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Abstract

Background Based on the results of randomized, double-blind, placebo-controlled trials, the benefit and safety of edaravone in
the treatment of amyotrophic lateral sclerosis remain controversial. We performed a meta-analysis to evaluate the efficacy and
safety of edaravone in the treatment of this disease.

Methods We searched PubMed, the Cochrane Library, and Embase from the inception of electronic data to April 2018. We
included randomized, double-blind, placebo-controlled trials reporting amyotrophic lateral sclerosis patients receiving 60-mg
intravenous edaravone or intravenous saline placebo for 24 weeks. The primary efficacy evaluation was changed in Amyotrophic
Lateral Sclerosis Functional Rating Scale score from baseline to after the trial. Measure of safety was the frequency of investi-
gated adverse events and serious adverse events. Data synthesis and analysis and evaluation of risk of bias were performed using
RevMan 5.3 software. Heterogeneity among studies was evaluated with the /* statistic.

Results A total of 367 patients were analyzed across three randomized controlled trials (183 patients receiving intravenous
edaravone; 184 receiving placebo). A difference in ALSFRS-R score between groups at 24 weeks was found (mean difference
[MD]=1.63, 95% confidence interval [CI] 0.26-3.00, P=.02). No differences in the frequency of adverse events (odds ratio
[OR]=1.22, 95% CI 0.68-2.19, P =.50) or serious adverse events (OR =0.71, 95% CI 0.43—1.19, P =.20) were found.
Conclusion Intravenous edaravone is efficacious in amyotrophic lateral sclerosis patients, with no severe adverse effects.
Additional reliable randomized controlled trials with larger sample sizes will further assess the efficacy and safety of edaravone
in amyotrophic lateral sclerosis.

Clinical trial registration The systematic review and meta-analysis was registered in the international prospective register of
systematic reviews. (PROSPERO registration number: CRD42018096191; http://www.crd.york.ac.uk/PROSPERO.)

Keywords Amyotrophic lateral sclerosis - Edaravone - ALSFRS-R score

Abbreviations CI Confidence interval
ALS Amyotrophic lateral sclerosis OR Odds ratio
ALSFRS-R  Amyotrophic lateral sclerosis functional

rating scale
RevMan Review manager
RCTs Randomized controlled trials Introduction
MD Mean difference

Amyotrophic lateral sclerosis (ALS) is a motor neuron disease
that is refractory and progresses rapidly [1, 2]. It is character-
ized by progressive loss of motor neurons in the anterior horn
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of the spinal cord [3]. Muscular atrophy and reduced muscle
strength are two primary symptoms. Approximately 90-95%
of reported ALS cases are sporadic, whereas 5-10% of all
cases are familial [4]. Median survival times are reported as
2048 months from the onset of symptoms [5]. The etiology
of ALS is unknown, and thus, the identification of causal
genes and environmental factors remains elusive.
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ALS brings considerable distress to patients and families,
as well as economic burden not only to those affected by the
disease but also to health systems. However, there are few
treatments available. Riluzole, an anti-glutamatergic agent, is
the mainly used available therapeutic treatment for ALS, im-
proving life expectancy by a mere 3—6 months [6, 7]. At pres-
ent, the progress of ALS is largely dependent on symptomatic
treatment and multidisciplinary care. Because of the limited
choice of ALS treatment drugs, research into effective drugs is
intense. Increasing evidence indicates that oxidative stress in-
duced by free radicals plays a key role in the development and
progression of ALS [8, 9]. The central nervous system is vul-
nerable to free radicals, owing to its high oxygen consump-
tion, low free radical-scavenging ability, and poor regenera-
tive capacity [10, 11]. Reactive oxygen species (ROS) initiate
the apoptotic process by influencing intracellular calcium ion
content and injuring specific cell molecules, releasing excit-
atory and toxic amino acid cross-linking metabolites. In addi-
tion, ROS affects the synthesis of DNA, causing gene muta-
tions by altering the activities of specific enzymes such as
glutamate synthetase and superoxide dismutase [12, 13].

