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Abstract
Objective: The aim of this study is to determine the safety and the efficacy of amifampridine phosphate in muscle-specific kinase 
antibody-positive myasthenia gravis, in a 1:1 randomized, double-blind, placebo-controlled, switchback, double crossover study.
Methods: Eligible patients had muscle-specific kinase myasthenia gravis, >18 years of age, and Myasthenia Gravis Foundation of 
America class II–IV with a score of ⩾9 on Myasthenia Gravis Composite scale. After the run-in phase, during which amifampridine 
phosphate was titrated to a tolerable and effective dosage, patients were randomized to receive placebo–amifampridine–
placebo sequence or amifampridine–placebo–amifampridine sequence daily for 7 days. Then, patients switched treatment arms 
twice, for a total of 21 days of double-blind treatment. Safety was determined by serial assessments of adverse events/serious 
adverse events, physical examinations, and clinical and laboratory tests. The co-primary outcome measures included changes 
from baseline of Quantitative Myasthenia Gravis score and Myasthenia Gravis–specific Activities of Daily Living Profile score. 
The secondary outcome measures comprised changes from baseline of Myasthenia Gravis Composite score, Myasthenia Gravis 
Quality of Life scale—15 questions, Fatigue Severity Scale, and Carlo Besta Neurological Institute–Myasthenia Gravis scale. 
Statistical analyses were assessed using a switchback model for three-period, two-treatment crossover design.
Results: A total of 10 patients were screened, enrolled, and treated. Transient paresthesias (60%) were the only amifampridine 
phosphate–related adverse events reported. Four patients were randomized to receive placebo–amifampridine–placebo 
sequence and three patients to receive amifampridine–placebo–amifampridine sequence. The co-primary objectives were 
statistically met (Quantitative Myasthenia Gravis score: p = 0.0003 and Myasthenia Gravis–specific Activities of Daily Living 
Profile score: p = 0.0006), as well as all the secondary endpoints (Myasthenia Gravis Composite score: p < 0.0001, Myasthenia 
Gravis Quality of Life scale—15 questions: p = 0.0025, Fatigue Severity Scale: p = 0.0061, and Carlo Besta Neurological 
Institute–Myasthenia Gravis scale: p = 0.0014).
Conclusion: Despite the low number of patients, MuSK-001 study provided evidence that amifampridine phosphate, in the 
range of 30–60 mg daily dose, was safe and effective in treating muscle-specific kinase myasthenia gravis, suggesting the need 
for a large multi-center trial to confirm these results.
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Introduction

Acquired myasthenia gravis (MG) is a rare auto-immune dis-
order of the neuromuscular junction (NMJ) characterized by 
fluctuating weakness and fatigability of skeletal muscles. 
MG pathogenesis relies on the binding of auto-antibodies to 
postsynaptic membrane proteins at the NMJ, which ulti-
mately results in failure of neuromuscular transmission. 
Most commonly, MG is caused by complement-activating 
immunoglobulin (Ig) G1 and IgG3 to the acetylcholine 
receptor (AChR), with a consequent loss of functional AChR 
from the postsynaptic membrane. About 5%–10% of MG 
patients carry IgG4 anti-muscle-specific receptor tyrosine 
kinase (MuSK) antibodies.1–3

MuSK is located in the NMJ at postsynaptic level where 
it forms a complex with its co-receptor, low-density lipopro-
tein receptor-related protein 4 (LRP4). MuSK antibodies 
block the establishment of the agrin-LRP4-MuSK complex, 
which leads to disassembly of the AChR clusters, and altered 
NMJ maintenance and function. MuSK antibodies also inter-
fere with the presynaptic compensatory mechanisms regulat-
ing acetylcholine (ACh) quantal release.2–5 The failure of 
this compensation might explain why MuSK-MG patients 
often show more severe forms of the disease, compared to 
AChR-MG patients. The different pathogenic mechanisms 
underlying MG produce wide variation in the presentation 
and severity of disease symptoms among MG patients. 
MuSK-MG is characterized by specific clinical features, 
such as female predominance, prominent oculo-bulbar 
involvement, and significant resistance to therapies.1,6

