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Abstract
Objective

The lack of prognostic biomarkers in ALS patients induced researcher to develop clinical evaluation tools for
stratification and survival prediction. We assessed the correlation between patterns of functional
involvement, considered as a cumulative number of body region involved, and overall survival, in a

population-based series of ALS patients (PARALS).
Methods

We derived the functional involvement of four body regions at diagnosis using ALSFRS-R subscores for
bulbar, upper limbs, lower limbs and respiratory/thoracic regions. We analysed the effect of NBRI at
diagnosis on overall survival, adjusting for age at onset, sex, site of onset, onset-diagnosis interval, forced

vital capacity, body-mass index, c9orf72 mutational status, and comparing it to King’s staging system.
Results

The number of body region involved (NBRI) was strongly related to survival, with a progressive increase of
death/tracheostomy risk among groups (2 body regions HR=1.24, 95% CI=1.06-1.45, p=0,007; 3 body
regions HR=1.65, 95% CI= 1.38-1.98, p<0.001; 4 body regions HR=2.68, 95% CI 2.11-3.39, p<0.001).
Using ALSFRS-R score, the consistency between the number of regions involved and King’s clinical stage
at diagnosis was very high (81%). The inclusion of the functional involvement of respiratory/thoracic region,
which is frequently underestimated, and the evaluation of cognitive impairment, allowed to subdivide
patients into different prognostic categories. Regional spreading of the disease is associated with overall

survival, independently from the initial region involved.
Conclusions

The evaluation of NBRI, with the inclusion of initial respiratory/thoracic involvement and cognition, can be
useful in many research fields, leading to a better stratification of patients. Our findings highlight the

importance of the spatial spreading of functional impairment in the prediction of ALS outcome.



Introduction

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disorder characterized by the involvement of
upper and lower motor neurons in different body regions. Disease onset occurs in bulbar or spinal regions,
but spreading patterns remains largely unpredictable in the single patient. ALS phenotypic heterogeneity is
widely recognized [1] and its impact on disease progression and overall survival has been confirmed also in
population-based series [2]. The underlying mechanisms of this variability are still poorly understood
different genetic or environmental factors have been analysed, but genotype-phenotype correlations and

environmental risk factor-phenotype correlations remain limited and inconclusive [3]

Older age, bulbar onset and diagnostic delay are generally considered as negative prognostic factors for
overall survival, while gender and El Escorial criteria have shown inconsistent results [4]. Also nutritional
status [5], cognition [6] and respiratory function [7] at diagnosis have been considered as prognostic markers.
Among genetic mutations, c9orf72 expansion leads to a shorter survival compared to non-mutated ALS

patients [8].

Recently, innovative prognostic biomarker, such as neurofilaments [9] showed consistent association in
disease progression prediction. Considering phenotypic heterogeneity, a multimodal approach was used to
develop the ENCALS Survival Prediction Model [10], a validated model able to stratify patients in

prognostic categories according to different candidate predictors.

In clinical practice, ALSFRS-R is the most widely used surrogate marker of disease progression [11]. Total
ALSFRS-R score at diagnosis is a strong survival predictor, even when adjusted for forced vital capacity
(FVC), age, sex and symptom duration [12] and its progression rate provides an additional predictive index
beyond ALSFRS-R alone [13]. Two main ALS clinical staging systems, the King’s College staging system
and the Milano-Torino staging (MITOS) system, can be calculated from ALSFRS-R score [14, 15]. Recently
the metric quality of ALSFRS-R has been questioned, demonstrating that the total score lacks

unidimensionality and does not fulfil fundamental measurement requirements [16, 17].

The aim of the present study was to assess the patterns of functional involvement in four body regions (upper
limbs, lower limbs, bulbar and respiratory/thoracic regions) at diagnosis and their correlation to overall

survival, using ALSFRS-R score as a multidimensional scale in a population-based series of ALS patients.
Methods
Data collection

All patients (N=1,105) meeting the revised El Escorial Criteria for defined, probable and probable-laboratory
supported ALS [18] diagnosed in the period 2007-2014 in Piemonte and Valle d’Aosta regions, Italy, were

included. Thirteen patients were excluded from the analyses because of missing information on clinical



evolution and further 30 cases were excluded for their long disease course (survival from diagnosis >10

years, see supplementary material).

For each patient we collected age at onset, sex, site of onset, date of diagnosis, diagnostic delay,
death/tracheostomy. Survival was assessed from January 1%, 2007, until December 31, 2017, or until
death/tracheostomy. In a subgroup of patients (58.5%) we obtained also forced vital capacity (FVC) and
body-mass index (BMI). Mutational status for c9orf72, SODI1, TARDBP, and FUS was available in 84.1% of
patients. Neuropsychological evaluation was performed at diagnosis (diagnosis-evaluation interval < 3
months) in 622 patients (58.6%). Patients’ cognitive status was classified according to the revised ALS-FTD
Consensus Criteria [19]: the neuropsychological batteries used for classification were described in an our
previous work [20]. To evaluate the effect of cognitive impairment, we subdivided patients into two
categories: cognitively impaired patients (corresponding to ALS-FTD, ALSbi, ALSci, ALScbi categories in
the revised ALS-FTD Consensus Criteria) and cognitively normal patients (corresponding to ALS-CN
category).

