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Abstract

ALCAR (Acetyl-L-carnitine) is a donor of acetyl groups and increases the intracellular levels of carnitine, the primary
transporter of fatty acids across the mitochondrial membranes. In vivo studies showed that ALCAR decrease oxidative stress
markers and pro-inflammatory cytokines. In a previous double-blind placebo-controlled phase II trial showed positive effects
on self-sufficiency (defined as a score of 34+ on the ALSFRS-R items for swallowing, cutting food and handling utensils, and
walking) ALSFRS-R total score and FVC. We conducted an observational, retrospective, multicentre, case—control study
to provide additional data on the effects of ALCAR in subjects with ALS in Italy. Subjects treated with ALCAR 1.5 g/day
or 3 g/day were included and matched with not treated subjects by sex, age at diagnosis, site of onset, and time from diag-
nosis to baseline, (45 subjects per group). ALCAR 3 g/day vs not treated: 22 not treated subjects (48.9%) were still alive at
24 months after baseline, compared to 23 (51.1%) treated subjects (adj. OR 1.18, 95% CI 0.46-3.02). No statistically sig-
nificant differences were detected in ALSFRS nor FVC nor self-sufficiency. ALCAR 1.5 g/day vs not treated: 22 not treated
subjects (48.9%) were still alive at 24 months after baseline, compared to 32 (71.1%) treated subjects (adj. OR 0.27, 95% CI
0.10-0.71). For ALSFRS-R, a mean slope of — 1.0 was observed in treated subjects compared to — 1.4 in those not treated
(p=0.0575). No statistically significant difference was detected in the FVC nor self-sufficiency. Additional evidence should
be provided to confirm the efficacy of the drug and provide a rationale for the dosage.
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Introduction

Amyotrophic lateral sclerosis (ALS) is a neurodegenera-
tive disease resulting in progressive weakness and selective
degeneration of the motor neurons, leading to death from
respiratory failure within 3—4 years [1].

Acetyl-L-carnitine (ALCAR) counteracts motor-neuron
death induced by toxic agents or deprivation of trophic fac-
tors and slows disease progression in animal models [2—4].
The drug also ameliorates mitochondrial dysfunction [5],
restores synaptic transmission [6] and exerts protective
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effects against neuroinflammation [7]. As a consequence,
decreased levels of oxidative stress markers and pro-inflam-
matory cytokines have been detected [8, 9]. In a previous
double-blind placebo-controlled phase II trial, 42 self-
sufficient subjects (with a score of 3+ on the ALSFRS-R
items for swallowing, cutting food and handling utensils, and
walking) with ALS [10] received ALCAR 3 g/day and 40
received placebo in an equivalent dose, and were followed
for 12 months or until death [11]. In the Intention to treat
(ITT) population, 80.9% of subjects receiving ALCAR and
97.5% of those receiving placebo became non-self-sufficient
(p=0.0296). Based on previous data coming from preclini-
cal and clinical studies and its excellent clinical safety pro-
file, ALCAR is a promising treatment for ALS. However,
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the efficacy of the drug has yet to be confirmed by further
studies.

For this reason, we conducted an observational, retro-
spective, multicentre, case—control study to add more evi-
dence to the results of the pilot study.

Methods
Settings and study population

Subjects were identified retrospectively from medical
records of 14 participating Italian sites (representative of
the entire peninsula) according to the following inclusion
criteria: aged 18+ years at ALS diagnosis, definite or prob-
able or probable laboratory-supported ALS according to the
revised El Escorial diagnostic criteria [12]; self-sufficiency;
satisfactory respiratory function (FVC >80% of predicted).

Possible and suspected ALS were not included to avoid
misclassification bias.

The main exclusion criteria were: antecedent polio infec-
tion; other motor neuron disease; involvement of other sys-
tems possibly determining a functional impairment; other
severe clinical conditions; participation in a clinical trial.

Given that ALS is an incurable disease, the health care
system of several Italian regions may support, after approval
from the regional rare diseases technical group, off-label use
of selected treatments with a promising evidence reported
in preliminary early clinical studies. In this setting, since
2011 ALCAR has been prescribed by some specialized ALS
centres in Italy, without any additional cost for people living
with ALS.

Subjects were selected from participant sites that pre-
scribe ALCAR 3 or 1.5 g/day per OS as per clinical practice.
Only subjects that started for the first time to use ALCAR
(for a minimum period of 6 months) from January 1st, 2011
to April 30th, 2019 were included. Controls were subjects
not treated with ALCAR, selected with the same inclusion
and exclusion criteria as treated subjects.

Subjects treated with ALCAR and controls were matched
1:1 by sex, age at diagnosis (+ 5 years), site of onset (spinal/
bulbar), and time from diagnosis to baseline (+3 months).
Baseline was defined as the start date of ALCAR treatment
for treated subjects. For controls, baseline was defined as
the date of the visit in which the disease duration was near-
est to the disease duration of the matched treated subject.
All available subjects in participating centres were initially
included in the study and matching was subsequently per-
formed retaining in the analyses only matched subjects.

