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Abstract
Background Spinal muscular atrophy (SMA) is an autosomal recessive disease where a deficient amount of SMN protein 
leads to progressive lower motor neuron degeneration. SMN-enhancing therapies are now available. Yet, fatigue and signs 
of impaired neuromuscular junction (NMJ) transmission could contribute to SMA phenotype. Amifampridine prolongs 
presynaptic NMJ terminal depolarization, enhancing neuromuscular transmission.
Methods SMA-001 was a phase 2, 1:1 randomized, double-blind, placebo-controlled crossover study. Ambulatory (walking 
unaided at least 30 m) SMA Type 3 patients, untreated with SMN-enhancing medications, entered a run-in phase where ami-
fampridine was titrated up to an optimized stable dose. Patients achieving at least three points improvement in Hammersmith 
Functional Motor Score Expanded (HFMSE) were randomized to amifampridine or placebo, alternatively, in the 28-day 
double-blind crossover phase. Safety was evaluated by adverse events (AE) collection. Primary efficacy measure was the 
HFMSE change from randomization. Secondary outcomes included timed tests and quality of life assessment. Descriptive 
analyses and a mixed effects linear model were used for statistics.
Results From 14 January 2019, 13 patients, mean age 34.5 years (range 18–53), with 5/13 (38.5%) females, were included. 
No serious AE were reported. Transient paresthesia (33.3%) was the only amifampridine-related AE. Six patients for each 
treatment sequence were randomized. Amifampridine treatment led to a statistically significant improvement in HFMSE 
(mean difference 0.792; 95% CI from 0.22 to 1.37; p = 0.0083), compared to placebo, but not in secondary outcomes.
Discussion SMA-001 study provided Class II evidence that amifampridine was safe and effective in treating ambulatory 
SMA type 3 patients. Clinical Trial Registration: NCT03781479; EUDRACT 2017-004,600-22.

Keywords Spinal muscular atrophy · Amifampridine · 3,4-diaminopyridine · Hammersmith functional motor score 
expanded · Randomized controlled trial · Fatigue

Introduction

Spinal muscular atrophy (SMA) is an autosomal recessive 
neuromuscular disease caused by homozygous deletions 
or mutations in the survival motor neuron 1 (SMN1) gene, 
located on 5q chromosome, encoding the SMN protein. 
Hallmarks of the disease are progressive degeneration of 

spinal cord and bulbar motor neurons with consequent weak-
ness and atrophy of skeletal muscles, leading to respiratory 
deficiency and nutritional impairment in most severe forms 
[1]. SMA has an overall incidence of 1:6000–1:10,000 live 
births and is a major genetic cause of death in children [2, 3]. 
Five phenotypical types of SMA (0 to 4) are described on the 
basis of age at onset, ranging from in utero to adulthood, and 
maximum motor milestone achieved [3, 4]. Clinical sever-
ity is highly variable, even within the same type, mainly 
depending on the copies of a paralogous gene (SMN2), 
which partially compensates for SMN protein deficiency [5, 
6]. For this reason, increasing SMN protein production by 
SMN2 is the target of two out of the three recently approved 
therapies for the treatment of SMA, the third being directed 
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at reintroducing SMN1 gene [7–9]. SMN-enhancing treat-
ments (i.e., nusinersen, risdiplam, or onasemnogene abe-
parvovec) have demonstrated to extend life expectancy and 
promote gaining of motor milestones. However, they do not 
fully recover the phenotypes, and other potentially comple-
mentary therapeutic strategies are under investigation [10, 
11].

It has long been known that SMA is associated with an 
impairment of neuromuscular junction (NMJ) development 
and transmission, which contributes to muscle disturbance 
[12–15]. SMA Type 2 and 3 patients commonly report 
fatigue as a relevant symptom and display a significant dec-
remental response at the repetitive nerve stimulation study, 
which supports the pathogenic role of NMJ dysfunction [12, 
16, 17]. Thus, enhancing NMJ transmission might be a piv-
otal combinatorial approach for the treatment of SMA.

Amifampridine (3,4-diaminopyridine phosphate) is 
a voltage-dependent K + channel blocker that prolongs 
depolarization of the presynaptic neuromuscular junction 
terminal and increases acetylcholine release, empowering 
neuromuscular transmission and muscle function [18, 19]. 
Amifampridine is recommended for the symptomatic treat-
ment of Lambert–Eaton myasthenic syndrome by the Euro-
pean Federation of Neurological Societies and the Food and 
Drug Administration in the USAs, and its efficacy has been 
proven in different autoimmune and genetic NMJ diseases, 
including anti-MuSK myasthenia gravis (MG) and congeni-
tal myasthenic syndrome (CMS) [20–23]. Amifampridine is 
rapidly absorbed after oral administration and rapidly elimi-
nated, with the phosphate form having a short half-life of 
about 1.8 h [24, 25].