Functional involvement assessment using ALSFRS-R score

We derived the number of body region involved (NBRI) at diagnosis using ALSFRS-R subscores for bulbar,
upper limbs, lower limbs and respiratory/thoracic regions. We considered ALSFRS-R items 1, 2 and 3 for
the bulbar region, items 4 and 5 for the upper limb region, items 8 and 9 for the lower limb region, and items
10, 11 and 12 for the thoracic/respiratory region. A region was considered to be affected when at least 1
point was lost from the maximum total subscore. Item 6 (dressing/hygiene) and item 7 (turning over in bed)
were excluded from the analysis, being not specific for upper or lower limbs involvement. In our series, as in
a previous paper [21], these items never occurred alone in patients with upper and/or lower limbs

involvement.

We determined also King’s stage at diagnosis using ALSFRS-R [14] in order to compare our results with a

validated clinical staging system [22], and to assess their different prognostic yield.
Functional involvement assessment using ALSFRS-R score and neuropsychological evaluation

In the subset of 622 patients with neuropsychological evaluation at diagnosis, we considered the presence of
cognitive impairment as another body region involved, stratifying patients in a further classification based on
the number of motor body regions plus cognitive (NBRI-C). Using this classification, for example, a patient
with bulbar and upper limbs motor involvement and cognitive impairment has been considered as having

three body region involved (NBRI-C = 3).



Statistical analysis

Differences of discrete and continuous variables of interest between numbers of regions involved were
analysed using the 2 test, Student’s t test or Kruskal-Wallis test by ranks and Mann-Whitney U test, as

appropriate. A p value <0.05 was considered significant.

The association between numbers of regions involved and survival was assessed using Cox proportional
hazards models, adjusted for sex, age groups (15-44, 45-59, 60-74 and over 75 years), diagnostic delay,
ALSFRS-R total score, site of onset. Kaplan-Meier curves and log rank test were calculated. We also
performed sensitivity analysis considering the effect of FVC (below and above 80%) and BMI categories
(BMI < 18.5 “underweight”, BMI 18.5-25 “normal weight”, BMI 25 -30 “overweight or preobesity”, BMI >
30 “obesity”) according to the WHO classification [23], and excluding genetic mutation (c90rf72, SOD-1,
TARBDP, FUS) carriers.

Data were analysed using Stata V.13.1 (StataCorp, College Station, Texas, USA).

Standard Protocol Approvals, Registrations, and Patient Consents. The study design was approved by
the Ethical Committee of the Azienda Ospedaliero-Universitaria Citta della Salute. Patients signed a written

informed consent.

Results
Patients’ characteristics

Of the 1,062 patients included, 937 (88.2%) deceased or underwent tracheostomy before the end of follow-
up. Five-hundred and sixty-five were males (53.2%), and the mean age at onset was 66.3 years (Standard
Deviation, SD=11.0). At diagnosis, one region was functionally affected in 492 patients (46.3%), two
regions in 288 patients (27.1%), three in 196 patients (18.5%), and four in 86 patients (8.1%). The number of
affected regions at diagnosis progressively increased with the increase of the age at onset (p=0.0001).

Patients’ characteristics are shown in Table 1.



Table 1 Descriptive statistics of the main variables of interest, stratified by the NBRI at diagnosis. . Valid raw
(%r) and column (%c) percentages by brackets.