Each subject was retrospectively followed for a minimum
of 24 months or until death and for a maximum period of
10 years.

@ Springer

Sample size calculation

In a phase II trial [11], the estimated percentage of sub-
jects alive after 24 months was 64% among those receiving
ALCAR (3 g/die) and 34% among those receiving placebo
(absolute difference: 30%). A total of 45 subjects treated
with ALCAR 3 g/day and 45 subjects in the control group
is needed to detect this difference with 80% power and
5% level of significance. The minimum sample size to
be reached after matching is of 45 subjects treated with
ALCAR 3 g/day and 45 matched controls (1:1 matching).

To have the same power to detect the same effect for
subject treated with ALCAR 1.5 g/day 45 additional pairs
are needed.

Primary endpoint and related outcome measure

The proportion of subjects alive at 24 months after base-
line among subjects treated with ALCAR 3 g/day com-
pared to not treated subjects.

Secondary endpoints and related outcome
measures

1. The cumulative probability of survival during the avail-
able follow-up period, in subjects treated with ALCAR
3 g/day and not treated subjects.

2. The mean change of ALSFRS-R total score during
the 12 months after baseline, in subjects treated with
ALCAR 3 g/day and not treated subjects.

3. The mean change of FVC score during the 12 months
after baseline, in subjects treated with ALCAR 3 g/day
and not treated subjects.

4. The proportion of subjects becoming non-self-sufficient
after 12 months of follow-up, defined as those scoring
2 or lower on at least one of the ALSFRS-R items for
swallowing, and/or cutting food and/or handling uten-
sils, or walking, in subjects treated with ALCAR 3 g/day
and not treated subjects.

5. The cumulative probability of losing self-sufficiency
during the 12 months after baseline, considering sub-
jects with ALSFRS-R data recorded at least every
3 months, in subjects treated with ALCAR 3 g/day and
not treated subjects.

6. The mean change of ALSFRS-R total score during the
18 and 24 months after baseline, in subjects treated with
ALCAR 3 g/day and not treated subjects.

7. The mean change of FVC score during the 18 and
24 months after baseline, in subjects treated with
ALCAR 3 g/day and not treated subjects.
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Secondary exploratory endpoints and related
outcome measures

The proportion of subjects alive at 24 months after baseline
in subjects treated with ALCAR 1.5 g/day and not treated
subjects. The same as in secondary endpoints and related
outcomes 1-7, but considering subjects treated with ALCAR
1.5 g/day compared to not treated subjects.

Data collection

We collected demographic and clinical data at baseline (El
Escorial category, date of disease onset and diagnosis, site
of onset), medical/surgical history, including comorbidities,
physical and neurological examination.

To assess changes in functional impairment and vital
capacity, ALSFRS-R scale and FVC were recorded at every
available visit for 12 months, collecting all available data
reported in the medical records (maximum once per month,
12 times per subject). If available, data were also recorded at
18 and 24 months after baseline. Any change in concomitant
therapy, medical history or disease progression was also col-
lected at each available follow-up. For date of death infor-
mation, we asked investigators to collect death certificate.

Given the retrospective data collection in subjects diag-
nosed between 2011 and 2019, neither genetic data nor bio-
logical samples were.

An electronic, centralized, validated and password pro-
tected CRF according to the European privacy law (Gen-
eral Data Protection Regulation UE n. 2016/679), was used.
Anonymized data were entered into the eCRFs by site staff.

This study was planned and performed according to the
principles of Good Clinical Practice (ICH-GCP), the dec-
laration of Helsinki, and the national laws and regulations
about clinical studies. The study received approval from the
Independent Ethics Committee (IEC) of the Promoter and
of each involved site.

Statistical analysis

Descriptive statistics on demographic and clinical vari-
ables were reported in subjects treated with ALCAR 3 g/
day and not treated matched controls. Treated and not
treated subjects were compared using the chi-square or
the Fisher’s exact test for categorical variables, and the
Wilcoxon—Mann—Whitney test for continuous variables.
The number and percentage of subjects alive at 24 months
after baseline were calculated and compared between
treatment groups using the chi-square test. Univariable
and multivariable logistic regression models were used
to calculate the odds ratio (OR) and adjusted OR (adj.
OR) for the risk of death within 24 months after baseline.
The progression rate was calculated as (48 — ALSFRS-R

at baseline)/(disease duration at baseline), and subjects
were categorized as fast progressors (rate > 0.67) or slow
progressors (rate <0.67) [13]. The cumulative probabil-
ity of survival over 24 months of follow-up in each treat-
ment group was estimated using Kaplan—Meier survival
curves and compared between treatment groups using the
log-rank test. Univariable and multivariable Cox’s pro-
portional hazards models were used to estimate the haz-
ard ratio (HR) and adjusted HR (adj. HR) for death. The
progression over 24 months of follow-up of ALSFRS-R
total score and FVC% were evaluated using repeated meas-
ures linear mixed models with random intercept and slope,
with, separately, ALSFRS and FVC% as dependent vari-
able and treatment (not treated or treated with ALCAR),
time (month 0-24) and treatment X time interaction as
independent variables. The number and percentage of self-
sufficient subjects at 12 months was calculated and com-
pared between treatment groups using the Chi-square test.
Univariable and multivariable logistic regression models
were used to calculate the OR and adj. OR for the risk of
losing self-sufficiency within 24 months after baseline.
The cumulative probability of remaining self-sufficient
was estimated using Kaplan—Meier survival curves. Uni-
variable and multivariable Cox’s proportional hazards
models were used to estimate the HR and adj. HR.

