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Abstract: Amyotrophic lateral sclerosis (ALS) is the commonest form of motor neuron disease
and is a fatal, degenerative, multisystem disorder affecting upper and/or lower motor neurons
in the motor cortex, brain stem, and spinal cord. ALS is characterized by progressive atrophy
of associated bulbar, limb, thoracic, and abdominal muscles and supporting cells manifesting
in a range of muscular symptoms such as weakness and wasting and eventual paralysis; the
majority of patients will die from respiratory failure within 2—5 years of onset. Riluzole, a
synthetic benzothiazole drug with glutamine antagonist activity, is indicated for the treatment
of patients with ALS and is the only drug that has been shown to slow the course of the disease
and extend survival in ALS patients. The original analyses, and subsequent meta-analyses, of
data obtained from randomized controlled trials (RCTs) suggest that riluzole typically extends
survival by 2-3 months and increases the chance of an additional year of survival by ~9%.
However, published real-world evidence (RWE) from 10 clinical ALS databases indicates that
riluzole therapy may afford much greater extension of survival, and improvements in median
survival times of more than 19 months have been reported in the overall ALS patient population.
This article will review the available data from RCTs and RWE on riluzole therapy.
Keywords: ALS, survival, randomized controlled trial, RCT, RWE

Introduction

Riluzole (chemical name: 2-amino-6-(trifluoromethoxy)benzothiazole, CASRN:
1744-22-5, molecular formula: C;H,F,N,OS, molecular weight: 234.2) is a synthetic
benzothiazole drug with glutamine antagonist activity.!? Riluzole is indicated for the
treatment of patients with amyotrophic lateral sclerosis (ALS) and extends survival and/
or time to mechanical ventilation (tracheostomy with noninvasive ventilation) (current
ATC code: NO7XX02; pharmacotherapeutic group: other nervous system drugs).!*#

ALS

ALS is the commonest form of motor neuron disease and is a fatal, degenerative,
multisystem disorder affecting upper and/or lower motor neurons in the motor cortex,
brain stem, and spinal cord.>'? The disease is characterized by progressive atrophy
of associated bulbar (mouth and throat), limb, thoracic, and abdominal muscles and
supporting cells resulting in a range of muscular symptoms such as weakness, wasting,
pain, spasticity, spasms, cramps, and eventual paralysis. Most patients will die from
respiratory failure within 2—3 years in the case of bulbar-onset ALS and 3—5 years in
the case of limb-onset ALS cases; however, 5—10% of patients may die prematurely or
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survive for a decade or longer.5”1%!2 Bulbar symptoms such as
dysarthria (speech disturbance) and dysphagia (difficulties or
discomfort in swallowing) are frequently observed, especially
in the late stages of the disease.>” Cognitive dysfunction
may occur in 20-50% of ALS cases, and 5—15% of patients
develop dementia.

Approximately 10% of all ALS patients have a famil-
ial form of the disease (FALS) attributable to a gene
mutation.®”"12 In the absence of family history, the disease
is usually classified as sporadic ALS (SALS). The mean age
at onset of SALS is 58—63 years compared to 40—60 years for
FALS. In Europe, the annual median incidence (the rate of new
or newly diagnosed cases) and prevalence (the actual number
of live cases) of ALS per 100,000 population have been esti-
mated at 2.08 and 5.40, respectively, corresponding to ~40,000
prevalent cases." In the US, the estimated annual incidence
and prevalence have been reported as 1.75 and 5.0 (~16,000
prevalent cases), respectively.'>!* Globally, the overall pooled
annual incidence of ALS is ~1.9/100,000 population, and it is
estimated that there are presently ~228,000 prevalent cases.'

The etiology and pathogenesis of motor neuron degenera-
tion in ALS are unknown, but there is a consensus that persons
are rendered susceptible through a complex combination of
factors, possibly involving multiple genes and/or environmen-
tal exposures.'® However, few genetic or environmental risks
have been discovered to date. Among other factors such as
mitochondrial dysfunction, protein aggregation, generation of
free radicals, inflammation, and apoptosis, there is suggestion
of an association with excessive and uninterrupted release of
excitatory amino acids, principally glutamate, from presyn-
aptic nerve terminals in the CNS leading to overstimulation
of postsynaptic glutamate receptors (“excitotoxicity’).51¢-18
Excitotoxicity is accompanied by massive calcium and
sodium ion influx into neurons via glutamate receptor-gated
ion channels accompanied by passive movement of chloride
ions and water. The combination of increased calcium ions
and intracellular volume induces various lethal metabolic
pathways, for example, the overproduction of free radicals
such as nitric oxide, as well as swelling to internal organelles
and failure of the plasma membrane, leading to necrosis
and eventual death of the neuron. The diagnosis of ALS is
based largely on characteristic clinical signs and symptoms
observed in the patient in conjunction with the conduct of
specialized clinical tests, such as electromyography (EMQG)
and magnetic resonance imaging (MRI), designed to exclude
conditions that may produce similar signs/symptoms.5'¢! It
is reported that diagnosis error can occur in 5-10% of ALS
cases.® To improve the diagnosis of ALS, the El Escorial
diagnostic criteria were developed by the World Federation