NBRI 1 2 3 4 Total
n (%) n (%) n (%) n (%) n (%)  P-value
Sex
Male 262 (46.4) 154 (27.3) 107 (18.9) 42 (7.4) 565(53.2) 0.854
Female 230 (46.3) 134 (27.0) 89 (17.9) 44 (8.8) 497 (46.8)
Age at onset
15-44 27 (71.1) 8 (21.0) 3 (7.9) 0 (0.0) 38(3.6) <0.001
45-59 113 (56.8) 65 (32.7) 13 (6.5) 8 (4.0) 199 (18.7)
60-74 250 (45.3) 159 (28.8) 101 (183) 42 (7.6)  552(52.0)
Over 75 102 (374) 56 (20.5) 79 (28.9) 36 (132) 273(25.7)
El Escorial revised
Defined ALS 119 (23.5) 162(32.0) 139(27.5) 86(17.0) 506 (47.6) <0.001
Probable ALS 159 (48.8) 110(33.7)  57(17.5) 0 (0) 326 (30.7)
Probable-laboratory 214 (93.0)  16(7.0) 0 (0) 0 (0) 230 (21.7)
supported ALS
Site of onset
Bulbar 185 (49.2) 77 (20.5) 77 (20.5) 37 (9.8) 376 (35.4) <0.001
Upper limbs 132 (43.7) 100 (33.1) 51 (16.9) 19 (6.3) 302 (28.4)
Lower limbs 171 (47.1) 109 (30.0) 60 (16.5) 23 (6.4) 363 (34.2)
Respiratory/thoracic 4 (19.1) 2 (9.5) 8 (38.1) 7 (33.3)  21(2.0)
Mutational status
Wild-type 372 (46.5) 227 (28.4) 140 (17.5) 61 (7.6)  800(75.3) 0.337
c9orf72 32 (51.6) 17 (27.4) 11 (17.7) 2 (3.3) 62 (5.8)
SOD-1 9 (56.3) 4 (25.0) 3 (18.8) 0 (0) 16 (1.5)
TARDBP 8 (61.5) 3 (23.1) 0 (0) 2 (15.4) 13 (1.2)
FUS 3 (100) 0 (0) 0 (0) 0 (0) 3 (0.3)
Not assessed 68 (40.0) 37 (22.0) 42 (25.0) 21 (12.5) 168 (15.8)
BMI
Underweight (< 18.5) 13 (52.0) 4 (16.0) 5(20.0) 3 (12.0) 25(2.3) 0.543
Normal (18.5-25) 177 (51.6) 93 (27.1)  58(16.9) 15(4.4) 343 (32.3)
Overweight (25-30) 99(53.2)  50(26.9)  28(15.1) 9 (4.8) 186 (17.5)
Obesity (> 30) 30 (41.1)  26(35.6) 13 (17.8) 4 (5.5) 73 (6.9)
Not assessed 173 (39.8) 115(26.4) 92(21.2)  55(12.6) 435 (41.0)
FVC
<79% 116 (422) 69 (25.0) 67 (24.4) 23 (84)  275(25.9) <0.001
> 80% 205 (56.8) 109 (30.2)  38(10.5) 9 (2.5) 361 (34.0)
Not assessed 171 (40.1) 110(25.8) 91 (21.4) 54 (12.7) 426 (40.1)
Cognitive classification
Normal cognition 184 (56.1)  88(26.8)  45(13.7) 11(3.4)  328(30.9) 0.003
Impaired cognition 136 (46.3)  74(25.2)  58(19.7) 26 (8.4) 294 (27.7)
Not assessed 172 (39.1) 126(28.6) 93 (21.1)  49(11.1) 440 (41.4)
Total 492 (46.3) 288 (27.1) 196 (18.5) 86 (8.1) 1062 (100)



NBRI 1 2 3 4 Total

P-value
Median Median Median Median Median
(IQR) (IQR) (IQR) (IQR) (IQR)
. 0.33 0.70 127 1.69 0.64
AALSFRS-R (pointmonth) 517 679 (0.40-1.22) (0.75-2.00) (1.08-3.00) (0.29-131) <0.001
Onset-diagnosis interval = 0.67 0.75 0.75 0.81 0.75
diagnostic delay (0.41-1.03)  (0.50-1.08) (0.50-1.08) (0.50-1.16) (0.42-1.08) 0.040
Total 492 (46.3) 288 (27.1) 196 (18.5) 86 (8.1) 1062 (100)

NBRI was related to site of onset (p<<0.001) with a more widespread disease at diagnosis in patients with
respiratory onset compared to other groups. Mutational status did not affect the spreading of the disease at

diagnosis (p=0.337).

The overall mean diagnostic delay was 0.98 years. The intervals between onset and diagnosis were
marginally different in relation to the NBRI (1 region: 0.67 years, [QR=0.41-1.03; 2 regions: 0.75 years,
IQR=0.50-1.08; 3 regions: 0.75 years, IQR=0.50-1.08; 4 regions: 0.81 years, IQR=0.50-1.16; p=0.04), not
showing a significant increase trend among groups (see Mann-Whitney U test in supplementary table). The
distribution of ALSFRS-R total scores at diagnosis was significantly different (1 region: median score 45,
IQR=44-46; 2 regions: 42, IQR=39-44; 3 regions: 37, IQR=33-40; 4 regions: 29, IQR=24-36; p<0.001), as
well as the rate of disease progression (AALSFRS-R =48 — ALSFRS-R at diagnosis/diagnostic delay in
months, p < 0.001) and cognitive impairment (p=0.003).