All multivariable models were adjusted for El Escorial
category, use of riluzole and progression rate category.

The entire statistical analysis plan was repeated in sub-
jects treated with ALCAR 1.5 g/day and their matched con-
trols as a secondary exploratory analysis. Missing data were
handled using the listwise deletion in logistic regression and
Cox models. In linear mixed models all available time points
were included for each subject. The significance level was
set to 0.05. Analyses were performed using the SAS soft-
ware, version 9.4 (SAS Institute, Cary, NC, USA).

A post-hoc sensitivity analysis using a propensity score
matching was also performed to evaluate the impact of a
different matching approach on the estimated effects of
treatment with ALCAR. The propensity score for receiving
ALCAR treatment was calculated in subjects treated with
3 g/day and not treated, and, separately, in those treated with
1.5 g/day and not treated. Logistic regression models were
used to calculate propensity scores, including as covariates:
sex, onset, El Escorial category, use of riluzole, ALSFRS-R
total score at baseline, FVC at baseline, time from diagnosis
to the first available visit for not treated subjects or to the
date of ALCAR treatment start for treated subjects, diagnos-
tic delay (time from onset to diagnosis), age at baseline. A
1:1 matching on propensity score (+0.02) of subjects treated
with ALCAR 3 g/day with not treated subjects, and, sepa-
rately, of subjects treated with ALCAR 1.5 g/day with not
treated subjects, was then performed using the same pool of
not treated subjects.
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Results

We collected data of 286 subjects. 68 subjects did not meet
the inclusion criteria and were excluded, leading to 218
subjects available for matching (101 not treated, 59 treated
with ALCAR 3 g/day and 58 treated with ALCAR 1.5 g/
day). We performed a 1:1 matching of subjects treated
with ALCAR 3 g/day with 45 not treated subjects and
separately a 1:1 matching of subjects treated with ALCAR
1.5 g/day with 45 additional not treated subjects. 38 sub-
jects were not matched (11 not treated, 14 treated with
ALCAR 3 g/day and 13 treated with ALCAR 1.5 g/day
and were excluded from the analyses (Fig. 1).

All subjects were treated until the end of follow-up.

Descriptive statistics comparing subjects treated
with ALCAR 3 g/day and not treated matched controls

are shown in Table 1. Treated and not treated subjects
were comparable for most baseline characteristics. Dif-
ferences in baseline characteristics were observed for the
El Escorial category that was more frequently probable
laboratory supported in not treated (47%) than in treated
(24%) subjects, while treated were more frequently defi-
nite ALS (36%) as compared to not treated (16%). All
subjects treated with ALCAR were concomitantly treated
with riluzole, while about 7% of those not treated with
ALCAR did not take riluzole. Progression rate was fast in
24% of treated and 31% of not treated subjects. The base-
line ALSFRS-R total score and FVC% were comparable
in the 2 groups.

286 selected subjects

68 subjects did not

v

meet the inclusion
criteria

218 included subjects

A4
101 not treated 59 treated ALCAR 58 treated ALCAR
3 g/day 1.5 g/day
38 not matched
subjects excluded
» | (11 not treated,
14 treated ALCAR
v v v 3g, 13 treated
90 matched 45 matched 45 matched ALCAR 1.5g)
subjects subjects

Fig.1 Study flow chart
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Table 1 Descriptive statistics in treated with ALCAR 3 g/day and matched not treated

Not treated Treated with ALCAR 3 g/day p value
n % n %
Sex >0.9999
Female 14 31.1 14 31.1
Male 31 68.9 31 68.9
Site of onset >0.9999
Bulbar 14 31.1 14 311
Spinal 31 68.9 31 68.9
El Escorial category 0.0355
Definite 7 15.6 16 35.6
Probable 17 37.8 18 40.0
Probable laboratory supported 21 46.7 11 24.4
Riluzole use 0.2416
Yes 42 93.3 45 100.0
No 3 6.7 0 0.0
Progression rate 0.4802
Fast 14 31.1 11 24.4
Slow 31 68.9 34 75.6
Not treated Treated with ALCAR 3 g/day p value
Median IQR Median IQR
Age onset 66.1 60.5-70.8 65.2 60.1-71.1 0.9005
Age diagnosis 67.0 61.1-71.1 66.2 60.6-71.6 0.9103
Diagnostic delay 8.2 4.8-12.1 9 4.3-12.1 0.8816
Progression rate at diagnosis 0.37 0.25-0.74 0.47 0.24-0.67 0.6124
Follow up duration 28.9 20.5-42.9 259 19.2-42.0 0.8941
Age baseline 67.0 61.3-71.1 66.5 60.9-71.6 0.8627
Time from diagnosis to baseline (months) 0.3 0.0-1.0 0.2 0.0-1.4 0.9447
ALSFRS-R 45 43-45 44 42-45 0.3186
FVC % 96 88-103 96 88-107 0.9326