Based on this evidence, in the SMA-001 trial, we aimed 
to evaluate whether fostering neuromuscular transmission 
could improve fatigability and motor function in SMA 
patients; hence, we assessed the safety and efficacy of ami-
fampridine in ambulatory patients with SMA Type 3, not 
receiving other disease-modifying therapies.

Methods

Study design

We conducted a randomized, double-blinded, placebo-
controlled, crossover, phase 2a trial to assess the safety and 
efficacy of amifampridine phosphate (Firdapse®, Catalyst 
Pharmaceuticals, Inc., Coral Gables, FL, USA) in patients 
with SMA type 3 not receiving nusinersen. he study was 
conducted in Europe in two centers (Neurological Institute 
Carlo Besta IRCCS Foundation, Milan, Italy and Neurol-
ogy Clinic, Faculty of Medicine, University of Belgrade, 
Belgrade, Serbia). After a screening period of maximum 
14 days, all patients entered an open-label run-in period 

where orally self-administered amifampridine was titrated 
upward every 3–4r days, up to 80 mg/day [26], until reaching 
the maximal tolerable and effective dose. Patients had phone/
video contacts with the investigator for each titration and at 
least one in-person site visit at Week 3. Run-in period could 
be extended if additional time was needed for dose titration. 
The effective dose was identified when patients achieved an 
improvement of at least three points in the Hammersmith 
Functional Motor Scale Expanded (HFMSE), assessed by 
a trained therapist [27, 28]. Afterward, if the patients dem-
onstrated they could remain at a stable amifampridine dose 
and frequency for at least an additional 7 days, confirming 
at the end of this period the clinically significant HFMSE 
improvement compared to the start of the run-in period, they 
could enter the randomized, double-blinded crossover phase. 
andomization schedule was generated by the study randomi-
zation biostatistician and kept secret until study unblinding. 
Prepackaged medication kits were prepared by the central 
pharmacist according to randomization schedule and sent 
to centers. At the moment of randomization, investigators 
had to select the next available randomization number, link-
ing the subject to the allocated treatment sequence, take the 
kit assigned to that subject, and dispense it. Investigators 
and participants were unaware of the allocated treatment 
sequence until the end of study. No stratification factors were 
applied. The total study duration was approximately 60 days 
for each patient, depending on the duration of the run-in 
period, and excluding the screening period. Patients who 
successfully completed the run-in and maintained inclusion 
criteria were randomly assigned 1:1 to the amifampridine/
placebo (AP) or the placebo/amifampridine (PA) sequence 
and received amifampridine or placebo for 2 weeks, respec-
tively (Period 1). Then, patients received amifampridine or 
placebo, whichever treatment they did not receive in Period 
1, for other 2 weeks up to the end of the study (Period 2). 
From randomization day (day 0, Baseline) to the end of 
study (day 28), patients underwent in-person clinical visits 
every 7 days. Treatment periods were not separated by wash-
out periods. This decision was made since, by the end of the 
first day of each treatment period, more than six elimination 
half-lives of each treatment would have passed, allowing the 
systemic elimination of the drug. The study was designed 
by the study authors (LM and GI) in collaboration with the 
sponsor. The study was sponsored by Catalyst Pharmaceu-
ticals, Inc. and an independent Clinical Research Organiza-
tion supervised and provided assistance to the trial conduit. 
Statistical analyses were performed by SPARC Consulting, 
Milan, Italy, on behalf of the sponsor. All the authors had 
access to the study data, gave critical revision of the manu-
script, and approved the submission. The authors and Cata-
lyst Pharmaceutical, Inc. vouch for the adherence to the trial 
protocol and data analysis. The CONSORT statement was 
followed for the realization of this paper [29]. The study 
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protocol and statistical analysis plan are available in Online 
Resource 1 and Online Resource 2, respectively.

Patients

Key inclusion criteria for patients were age from 6 to 
50 years; genetically confirmed SMA and clinically defined 
Type 3 form of the disease; ability to walk independently for 
at least 30 m; ability to participate in the study, based on the 
overall health and disease prognosis, in the opinion of the 
treating neurologist; no SMN-enhancing medications in the 
6 months before screening. Salbutamol was permitted only 
if at a stable dose in the 6 months before screening.