of Neurology (WFN) in 1994 and form the basis for the
recruitment of ALS patients into clinical trials. Recent revi-
sions to the El Escorial criteria have been recommended to
include more quantitative and objective measures to facilitate
more accurate diagnosis and recruitment of ALS patients, in
particular early-stage patients, into clinical trials."

Riluzole

Riluzole was approved for the treatment of ALS, in the form
of oral tablets, by the FDA in 1995 and subsequently licensed
for use in other territories including the European Union
(EU).% The drug was approved by the National Institute for
Health and Care Excellence (NICE) in 2001 for use in motor
neuron disease in the UK.?!

Riluzole is the only drug licensed to treat ALS and the
only drug to date that has been shown to slow the course of
the disease and extend survival in ALS patients. Being a glu-
tamate antagonist, “antiexcitotoxic” action is thought to be a
prominent feature of its mechanism of action.?**? Guidelines
published by the European Federation of Neurological Sci-
ences (EFNS) advocate initiation of riluzole therapy as soon
as possible after diagnosis of ALS.” The recommended dose is
50 mg twice daily, taken 1 hour before or 2 hours after a meal.

In the UK, riluzole is available as 50 mg film-coated tab-
lets (Rilutek® from Sanofi, Guildford, UK, Riluzole Actavis
from Actavis UK Ltd, a subsidiary of Accord Healthcare Ltd.,
Barnstaple, UK, and Riluzole SUN from Ranbaxy (UK) Ltd a
Sun Pharmaceutical Company, Hayes, UK).?* More recently, a
novel, patented, oral liquid presentation of riluzole, Teglutik®
5 mg/mL oral suspension (Martindale Pharma, Romford,
UK), has been introduced.?*~* The oral suspension is reported
to offer advantages in the treatment of ALS since dysphagia
is present in around one-third of patients at onset and over
80% will develop this condition and/or need enteral feeding
in later stages of the disease, regardless of whether the onset
is “bulbar” or “limb”. The oral suspension potentially allows
patients to continue riluzole therapy for longer.

Efficacy of riluzole for the
treatment of ALS: randomized
controlled trials (RCTs)

A comprehensive search of open published information on
“Riluzole” (1990-2017) has been performed using PubMed,
Scopus, Cochrane Central Register of Controlled Trials
(CENTRAL), and Google Scholar bibliographic databases.
The PubMed search generated 127 articles related to “Clini-
cal Trial” and “Humans”. Scopus generated 1,485 articles
related to “Medicine” and “Clinical Trial”. The Central search
produced 192 results for “Riluzole”, and Google Scholar
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identified 5,210 articles related to “Clinical Trial”. From the
searches, four key publications related to RCTs conducted on
riluzole in ALS patients were identified: these studies were
reported by Bensimon et al,*® Lacomblez et al,”” Yanagi-
sawa et al,?® and Bensimon et al* between 1994 and 2002:
subsequently no new RCTs appear to have been conducted
on riluzole in ALS patients. Additional RCTs, conducted

are discounted for this review.>**?

Table | Summary of survival outcomes of randomized controlled trials conducted on riluzole in ALS patients

to investigate other potential indications such as autistic
disorder, cervical myelopathy, and chronic schizophrenia,

Details of the survival outcomes from the four RCTs
conducted on riluzole in ALS patients are provided in
Table 1. It should be noted that the specific focus of this
manuscript is survival outcomes and the reader is directed