ALCAR acetyl-L-carnitine, FVC forced vital capacity, ALSFRS-R amyotrophic lateral sclerosis functional rating scale-revised

Primary endpoint

Among not treated subjects 22 (48.9%) were still alive
at 24 months after baseline, compared to 23 (51.1%)
among treated subjects (p =0.8330, adj. OR 1.18, 95% CI
0.46-3.02). The cumulative survival probability (Fig. 2A)
was 0.96 at 6 months, 0.87 at 12 months, 0.71 at 18 months,
and 0.49 at 24 months in not treated subjects. The corre-
sponding numbers in treated subjects were 0.98, 0.91, 0.71
and 0.51 (p=0.8481, adj. HR 1.15, 95% CI 0.59-2.21)
(Table 2).

Secondary endpoints

At 12 months after baseline 7 not treated subjects (16.7%)
were self-sufficient, as compared to 2 (4.7%) treated sub-
jects (p=0.0719, adj. OR 7.96, 95% CI 1.08-58.95).
The cumulative probability of remaining self-sufficient

(Fig. 2B) was 0.77 at 3 months, 0.65 at 6 months, 0.38 at
9 months, and 0.27 at 12 months in not treated subjects.
The corresponding numbers in treated subjects were 0.71,
0.46, 0.13 and 0.08 (p=0.0620, adj. HR 2.02, 95% CI
0.99-4.12) (Table 2).

In treated subjects, the mean estimated ALSFRS-R total
score was 42.2 at baseline, 26.9 at month 12 and 11.5 at
month 24, with a mean slope of — 1.3, as compared to
43.4,27.7 and 12.1, with a mean slope of — 1.3 in not
treated subjects (slope difference: 0.0; 95% CI — 0.4, 0.4,
p=0.8910) (Table 3) (Fig. 3A).

The mean estimated FVC% was 98.8 at baseline, 67.4 at
month 12 and 36.2 at month 24 in treated subjects, with a
mean slope of —2.6, as compared to 101.4, 61.9 and 22.5
in not treated subjects, with a mean slope of — 3.3 (slope
difference: 0.7; 95% CI — 0.6, 1.9; p=0.2747) (Table 3)
(Fig. 3B).
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A Survival in treated with ALCAR 3 gr/day and matched not treated
With Number of Subjects at Risk and 95% Confidence Limits
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Fig.2 Cumulative survival probability and cumulative probability of remaining self-sufficient in treated with ALCAR and not treated

Secondary exploratory analysis

A total of 45 subjects treated with ALCAR 1.5 g/day
and 45 matched controls were included in this second-
ary exploratory analysis. Descriptive statistics comparing
subjects treated with ALCAR 1.5 g/day and not treated
matched controls are shown in Table 4. Treated and not
treated subjects were comparable for most baseline char-
acteristics. Differences in baseline characteristics were
observed for the definite El Escorial category that was
more frequent in treated subjects (36% vs. 13%), while
the probable and probable laboratory supported categories
were less frequent in treated subjects (33% vs. 40% and
31% vs. 46%, respectively). All except one subject treated
with ALCAR were concomitantly treated with riluzole,
while 11% of those not treated with ALCAR did not take
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riluzole. Progression rate was fast in 15% of treated and
29% of not treated subjects. The baseline ALSFRS-R total
score and FVC% were comparable in the 2 groups.

Primary endpoint in treated with ALCAR 1.5 g/day

Among not treated subjects 22 (48.9%) were still alive
at 24 months after baseline, as compared to 32 (71.1%)
among treated subjects (p=0.0314, adj. OR 0.27, 95%
CI 0.10-0.71). The cumulative survival probability
(Fig. 2C) was 1.00 at 6 months, 0.87 at 12 months, 0.64 at
18 months, and 0.49 at 24 months in not treated subjects.
The corresponding numbers in treated subjects were 0.98,
0.91, 0.88 and 0.71 (p=0.0195, adj. HR 0.34, 95% CI
0.16-0.71) (Table 5).
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Table 2 Risk of death and risk of losing self-sufficiency in treated with ALCAR 3 g/day and not treated: univariable and multivariable analyses