A more widespread functional involvement at diagnosis in the elderly could be explained postulating a
greater diagnostic delay due to the existence of several clinical conditions that could mimic an initial motor
neurons impairment (such as sarcopenia, brain vascular aging, etc.): in our series we do not confirm this
hypothesis, finding no difference in the diagnostic delay among different age classes (Kruskall-Wallis test
p=0.376). Another possible explanation is the presence of a more aggressive disease in the elderly, which is
confirmed considering the overall mean survival reduction across different age classes (see supplementary

material)

Different combinations of NBRI are shown in Table 2



Table 2 Different combination of body regions involved (bulbar, upper limbs, lower limbs, respiratory/thoracic)
subdivided by total number of regions involved (NBRI) at diagnosis. In the last column, » represents the total
number of patients with a specific combination of regions involved, followed by its relative percentage (%)
referred to the single NBRI category.

b g Lo Remmen| g
X 185 (37.6)
| X 132 (26.8)
X 171 (34.8)
X 4 (0.8)
X X 67 (23.3)
X X 50 (17.4)
X X 14 (4.8)
= 2
2a) X X 142 (49.3)
“ X X 7 24)
X X 8 (2.8)
X X X 126 (64.3)
X X X 18 (9.2)
. X X X 17 (8.7)
X X X 35 (17.8)
4 X X X X 86 (100.0)
Total 1062

Survival analysis according to the number of regions involved at diagnosis

Median survival time was inversely related to NBRI at diagnosis (1 region: 2.90 years, IQR=2.1-5.6; 2
regions: 2.6 years, IQR=1.7-4.2; 3 regions: 1.8 years, IQR=1.2-3.1; 4 regions: 1.5 years, IQR=0.8-2.4;
p=0.0001)

Table 3 shows the Cox proportional Hazard models for different adjustments. Adjusting for age and sex, the
NBRI was strongly related to survival, with a progressive increase of death/tracheostomy risk among groups
(2 body regions HR=1.24, 95% CI=1.06-1.45, p=0,007; 3 body regions HR=1.65, 95% CI= 1.38-1.98,
p<0.001; 4 body regions HR=2.68, 95% CI 2.11-3.39, p<0.001) (Table 3).

The association resulted to be even more significant adjusting also for diagnostic delay and site of onset (2
body regions HR=1.53, 95% CI=1.30-1.79, p<0,001; 3 body regions HR=2.09, 95% CI= 1.75-2.50, p<0.001;
4 body regions HR=4.63, 95% CI 3.61-5.93, p<0.001).

To assess the effect of global functional impairment we adjusted the analysis also for ALSFRS-R total score
at diagnosis. Also in this case the association to the number of regions involved remained significant (Table

3).



Kaplan-Meier curves for each group of NBRI are reported in Figure 1. The number of involved regions

proportionally increased the risk of death/tracheostomy (log-rank test, p<0.001).

Insert Figure 1 about here

Figure 1. Kaplan-Meier curve of ALS patients by NBRI at diagnosis.

Sensitivity analysis: wild-type patients, nutritional status and respiratory function

We further performed a sensitivity analysis considering only wild-type patients (800 patients) and the

association remained significant.

In a second sensitivity analysis in 621 patients (58.5%), which considered also measures of both FVC and
BMI at diagnosis, the NBRI remained significantly associated with a cumulative increased risk of

death/tracheostomy
Sensitivity analysis: cognitive impairment spreading

In this sensitivity analysis we considered cognition as a further body region involved. As motor impairment
derived by ALSFRS-r reflects neuronal damage, in the same way cognitive impairment assessed by

neuropsychological evaluation could show disease spreading through non-motor areas.

We performed Kaplan-Meier curves (log-rank test, p<0.001, see Supplementary material) and Cox
proportional Hazard models adjusted for age, sex and diagnostic delay, showing that also NBRI-C

classification is a strong survival determinant (Table 3)
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Table 3 Hazard Ratios of NBRI and King’s staging at diagnosis. Cox proportional hazard models adjusted for
age classes, sex, onset-diagnosis interval, site of onset, total ALSFRS-R score. Sensitivity analysis in wild-type
patients, according FVC and BMI status. Sensitivity analysis considering cognition as a further body region
(NBRI-C).

NBRI King’s stage at diagnosis
Adjustments
HR CI P HR CI p
1 1 1
2 1.24 1.06-1.45 0.007 2 1.35 1.16-1.57 <0.001
Age classes, sex
3 1.65 1.38-1.98 <0.001 3 1.72 1.43-2.06 <0.001
4 2.68 2.11-3.39 <0.001 4% 1.94 1.48-2.55 <0.001
1 1 1
Age classes, sex, 2 1.53 1.30-1.79 <0.001 2 1.64 1.40-1.91 <0.001
diagnostic delay,
site of onset 3 2.09 1.75-2.50 <0.001 3 2.51 2.08-3.03 <0.001
4 4.63 3.61-5.93 <0.001 4% 2.08 1.53-2.82 <0.001
1 1 1
Age cl , Sex,
diagnostie delay, 2 1.30 1.09-1.54  0.003 2 1.24 1.05-148  0.012
site of onset, total _ _
ALSFRS.R soore 3 1.40 1.11-1.79 0.005 3 1.26 0.96-1.63 0.090
4 2.48 1.74-3.55 <0.001 4% 0.85 0.59-1.24 0.411
HR CI P N
Wild-type patients* 1 1 372
(N=800) - Age 2 1.40 1.15-1.70 0.001 227
classes, sex,
diagnostic delay, 3 1.50 1.13-1.97 0.005 140
site of onset 4 291 1.89-4.48  <0.001 61
1 1 312
Age cl , Sex,
Sito of omset, FVC 2 1.44 1.19-1.75  <0.001 169
> 80%, BMI status B
(N=609) 3 1.52 1.20-1.93 <0.001 98
4 3.79 2.54-5.67 <0.001 30
NBRI-C* HR CI P N
1 1 184
2 1.27 1.02-1.58 0.036 224
Age classes, sex,
diagnostic delay 3 1.58 1.22-2.05 <0.001 119
(N=622)
4 2.45 1.80-3.35 <0.001 69
5 5.86 3.73-9.19 <0.001 26