Parameters Bensimon et al* Lacomblez et al*’*% Bensimon et al”® | Yanagisawa et al*®
Treatment/comparator Riluzole 100 mg/d/ Riluzole 50, 100, and 200 mg/d/ Riluzole 100 mg/d/ | Riluzole 100 mg/d/
placebo placebo placebo placebo
Design/randomized?/double-blind?/ITT? | RCT/yes/yes/yes RCT/yeslyeslyes RCT/yeslyeslyes RCT/yeslyeslyes
Country/number of centers France, Belgium/7 France, Belgium, UK, Spain, France, Belgium/9 | Japan/48
Germany, USA, Canada/30
End of study 2| months 18 months 18 months 2| months
No. patients: (total) placebo/riluzole (155) 78/77 (959) 242/717 (riluzole: (168) 86/82 (195) 97/98
237/236/244, respectively)
Comparison of all ALS cases (data relate to end of study unless otherwise stated)
Median tracheostomy-free survival 14.9/17.7 months 13.5/16.5 months NR NR
time (placebo/riluzole)
Reduction in mortality with riluzole 12 months: 38.6%; end of | NR
study 19.4%
Unadjusted RR [or HR] (95% Cl) of NR All doses pooled 0.81 (0.66—0.99) [1.05 (0.73-1.50)
tracheostomy-free survival p=0.048; 50 mg/d 0.85 (0.66—1.11) | p=0.77]
p=0.25; 100 mg/d 0.79 (0.6—1.02)
p=0.076; 200 mg/d 0.79 (0.61-1.03)
p=0.075 (log-rank)
Adjusted RR (95% ClI) of 12 months: 0.43 All doses pooled 0.67 (0.54-0.83) NR
tracheostomy-free survival using Cox | (0.24-0.77) p=0.005; end | p=0.0003; 50 mg/d 0.76 (0.59-0.99)
proportional hazard method of study: 0.66 (0.42-1.02) | p=0.04; 100 mg/d 0.65 (0.50-0.85)
p=0.058 $=0.002; 200 mg/d 0.61 (0.47-0.80),
p=0.0004
Meta-analyses by Stewart et al*?
Comparison of all ALS cases — riluzole 50, 100, and 200 mg/d vs. placebo: unadjusted tracheostomy-free survival
No. placebo/riluzole events 49 of 78/39 of 77 120 of 242/311 of 717 64 of 86/60 of 82 | NR
HR (95% Cl) 0.64 (0.41-1.00) p=0.050> | 0.80 (0.63—1.01) p=0.058° 0.98 (0.66—1.46)
p=0.93
Pooled data#| weight (%) 15.9 59.0 25.1 0.0
HR (95% Cl) 0.83 (0.69-0.99)° NA
Pooled data#2 weight (%) 21.3 78.7 0 0
HR (95% Cl) 0.76 (0.62-0.94)° NA NA

Comparison of bulbar onset ALS cases — riluzole 100 mg/d vs. placebo: unadjusted tracheostomy-free survival or [progression-free survival]

Placebo/Riluzole events

14 of 17/7 of 15

20 of 28/28 of 29

[19 of 28/20 of 28]

HR (95% Cl)

0.29 (0.11-0.75) p=0.010°

NR

1.94 (1.08-3.50)
p=0.025

[1.05 (0.53-2.09)]
p=0.891

Comparison of limb onset ALS cases — riluzole 100 mg/d vs. placebo:

unadjusted tracheostomy-free survival

| or [progression-free survival]

Placebo/riluzole events

35 of 61/32 of 62

NR

44 of 58/32 of 53

[Early limb 23 of
36/27 of 42]
[Advanced limb 24
of 33/24 of 28]

HR (95% Cl)

0.80 (0.48—1.33) p=0.394°

NR

0.73 (0.46-1.15)
p=0.173

[Early limb 1.07
(0.58-1.97)]
p=0.821
[Advanced limb
1.48 (0.76-2.87)]
p=0.247

Notes: *Data used for post hoc analysis in 24| placebo and 713 riluzole ALS patients reported significant prolongation of milder health states in patients taking riluzole

(p<0.05).° *Favors riluzole treatment.

Abbreviations: ALS, amyotrophic lateral sclerosis; Cl, confidence interval; HR, hazard ratio; ITT, intention-to-treat; NA, not applicable; NP, not performed; NR, not
reported; RCT, randomized controlled trial; RR, relative risk.
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to original publications on the RCTs as well as those relating
to meta-analyses for pertinent information on the effect of
riluzole on functional measures and adverse effects/serious
adverse effects.??¢2%33 Collectively, the RCTs demonstrate a
beneficial effect on bulbar and limb function, but no effect
on muscle strength, in ALS patients while adverse effects
have tended to be relatively minor.?

Data from the RCTs and subsequent meta-analyses
(see subsequent paragraph) indicate that riluzole typically
extends survival by 2-3 months and increases the chance
of an additional year of survival by ~9%.5%* A perception
may exist that prolongation of survival and benefit afforded
through riluzole use are modest.**** Such negative connota-
tions could arguably influence prescriber and patient choices
alike. Nevertheless, some have concluded that riluzole “rep-
resents a significant therapeutic milestone in the treatment of
a disease refractory to all previous treatments”.** It should
also be borne in mind that the above-mentioned survival data
do not take into consideration patients who survived longer
than the 18- to 21-month follow-up period in the RCTs, and
it is possible that the additional data would have positively
impacted on median survival times in the riluzole group.
Indeed, modeling based on the original RCT data estimated
survival times with riluzole use of 21.38 months compared
to 19.67 months with placebo using Weibull extrapolation.3
Reanalysis based on additional follow-up data obtained
from the Lacomblez et al?’ trial predicted survival times of
26.15 vs. 20.03 months using a Weibull model and 25.44 vs.
17.98 months using a Gompertz model, respectively. The
authors advised caution in interpreting these data, but over
a decade on, there is substantial support for prolongation of
survival times in ALS patients following riluzole therapy
based on retrospective and prospective studies utilizing clini-
cal databases (see subsequently).

