

[0.40 0.75]

>0.05

[0.50 0.84]

>0.05

Right-thalamus [0.39 0.68]

>0.05

[0.41 0.77]

>0.05

[0.41 0.79]

>0.05

Left-caudate [0.54 0.81]

<0.05

[0.50 0.86]

>0.05

[0.43 0.81]

>0.05

Right-caudate [0.50 0.78]

<0.05

[0.37 0.78]

>0.05

[0.40 0.82]

>0.05

Left-putamen [0.45 0.75]

>0.05

[0.36 0.78]

>0.05

[0.43 0.80]

>0.05

Right-putamen [0.51 0.79]

<0.05

[0.39 0.79]

>0.05

[0.46 0.84]

>0.05

Left-pallidum [0.41 0.71]

>0.05

[0.47 0.83]

>0.05

[0.39 0.79]

>0.05

Right-pallidum [0.52 0.80]

<0.05

[0.34 0.76]

>0.05

[0.43 0.85]

>0.05

Left-hippocampus [0.39 0.69]

>0.05

[0.35 0.72]

>0.05

[0.35 0.80]

>0.05

Right-hippocampus [0.54 0.81]

<0.05

[0.34 0.75]

>0.05

[0.48 0.84]

>0.05

Left-amygdala [0.46 0.75]

>0.05

[0.49 0.85]

>0.05

[0.49 0.88]

>0.05

Right-amygdala [0.55 0.83]

<0.05

[0.52 0.84]

>0.05

[0.38 0.81]

>0.05

Left precentral [0.53 0.80]

<0.05

[0.58 0.88]

<0.05

[0.50 0.87]

>0.05

Right precentral [0.53 0.80]

<0.05

[0.48 0.82]

>0.05

[0.59 0.90]

<0.05

Bold text formatting indicates statistical significant comparisons.
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of all three MRI parameters was not possible in the white

matter due to the low reliability of CBF values in these

regions.

Last, we excluded from our analysis more disabled

patients hindered to undergo an MRI exam because of

diaphragmatic weakness and therefore we cannot exclude

that this might have biased the cohort towards more

severely disabled ALS patients.

Thereby, future studies are needed to possibly integrate

additional views to the framework because of the

expected gain in combining multiple markers within the

same diagnostic framework.

In conclusion, we propose that combining QSM with

additional qMRI measures like CBF and GM volumetry

makes it possible to significantly discriminate between ALS

and PLS phenotypes in the motor cortex and between ALS

and HCs in both cortical and subcortical structures. More-

over, we confirmed that the QSM increases in the motor cor-

tex in ALS compared to HCs can be significantly associated

with either ALS disease severity or duration probably

depending on the level of cortical atrophy. Future studies,

with more advanced machine learning tools, on larger sam-

ples of ALS/PLS phenotypes (as previously discussed in the

study of Grollemund et al. 201974) eventually integrating

myelination-related regional markers from more regions of

interest, are needed to increase the regional diagnostic

power of a qMRI protocol for clinical 3 Tesla MRI studies of

patients with probable ALS/PLS and to help the classifica-

tion of patients, even at single subject level.
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