Conventional long-term treatments for MuSK-MG 
patients include acetylcholinesterase inhibitors (anti-AChE) 
and immunosuppressants, which often produce an insuffi-
cient response. The use of anti-AChE can exacerbate the 
NMJ impairment induced by the anti-MuSK antibodies and 
is frequently detrimental in these patients.7–9 Hence, the 
search for additional therapeutic options to treat MuSK-MG 
is a medical need.

3, 4-Diaminopyridine (3,4-DAP) is a non-specific volt-
age-dependent potassium channel (Kv1.5) blocker; it causes 
depolarization of the presynaptic membrane at the NMJ and 
delays nerve repolarization. This results in a prolonged 
action potential, which enables an increased release of vesi-
cles containing ACh into the synaptic cleft.9–11 The greater 
availability of ACh enhances neuromuscular transmission, 
providing improved muscle function.

A considerable amount of clinical experience with the 
phosphate salt of 3,4-DAP (amifampridine phosphate (AP), 
Firdapse®) has been gained, providing evidence for its effi-
cacy and safety in different autoimmune and genetic NMJ 
diseases, including Lambert–Eaton myasthenic syndrome 
(LEMS) and congenital myasthenic syndrome (CMS).12,13 
Generally, AP has been recommended as first-line sympto-
matic treatment for LEMS by the European Federation of 
Neurological Societies (EFNS).14

Based on MuSK-MG-specific pathogenic features,2 
recent nonclinical studies examined the effects of 3,4 DAP in 
MuSK mouse models, demonstrating that 3,4 DAP signifi-
cantly improved neuromuscular transmission.9,15

Furthermore, anecdotal evidence suggested that AP was 
beneficial in a MuSK-MG patient16 and in two AChR-MG 
patients,17 but no randomized clinical trial (RCT) has been 
performed to date.

Here, we report the first phase-II RCT (MuSK-001) to 
determine safety, tolerability, and clinical efficacy of AP in 
the treatment of patients with MuSK-MG.

Methods

MuSK-001 was a randomized, double-blind, placebo-con-
trolled, monocentric, crossover, outpatient, phase IIb clinical 
trial of AP in MuSK-MG. This study was conducted in Italy 
at the Istituto Neurologico Carlo Besta, in accordance with 
the ethical principles established by the Declaration of 
Helsinki, and the ICH Harmonized Tripartite Guideline: 
Guideline for Good Clinical Practice E6 (ICH E6). The study 
was approved by the Ethical Committee of the Istituto 
Neurologico Carlo Besta, and written informed consent was 
obtained from each patient screened for eligibility. This trial 
was registered at the Italian Agency for Drug (AIFA) 
Observatory with the number 46/2015. Trial protocol is 
available in EU Clinical Trials Register (EudraCT number: 
2015-003127-62).

Patients

Patients included in the study were ⩾18 years of age, with a 
definitive diagnosis of MG-positive for the anti-MuSK anti-
bodies serologic test. Eligible patients fell into class II–IV of 
Myasthenia Gravis Foundation of America (MGFA) Clinical 
Classification at Screening with a Myasthenia Gravis 
Composite (MGC) score equal or greater than 9 points at 
screening. All patients were required to have a stable steroid 
regimen for the month prior to screening and a stable ongo-
ing immunosuppressive (e.g. azathioprine, mycophenolate 
mofetil, methotrexate, and cyclophosphamide) regimen for 
3 months prior to screening. Ongoing treatments are reported 
in the “Results” section.