The use of riluzole in the treatment of ALS has been the
subject of several Cochrane reviews, the most recent of which
was published in 2012.% Meta-analysis was conducted on data
obtained from clinical trials to examine the efficacy of riluzole
in prolonging survival and in delaying the use of surrogates
(tracheostomy and mechanical ventilation). The same four
RCTs met reported criteria and acceptable methodological
quality, representing a total of 974 ALS patients treated with
riluzole and 503 with placebo. The primary outcome vari-
able was the pooled hazard ratio (HR), based on percentage
of mortality (or tracheostomy) for 100 mg/d riluzole vs.
placebo over all time points. Data from different studies and
doses were pooled as appropriate, but those data presented
by Yanagisawa et al*® were discounted from the meta-analysis
as full trial details, and numerical data were unavailable.

In primary analyses, riluzole 100 mg/d was demon-
strated to provide a slight benefit for the homogeneous
group of patients originating from the Bensimon et al?® and
Lacomblez et al”’ trials; HR (with 95% confidence interval
[CI]) of tracheostomy-free survival over all time points was
0.80 (0.64-0.99; p=0.042), and there was no evidence of
heterogeneity (p=0.33). When the 100 mg/d data from the
two trials were pooled, the median survival was 15.5 months
in riluzole treated and 13.2 months in placebo treated (differ-
ence of 2.3 months). In the third trial, which included older
and more seriously affected patients”, there was evidence of
heterogeneity (p<0.0001) in the results (i.e., worse survival
in the third trial). However, despite the heterogeneity, there
was only a slight impact on the overall treatment effect; HR
0.84 (0.698-0.997; p=0.046). This represented an increased
median survival from 11.8 to 14.8 months and 9% gain in the
probability of surviving 1 year (49% placebo vs. 58% rilu-
zole). A combination of data obtained for all riluzole doses
(i.e., 50, 100, and 200 mg/d) from the two homogeneous
studies demonstrated a median survival of 17.2 months in
riluzole treated and 15.5 months in placebo treated (difference
of 1.7 months); HR 0.80 (0.66—0.95; p=0.013).

In the secondary analyses, combination of the three tri-
als showed that there was a significant survival advantage
with riluzole treatment at 12 months (relative risk with 95%
CI: 0.78, 0.65-0.92; p=0.0036) but not at 18 months (rela-
tive risk: 0.92, 0.83-1.02; p=0.12). The Cochrane review
concluded that riluzole 100 mg daily is “reasonably safe
and probably prolongs median survival by ~2—-3 months”
in patients with ALS.® It was also reported that the abso-
lute reduction in the risk of death at 12 months following
treatment with 100 mg/d riluzole was 9% and that the
number-needed-to-treat (NNT) was 11 (i.e., 1 1 ALS patients
needed to be treated with 100 mg/d riluzole to delay one
death until after 12 months). Based on calculations made
from available RCT data, more favorable NNTs of 9, 7, and
6 have been reported by others for the overall ALS patient
population.3>7

Meta-analyses on the four RCTs have also been con-
ducted to examine the clinical and cost-effectiveness of
riluzole in the treatment of ALS (Table 1).3* The analysis
included data from the above-mentioned three RCTs (at all
riluzole dosages) as well as previously unavailable data from
the Yanagisawa et al®® trial. Based on the latter, the authors
estimated that the HR (with 95% CI) of tracheostomy-free
survival over all time points was 1.26 (0.83—1.90), indicat-
ing better survival in placebo patients (for the other three
RCTs, the combined HR was 0.83 [0.69-0.99]). Combined
analysis of all four RCTs revealed a HR 0f 0.89 (0.75-1.05),
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demonstrating a small but positive benefit afforded through
riluzole therapy. The combined HR for overall survival (as
opposed to tracheostomy-free survival) was similar; 0.88
(0.73—1.05). The authors concluded that there was “limited
evidence of a modest benefit in tracheostomy-free survival
for patients taking riluzole” and called for more evidence of
efficacy from existing trials, from ALS databases, as well as
further clinical trials.