* King’s stages 4a and 4b were considered in a single category (stage 4)

# Patients included in this sensitivity analysis resulted wild-type for SOD-1, TARDBP and FUS mutations and
c9orf72 repeated expansion

woln this sensitivity analysis, we classified patients considering cognitive impairment as another region involved

11



Number of regions and King’s stage comparison at diagnosis

The study population was also stratified according to King’s stage at diagnosis (Table 4).

Table 4 King’s stages according to NBRI at diagnosis

N. of body
. regions | 2 3 4 Total
King’s
stages
1 483 39 6 0 528
Y%col 98.2% 13.5% 3.1% 0.0% 49.7%
Yorow 91.5% 7.4% 1.1% 0.0% 100.0%
2 5 240 52 3 300
Y%col 1.0% 83.3% 26.5% 3.5% 28.2%
Yorow 1.7% 80.0% 17.3% 1.0% 100.0%
3 0 4 110 57 171
%col 0.0% 1.4% 56.1% 66.3% 16.1%
Yorow 0.0% 2.3% 64.3% 33.3% 100.0%
4 4 5 28 26 63
Y%col 0.8% 1.7% 14.3% 30.2% 5.9%
Yorow 6.3% 7.9% 44.4% 41.3% 100.0%
Total 492 288 196 86 1,062
Y%col 100.0% 100.0% 100.0% 100.0% 100.0%
Yorow 46.3% 27.1% 18.5% 8.1% 100.0%

Using ALSFRS-R score, the consistency between the NBRI and King’s clinical stage at diagnosis was 81%.
The inconsistency between the two staging system was mainly related to an under-representation of initial

respiratory/thoracic involvement in King’s system [14].

Survival models using the King’s staging system were also assessed and their HRs were reported and
compared with NBRI. King’s staging, adjusted only for age and sex, showed statistically cumulative and
significant association to overall survival (Table 3). Nevertheless, adjusting for diagnostic delay and site of
onset the trend of increasing risk of death/tracheostomy resulted to be inverted in stages 3 and 4.Adjusting
also for ALSFRS-R total score both stage 3 (HR 1.26, 95% CI=0.96-1.63) and stage 4 (HR 0.85, 95%
CI=0.59-0.24) lose their significance.

12



Discussion

In this population-based study, which included 96% of ALS patients incident in Piemonte and Valle d’Aosta
Italian regions during the 2007-2014 period, we evaluated the importance of assessing the diffusion of motor
involvement at diagnosis as prognostic biomarker. First, we observed that the spatial spreading at diagnosis,
considered as NBRI, was strongly related to overall survival, independently from the specific body region
involved. Second, we found that the inclusion of the involvement of respiratory/thoracic region provides
useful information for the classification in a more or less widespread disease. Third, we pointed out that

evaluation of cognitive dysfunction lead to a better stratification of patients’ outcome.

The phenotypical heterogeneity in ALS is determined by a various combination of clinical traits, such as site
of onset, the predominant involvement of upper or lower motor neurons, and the rate of disease progression
[24]. Such heterogeneity has profound implications in determining clinical outcomes and in designing

clinical trials [25, 26]

Recent neuropathological studies have proposed an explanation to the focality of onset and to upper and
lower motor neurons involvement as a corticofugal spreading of TDP43 pathology [27,28], while the
determinants of progression rate are far to be elucidated. They can reflect individual differences in disease-

modifying genes, environmental modifiers exposure or both [29].

The pattern of disease spreading has been related to survival [30]; for example, in lower limb-onset, the time
to involvement of the following limb has been shown to be a prognostic factor regardless of initial direction
of spread [31]. Besides, the time to bulbar involvement in spinal onset patients [32], the time to
generalisation (i.e. the time of spreading of the clinical signs from spinal or bulbar localization to both) [33]
and the interval from onset to involvement of the second region have been reported to correlate with survival

[21].