Edaravone (MCI-186,3-methyl-1-phenyl-2-pyrazolin-
5-one; Mitsubishi Tanabe Pharma Corporation, Tokyo,
Japan) is a free radical-scavenging drug that has been
proved to eliminate lipid peroxides and hydroxyl radicals
that damage endothelial and neuronal cells [14, 15]. The
molecular weight of this lipophilic drug is low, so, blood—
brain barrier permeability is up to 60% [16]. Edaravone
suppresses the death of motor neurons and glial cells by
stimulating the production of prostacyclin and the inflam-
matory media production of leukotrienes, restraining lipid
peroxidation and reducing the concentration of free radi-
cals. Its lipid peroxidation restraining properties have
been proved in vitro [17]. Studies have confirmed the
favorable effects of edaravone in wobbler mice with
ALS-like symptoms and in animal models of ALS, with
amelioration of the decline of motor function and delays
to the progression of symptoms [15, 18]. The antioxidant
effects of edaravone in ALS patients have also been investi-
gated in several clinical trials. In an open-label investigator-
initiated study, Yoshino and Kimura [19] found that the level
of 3NT in cerebrospinal fluid was significantly lower after
14 days of treatment with edaravone than at baseline. In addi-
tion, Nagase et al. [20] found that peroxynitrite may be scav-
enged in ALS patients after receiving edaravone. Therefore,
edaravone appears to be a promising candidate to slow the
progression of ALS in patients.

Some published clinical data from ALS patients have dem-
onstrated efficacy for edaravone, but other data have not.
Based on this background, we performed a meta-analysis of
data from all available randomized controlled trials (RCTs) of
edaravone in ALS patients, to help determine its safety and
efficacy in ALS treatment [21-23].
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Materials and methods

This systematic review was performed according to the
Systematic Reviews and Meta-Analyses (PRISMA) statement
in File 1.

Data sources and search strategy

The first author conducted a systematic search of PubMed,
Embase, and the Cochrane Library from the inception of elec-
tronic data to April 2018, for all relevant clinical trials pub-
lished in the English language. Ongoing or unpublished stud-
ies were excluded. The search terms and strategies are shown
in File 2.

Study selection and data extraction

Included studies needed to satisfy the following criteria: (1)
The study design was randomized, double-blind, parallel-
group, and placebo-controlled; (2) The age range of patients
was 20-75 years; (3) Included patients had a diagnosis of
“definite,” “probable,” “probable laboratory-supported,” or
“possible” ALS, according to the revised Airlie House diag-
nostic criteria, or grades 1 to 3 according to the Japan ALS
severity classification; (4) Included patients had a forced vital
capacity (FVC%) of at least 60%; and (5) During the pre-
observation period (12 weeks) prior to study drug administra-
tion, the change in revised ALS Functional Rating Scale
(ALSFRS-R) score was between — 1 and —4 points. A study
was excluded if unpublished or lacking a control group. Two
investigators conducted the data extraction independently.
Any discrepancies were discussed with a third investigator
until a consensus was reached.

A standardized data extraction form was used to extract the
eligible study characteristics and the quality and outcome data.
Data characteristics included country (centers), study period,
edaravone doses, treatment time, sample size, patient age, sex,
weight, diagnosis (E1 Escorial World Federation of
Neurology criteria), initial symptoms, duration of disease,
ALSFRS-R score, and riluzole use (Table 1).