Exclusion criteria were as follows: weakness only affect-
ing ocular or periocular muscles (MGFA class I) or intuba-
tion (MGFA class V); hypersensitivity to the active substance 
or to any of the excipients; epilepsy, uncontrolled asthma, or 
long QT syndrome; concomitant use of sultopride or any 
drug known to cause QTc prolongation; history of thymec-
tomy within 12 months before screening; treatment with 
plasma exchange (PE) and/or intravenous immunoglobulin 
G (IVIG) within 3 weeks before screening, use of rituximab 
within 6 months before screening, employment of any inves-
tigational drug, device, or biological agent within 30 days 
before screening or while participating in this study.
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Interventions

During the run-in phase of the study, the dose of AP (Firdapse; 
Catalyst Pharmaceuticals, Inc., Coral Gables, FL, USA) was 
determined for each patient by the investigator, within the 
bounds of a total daily dose of 30–100 mg, divided into doses 
taken 3–4 times per day, based on optimal neuromuscular 
benefit. The maximum single dose was 25 mg.

The identified dose and dosing regimen of AP remained 
stable for each patient throughout the randomization phase 
of the study.

Patients were randomly assigned in a 1:1 ratio to AP tab-
lets or to placebo; both were administered orally, daily for 
1 week at a time, according to the treatment arm. Patients in 
both groups were permitted to receive concomitant steroids 
and immunosuppressant therapies at their stable dose, as 
specified in the inclusion criteria. Treatment compliance was 
monitored by tablet accountability.

Study design and plan

As MuSK-MG is a rare disease, a crossover design, which 
enables the recruitment of a reduced number of patients, 
was adopted.

The design employed a two-treatment sequence: amifam-
pridine–placebo–amifampridine (APA) and placebo–ami-
fampridine–placebo (PAP) (Figure 1). The overall trial was 
at least 49 days, excluding the screening period which could 
last up to 14 days.

Patients who successfully completed screening entered 
the MuSK-001 trial which included the following phases 
(Figure 1):

1. Open-label run-in. AP dose was titrated upward 
every 4 days, starting at 30 mg/day, at the discretion 
of the investigator, to identify the effective dose for 
each patient. Patient visits were scheduled at Day 1 
of run-in phase, and every 2 weeks (±2 days) for a 

minimum of 3 weeks, with the last week requiring a 
stable dose and frequency. At the end of this period, 
patients must have had a 3-point improvement in 
MGC (excluding ocular items)15 from Day 1 of run-
in, to be eligible for randomization (Day 0).

2. Treatment I (Day 1–Day 7). Patients who completed 
the open-label run-in were assessed and randomized 
(1:1 ratio) under double-blind conditions on Day 0 to 
receive either AP or placebo tablets for 1 week.

3. Treatment II (Day 8–Day 14). As part of the crosso-
ver design, patients were assessed under double-
blind conditions on Day 7 and received for 7 days the 
test medication in the order of Treatment II, which is 
the one they did not receive during Treatment I.

4. Treatment III (Day 15–Day 21). After being assessed 
on Day 14, patients went back to the same test medica-
tion as in Treatment I, beginning on Day 15 for 7 days.

Randomization of the patients through Treatments I–III cre-
ated the two arms APA and PAP.

5. Follow-up and termination visit (Day 21–Day 28). 
Patients withdrew from the study medication/pla-
cebo after the assessment on Day 21 and entered a 
week of follow-up. On Day 28 (±1 day), the termina-
tion visit assessment was carried out.

Withdrawal from treatment demonstrated a return to base-
line disease state, requiring modification of the ongoing 
therapies.

Outcomes

Safety endpoint. The primary safety endpoint of the study 
was to characterize the overall safety and tolerability of AP 
compared with placebo in patients with MuSK-MG.

Adverse event (AE) records were collected at each visit. 
Vital signs, complete physical examinations, and electrocar-
diograms were conducted at screening, at Day 0, and at each 

Figure 1. Schematic diagram of the MuSK-001 protocol.
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visit during the randomization period. Clinical laboratory 
tests, which included serum chemistry, hematology, and uri-
nalysis, were collected at the same time points.