Status at 24 months Not treated Treated with ALCAR 3 g/day p value Univariable Multivariable
from baseline analysis® analysis®

n % n % OR 95%CI adj. OR  95% CI
Alive 22 48.9 23 51.1 0.8330 091 0.40-2.09 1.18 0.46-3.02
Dead 23 51.1 22 48.9
Survival over Number Survival probability Number Survival probability p value HR  95% CI adj. HR  95% CI
24 months of follow-up at risk at risk
0 months 45 1.00 45 1.00 0.8481 095 0.53-1.70 1.15 0.59-2.21
3 months 45 1.00 45 1.00
6 months 43 0.96 44 0.98
9 months 40 0.89 42 0.93
12 months 39 0.87 41 0.91
15 months 34 0.76 36 0.80
18 months 32 0.71 32 0.71
21 months 28 0.62 27 0.60
24 months 22 0.49 23 0.51
Self-sufficiency at n % n % pvalue OR 95%CI adj. OR  95% CI
12 months from
baseline
Self-sufficient 7 16.7 2 4.7 0.0719 4.1 0.79-21.02  7.96 1.08-58.95
Not self-sufficient 35 83.3 41 95.3
Unknown 3 2
Self-sufficiency over Number Probability of Number Probability of pvalue HR  95%CI adj. HR  95% CI
12 months of follow-up atrisk  remaining self- atrisk  remaining self-

sufficient sufficient

0 months 26 1.00 24 1.00 0.0620 1.8  0.96-3.37 2.02 0.99-4.12
3 months 20 0.77 17 0.71
6 months 17 0.65 11 0.46
9 months 10 0.38 3 0.13
12 months 7 0.27 2 0.08

ALCAR acetyl-L-carnitine, OR odds ratio, adj. OR adjusted odds ratio, HR hazard ratio, adj. HR adjusted hazard ratio

*Matched by age (+ 5 years), sex, disease duration (+ 3 years), site of onset

"Matched by age (+5 years), sex, disease duration (+3 years), site of onset; adjusted by riluzole use, EL Escorial category, progression rate cat-

egory

Secondary endpoints in treated with ALCAR 1.5 g/day

At 12 months after baseline 4 not treated subjects (9.5%)
were self-sufficient, as compared to 3 (7.7%) treated subjects
(p=0.9999, adj. OR 1.47,95% CI 0.27-7.86). The cumula-
tive probability of remaining self-sufficient (Fig. 2D) was
0.64 at 3 months, 0.32 at 6 months, 0.16 at 9 months, and
0.13 at 12 months in not treated subjects. The corresponding
numbers in treated subjects were 0.59, 0.44, 0.33 and 0.15
(p=0.5478, adj. HR 0.84, 95% CI 0.48-1.48) (Table 5).
The mean estimated ALSFRS-R total score was 42.8 at
baseline, 30.6 at month 12 and 18.4 at month 24 in treated
subjects, with a mean slope of — 1.0, as compared to 41.9,
25.4 and 8.8 in not treated subjects, with a mean slope of

— 1.4 (slope difference: 0.4; 95% CI 0.0, 0.7; p=0.0575)
(Table 6) (Fig. 3C). The mean estimated FVC% was 97.0 at
baseline, 72.7 at month 12 and 48.4 at month 24 in treated
subjects, with a mean slope of —2.0, as compared to 97.4,
65.8 and 33.8 in not treated subjects, with a mean slope of
—2.6 (slope difference: 0.6; 95% CI —0.2, 1.5; p=0.1542)
(Table 6) (Fig. 3D).

Post-hoc sensitivity analysis: propensity score
matching

Results obtained using a propensity score matching were in

line with those obtained in the primary analysis (with match-
ing on age, sex, onset and time from diagnosis to baseline)
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Table 3 Progression of ALSFRS-R and FVC% in treated with ALCAR 3 g/day and not treated

Group Time ALSFRS-R FvC
Estimate® 95% lower CL 95% upper CL p value  Estimate® 95% lower CL  95% upper CL p value
Treated with ALCAR ~ Month 0 42.2 39.5 44.8 98.6 88.5 108.7
3 g/day Month4  37.1 342 39.9 88.2 78.0 98.4
Month 8  32.0 28.5 35.4 77.8 66.5 89.2
Month 12 26.9 226 31.2 67.4 54.2 80.7
Month 18 19.2 13.4 25.0 51.8 34.8 68.8
Month 24 11.5 42 18.9 36.2 14.9 57.6
Slope -13 -16 -1.0 <0.0001 —2.6 -34 -18 <0.0001
Not treated Month 0  43.4 41.0 45.8 101.4 92.5 110.2
Month4 382 35.6 40.7 88.2 79.3 97.2
Month8  33.0 29.7 36.2 75.1 64.7 85.5
Month 12 27.7 23.6 31.9 61.9 49.2 74.7
Month 18 19.9 14.3 25.6 422 25.2 59.3
Month 24 12.1 4.8 19.4 225 0.6 44.4
Slope -13 -16 -1.0 <0.0001 —3.3 —42 —24 <0.0001
Treated with ALCAR ~ Month 0 —1.2 -29 0.5 -28 -9.7 4.1
3 g/day vs. not Month4 —1.1 -34 1.1 0.0 -173 7.3
treated (difference) —\yong 10 —46 2.5 2.7 -76 13.1
Month 12 —0.9 -6.0 42 5.5 -9.0 20.0
Month 18 —0.7 -82 6.8 9.6 -11.8 31.0
Month 24 —0.5 -10.5 9.4 13.7 -14.8 422
Slope 0.0 -04 0.4 0.8910 0.7 -0.6 1.9 0.2747