Risk of bias

Two reviewers independently performed the study quality
analysis, and disagreement was resolved through discussion
between the two reviewers or by consultation with a third
reviewer. We assessed the quality of the included studies using
the risk of bias assessment tools developed by the Cochrane
Collaboration, covering the following six domains: sequence
generation, allocation concealment, blinding, incomplete data,
selective reporting, and other bias. The quality of each study
was categorized into the following three degrees of risk: low,
unclear, or high [24].
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Table 1 Baseline characteristics of included studies
Abe 2014 Abe 2017 Abe (grade 3) 2017
Edaravone group Placebo group Edaravone group Placebo group Edaravone group Placebo group

Country (centers) Japan Japan Japan

Study period 2006.5-2008.9 2011.11-2014.9 2006.12-2008.7

Edaravone doses, mg 60 60 60

Treatment time, week 24 24 24 24 24 24
Sample size 101 104 69 68 13 12

Age, years 58 58.5 60.5 60.1 57 60
Female, % 38 (37.6) 35(33.7) 31 (45) 27 (40) 646.2) 6 (50.0)
Weight, kg 57 57 57.9 57.8 52 54.5
Diagnosis (E1 Escorial revisited)

Definite, % 29 (28.7) 21(20.2) 28 (41) 27 (40) 7(53.8) 2 (16.7)
Probable, % 52 (51.5) 54 (51.9) 41 (59) 41 (60) 4 (30.8) 8 (66.7)
Probable laboratory

Supported, % 20 (19.8) 28 (26.9) 0(0.0) 0 (0.0) 2 (15.4) 2 (16.7)
Possible, % 0 (0.0 1(1.0) 0(0.0) 0 (0.0) 0 (0.0 0(0.0)
Initial symptom

Bulbar, % 18 (17.8) 20(19.2) 16 (23) 14 (21) 3(23.1) 0 (0.0
Limb, % 83 (82.2) 84 (80.8) 53 (77) 54 (79) 10 (76.9) 12 (100.0)
Duration of disease, years 1.3 12 1.13 1.06 1.4 225
ALSFRS-R score

Before observation period 43 44 43.6 43.5 36 37

1.2 at baseline (at the end of 41 42 419 41.8 32 35

12-week observation)

Riluzole use

Yes, % 0(89.1) 92 (88.5) 63 (91) 62 (91) 10 (76.9) 1191.7)
No, % 11(10.9) 12(11.5) 6(9) 6(9) 3(23.1) 1(8.3)

Statistical analysis

Data analysis was carried out using RevMan 5.3 software
(Nordic Cochrane Centre and the Cochrane Collaboration,
Copenhagen, Denmark). We used /* index to assess for
between-study heterogeneity. We selected a random effect
model to perform the meta-analysis if /> >50%, consid-
ered to be significant heterogeneity. Otherwise, a fixed
effect model would be selected. In addition, we had the
option to perform a sensibility analysis to explore the
origins of heterogeneity if necessary. The effect of
edaravone on outcome was expressed as mean difference
(MD) and weighted mean difference with 95% confidence
intervals (Cls). For safety outcome, risk difference (odds

ratio, OR) with 95% CI was applied. The presence of
publication bias was determined by funnel plots.

Results
Literature search

The initial literature search found 79 articles, from which du-
plicates were removed using EndNote software (version 7.5;
Niles Software). By screening the titles and abstracts of the
remaining 65 studies carefully, 59 articles were excluded. The
excluded articles included reports of animal and cell experi-
ments, articles that did not report on edaravone research,

Fig. 1 Risk of bias summary
review: authors’ judgements on
each risk of bias item for each
included study

Random sequence generation (selection bias)

Allocation concealment (selection bias)

Blinding of participants and personnel (performance bias)
Blinding of outcome assessment (detection bias)
Incomplete outcome data (attrition bias)
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Fig. 2 Risk of bias graph review: authors’ judgements on each risk of
bias item presented as a percentage for each included study.

reviews and commentaries, and reports of trials with a lack of
clear outcome. After scanning the articles, three were removed
for not being true RCTs. Finally, three studies [21-23] were
retained involving a total of 183 cases in the edaravone group
and 184 cases in the placebo group. The flow diagram shown
in File 3 indicates the study selection process.