Key exclusion criteria were long QT syndromes, con-
comitant use of medicinal products with a known potential 
to cause QTc prolongation, epilepsy and being currently on 
medication for epilepsy; breastfeeding or being pregnant at 
screening or planning to become pregnant at any time dur-
ing the study period; treatment with an investigational drug, 
device, or biological agent in the 6 months before screen-
ing or during the study period; surgery for scoliosis or joint 
contractures in the 6 months before screening; history of 
drug allergy to any pyridine-containing substances or any 
amifampridine excipient. The full inclusion and exclusion 
criteria are available in the study protocol (Online Resource 
1).

Study treatments

Amifampridine phosphate was provided in white 10 mg 
tablets. In the open-label run-in period, amifampridine was 
initially administered to all patients at 15 mg/day and titrated 
up to a maximum daily dose of 80 mg divided in three or 
four4 daily administrations based upon investigator’s judg-
ment. Amifampridine dose and frequency had to be main-
tained stable in dose for at least 7 days before randomization. 
In the randomized, double-blinded crossover phase (Period 
1 and Period 2), patients received their dosing regimen of 
amifampridine or a corresponding dose of placebo. Placebo 
was provided in tablets indistinguishable from amifampri-
dine tablets and administered consistently to amifampridine 
dose regimen. Amifampridine and placebo were dispensed 
in bottles, individualized for each patient. To maintain blind-
ing, bottles did not report information on the contained prod-
uct (amifampridine or placebo) in the double-blinded phase. 
All doses were self-administered at home by the patients, 
except from one of the doses on the day of in-clinic visits. 
Treatment compliance was estimated based on the total dose 
of investigational product (amifampridine or placebo) that 
was not self-administered by patients and returned to inves-
tigators at in-clinic visits compared to the prescribed dose.

Study outcomes and end points

The primary safety end point was the characterization of the 
overall safety and tolerability of amifampridine compared to 
placebo. Adverse events (AE) were collected and classified 
according to MedDRA. All AE were collected from the first 
day of the run-in period to the end of study. Information on 
serious AE (SAE) were also collected during the screening 
period and in the 4 weeks after the last study visit. Treat-
ment-emergent AE (TEAE) were defined as any AE starting 
from the date of randomization. For the primary safety end 
point, TEAE were compared between amifampridine and 
placebo. Other safety assessments included vital signs, clini-
cal laboratory test results, ECGs, and physical evaluations. 
All safety assessments were performed before in-clinic dose 
administration.

The primary efficacy end point of the study was the 
change from baseline (Day 0) in the HFMSE scores at 7, 14, 
21, and 28 (end of study) days. HFMSE consists of 33 items, 
each scored from 0 to 2, up to a maximum of 66 points with 
higher scores indicating better motor performance.

Secondary quantitative efficacy end points were the 
change from baseline at 7, 14, 21, and 28 days in the 6-min 
walking test (6MWT), the time to rise from floor (from a 
supine position), the time to rise from chair, the time to 
climb four standardized stairs, and the time to walk 10 min 
[14]. Quality of life was evaluated with the Individualized 
Neuromuscular Quality of Life questionnaire (INQoL) or, in 
the case of pediatric patients, the Pediatric Quality of Life 
Inventory (PEDSQL) [30, 31]. Data on secondary efficacy 
outcomes were collected only during the double-blinded, 
crossover part of the trial and not in the open-label run-in 
period.

All efficacy assessments were performed on the day of 
every in-clinic study visit from baseline to end of study. 
HFMSE was also collected on the first day of the screening 
period and on the first day of the run-in period. Efficacy 
assessments were all performed after 45 min from the in-
clinic AP dose administration at standardized times.

Statistical analysis

The sample size for this study was not formally calculated. 
Based on clinical considerations on the epidemiology of 
the disease, an anticipated sample size of approximately 12 
patients to be randomized was estimated to be representative 
to evaluate the safety, tolerability, and evidence of efficacy 
of amifampridine in the target population.

Three study populations were defined for the analyses. 
The full analysis set (FAS) population consisted of all ran-
domized patients who received at least one dose of ami-
fampridine or placebo and had at least one post-treatment 
efficacy assessment. In the FAS population, patients were 
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compared according to the treatment to which they were 
randomized in an intention-to-treat fashion. The per-protocol 
(PP) population consisted of a subset of patients from the 
FAS population who had no major protocol or inclusion/
exclusion criteria deviations and who took at least 80% of 
the required treatment dose. The FAS population was used 
as the primary analysis set for all efficacy analyses. The 
safety population included all patients who were enrolled in 
the study and received at least one dose of amifampridine 
and all patients who entered the run-in period regardless of 
whether they were randomized to double-blind medication 
on day 0.