Efficacy endpoints. The co-primary efficacy endpoints were 
the differences between AP-treated patients compared with 
placebo-treated patients in change from baseline in (1) Quan-
titative Myasthenia Gravis score (QMG)18 and (2) Myasthe-
nia Gravis–specific Activities of Daily Living Profile 
(MG-ADL) score.19

Secondary efficacy endpoints were the differences 
between AP-treated patients compared with placebo-treated 
patients in change from baseline in (1) MGC scale score,20 
(2) Carlo Besta Neurological Institute–Myasthenia Gravis 
(CBNI-MG) scale score,21 (3) Myasthenia Gravis Quality of 
Life—15 questions (MG-QoL 15) score,22 and (4) Fatigue 
Severity Scale (FSS) score.23 Baseline was defined as the 
results of patient evaluations on the last day of open-label 
run-in, just prior to randomization.

The MG-scale assessment was performed each time start-
ing 45 min after the last dose of medication, following the 
sequence as listed: MGC, CBNI-MG, QMG, FSS, MG-QoL 
15, and MG-ADL.

Randomization and blinding

The randomization list of the study was generated by an inde-
pendent biostatistician (SPARC Consulting) using the proce-
dure PROC PLAN of the SAS® System version 9.2 software. 
Randomization was performed by a block randomization 
method where the two arms of treatments (APA and PAP) 
were balanced, and the block size for each arm was 10 patients.

The crossover design had each patient receive both active 
and placebo treatments, falling in one of the two study arms 
(APA or PAP) according to the randomization. The test med-
ications for the different arms of treatment were dispensed to 
patients by a trained site pharmacist, according to the rand-
omization schedule, and by the order of randomization num-
ber reported on the labeled boxes containing the two 
treatments (APA and PAP). The study drug and placebo 
appeared identical. Both the patients and investigator were 
blinded to treatment assignment.

Statistical methods

Sample size determination. The sample size for this study was 
based on clinical considerations related to the epidemiology of 
the disease and not on a formal statistical power calculation.

Since the primary endpoint was safety, we considered that 
20 patients could be a reasonable number for such a rare 
clinical condition and in consideration that the AP safety has 
been already investigated in patients affected with LEMS.

Safety analysis. Safety analysis was conducted on the safety 
population (i.e. all randomized patients who receive at least 
one dose of AP or placebo). The safety analysis is presented 

using descriptive statistics. Treatment-emergent adverse 
events (TEAEs) are included in the safety analysis. The inci-
dence of TEAEs is summarized by system organ class, pre-
ferred term, relationship to treatment, and severity by 
treatment group.

Efficacy analysis. Efficacy analysis was conducted on all ran-
domized patients who received at least one dose of AP (AP 
or placebo) and had at least one post-treatment efficacy 
assessment.

Differences between AP and placebo in the QMG, MG 
ADL, MGC, CBNI-MG, MG-QoL 15, and FSS total scores 
were analyzed using a switchback model for three-period, 
two-treatment crossover design. The possible carryover 
effect between AP and placebo was also analyzed by means 
of classic crossover and one-way analysis of variance 
(ANOVA) or parallel design analysis models. Least-squares 
(LS) means and standard errors (SEs) were presented for all 
efficacy outcome measures in AP and placebo groups.

Concordance between the different evaluation scales was 
evaluated using Cohen’s kappa coefficient (κ). We first cal-
culated the differences in total scores of each outcome meas-
ures to each time point from baseline. Second, we assigned 
each patient in “improved” or “not improved” categories 
using different deltas: change of 2, 3, or 4 points from base-
line. After that, we calculated the concordance between 
every combination of these classes and we chose the better 
result for each outcome measure.

Statistical analyses were performed using the statistical 
software package SAS v9.4. All significance testing was 
two-tailed at a 0.05 significance level.