Efficacy of riluzole for the
treatment of ALS: real-world

evidence (RWE)

Subsequent to the RCTs published between 1994 and 2002,
the search of open, published information on riluzole has
revealed at least 10 independent retrospective and prospective
studies utilizing clinical databases on ALS patients. The clini-
cal trial datasets utilized in these studies comprise efficacy
and safety data collected from patients in the “real-world”
and outside of the confines of RCTs. Real-world data or
RWE draw on a wide range of research methodologies/data
sources, including patient registries, existing electronic health
records, routinely collected administrative data, prospective
or retrospective primary patient level data collection, and
population health surveys.*® The promise of RWE to support
the development of new medicines is gathering momentum,
and its general merits will be considered before specifically
discussing RWE with respect to riluzole.

In 2001, the (US) Institute of Medicine (IOM) program
unit of the National Academies of Sciences, Engineering,
and Medicine (now the Health and Medicines Division)
outlined its vision for health care in the 21st century.®
The report highlighted shortfalls in health care delivery
systems and presented a strategy and action plan to foster
innovation and deliver improvements. The IOM commit-
tee advocated the need to make clinical decisions based
on sound scientific evidence obtained not only from RCTs
but also from RWE.

The pharmaceutical industry has been slow to embrace
the use of RWE, and RCTs have remained the gold standard
for generating clinical data on efficacy and safety to support
registration of new products and subsequent prescribing
information.’®* It is a sobering thought that it takes, on
average, 17 years to incorporate new knowledge generated
in RCTs into best health care practice, and application is not
consistent across all therapeutic areas. This may be due in part
to the inherent limitations in data generated in RCTs, namely
evaluation in a narrowly defined patient population with
exclusion or control for factors that are inevitably relevant in
the real-world setting. Despite such limitations, investigators

still tend to favor RCTs because they are less subject to bias
and confounders compared to real-world data.**?

More than a decade on, the pharma industry looks set to
embrace the use of RWE in a new era of health care innova-
tion.**" Indeed, the use of RWE is key to ensure that the
results obtained in RCTs translate into tangible benefits in the
patient population, and data from both sources seem crucial
in decision-making processes.

RWE, based largely on retrospective/prospective analysis
of large (historic) patient databases, suggests significant
enhancement of survival in riluzole-treated ALS patients
compared to those who did not receive riluzole with the effect
most notable in patients who started the medication early
in the disease. An examination of RWE with specific focus
on survival data obtained following treatment with riluzole
is summarized subsequently; the survival outcomes of the
various database studies are also provided in Table 2. In each
case, the term “nontreated” refers specifically to patients
who did not receive riluzole treatment and “survival” refers
to tracheostomy-free survival unless otherwise specified. As
for the RCTs, the reader should again consult the original
publications detailed subsequently for information related
to the effect of riluzole on functional measures and adverse
effects/serious adverse effects.

1. Meininger et al:*® retrospective comparison undertaken on
356 riluzole-treated ALS patients during the period 1995
to 1997 with 161 non-treated ALS patients during the
period 1989 to 1991 (database total n=517). Unadjusted
survival analysis (i.e., without adjustment for prognostic
factors) demonstrated a significant difference in median
survival times between riluzole-treated (18.4 months) and
nontreated (12.4 months) ALS patients (p<0.001, log-rank
test). Thus, the median extension of survival afforded
through the use of riluzole in ALS patients was ~6 months.

2. Brooks et al:* retrospective comparison undertaken on
51 riluzole-treated ALS patients with 241 nontreated
ALS patients with disease onset before 1996 (database
total n=292) and 112 riluzole-treated ALS patients with
65 nontreated ALS patients with disease onset after 1996
(database total n=177). Prior to 1996, the unadjusted
median survival times was 58.4 months in riluzole-
treated patients and 47.7 months in nontreated patients
(log-rank p=0.1338) (Table 2). In the period after 1996,
the unadjusted median survival times was >67 months in
riluzole-treated patients and 49.1 months in nontreated
patients (p=0.0438). The median survival times were
almost identical in nontreated patients in the two epochs
(p=0.4823). Cox analysis revealed that extension of
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Table 2 Summary of survival outcomes based on real-world evidence on riluzole in ALS patients

on riluzole-treated vs.
nontreated patients

on riluzole-treated vs.
nontreated patients

investigation

of therapeutic
interventions
including riluzole

investigation on
riluzole-treated
vs. nontreated
patients

Parameters Meininger et al*® Brooks et al*’ Turner et al®® Traynor et al*! Mitchell et al®'
Treatment/ Riluzole/nonriluzole Riluzole/nonriluzole Riluzole/nonriluzole | Riluzole/nonriluzole | Riluzole/nonriluzole
comparator treated treated treated treated treated

Design Retrospective investigation | Retrospective investigation | Prospective Retrospective Retrospective

investigation on
riluzole-treated vs.
nontreated patients

Country of database
origin (database
range — years)