Descriptive statistics are presented as mean and stand-
ard deviation (SD) and median (range) for continuous vari-
ables and as counts (percentages) for categorical variables. 
For the primary efficacy end point analysis, a mixed effects 
linear model was used to estimate population least squares 
(LS) mean difference (MD) and 95% confidence intervals 
(CI) for each of the four period and sequence combina-
tion. Treatment (amifampridine or placebo) and treatment 
sequence (AP or PA) and the treatment by sequence inter-
action were entered in the model as fixed effects. Subject 
within sequence entered the model as a random effect with a 
block diagonal covariance structure. As for the primary effi-
cacy end point analysis, quantitative secondary efficacy end 
points and INQoL were analyzed with the same linear mixed 
model with treatment and sequence entered as fixed effects 
and subjects within sequence entered as random effect with a 
block-diagonal covariance structure. There were no changes 
in the prespecified statistical analysis apart from INQoL 
statistics, which in the final analysis were both descriptive 
and inferential as opposed to only descriptitve as originally 
planned. Thus, results from the INQoL analysis should be 
interpreted as an exploratory post-hoc analysis. For safety 
analysis, all AE and SAE were summarized using system 
organ class and preferred terms and presented as counts and 
percentages. A p value ≤ 0.05 was considered statistically 
significant. Analyses were performed with SAS System, Ver-
sion 9.4 (SAS Institute, Cary, North Carolina, USA).

Results

Patients enrollment, randomization, and baseline 
characteristics

From 14 January 2019 to 17 September 2020, a total of 
13 patients, 5 females and 8 males, with genetically con-
firmed SMA, due to homozygous exon 7 deletion for all 
patients, clinically defined as Type 3, were screened. All 
the patients were enrolled in the study and entered the 
run-in period. The mean age of the enrolled population 
was 34.5 (SD 11.3) years, with a median age of 35.0 years 

(range 18–53). Mean duration of treatment during the run-
in period was 32.2 (SD 3.1) days, with a median of 31 days 
(range 29–38). At the end of the run-in period, 12 (92.3%) 
patients demonstrated an improvement in the HFMSE of 
at least 3 points at a stable amifampridine dose and were 
randomized, 6 to AP and 6 to PA sequences. Baseline 
demographic and clinical characteristics are presented 
in Table 1. HFMSE scores during the run-in period are 
described in Table 2. All 12 patients completed the study 
and were included in the Safety, FAS, and PP populations 
(Figure S1, Online Resource 3). One 45-year-old patient 
discontinued dosing and was not randomized since he did 
not show a 3-point improvement in HFMSE during the 
run-in period and was included in the Safety population 
only. No pediatric patients were included since all pedi-
atric patients with SMA Type 3 followed at the center in 
Milan were receiving an SMN-enhancing medication at 
the time of study enrollment, while the center in Belgrade 
does not follow pediatric patients at all. Treatment com-
pliance was similar between treatment sequences during 
Period 1 (91.67% and 92.78% for AP and PA sequences, 
respectively) and Period 2 (91.94% and 92.50% for AP and 
PA sequences, respectively). There were no major pro-
tocol deviations during the study. One 53-year-old male 
patient was inadvertently enrolled and randomized to the 
AP sequence, despite that the maximum age to enter the 
study was 50 years as per inclusion criteria. This devia-
tion was considered minor and the patient was included 
in the analysis.

Primary safety end point and other safety 
evaluations

The primary safety analysis compared the occurrence of 
TEAE in patients receiving amifampridine to those receiv-
ing placebo (Table S1, Online Resource 3). Five (41.7%) 
and three (25.0%) patients reported at least one TEAE while 
receiving amifampridine or placebo, respectively. All TEAE 
were mild to moderate in severity. No SAE, including AE 
leading to hospitalization or deaths, or AE leading to study 
or study drug discontinuation were reported. No COVID-19 
cases were reported and no patient tested positive for SARS-
CoV-2 infection during the study period.