Results

Patients

A total of 20 patients were originally planned to be 
enrolled for this study between February 2016 and June 
2017, but the recruitment was halted after 10 patients 
because there was a clear beneficial effect on muscle 
strength and fatigability due to one of the two treatments. 
All patients included in MuSK-001 trial were enrolled at 
Istituto Neurologico Carlo Besta. The first informed con-
sent was signed on 19 February 2016 and the last one on 
21 November 2016. All patients were in class IIIb or IVb 
of the MGFA clinical classification representing, respec-
tively, moderate and severe forms of MG predominantly 
affecting bulbar muscles and, less or equally, limb and 
axial muscles. Of the 10 patients, 3 were not randomized 
since they did not reach a stable, therapeutic dose during 
the run-in period. Following discontinuation, the three 
patients underwent PE treatment and received immuno-
suppressants or steroid treatment.

At randomization, four patients were assigned to  
PAP arm of treatment and three patients to the APA arm 
(Figure 2). Descriptive statistics about baseline demographic 
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characteristics regarding age of patients, gender, age at onset, 
and MG duration are reported in Table 1. Overall, there was 
a female prevalence (85.7% of the entire safety population; 
100% of the PAP arm, 66.7% of the APA arm) and a mean 
age of 43.4 (SD = ±7.0) years, with a mean age at onset of 
the MusK-MG of 37.0 (SD = ±11.2) years. Five (71.4%) of 
the seven patients were receiving treatments for MuSK-MG. 
Steroids were received by three patients, all belonging to the 
APA group, and one patient in the same group was also 
receiving mycophenolate mofetil (33,3%). Two patients in 
the PAP group received azathioprine (25%) and methotrex-
ate (25%), respectively. None of the patients was previously 
exposed to AP or a closely related drug.

During the run-in period, the AP effective dose was 
achieved for all the patients in the range of 30–60 mg daily, 
with a mean daily dose for AP equal to 47.1 ± 11.1 mg. In 
particular, one patient (14.3%) maintained the 30-mg 

starting dose and two patients (28.6%) were assigned to 
each dosage of 40, 50, and 60 mg.

The overall treatment compliance during the three dou-
ble-blind periods was 99.6% in the AP group and 94.7% in 
the placebo group.

Primary safety endpoint

During the run-in period, a total of six patients (60%) 
reported limbs and/or oral paresthesias, with resolution in 
a few days (mean = 9.5 days, range = 5–15 days). Two 
(28.6%) of these six patients experienced intermittent par-
esthesias after randomization. The reported AEs were 
considered mild and related to the study treatment. One 
patient (14.3%) reported chalazion, corneal abrasion, and 
cystitis after randomization; these AEs were graded as 
mild and considered unrelated to AP treatment. No serious 

Figure 2. Patients’ disposition diagram.
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AEs were reported in the study population, either in the 
run-in or randomization phase. No patients discontinued 
treatments because of AEs. No relevant differences 
between the two groups for hematological tests and blood 
chemistries, vital signs, and electrocardiogram findings 
were found over the duration of the study.

Efficacy endpoints

The efficacy endpoints included both patient-reported out-
comes (PRO) and physician-reported outcomes (PhyRO). 
PRO comprised MG-ADL, MG-QoL 15, and FSS, whereas 
PhyRO consisted of QMG, MGC, and CBNI-MG scales. The 
primary efficacy measures (MG-ADL and QMG) reflect both 
patient- and physician-based outcomes. Table 2 presents the 
change from baseline LS mean scores, as overall mean of all 

treatment periods post randomization, for AP and placebo; the 
LS mean difference (95% confidence interval (CI)) between 
the treatment groups; and the respective p-values. Notably, 
there was a statistically significant worsening in all the assess-
ments, from baseline, in patients not receiving AP.

Agreement range among the different scales used to 
evaluate the clinical efficacy of AP was fair to almost per-
fect, as measured by Cohen’s kappa coefficient. Figure 3 
illustrates the concordance κ values between the different 
PhyRO/PRO evaluations, with MGC at 3 point difference 
or MG-ADL at 2 point difference as the reference values, 
respectively (panels A and B). The p-values were all highly 
significant, suggesting that patients’ perception of muscle 
strength and fatigability improvement was concordant with 
that of the evaluating neurologists. In particular, delta of 3 
points in QMG had high concordance with delta of 3 points 

Table 1. Baseline demographics of patients recruited to MuSK-001.