ALCAR acetyl-L-carnitine, FVC forced vital capacity, ALSFRS-R amyotrophic lateral sclerosis functional rating scale-revised, CL confidence

limit

#Matched by age (+ 5 years), sex, disease duration (+3 years), site of onset; adjusted by riluzole use, EL Escorial category, progression rate cat-

egory

(Table 7). A total of 45 subjects treated with ALCAR 3 g/
day and 45 treated with ALACAR 1.5 g/day were matched
1:1 with not treated subjects on propensity score. Covariates
used for the calculation of propensity score were well balanced
between treated and not treated subjects after matching. When
considering subjects treated with ALCAR 3 g/day and their
propensity score matched not treated subjects, 46% in both
groups died within 24 months after baseline (OR 1.00, 95% CI
0.44-2.29). No statistically significant differences between the
two treatment groups were observed in ALSFRS total score,
FVC and self-sufficiency (Table 7). At 24 months 28% of
subjects treated with ALCAR 1.5 g/day died, as compared to
55% among their propensity score matched not treated subjects
(OR 0.33,95% CI 0.44-2.29). No statistically significant dif-
ferences between the two treatment groups were observed in
ALSFRS total score, FVC and self-sufficiency (Table 7).
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Discussion

Our findings did not confirm an effect of ALCAR 3 g/day
on survival in ALS subjects at 24 months. An effect was
observed in those treated with ALCAR 1.5 g/day.

Even though the proportion of patients becoming non-
self-sufficient is now a validated endpoint for trials in ALS
[9], we decided to use the overall survival as primary end-
point based on the results from a previous clinical trial
[11]. Also, in a retrospective observational study it is more
feasible to collect survival data rather than repeated meas-
ures of ALSFRS-R scores over a long follow-up period.

Regarding the secondary endpoints, we did not obtain
significant results in self-sufficiency and FVC with both
ALCAR 3 g/day and 1.5 g/day. In subjects treated with
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Fig.3 Progression of ALSFRS-R and FVC% in treated with ALCAR and not treated

ALCAR 1.5 g/day, the difference in ALSFRS-R slope
as compared to not treated was 0.4 (95% CI 0.0, 0.7;
p=0.0575), while the slopes were virtually the same in
treated with 3 g/day and their matched controls.

These data are not in line with the previous findings [11],
but this could be probably explained by the retrospective
design of the present study, which did not allow a regular
collection of ALSFRS-R scores and FVC% at fixed time
points.

In the previous pilot clinical trial, an effect on survival
was observed using a dosage of 3 g/day, while in our obser-
vational study, the effective dose was 1.5 g/day and, unex-
pectedly, no effect was observed in subjects treated with
3 g/day. In addition, we did not detect an effect on self-
sufficiency at 12 months as previously seen in the pilot
trial. These differences could be explained by the study
design (retrospective observational study vs prospective
randomized trial), selection bias (subjects from the real-
world clinical practice are less selected than those included
in a clinical trial), drug compliance (subjects enrolled in
a clinical trial perform several on site evaluation in which

compliance is verified by tablets accounting, while in clini-
cal practice this is not done).

As observed in Herzmann [14], the mean of the plasmatic
levels of ALCAR were significantly higher in patients with
confirmed HIV-1 infection treated with ALCAR at different
dosages than in the control group. In the same study, Her-
zmann observed that plasmatic levels of ALCAR did not
differ between different daily dosage regimens. However,
intra-mitochondrial levels remain unknown and the phar-
macokinetic profile of orally administered ALCAR is com-
plex and likely to be affected by endogenous concentrations.
Based on this observation, the differences between the two
dosages observed in our study are not expected to be justified
by ALCAR plasmatic levels.

Instead, the observed differences could be explained by
the incomplete control of the disease heterogeneity in an
observational study. Randomization is the unique instrument
able to achieve an effective balance of all confounding fac-
tors between groups. Differences in the effect of the two
dosages could in part be explained by baseline imbalance
in the El Escorial category, progression rate and usage of
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Table 4 Descriptive statistics in treated with ALCAR 1.5 g/day and matched not treated