In the present study, we have shown that the regional spreading of ALS symptoms can be easily derived
from the ALSFRS-R scale, which is characterised by high internal consistency, reliability and responsiveness
to change [34]. The use of a validated scale minimises the risk of misclassifications of patients due to
variability in neurological evaluation, allowing its administration in different clinical settings. Moreover,
considering the worldwide use of ALSFRS-R score, our findings can be easily replicated using data from
other population-based or clinical trial datasets. The use of ALSFRS-R regional subscores considered the
multidimensionality of the scale, allowing to derive information on spatial spreading of lesions in a way
which is otherwise impossible to obtain with the total raw score. The NBRI at diagnosis resulted to have a
remarkable prognostic value, independent from age, sex, site of onset, diagnostic delay, ALSFRS-R total

score, FVC and nutritional status.

C90rf72 gene expansion is generally considered a negative prognostic factor, leading to early age at onset,

increased risk of dementia [35] and shorter survival [36]. Considerable phenotypic heterogeneity occurs

13



across the other ALS-related genetic mutations [37]. We found that the regional spreading of functional
impairment at diagnosis is not significantly different in patients with c9orf72 expansion and other genetic
mutations compared to wild-type patients, suggesting that the negative effect of c9orf72 mutations on overall
survival is probably related to other factors, such as cognitive impairment and to its negative influence on

mechanical ventilation and enteral nutrition adherence [38].

We compared the prognostic yield of NBRI to King’s staging system, a validated clinical score that
summarises the anatomical spread of disease [39]. The King’s staging system considers as milestones, the
progressive involvement of bulbar, upper and lower limbs regions to classify stages 1, 2 and 3, but it does
not consider the initial respiratory/thoracic involvement [22]. In our population-based series, this difference

resulted to be the major determinant of the lack of consistency between NBRI and King’s stage.

The involvement of the thoracic region is frequently underestimated, especially in the early phases of the
disease: this is can be due to many factors, such as the difficulty of assessing UMN and LMN signs at
thoracic level, the limited number of neurophysiological studies of paravertebral muscles performed, and the
need of pulmonary function tests to detect early respiratory impairment, which can be less accurate in
patients with bulbar symptoms. Despite these limitations, we have found that the evaluation of functional
respiratory involvement at diagnosis derived from ALSFRS-R scale can provide reliable information about
the involvement of thoracic region. According to our findings, as indicated by the sensitivity analysis
adjusted for FVC, thoracic region involvement attains a prognostic value as a sign of a more widespread

disease.

Our findings are in keeping with other studies focused on the symptoms burden in early disease stages [12,
13, 21, 30, 33, 40]. However, we have provided novel evidences on the prognostic value of number of body

regions functionally involved.

Cognitive impairment has been widely recognised as one of the major determinants of disease outcome [6].
Recent findings suggested that ALS motor and cognitive components may worsen in parallel during disease
progression [20]. In our sensitivity analysis with NBRI-C, we found an exponential increase in risk across
categories, confirming that the spread of the disease through cognitive areas is a cause of worse prognosis,

independently from specific motor impairment.

Our study is not without limitations. First, we could not discriminate whether the functional involvement of a
body region is mainly related to UMN or LMN dysfunction. We assume that functional involvement that
leads to the loss of point in ALSFRS-R regional subscore is related to the presence of either UMN or LMN
signs or both, considering that the body region with the highest UMN involvement at onset in general also
had the highest frequency of LMN signs and vice versa [39]. Second, we could not include in our analysis
any specific biomarkers (such as neurofilaments — pNfH and NfL): recent findings showed a correlation
between pNfH and NfL levels and the number of regions with both UMN and LMN involvement,

demonstrating their higher correlation to disease spreading than to rate of progression [9]. Third, our study
14



has not been designed to provide a personalised prediction model, like the ENCALS Survival Prediction
Model, but to specifically untangle the role of the spatial spread of functional impairment and the underlying
pathology, from the mere progression rate. For this reason, the NBRI is not recommended to be used as
prognostic marker in a single patient. Fourth, due to their retrospective nature, our findings should be

confirmed in prospective cohorts from different populations, to assess their validity and generalizability.

For this reason, we suggest that the evaluation of NBRI can be useful in many research fields (i.e.
neuropathology, prognostic biomarkers and neuroimaging), shedding new light on the importance of

evaluating the spreading of functional impairment in the prediction of ALS outcome.
Acknowledgements

This work was in part supported by the Italian Ministry of Health (Ministero della Salute, Ricerca Sanitaria
Finalizzata, grant RF-2016-02362405), the European Commission’s Health Seventh Framework Programme
(FP7/2007-2013 under grant agreement 259867), the Italian Ministry of Research and University (Progetti di
Rilevante Interesse Nazionale 2017, grant 2017SNW5MB), the Joint Programme - Neurodegenerative
Disease Research (Strength, ALS-Care and Brain-Mend projects), granted by Italian Ministry of Education,
University and Research, and Fondazione Mario e Anna Magnetto. This study was performed under the
Department of Excellence grant of the Italian Ministry of Education, University and Research to the ‘Rita

Levi Montalcini’ Department of Neuroscience, University of Torino, Italy.