ALS database — source not
reported (non—treated
1989—-1991; treated
1995-1997)

ALS database — North
America (Wisconsin)
(disease onset before [<]
or from [>] 1996)

ALS database —
Kings College, UK
(1990-2000)

ALS database —
Republic of Ireland
(1996-2000)

ALS database
— Preston, UK
(1980-2003)

No. patients: (total)
nontreated/riluzole

(517) 161/356

<1996 (292) 241/51; 21996
(177) 65/112

(656) 3491299

(246) 97/149

(475) 327/148

Median survival
time (with 95% Cl if

12.4 months/18.4 months
p<0.001 (log-rank);

<1996: 47.7 (38.3-67)/58.4
(47.3—>67) months

32 (29-35)/51
(43-59) months

10.1/14.3 months;
survival from time

2.25 (2.03-2.48)/3.07
(2.73-3.41) years;

given) in overall ALS | survival from time of p=0.1338 (log-rank); $<0.0001 (log— of diagnosis survival from time
patient population: diagnosis >1996: 49.1 (38.1-67)/>67 | rank); survival from | (p=0.32 log-rank; of onset; difference
nontreated/riluzole (>67—>67) months time of symptom p=0.015 in median survival
[tracheostomy- p=0.0438; survival from onset Peto-test)* times (with 95% Cl)
free survival unless time of symptom onset for non—treated:
otherwise stated] HR 1.66 (1.32-2.12)
p<0.05 (log-rank)
Cox regression NR Riluzole use a significant RR 0.48 p<0.0001 HR for untreated HR for riluzole-

nontreated patients

effect of various factors
including riluzole

on clinical and
therapeutic
interventions
including riluzole

on clinical and
therapeutic
interventions
including riluzole

analysis for riluzole prognostic factor p<0.0001 1.08 (0.78-1.48) treated 0.20 (0.089—
treated (unless p=0.64 0.46) p<0.001
otherwise specified):
RR or HR (with 95%
Cl) if reported
Parameters Zoccolella et al? Lee et al* Georgoulopoulou | Knibb et al*® Chen et al*
et al**

Treatment/ Riluzole/nonriluzole Riluzole/nonriluzole Riluzole/nonriluzole | Riluzole/ Riluzole/nonriluzole
comparator treated treated treated nonriluzole treated | treated
Design Prospective investigation Retrospective population- | Prospective Prospective Prospective

on riluzole-treated vs. based investigation on the | investigation investigation population-based

investigation on the
effect of various
factors including
riluzole

Database source

ALS database — Puglia, Italy

ALS database — Taiwan

ALS database

ALS database —

ALS database —

nontreated/riluzole

(1998-1999) (1999-2008) — Modena, Italy South East, UK China (2007-2013)
(2000-2009) (1990-2013)
No. patients: (total) | (126) 53/73 (1,149) 451/698 (193) 60/133 (575) 315/260 (1,540) 1,125/415

Median survival
time (with 95% CI if
given) in overall ALS
patient population:
nontreated/riluzole
[tracheostomy-

free survival unless
otherwise stated]

12.4 (0.3-50)/18.3 (1.8-48)
months; (p=0.78 log-rank;
p=0.09 Peto-test)* survival
from time of diagnosis

Survival from time of
diagnosis; NR (textual
description only)

Univariate analysis
31 (25-46)/38
(35-43) months
p=0.11 (log-rank);
corresponding
survival time

to death: 31
(25-46)/43 (37-51)
months p<0.01;
survival time from
symptom onset

Time from
diagnosis to
respiratory
involvement:
coefficient for
riluzole use: 0.328
(0.15-0.51) p<0.001
(log-rank) in bulbar
onset patients;
0.408 (0.22-0.60)
p<0.0001 in limb
onset patients

64.0 (57.8—
70.2)/67.0

(54.7-79.3) months
p=0.780 (log-rank).

(Continued)
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Table 2 (Continued)

Parameters Zoccolella et al’? Lee et al* Georgoulopoulou | Knibb et al*® Chen et al*
et al®

Cox regression RR0.51 (0.25-1.03) Unadjusted HR 0.32 (0.22— | Stratified analysis Time from HR 0.855

analysis for riluzole | p<0.06 0.45) p<0.001; adjusted HR | median survival diagnosis to (0.685-1.068)

treated (unless for riluzole-treated 0.34 times (nontreated/ | respiratory p=0.167

otherwise specified): (0.24-0.49) p<0.001 treated) in overall involvement: Subgroups:®* HR

RR or HR (with 95% population: coefficient: 0.228 >Q3 0.488

Cl) if reported diagnosis <2006: (0.077-0.380) (0.320-0.746)
31/46 p=0.16 p=0.003 in bulbar | p=0.001