Not treated Treated with ALCAR 1.5 g/day p value
n % n %
Sex >0.9999
Female 11 24.4 11 24.4
Male 34 75.6 34 75.6
Site of onset >0.9999
Bulbar 13 28.9 13 28.9
Spinal 32 71.1 32 71.1
El Escorial category 0.0408
Definite 6 13.3 16 35.6
Probable 18 40.0 15 333
Probable laboratory supported 21 46.7 14 31.1
Riluzole use 0.0910
Yes 40 88.9 44 97.8
No 5 11.1 1 22
Progression rate 0.1282
Fast 13 289 7 15.6
Slow 32 71.1 38 84.4
Not treated Treated with ALCAR 1.5 g/day p value
Median IQR Median IQR
Age onset 64.8 55.9-71.4 63.8 56.1-69.1 0.8155
Age diagnosis 65.4 56.8-71.9 64.9 57.8-70.1 0.9295
Diagnostic delay 8.3 5.1-10.8 10.6 5.0-14.3 0.0913
Follow up duration 25.8 18.9-49.6 33.6 22.4-47.7 0.2424
Progression rate at diagnosis 0.46 0.28-0.74 0.28 0.15-0.52 0.0067
Age baseline 65.4 56.8-72.0 65.0 57.8-70.1 0.9359
Time from diagnosis to baseline (months) 0.0 0.0-0.9 0.0 0.0-0.0 0.4410
ALSFRS-R 44 41-46 45 44-46 0.0614
FVC % 96 93-105 97 89-102 0.4146

ALCAR acetyl-L-carnitine, FVC forced vital capacity, ALSFRS-R amyotrophic lateral sclerosis functional rating scale-revised

riluzole. We adjusted all analyses by these variables but this
may not have been sufficient to completely control their pos-
sible confounding effect.

Our hypothesis is that the presence of residual confound-
ing might explain our unexpected results. Residual con-
founding refers to the presence of an unmeasured or uncon-
trolled variable that could affect the relationship between
treatment (ALCAR) and outcome. Observational studies are
prone to residual confounding because they do not involve
random assignment of participants to treatment and control
group. Therefore, the positive results observed in the group
treated with ALCAR 1.5 g/day may be due to some unmeas-
ured or uncontrolled variable. Also, unmeasurable or uncon-
trolled confounding could have determined the absence of
effect in the ALCAR 3 g/day group.

This study has several strengths. First, it included treat-
ment groups that were well-balanced on the most relevant
prognostic factors. The matching of subjects helped reducing
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the impact of potential confounding variables and strength-
ens the internal validity of the study. Second, each subject
was followed for a minimum of 24 months or until death.
This allowed a long-term evaluation of the treatment effect.
Third, we chose to use overall survival as the primary end-
point, which is a hard outcome, providing a comprehensive
assessment of the treatment effect in a retrospective study,
although the proportion of patients becoming non-self-suf-
ficient and ALSFRS-R total score, used as secondary out-
comes, are validated endpoints for trials in ALS. At last,
tertiary centres from several Italian regions were included
and subjects included in the study should be representative
of the Italian general ALS patients population. This should
increase the external validity of the study.

The study has some limitations. This is a retrospective
study and no data regarding cognitive impairments nor
comorbidities nor risk factors were available; no biologi-
cal data were available to test differences in biomarkers
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Table 5 Risk of death and risk of losing self-sufficiency in treated with ALCAR 1.5 g/day and not treated: univariable and multivariable analy-

S€s

Status at 24 months Not treated Treated with ALCAR 1.5 g/ p value Univariable Multivariable
from baseline day analysis® analysis®

n % n % OR 95%CI adj. OR  95% CI
Alive 22 48.9 32 71.1 0.0314 0.39 0.16-0.93 0.27 0.10-0.71
Dead 23 51.1 13 28.9
Survival over Number Survival probability Number Survival probability p value HR 95%CI adj. HR  95% CI
24 months of follow-up at risk at risk
0 months 45 1.00 45 1.00 0.0195 045 0.23-090 0.34 0.16-0.71
3 months 45 1.00 45 1.00
6 months 45 1.00 44 0.98
9 months 43 0.96 42 0.93
12 months 39 0.87 41 0.91
15 months 35 0.78 40 0.89
18 months 29 0.64 39 0.87
21 months 22 0.49 37 0.82
24 months 22 0.49 32 0.71
Self-sufficiency at n % n % p value OR  95%CI adj. OR  95% CI
12 months from
baseline
Self-sufficient 4 9.5 3 7.7 >0.9999 126 0.26-6.04 147 0.27-7.86
Not self-sufficient 38 90.5 36 923
Unknown 3 6
Self-sufficiency over Number Probability of Number Probability of p value HR 95%CI adj. HR  95% CI
12 months of follow-up atrisk  remaining self- atrisk  remaining self-

sufficient sufficient

0 months 31 1.00 27 1.00 0.5478 0.84 0.48-1.48 0.89 0.47-1.69
3 months 20 0.64 16 0.59
6 months 10 0.32 12 0.44
9 months 5 0.16 9 0.33
12 months 0.13 4 0.15

ALCAR acetyl-L-carnitine, OR odds ratio, adj. OR adjusted odds ratio, HR hazard ratio, adj. HR adjusted hazard ratio