Contflict of interest: Adriano Chio serves on scientific advisory boards for Mitsubishi Tanabe, Roche,
Biogen, and Cytokinetics, and has received a research grant from Italfarmaco. Andrea Calvo has received

research grant from Cytokinetics.

Umberto Manera, Margherita Daviddi, Antonio Canosa, Rosario Vasta, Maria Claudia Torrieri, Maurizio
Grassano, Maura Brunetti, Sandra D’ Alfonso, Lucia Corrado, Fabiola De Marchi, Cristina Moglia, Fabrizio

D’Ovidio, Letizia Mazzini, report no conflicts of interest.

The sponsor organizations had no role in data collections and analysis and did not participate to writing and

approving the manuscript. The information reported in the manuscript has never been reported elsewhere.

References

1. Swinnen B, Robberecht W. The phenotypic variability of amyotrophic lateral sclerosis. Nat Rev
Neurol 2014 Nov;10(11):661-70.

2. Chio A, Calvo A, Moglia C, et al. Phenotypic heterogeneity of amyotrophic lateral sclerosis: a
population based study. J Neurol Neurosurg Psychiatry 2011 Jul;82(7):740-6.

15



10.

11.

12.

13.

14.

15.

16.

17.

18.

Hardiman O, Al-Chalabi A, Chio A, et al. Amyotrophic lateral sclerosis. Nat Rev Dis Primers 2017
Oct 20;3:17085.

Chio A, Logroscino G, Hardiman O, et al. Prognostic factors in ALS: A critical review. Amyotroph
Lateral Scler 2009 Oct-Dec;10(5-6):310-23.

Dardiotis E, Siokas V, Sokratous M, et al. Body mass index and survival from amyotrophic lateral
sclerosis: A meta-analysis. Neurol Clin Pract. 2018 Oct;8(5):437-444.

Elamin M, Phukan J, Bede P, et al. Executive dysfunction is a negative prognostic indicator in
patients with ALS without dementia. Neurology. 2011 Apr 5;76(14):1263-9.

Czaplinsli A, Yen AA, Appel SH. Forced vital capacity (FCV) as an indicator of survival and
disease progression in an ALS clinic population. J Neurol Neurosurg Psychiatry 2006,77:390, 2.
Umoh ME, Fournier C, Li Y, et al. Comparative analysis of C9orf72 and sporadic disease in an ALS
clinic population. Neurology 2016 Sep 6;87(10):1024-30.

Poesen K, De Schaepdryver M, Stubendorff B, et al. Neurofilament markers for ALS correlate with
extent of upper and lower motor neuron disease. Neurology. 2017 Jun 13;88(24):2302-2309.
Westeneng HJ, Debray TPA, Visser AE, et al. Prognosis for patients with amyotrophic lateral
sclerosis: development and validation of a personalised prediction model. Lancet Neurol. 2018
May;17(5):423-433.

Cedarbaum JM, Stambler N, Malta E, et al. The ALSFRS-R: a revised ALS functional rating scale
that incorporates assessments of respiratory function. BDNF ALS Study Group (Phase III). J Neurol
Sci 1999 Oct 31;169(1-2):13-21.

Kaufmann P, Levy G, Thompson JL, et al. The ALSFRSr predicts survival time in an ALS clinic
population. Neurology 2005 Jan 11;64(1):38-43.

Kimura F, Fujimura C, Ishida S, et al. Progression rate of ALSFRS-R at time of diagnosis predicts
survival time in ALS. Neurology 2006 Jan 24;66(2):265-7.

Balendra R, Jones A, Jivraj N, et al. Estimating clinical stage of amyotrophic lateral sclerosis from
the ALS Functional Rating Scale. Amyotroph Lateral Scler Frontotemporal Degener 2014 Jun;15(3-
4):279-84.

Chio A, Hammond ER, Mora G, et al. Development and evaluation of a clinical staging system for
amyotrophic lateral sclerosis. J Neurol Neurosurg Psychiatry 2015 Jan;86(1):38-44.

Franchignoni F, Mora G, Giordano A, et al. Evidence of multidimensionality in the ALSFRS-R
Scale: a critical appraisal on its measurement properties using Rasch analysis. J Neurol Neurosurg
Psychiatry 2013 Dec;84(12):1340-5.

Franchignoni F, Mandrioli J, Giordano A, et al. A further Rasch study confirms that ALSFRS-R
does not conform to fundamental measurement requirements. Amyotroph Lateral Scler
Frontotemporal Degener 2015;16(5-6):331-7.