There were no clinically meaningful changes from screen-
ing observed for any mean hematology or mean chemistry 
laboratory parameters during the study (data not shown). 
One patient at Day 0 had a mild increase of transaminases 
that was considered possibly related to treatment with ami-
fampridine phosphate. During the run-in period, when all 
participants were receiving amifampridine, 11 (84.6%) 
patients reported at least one AE (Table S2, Online Resource 
3).
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Primary efficacy end point

The primary efficacy end point was the change from Day 0 in 
HFMSE. A statistically significant improvement in HFMSE 
was observed in patients receiving amifampridine compared 

to those receiving placebo (LS MD = 0.729; 95% CI from 
0.22 to 1.37; p = 0.0083) (Table 3). No significant period or 
carryover effects were observed in the model (p = 0.9449 
and p = 0.1931, respectively). The percentage of HFMSE 
improved residual impairment for the different phases of the 

Table 1  Baseline characteristics

Baseline characteristics of included patients. Baseline corresponds to the randomization day (day 0) after the run-in period
AP randomized to the sequence amifampridine/placebo, PA randomized to the sequence placebo/amifampridine, SD standard deviation, NA not 
applicable, BMI body mass index, SMA spinal muscular atrophy
a Concomitant diseases ongoing at study start. Patients can have more than one concomitant disease
b For all patients, the previous SMA treatment was salbutamol

Variable AP (n = 6) PA (n = 6) Not randomized (n = 1) Total population (n = 13)

Age, y
 Mean (SD) 37.2 (8.5) 30.2 (13.5) 45.0 (NA) 34.5 (11.3)
 Median (min–max) 35.5 (28–53) 24.5 (18–49) 45.0 (45–45) 35.0 (18–53)

Sex, female, n (%) 4 (66.7) 1 (16.7) 0 (0.0) 5 (38.5)
Race or ethnic group, n (%)
 Caucasian 6 (100.0) 5 (83.3) 1 (100.0) 12 (92.3)
 Asian 0 (0.0) 1 (16.7) 0 (0.0) 1 (7.7)

Weight, kg
 Mean (SD) 64.7 (9.3) 67.8 (11.8) 76.9 (NA) 67.0 (10.2)
 Median (min–max) 61.0 (56–81) 67.6 (55–87) 76.9 (77–77) 64.2 (55–87)

BMI, kg/m2

 Mean (SD) 22.5 (1.4) 22.3 (4.3) 26.6 (NA) 22.7 (3.1)
 Median (min–max) 22.5 (21.0–24.6) 23.1 (16.7–28.7) 26.6 (26.6–26.6) 23.0 (16.7–28.7)

Time from onset of SMA symptoms, y
 Mean (SD) 23.3 (9.6) 20.7 (16.1) 29.0 (NA) –
 Median (min–max) 21.0 (14–37) 13.5 (8–48) 29.0 (29–29) –

Previous SMA treatment, n (%)b 3 (50.0) 2 (33.3) 1 (100.0) –
Concomitant diseases, n (%)a 3 (50.5) 4 (66.6) 1 (100.0) 8 (61.5)
 Gilbert’s syndrome 0 (0.0) 1 (16.7) 0 (0.0) 1 (7.7)
 Drug hypersensitivity 1 (16.7) 0 (0.0) 0 (0.0) 1 (7.7)
 Onychomycosis 0 (0.0) 1 (16.7) 0 (0.0) 1 (7.7)
 Lactose intolerance 1 (16.7) 0 (0.0) 0 (0.0) 1 (7.7)
 Osteoarthritis 1 (16.7) 0 (0.0) 0 (0.0) 1 (7.7)
 Osteopenia 1 (16.7) 0 (0.0) 0 (0.0) 1 (7.7)
 Scoliosis 0 (0.0) 1 (16.7) 0 (0.0) 1 (7.7)
 Essential tremor 0 (0.0) 0 (0.0) 1 (100.0) 1 (7.7)
 Headache 0 (0.0) 0 (0.0) 1 (100.0) 1 (7.7)
 Anxiety disorder 1 (16.7) 0 (0.0) 0 (0.0) 1 (7.7)
 Confusional state 0 (0.0) 0 (0.0) 1 (100.0) 1 (7.7)
 Polycystic ovaries 1 (16.7) 0 (0.0) 0 (0.0) 1 (7.7)
 Nasal turbinate hypertrophy 1 (16.7) 0 (0.0) 0 (0.0) 1 (7.7)
 Sleep apnea syndrome 1 (16.7) 0 (0.0) 0 (0.0) 1 (7.7)
 Seborrheic dermatitis 1 (16.7) 0 (0.0) 0 (0.0) 1 (7.7)
 Early menopause 1 (16.7) 0 (0.0) 0 (0.0) 1 (7.7)
 Hypertension 1 (16.7) 1 (16.7) 0 (0.0) 2 (15.4)

Amifampridine total daily dose at randomization, mg
 Mean (SD) 80.0 (0.0) 76.7 (8.2) 80.0 (NA) –
 Median (min–max) 80.0 (80–80) 80.0 (60–80) 80.0 (80–80) –
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study (Table S3) and spaghetti plots describing randomized 
patients (Figure S2) are available in Online Resource 3.