(log-rank); diagnosis
>2006: 26/36
p=0.21; Cox
analysis revealed
riluzole treatment
was independently
related to longer
survival (p<0.01)

onset patients;
0.205 (0.057—-
0.353) p=0.006 in
limb onset patients

Notes: °A significant difference between survival data was not demonstrable based on the log-rank sum test (applies equal weight across all events) but was observed
(or demonstrated a trend toward significance) using the Peto-test, which compares the early part of the survival curves. "Most significant results based on subgroup
analyses. Subgroups based on cDDD: quartile | (Q1) 2,800 mg; quartile 3 (Q3) 16,800 mg. Improvement in survival observed for >Q3 vs. control, vs. <QI (p=0.001) and

vs. 2Q1-<Q3 (p=0.0005).

Abbreviations: ALS, amyotrophic lateral sclerosis; cDDD, cumulative defined daily dose; Cl, confidence interval; HR, hazard ratio; NA, not applicable; NP, not performed;
NR, not reported; RCT, randomized controlled trial; RR, relative risk.

survival was attributable to riluzole treatment (p<0.0001)
and also demonstrated benefits afforded through earlier
treatment in older patients and in those demonstrating
a higher rate in disease progression. Thus, the median
extension of survival afforded through the use of riluzole
in ALS patients was 10 to >18 months.

Turner et al:*® retrospective multivariate modeling of
therapeutic interventions in 841 ALS patients between
1990 and 2000. Treatment with riluzole was tested as a
prognostic factor within the model (n=656 of which data
from 648 patients were analysed; 299 patients were treated
with riluzole and 349 were nontreated). Median survival
from symptom onset in riluzole-treated ALS patients
was 51 months compared to 32 months in nontreated
patients (log-rank p<0.0001) (Table 2). In a subgroup of
98 patients with suspect or possible ALS, median survival
was 66 vs. 49 months (n=128), respectively. Cox analysis
demonstrated that riluzole therapy was an independently
significant prognostic factor; relative risk of death was
estimated to be 0.48 (p<0.0001). The authors suggested
that the survival benefit would be ~9 months when treated
similarly to prospective RCTs, i.e., survival determined
from time of enrollment rather than symptom onset.
Traynor et al:*! retrospective comparison undertaken on
149 riluzole-treated ALS patients with 97 nontreated ALS
patients between 1996 and 2000 (database total n=246).
The extension of survival afforded through the use of
riluzole in ALS patients was 4.2 months (mean survival
times 14.3 months after riluzole treatment vs. 10.1 months

in nontreated patients) (Table 2). The effect of riluzole
treatment on survival was more marked in bulbar onset
ALS patients than in limb onset patients (data not shown).
Analysis of risk of death associated with selected inde-
pendent variables using a Cox proportional hazard model
showed that bulbar onset disease and age at time diagnosis
>60 years, but not riluzole treatment, were positively related
to hazard, which suggested that the positive benefit of rilu-
zole treatment could be related to other confounding factors.
Mitchell et al:*! Retrospective comparison undertaken on
148 riluzole-treated ALS patients with 327 nontreated
ALS patients between 1980 and 2003 (database total
n=475). The median survival time in riluzole-treated
patients was 3.07 years compared to 2.25 years in
untreated patients (Table 2). The HR of the difference in
median survival times between riluzole-treated and non-
treated groups showed significance (p<0.05) in the overall
patient population (HR 1.66). Further analysis using the
Cox model showed that survival increased significantly
in patients treated with riluzole compared to those had
not been treated (HR 0.20, p<0.001).

Zoccolella et al:>? Prospective population-based investiga-
tion on the effect of riluzole on the survival of patients
diagnosed with ALS between 1998 and 1999. The cohort
comprised 73 ALS patients treated with riluzole and 53 non-
treated patients (database total n=126). Riluzole treatment
prolonged survival by 5.8 months; median survival time
in riluzole-treated patients was 18.3 months compared to
12.4 months in untreated patients (Table 2). Cox multivariate
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analysis showed that riluzole treatment was associated with
an improvement in survival at 12 months; HR 0.51 (p=0.06).
Lee et al:>3 Retrospective population-based investigation
on the effect of various factors including riluzole use on
survival of patients diagnosed with ALS between 1999
and 2008. The cohort comprised 698 ALS patients treated
with riluzole and 451 nontreated patients (database total
n=1,149). It was reported that riluzole treatment (p=0.01,
log-rank), and in particular riluzole treatment with trache-
ostomy (p=0.004), afforded prolonged survival compared
with nontreated/nontracheotomized patients (median
survival times were not given and these data were based
on cohorts of 553, 145, and 355 patients, respectively).
Cox multivariate analysis (n=1,149) showed that riluzole
treatment was associated with an improvement in sur-
vival; unadjusted HR 0.32 (p<0.001) and adjusted HR
0.34 (p<0.001) (Table 2).