Brooks BR, Miller RG, Swash M, et al. El Escorial revisited: revised criteria for the diagnosis of
amyotrophic lateral sclerosis. Amyotroph Lateral Scler Other Motor Neuron Disord 2000; 1: 293-9.

16



19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Strong MJ, Abrahams S, Goldstein LH, et al. Amyotrophic lateral sclerosis - frontotemporal
spectrum disorder (ALS-FTSD): Revised diagnostic criteria. Amyotroph Lateral Scler
Frontotemporal Degener. 2017 May;18(3-4):153-174.

Chio A, Moglia C, Canosa A, et al. Cognitive impairment across ALS clinical stages in a population-
based cohort. Neurology. 2019 Sep 3;93(10):€984-¢994.

Fujimura-Kiyono C, Kimura F, Ishida S, et al. Onset and spreading patterns of lower motor neuron
involvements predict survival in sporadic amyotrophic lateral sclerosis. J Neurol Neurosurg
Psychiatry 2011 Nov;82(11):1244-9.

Roche JC, Rojas-Garcia R, Scott KM, et al. A proposed staging system for amyotrophic lateral
sclerosis. Brain 2012 Mar;135(Pt 3):847-52

World Health Organization. Global Database on Body Mass Index. 2013.
http://apps.who.int/bmi/index.jsp

Ravits JM, La Spada AR. ALS motor phenotype heterogeneity, focality, and spread: deconstructing
motor neuron degeneration. Neurology 2009 Sep 8;73(10):805-11.

Al-Chalabi A, Hardiman O, Kiernan MC, et al.. Amyotrophic lateral sclerosis: moving towards a
new classification system. Lancet Neurol 2016 Oct;15(11):1182-94,

van Es MA, Hardiman O, Chio A, et al. Amyotrophic lateral sclerosis. Lancet 2017 Nov
4;390(10107):2084-2098.

Brettschneider J, Del Tredici K, Toledo JB, et al. Stages of pTDP-43 pathology in amyotrophic
lateral sclerosis. Ann Neurol 2013 Jul;74(1):20-38.

Braak H, Ludolph AC, Neumann M, et al. Pathological TDP-43 changes in Betz cells differ from
those in bulbar and spinal a-motoneurons in sporadic amyotrophic lateral sclerosis. Acta
Neuropathol 2017 Jan;133(1):79-90.

Simon NG, Turner MR, Vucic S, et al. Quantifying disease progression in amyotrophic lateral
sclerosis. Ann Neurol 2014 Nov;76(5):643-57.

Gargiulo-Monachelli GM, Janota F, Bettini M, et al. Regional spread pattern predicts survival in
patients with sporadic amyotrophic lateral sclerosis. Eur J Neurol 2012; 19: 834-841.

Turner MR, Brockington A, Scaber J, et al. Pattern of spread and prognosis in lower limb-onset
ALS. Amyotroph Lateral Scler 2010 Aug;11(4):369-73.

Hu F, Jin J, Jia R, et al. Spread Direction and Prognostic Factors in Limb-Onset Sporadic
Amyotrophic Lateral Sclerosis. Eur Neurol 2016;75(5-6):244-50.

Tortelli R, Copetti M, Panza F, et al. Time to generalization and prediction of survival in patients
with amyotrophic lateral sclerosis: a retrospective observational study. Eur J Neurol 2016
Jun;23(6):1117-25.

Gordon PH, Miller RG, Moore DH. ALSFRS-R. Amyotroph Lateral Scler Other Motor Neuron
Disord 2004 Sep;5 Suppl 1:90-3.

17



35.

36.

37.

38.

39.

40.

Byrne S, Elamin M, Bede P, et al. Cognitive and clinical characteristics of patients with amyotrophic
lateral sclerosis carrying a C9orf72 repeat expansion: a population-based cohort study. Lancet
Neurol 2012 Mar;11(3):232-40.

Chio A, Ilardi A, Cammarosano S, et al. Neurobehavioral dysfunction in ALS has a negative effect
on outcome and use of PEG and NIV. Neurology 2012 Apr 3;78(14):1085-9.

Renton AE, Chio A, Traynor BJ. State of play in amyotrophic lateral sclerosis genetics. Nat
Neurosci. 2014 Jan;17(1):17-23. doi: 10.1038/nn.3584. Epub 2013 Dec 26. Review.

Fang T, Al Khleifat A, Stahl DR, et al. Comparison of the King's and MiToS staging systems for
ALS. Amyotroph Lateral Scler Frontotemporal Degener 2017 May;18(3-4):227-232.

Korer S, Kollewe K, Fahlbusch M, et al. Onset and spreading patterns of upper and lower motor
neuron symptoms in amyotrophic lateral sclerosis. Muscle Nerve 2011 May;43(5):636-42.

Chio A, Mora G, Leone M, et al. Early symptom progression rate is related to ALS outcome: a

prospective population-based study. Neurology 2002 Jul 9;59(1):99-103.

18