Secondary efficacy end points

For the secondary efficacy end points, no significant differ-
ences from day 0 were observed in patients while receiving 
amifampridine compared to those receiving placebo in the 
6-MWT, rising from the floor, rising from the chair, climb-
ing four steps, or walking 10 m (Table 3). No significant 
period or carryover effects for all the secondary efficacy 
outcomes were observed.

In the INQoL exploratory analysis, amifampridine 
showed a statistically significant improvement in the fatigue 
subscale (p = 0.0081) and a significant reduction in the 
expected treatment effect subscale (p = 0.0120) compared 
to placebo, while for all other subscale scores the differ-
ence was non-significant (Table 3). A significant carryo-
ver effect was observed for pain (p = 0.0160) and emotions 
(p = 0.0237) subscales, while no significant period or carryo-
ver effects were observed for all the other INQoL subscales.

Classification of evidence

This investigation was designed to primarily evaluate the 
safety of amifampridine in ambulatory SMA Type 3 patients 
and to assess its efficacy by means of an improvement of the 
HFMSE. SMA-001 study provided Class II evidence that 
AP was safe and effective in treating ambulatory patients 
affected by SMA Type 3.

Discussion

During the SMA-001 trial, amifampridine was well tolerated 
by adult patients with SMA Type 3 at doses up to 80 mg per 
day. AE were all mild to moderate and were similar to those 

reported in clinical trials of amifampridine in LEMS patients 
[26, 32–36]. The most commonly occurring TEAEs consid-
ered related to treatment with amifampridine included oral 
and nasal paresthesia, oral hypoesthesia, flu-like symptoms, 
mild transaminases increase, and headache. No severe AE or 
treatment discontinuations due to AE were reported.

The SMA-001 study met the primary efficacy end point 
since patients receiving amifampridine had a statistically 
significant increase in HFMSE score, compared to those 
receiving placebo, in the double-blinded, crossover phase. 
However, the observed difference is not considered a clini-
cally significant change as defined in the literature. In this 
regard, a recent study estimated that the minimal clinically 
important difference of HFMSE for ambulatory SMA Type 3 
patients ranges between 1.5 and 4.3 points [37]. It is worthy 
of note though that during the run-in period of amifampri-
dine titration, patients achieved a relevant improvement in 
motor function, as demonstrated by an increase in the mean 
value of the HFMSE score that exceeded the aforementioned 
cutoffs for clinically meaningful relevance. Other therapies 
specifically targeting the NMJ have been recently under 
investigation. Dalfampridine (4-aminopyridine) is a com-
pound similar to amifampridine that was effective in improv-
ing fatigue and ambulation in multiple sclerosis patients 
[38]. In a randomized, placebo-controlled crossover trial, 
enrolling 11 adult SMA Type 3 ambulatory patients, which 
consisted of two crossover phases, a short-term and a long-
term one, dalfampridine resulted in a mean difference of 
1.84 and 0.6 points in the HFMSE score for the two phases, 
respectively, compared to placebo. These changes were not 
statistically significant [39]. The improvement in the long-
term phase was similar to that observed in our patients in 
the primary efficacy outcome analysis. Nevertheless, in 
an observational cohort study on adult SMA Type 2 and 3 
patients receiving nusinersen, ambulatory Type 3 patients 
achieved a mean improvement of 1.58 and 2.37 points at the 
HFMSE by 6 and 14 months, respectively, after treatment 

Table 2  HFMSE in the open-
label run-in period

HFMSE Hammersmith Functional Motor Scale Expanded, AP randomized to the sequence amifampridine/
placebo, PA randomized to the sequence placebo/amifampridine, SD standard deviation, NA not applicable

Variable AP (n = 6) PA (n = 6) Not randomized (n = 1) Total popula-
tion (n = 13)

HFMSE at run-in start (day 1), points
 Mean (SD) 50.5 (5.4) 48.5 (11.0) 56 (NA) 50.0 (8.2)
 Median (min–max) 50.5 (43–57) 52 (33–59) 56 (56–56) 53 (33–59)

HFMSE at randomization (day 0), points
 Mean (SD) 53.8 (5.4) 53.3 (10.5) 58 (NA) 53.9 (7.7)
 Median (min–max) 53.5 (46–60) 57 (37–63) 58 (58–58) 56 (37–63)