Description of studies

The included studies [21-23] were all randomized, double-
blind, placebo-controlled trials performed by the same teams
from Japan. Each RCT compared efficacy and safety between
edaravone and placebo among ALS patients. Clinical trial
design and the dosage of edaravone among groups were the
same across the studies. Two studies selected patients with
grades 1 or 2 ALS according to the Japan ALS severity clas-
sification, while the other study included patients with grade 3

ALS. The sample size of these three studies ranged from 25 to
205 patients. According to our analysis, 183 received intrave-
nous edaravone and 184 received placebo. Additionally, 328
patients already on riluzole continued to receive riluzole if the
regimen remained unchanged. The remaining 39 patients who
did not receive riluzole before the trial were prohibited from
using it during the trial.

Study quality evaluation

In accordance with the Cochrane Handbook, low, high or
unclear grades were given for quality in seven fields: random
sequence generation, allocation concealment, blinding of par-
ticipants and personnel, blinding of outcome assessment, in-
complete outcome data, selective outcome reporting, and oth-
er sources of bias [25]. In the absence of any information
about risk of bias, we described the grade as unclear. Two
reviewers independently conducted the quality evaluation
and resolved any disagreement by discussion with a third re-
viewer. As there were less than ten studies, we did not produce
funnel plots to assess publication bias (Figs. 1 and 2).

Outcome results

The included studies [21-23] were performed by the same
team and the clinical trials were continuous, so patients’ char-
acteristics were similar. The median age of patients was
59 years, and females made up 39.0% of the study population.
The average duration of disease ranged from 1.06 to
2.25 years. The baseline ALSFRS-R score before the obser-
vation period was between 36 and 44, and between 32 and
42 atthe end of 12 weeks’ observation. A total of 328 included
patients continued to receive riluzole according to the original
protocol. The treatment time and the dosage of edaravone was
the same across the three studies. (Table 1).

. Experimental Control Mean Difference Mean Difference
Fig.3 Forest plot of ALSFRS-R Study or Subgroup Mean SD Total Mean SD Total Weight IV, Fixed, 95%Cl 1V, Fixed, 95% Cl
score outcome data for the Abe 2014 57 85 100 -6.35 836 99 344% 065[1.69,299) —
edaravone and placebo groups for Abe 2017 501 528 68 -7.5 536 66 581% 249(0.69,4.29) ——
. Abe (Grade3) 2017 -652 642 13 -6 634 12 75% -052[-5.52, 4.48) —
comparison
Total (95% CI) 181 177 100.0% 1.63[0.26, 3.00] -
Heterogeneity: Ch*= 2.26, df= 2 (P = 0.32); F=11% o + 3 i T

Test for overall effect Z=2.33 (P=0.02)
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. . Experimental Control Mean Difference Mean Difference
Fig. 4. Forest plot of forced vital Study or Subqroup Mean _ SD Total Mean  SD Total Weight IV, Fixed, 95%Cl IV, Fixed, 95% CI
capacity (FVC%) outcome data Abe 2014 1457 241 100 -17.49 2378 99 447% 292[-3.73,957) —T

Abe 2017 11561 1973 67 -204 2015 66 43.0% 4.79[1.99,11.57] -

for the edaravone and placebo
groups for comparison

Abe (Grade 3) 2017 -18.75 16.51

Total (95% CI) 180

Heterogeneity: Chi*=1.14, df= 2 (P = 0.56); F= 0%

Test for overall effect Z=1.32 (P=0.19)
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. Experimental Control Mean Difference Mean Difference
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outcome data for the edaravone Abe 2014 481 69 100 -571 687 93 350% 0.90[1.01,281)
and placebo groups for Abe 2017 408 445 68 -419 455 66 551% 0.11[1.41,163)
. Abe (Grade 3) 2017  -3.06 4.62 13 -3.72 454 12 99% 0.66[-2.93, 4.25)
comparison
Total (95% CI) 181 177 100.0% 0.4 [-0.69, 1.57)
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0.17-0.35, P=.49), and no significant heterogeneity was
H 2
Efficacy found for these two outcome measures (I~ =0%, P=.81;

Primary endpoint

Analysis of the change in ALSFRS-R scores from baseline to
the end of the sixth cycle was the primary endpoint. The three
included RCTs reported least-squares MD in mean ALSFRS-
R scores and heterogeneity among the studies was low (* =
11%, P =.32). Therefore, we chose a fixed effects model for
the analysis. The results revealed a statistically significant dif-
ference between patients receiving edaravone and placebo
(MD =1.63, 95% C10.26-3.00, P =.02) (Fig. 3).