#Matched by age (+ 5 years), sex, disease duration (+3 years), site of onset

®Matched by age (+5 years), sex, disease duration (+ 3 years), site of onset; adjusted by riluzole use, EL Escorial category, progression rate cat-

egory

evolution and genetic mutations; inter-rater agreement on
the use of ALSFRS-R was not performed and this could have
affected the consistency of the evaluation between centres.
As this is an observational study (not randomized) we cannot
exclude the presence of residual confounding. To evaluate
the impact of a different matching approach, we performed a
post-hoc sensitivity analysis using a propensity score match-
ing. Propensity score matching simulate the effects of ran-
domization in observational studies. All measured baseline
covariates were well balanced between groups after propen-
sity score matching and the results obtained were in line
with those obtained in the primary analysis. This confirms
that variables selected for matching (age, sex, time from

diagnosis to baseline, onset), in combination with multivari-
able adjustment for unbalanced covariates in the primary
analysis, allowed a good control of confounding. However,
this is not sufficient to exclude the possibility of residual
confounding due to unmeasured or even unmeasurable base-
line covariates having an impact on treatment assignment
and outcome. The last limitation is that, even if the sample
size was adequate for the evaluation of our primary end-
point, this was not sufficient to perform adequately powered
subgroup analyses (by onset, progression rate, age, sex).
This study provided additional information on the
potential effect of ALCAR on disease progression and
survival and adds evidence to justify the use of ALCAR
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Table 6 Progression of ALSFRS-R and FVC% in treated with ALCAR 1.5 g/day and not treated

Group Time ALSFRS-R FVC
Estimate® 95% lower CL  95% upper CL p value  Estimate® 95% lower CL 95% upper CL p value
Treated with ALCAR  Month 0 42.8 41.1 445 97.0 90.6 103.3
1.5 g/day Month4  38.7 36.8 40.7 88.9 82.3 95.4
Month 8 34.7 32.0 37.3 80.8 73.3 88.2
Month 12 30.6 27.1 34.1 72.7 63.8 81.5
Month 18 24.5 19.5 29.5 60.6 49.1 72.0
Month 24 18.4 11.9 25.0 48.4 34.0 62.9
Slope -10 -13 -0.7 <0.0001 —-2.0 -26 -15 <0.0001
Not treated Month 0 41.9 40.4 435 97.4 91.6 103.1
Month4 36.4 34.6 382 86.8 80.7 92.8
Month 8 30.9 28.4 33.4 76.2 68.9 83.5
Month 12 25.4 22.0 28.8 65.6 56.5 74.7
Month 18 17.1 12.2 219 49.7 37.3 62.1
Month 24 8.8 25 15.2 33.8 17.9 49.8
Slope —14 -16 -1.1 <0.0001 -2.6 -33 -20 <0.0001
Treated with ALCAR  Month 0 0.9 —06 23 —04 -58 5.0
1.5 g/day vs. not Month4 2.3 0.4 43 2.1 -38 8.0
treated (difference)  \pong 38 0.6 6.9 46 _34 12,6
Month 12 5.2 0.7 938 7.1 -3.7 17.9
Month 18 7.4 0.7 14.2 10.8 —47 26.3
Month 24 9.6 0.7 18.6 14.6 -58 35.0
Slope 0.4 0.0 0.7 0.0575 0.6 -02 15 0.1542

ALCAR acetyl-L-carnitine, FVC forced vital capacity, ALSFRS-R amyotrophic lateral sclerosis functional rating scale-revised, CL confidence limit

*Matched by age (+5 years), sex, disease duration (+3 years), site of onset; adjusted by riluzole use, EL Escorial category, progression rate category

Table 7 Post-hoc sensitivity analysis: propensity score matching

ALCAR 3 g/day vs. not treated

ALCAR Not treated
Death % % OR 95% CI

46 46 1.00 0.44-2.29
ALSFRS-R Slope Slope Delta slope p

-1.17 -1.13 -0.04 0.8496
FvC Slope Slope Delta slope p

—243 —3.04 0.61 0.2274
Non-self-sufficiency % % OR 95% CI

95 88 2.71 0.50-14.84
ALCAR 1.5 g/day vs. not treated

ALCAR Not treated
Death % % OR 95% C1

28 55 0.33 0.14-2.29
ALSFRS-R Slope Slope Delta slope 4

-1.02 —-1.35 0.33 0.0877
FVC Slope Slope Delta slope p

-221 —2.80 0.59 0.1945
Non-self-sufficiency % % OR 95% CI

95 86 2.84 0.54-15.00
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in ALS subjects. In addition, our results underlined that
ALCAR has a good safety profile in people living with
ALS in the context of real use outside clinical trials. A
difference on survival was detected between ALCAR
1.5 g/day and not treated subjects. As already discussed,
ALCAR is prescribed at different dosages in Italy, but no
investigation was performed to select the most efficient
dosage and hopefully to understand if different dosages
are requested based on disease progression. At this point,
we suggest to better investigate the effect of different dos-
ages by a randomized, double-blind placebo-controlled,
longitudinal prospective trial, with three arms (placebo,
ALCAR 3 g/day, ALCAR 1.5 g/day) and long-term fol-
low up (12 months). Such a study will evaluate the effect
of ALCAR 1.5 g/day or 3 g/day removing the confound-
ing elements (which affects observational studies) through
randomization.
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