HFMSE, difference from run-in start to day 0, points
 Mean (SD) 3.3 (0.5) 4.8 (1.3) 2 (NA) 3.9 (1.3)
 Median (min–max) 3 (3–4) 4 (4–7) 2 (2–2) 4 (2–7)
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initiation [40]. Both changes were statistically significant 
and at 14 months the proportion of responders (i.e., achiev-
ing a 3-point improvement in HFMSE) was 48%. Baseline 
characteristics of SMA Type 3 patients included in this 
observational study were comparable to our trial and similar 
results were also reported in a further observational study on 
a German cohort of adult SMA patients [41]. Indeed, these 
observations are of great interest considering that in the run-
in period of the SMA-001 study, 92% of patients achieved at 

least a three-point clinically meaningful response in HFMSE 
in about 1 month of amifampridine treatment. Actually, the 
fact that HFMSE score was already improved at randomiza-
tion can partly explain the small effect observed afterward, 
during the double-blinded phase. A previous placebo-con-
trolled crossover trial in MuSK MG patients showed that 
amifampridine significantly improved all disease-specific 
assessments evaluating disease severity and activities of 
daily life. Of note, likewise our study, this trial included a 

Table 3  Primary and secondary efficacy outcomes

Primary and secondary efficacy outcomes are presented as LS means (SD) and LS mean difference (95% CI). For the primary outcome, results 
are provided for the FAS and PP populations. For secondary outcomes, results are presented for the FAS population The number of patients con-
tributing to the evaluated outcomes analyses is indicated for each outcome
Bold values indicate statistically significant p-values
LS least squares, SE standard error, 95% CI 95% confidence interval, HFMSE Hammersmith Functional Motor Scale Expanded, FAS full analysis 
set, PP per protocol, INQoL individualized neuromuscular quality of life questionnaire, NA not applicable
a Values are expressed in meters
b Values are expressed in seconds
c These outcomes were evaluated only in patients capable to rise from floor, rise from chair, and climb four steps

Outcome Amifampridine LS mean 
(SE) (n = 12)

Placebo LS mean (SE) 
(n = 12)

LS mean difference (95% CI) p value

Primary outcome
 HFMSE total score, FAS 0.208 (0.326) − 0.583 (0.326) 0.792 (0.22 to 1.37) 0.0083
 HFMSE total score, PP 0.208 (0.326) − 0.583 (0.326) 0.792 (0.22 to 1.37) 0.0083

Secondary outcomes
 6-min walk  testa 5.833 (7.441) 5.833 (7.441) 0.000 (− 10.25 to 10.25) 1.0000
  No. of patients 12 12

 Rising from  floorb,c − 2.379 (3.313) − 0.568 (3.280) − 1.810 (− 6.48 to 2.86) 0.4150
  No. of patients 5 5

 Rising from  chairb,c − 0.422 (0.574) − 0.055 (0.574) − 0.367 (− 1.37 to 0.63) 0.4548
  No. of patients 8 8

 Climbing 4  stepsb,c − 0.593 (0.920) − 1.072 (0.920) 0.479 (− 0.93 to 1.89) 0.4908
  N. patients 9 9

 Walking 10  metersb − 2.496 (1.384) − 0.693 (1.384) − 1.803 (− 3.88 to 0.27) 0.0867
  No. of patients 12 12

INQoL subscales
 Weakness − 2.632 (4.684) − 0.439 (4.684) − 2.193 (− 5.25 to 0.86) 0.1541
 Pain − 1.754 (6.152) 1.316 (6.152) − 3.070 (− 6.23 to 0.09) 0.0567
 Fatigue − 4.386 (5.098) 4.167 (5.098) − 8.553 (− 14.74 to − 2.37) 0.0081
 Muscle locking − 4.386 (3.993) − 2.851 (3.993) − 1.535 (− 4.77 to 1.69) 0.3410
 Droopy eyelids 0 0 NA –
 Double vision − 3.070 (2.655) − 2.193 (2.655) − 0.877 (− 2.31 to 0.56) 0.2223
 Swallowing difficulties 0 0 NA –
 Activities − 12.85 (4.336) − 9.298 (4.336) − 3.549 (− 8.19 to 1.09) 0.1295
 Independence − 4.977 (3.912) − 1.852 (3.912) − 3.125 (− 7.64 to 1.39) 0.1687
 Social relationship − 1.080 (2.730) − 0.965 (2.730) − 0.116 (− 2.46 to 2.23) 0.9206
 Emotions − 0.463 (3.714) − 0.659 (3.723) 0.196 (− 2.95 to 3.34) 0.8997
 Body image score − 4.745 (3.716) − 2.315 (3.716) − 2.431 (− 7.36 to 2.49) 0.3230
 Perceived treatment effects − 8.681 (6.937) − 4.167 (6.937) − 4.514 (− 11.66 to 2.64) 0.2081
 Expected treatment effects − 13.54 (5.246) − 5.556 (5.246) − 7.986 (− 14.10 to − 1.87) 0.0120