Secondary endpoints

Secondary endpoints in the study were ALSAQ-40 score,
FVC%, Modified Norris Scale (limb or bulbar), grip strength,
and pinch strength. There was no significant difference in
ALSAQ-40 score between the edaravone and placebo groups
(MD =-4.74, 95% CI — 11.18-1.70, P=.15), and no signif-
icant heterogeneity was found (* = 0%, P = .44). There was
no significant difference in FVC% between the two groups
(MD =2.99, 95% CI —1.46-7.44, P=.19), and no significant
heterogeneity was noted (I = 0%, P =.56). There was no
significant difference in Modified Norris Scale score between
the two groups (MD =2.99, 95% CI —0.72-6.69, P=.11),
and no significant heterogeneity was detected (* = 0%,
P =.62). The results showed no significant increase in grip
strength and pinch strength between the two groups (MD =
0.44, 95% CI —0.69-1.57, P=.45; MD =0.09, 95% CI —

P =0%, P=.57) (Figs. 4, 5, 6, 7, and 8).

Safety
Adverse events

Each study reported on differences in adverse events (AEs)
between treatment and placebo groups. No significant hetero-
geneity was found (7 = 0%, P = .43) and a fixed effects model
was used. AEs were not more frequently found in patients
treated with edaravone versus placebo (OR =1.22; 95% CI
0.68-2.19; P=.43) (Fig. 9).

Serious adverse events

The pooled results did not indicate a significant difference
between groups in the number of serious adverse events
(SAEs) (OR=0.71, 95% CI 0.43-1.19, P=.02). A fixed ef-
fects model was adopted because no significant heterogeneity
was detected among the studies (P =.72, P =0%) (Fig. 10).

Discussion

The ALSFRS was specifically designed for the clinical eval-
uation of ALS patients, with a tested reliability [26]. It has
been used in clinical examinations as well as evaluation of
the efficacy of clinical trials [26-28]. In our meta-analysis,
we used the change in ALSFRS-R score as a primary endpoint

. . Experimental Control Mean Difference Mean Difference
Flg' 7 Forest plOt Ofmeh Study or Subaroup Mean SD Total Mean SD Total Weight IV, Fixed, 95% CI IV, Fixed. 95% ClI
strength outcome data for the Abe 2014 083 15 100 -1.03 148 99 397% 0.20 [0.22 0.67]
edaravone and placebo groups for Ahe 2017 -0.78 115 68 -0.88 1.14 66 456% 0.10[0.29, 0.49]

. Ahe (Grade 3) 2017 -0.5 087 13 -0.27 087 12 147% -0.23[0.91,0.45]
comparison
Total (95% CI) 181 177 100.0% 0.09 [-0.17,0.35]

Heterogeneity: Chi*=1.12, df=2{P=057), F=0%

Test for overall effect: Z=0.68 (P =0.49)
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Test for overall effect Z=1.58 (P=0.11)

Fig. 9 Forest plot of adverse Experimental

events (AEs) outcome data for the

Abe 2014 91 102

edaravone and placebo groups for Abe 2017 58 69

comparison Abe (Grade 3) 2017 7 13
Total (95% C1) 184
Total events 156

Heterogeneity: Chi*=1.70, df= 2 (P = 0.43), F= 0%

Test for overall effect Z= 0.67 (P = 0.50)

for evaluating the efficacy of edaravone in ALS patients, and
all included studies reported this measure. The ALSFRS-R is
the revised version of the ALSFRS that incorporates the items
for evaluating respiratory function. The ALSFRS-R scores of
patients with ALS, which is a progressive disease, are known
to decrease almost linearly over the course of disease [29]. The
most exciting finding of the meta-analysis was that the change
in ALSFRS-R score from baseline to the end of the sixth
treatment cycle was significantly different between edaravone
and placebo groups.