Georgoulopoulou et al:* prospective population-based
investigation on the effect of clinical factors, riluzole, and
therapeutic interventions on the survival of 193 patients
diagnosed with ALS between 2000 and 2009. Based on
univariate analysis, the median survival time from onset
to death in patients receiving riluzole treatment (n=133)
was 43 months compared to 31 months in 60 nontreated
patients (log-rank p<0.01) (Table 2). The corresponding
median survival times from onset to death or tracheostomy
were 38 and 31 months, respectively (log-rank p=0.11).
However, stratified analysis demonstrated a 10-15 month
increase in tracheostomy-free survival and analysis of fac-
tors possibly related to survival using the Cox multivariate
model showed that riluzole treatment was a strong and
independent factor related to survival.

Knibb et al:** prospective population-based investigation
on the effect of clinical factors, riluzole, and therapeutic
interventions on the survival of 575 patients diagnosed
with ALS between 1990 and 2013. Patient survival was
modeled as a two step process: the time from diagnosis
to respiratory muscle involvement followed by the time
from respiratory muscle involvement to death. The
riluzole treatment group comprising 260 ALS patients
was compared to 315 nontreated patients. Analyses
demonstrated longer time from diagnosis to respiratory
involvement in both bulbar and limb onset ALS patients
who received riluzole (Table 2). The study concluded
that use of riluzole (among other factors such as younger
age at symptom onset and longer delay from onset to
diagnosis) was associated with a slower progression to
respiratory involvement.

10. Chen et al:>® prospective population-based investigation
on the effect of various factors including riluzole use
on survival of patients diagnosed with ALS between
2007 and 2013. The cohort comprised 415 ALS patients
treated with riluzole and 1,125 nontreated patients
(database total n=1,540). Riluzole use in the study was
defined as use of riluzole for longer than 2 weeks (i.e.,
a cumulative defined daily dose [cDDD] of >1,400 mg
based on DDD of 100 mg/d). Subgroups of patients were
defined based on cDDD; the cDDD of 1 and 3 quartiles
was 2,800 mg (about 1-month use) and 16,800 mg (about
6-month use), respectively. The median survival time
in patients receiving riluzole treatment was 67 months
compared to 64 months in nontreated patients (log-
rank p=0.780); HR 0.855 (p=0.167) (Table 2). Despite
the lack of significant differences based on the overall
patient population, subgroup analysis based on cDDD
revealed that survival of the “above quartile 3” riluzole
subgroup (n=115) was significantly better than that of
the control group (adjusted HR 0.488 p=0.001); the most
prominent features were increased survival, compared
to nontreated subjects, from 61 months in male subjects
and 59 months in the 4258 age group to 88 months
(p<0.006) and 83 months (p=0.024), respectively.
Similar differences were also observed when the “above
quartile 3” subgroup (¢cDDD >16,800 mg) was compared
to “below quartile 1” (¢cDDD <2,800 mg) and “quartile
1 through to 3” (¢cDDD >2,800<16,800 mg) subgroups
(data not shown).

A deficiency in the RWE on riluzole relates to the fact
that these studies cannot control either bias in treatment
assignment or other factors, which could directly impact on
survival or additional outcomes.’” Thus, there is generally
imbalance between riluzole-treated and nontreated groups
in terms of the key prognostic factors. In RCTs, the effects
of such differences are minimized by random and blinded
allocation of patients to treatment groups. Despite this, the
outcome of the RWE database investigations conducted to
date on riluzole in ALS patients is remarkably consistent
in that they demonstrate enhanced survival in patients tak-
ing riluzole compared to nontreated patients. This is more
impressive considering that these databases comprised patient
populations from the UK, Ireland, Italy, USA, Taiwan, and
China. Thus, in view of likely differences in health care sys-
tems and ancillary care, such as nutritional supplementation,
differences in study outcomes might intuitively be expected.®
The fact that differences were not observed tends to support
the relevance and value of the data.
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Conclusion

The data obtained and the subsequent meta-analysis of RCTs
demonstrate that riluzole typically appears to extend survival
in ALS patients by 2—3 months and increases the chance of
an additional year of survival by ~9%. Extensive RWE from
10 clinical ALS databases, encompassing ~6,000 subjects,
however, indicates that riluzole may offer significantly greater
enhancement of median survival by up to 19 months. The
compilation of this information should assist prescribers,
patients, and carers in deciding the appropriateness of riluzole
and thereby more robustly and more effectively managing
the treatment of ALS.
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