Total INQoL quality of life score 0.995 (3.256) 3.309 (3.264) − 2.314 (− 5.16 to 0.53) 0.1071
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run-in phase and only responder patients entered the rand-
omized phase. In MG patients, the magnitude of the mean 
difference of the effect was mainly due to the worsening of 
MG symptoms in patients while receiving placebo than in 
further improvement in patients while receiving amifam-
pridine [22]. We observed similar behavior in the HFMSE 
score of SMA patients included in our study. However, we 
should also consider a possible learning effect on the execu-
tion of the scale, which could have reduced the entity of the 
measured worsening during placebo periods, accounting for 
the limited clinical significance of the improvement provided 
by amifampridine during the crossover phase. Although 
these results do not support a strong recommendation, they 
are encouranging with regard to the potential effect of ami-
fampridine in improving motor function in SMA Type 3 
patients which, unless being limited by the potential placebo 
effect (also potentially present in observational studies on 
nusinersen) and the short study duration, is obtained rapidly 
after a brief treatment period.

None of the quantitative secondary efficacy end points 
assessed in our study showed a significant difference 
between amifampridine and placebo. Similarly to the dal-
fampridine trial, 6MWT showed non-significant changes 
between active treatment and placebo [37, 39]. Interestingly, 
in our trial, amifampridine significantly improved fatigue in 
SMA Type 3 patients by means of a reduction in the INQoL 
fatigue subscale. Conversely, such improvement in fatigue 
was not observed in the dalfampridine trial. Discrepancies 
between changes in the 6MWT and the INQoL fatigue-
related item have been already reported in a large cohort 
of Italian adult SMA patients treated with nusinersen and 
a further study showed that the perceived fatigue does not 
correlate with fatigability, which represents the objective 
measure of fatigue [42, 43]. Overall, these findings support 
the use of INQoL scale as a complementary tool in SMA 
patients’ evaluation. Although not statistically significant, 
amifampridine showed a tendency toward the improvement 
in the other disease symptoms and areas of life sections of 
the INQoL questionnaire, except for emotions. By contrast, 
the same population of treated patients reported a significant 
worsening of the expected treatment effect, compared to pla-
cebo. This was unexpected and we speculate that it might 
be related to the way the questions are shaped in the ques-
tionnaire and the time of its administration. Indeed, patients 
were asked whether they expect a future improvement from 
the current therapy in a moment (the randomization to the 
crossover phase) when they already achieved an improve-
ment during the run-in phase and they are pretty stable.

Our study has some limitations. The sample size was 
small and a formal power analysis was not conducted. How-
ever, the number of enrolled patients was similar to the trial 
on dalfampridine, even though here the sample size was 
estimated on 6MWT, which was not the primary outcome 

measure outcome in our study [39]. Washout periods were 
not performed in our trial due to the short half-life of ami-
fampridine [24, 25] and no period or carryover effects were 
found in the model for primary and secondary end points. 
Also, since SMA Type 3 does not have a rapid progression, 
all included patients were adults with a stable disease, and 
the overall study duration was of about 2 months, the pres-
ence of a possible period effect might be of limited to insig-
nificant impact. In our study, pediatric patients could not be 
enrolled, since all SMA Type 3 patients followed at the par-
ticipating centers were receiving an SMN-enhancing medi-
cation at the time of recruitment. Thus, the possible thera-
peutic role of amifampridine in pediatric patients should be 
evaluated in future trials.

Currently, preliminary results of a phase 2 clinical trial 
on the use of an acetylcholinesterase inhibitor in SMA 
patients support its potential use as an additive therapy 
[44]. Also, recent data suggested that NMJ transmission 
might be an SMN-independent therapeutic target [10], 
reinforcing the need for other pharmacological strategies 
to ameliorate motor function in SMA patients. In this land-
scape, larger, well-powered studies are needed to better 
define the role of amifampridine in the treatment of SMA 
patients as adjunctive therapy to SMN-enhancing medica-
tions for the cure of SMA.
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