We found no significant differences between groups for
any of the secondary endpoints. The included RCTs (Abe
2014 and Abe 2017 [grade 3]) [22, 23] failed to demonstrate
any statistically significant effect in any of the secondary end-
points. The other study (Abe 2017) [21] successfully demon-
strated a difference for total Modified Norris Scale and
ALSAQ-40 scores. It should be noted that Abe 2017 [21]
focused on grades 1 or 2 patients with a confirmed or probable
diagnosis of ALS and those with probable laboratory-
supported ALS were not included. So, success in secondary
endpoint difference in Abe 2017 [21] might have been asso-
ciated with the strict inclusion criteria chosen. Overall, the
results suggest that edaravone may delay the progression of
functional disorders in ALS patients at early stages (grades 1
to 3).

Numbers of AEs was similar in the two groups (edaravone
group: 156/184; placebo group: 152/184). All AEs were mild
to moderate and considered by investigators as unrelated to
the study drug. In the edaravone and placebo groups, the

Fig. 10 Forest plot of serious Exporkncstal

adverse events (SAEs) outcome

Abe 2014 18 102
data for the edaravone and place- Abe 2017 11 69
bo groups for comparison Abe (Grade 3) 2017 3 13
Total (95% CI) 184
Total events 32

Heterogeneity: Chi*= 0.65, df= 2 (P=0.72), F= 0%

Test for overall effect Z=1.30 (P = 0.20)
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proportions of patients who developed SAEs during treatment
were 17.4% (32/184) and 22.8% (42/184), respectively. There
was no imbalance in the overall incidence of treatment-
emergent SAEs between the two groups. In both groups, the
most frequently seen treatment-emergent SAEs were dyspha-
gia, respiratory disorder, speech disorder, and pneumonia as-
piration. The SAEs were not considered by the investigators to
be associated with edaravone, and all were attributed to dete-
riorating ALS. Therefore, we can conclude that edaravone has
a favorable safety profile.

During the first six cycles (24 weeks) of the three studies,
we found that edaravone slowed the progression rate of
ALSFRS-R, a global functional measure of disability, and
identified no safety problems to which we should pay careful
attention. However, there are several limitations to our meta-
analysis. First, it is not established whether long-term
edaravone therapy prolongs survival. Second, the studies in-
cluded patients who were previously given riluzole and did
not consider pharmacological interactions between edaravone
and riluzole during the RCTs [5]. Third, this meta-analysis
included 342 patients with grades 1 or 2 ALS (Japan ALS
severity classification) and 25 patients with a grade 3 classifi-
cation; therefore, we were unable to assess the efficacy of
edaravone in advanced ALS patients. Oxidative stress may
play arole in ALS from the early stages to the advanced stage
[30, 31]. Whether edaravone is safe and effective in more
patients with advanced ALS requires further studies. Finally,
the included patients were all Japanese; we look forward to
more RCT results from other geographical populations.

Control Odds Ratio Odds Ratio
M-H, Fixed, 95% CI
24 104 56.4%  0.71(0.36,1.41] ——
16 68 39.0%  0.62[0.26,1.45) —
2 12 46% 1.50(0.20,11.00) ]
184 100.0%  0.71[0.43,1.19] E
42
002 01 10 50

Favours [experimental] Favours [control]
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The included studies in our systematic review were double-

blind, parallel-group, randomized trials. This suggests that the
results of this systematic review are reliable and accurate.
However, the search terms and strategies were in English,
which restricted the meta-analysis to English language trials.
This raises the risk of publication bias.

Conclusion

Our research suggests that 24 weeks’ treatment with
edaravone in ALS patients (grades 1-3 Japan ALS scale)
has a favorable safety and encouraging efficacy profile, when
compared with placebo. However, more well-designed RCTs
with a larger sample size are needed to explore the long-term
efficacy of edaravone and potential AEs.
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