PAP (n = 4) APA (n = 3) Total (n = 7)

Age, years Mean (SD) 46.3 (7.9) 39.7 (4.0) 43.4 (7.0)
 Median (min, max) 43.0 (41.0, 58.0) 42.0 (35.0, 42.0) 42.0 (35.0, 58.0)

Sex Male n (%) 0 (0.0) 1 (33.3) 1 (14.3)
Female n (%) 4 (100.0) 2 (66.7) 6 (85.7)

Age at onset, years Mean (SD) 40.0 (8.8) 33.0 (14.7) 37.0 (11.2)
 Median (min, max) 36.5 (34.0, 53.0) 41.0 (16.0, 42.0) 37.0 (16.0, 53.0)

Disease duration, 
years

Mean (SD) 7 (1.8) 7 (11.3) 7(6.6)
 Median (min, max) 7 (5, 9) 1 (0, 20) 6 (0, 20)

Previous treatments 
for MuSK

No n (%) 1 (25.0) 0 (0.0) 1 (14.3)
Yes n (%) 3 (75.0) 3 (100.0) 6 (85.7)

Concomitant 
conditions

Anxiety-depressive 
disorder

n (%) 1 (33.3) 1 (14.3)

Diabetes n (%) 1 (33.3) 1 (14.3)
Hypertension n (%) 1 (25.0) 1 (33.3) 2 (28.6)
Hypothyroidism n (%) 1 (33.3) 1 (14.3)
Hypercholesterolemia n (%) 1 (25.0) 1 (14.3)

PAP: placebo–amifampridine–placebo sequence; APA: amifampridine–placebo–amifampridine sequence; SD: standard deviation.

Table 2. Amifampridine versus placebo effect in MuSK-MG patients using different evaluation scales.

LS mean (SE) LS mean difference (95% CI) p-values

 Amifampridine 
(n = 10)

Placebo (n = 11)

MGC 0.1 (1.64) 11.6 (1.53) −11.5 (−15.25; −7.70) <0.0001
QMG 0.1 (1.10) 6.9 (1.03) −6.9 (−9.75; −3.98) 0.0003
CBNI-MG −5364 (45,414) 180,166 (42,216) −185,530 (−280,147; −90,912) 0.0014
MG-ADL −0.1 (1.07) 5.6 (1.01) −5.7 (−8.33; −3.12) 0.0006
MG-QoL 15 −2.1 (5.19) 16.4 (4.82) −18.5 (−28.79; −8.21) 0.0025
FSS −10.0 (4.39) 7.6 (4.13) −17.6 (−28.89; −6.27) 0.0061

MG: myasthenia gravis; MGC: MG Composite; QMG: Quantitative MG; CBNI-MG: Carlo Besta Neurological Institute–MG; MG-ADL: MG Activities 
of Daily Living Profile; MG-QoL 15: MG Quality of Life—15 questions; FSS: Fatigue Severity Scale; LS: least squares; SE: standard error; CI: confidence 
interval; AP: amifampridine phosphate.
The table presents the change from baseline LS mean scores, as overall mean of all treatment periods post randomization, for AP and placebo; the LS 
mean difference (95% CI) between the treatment groups; and the respective p-values.



Bonanno et al. 7

in MGC (κ = 0.81, p < 0.001) and delta of 4 points in QMG 
had high concordance with delta of 2 points in MG-ADL 
(κ = 0.81, p < 0.001).

Discussion

MG patients with MuSK antibodies represent a subgroup of 
patients characterized by a severe form of the disease, with 
a predominance of bulbar symptoms, and resistance to 
standard treatment.3 In MuSK-MG, where the balance 
between MuSK and ACh signaling is disrupted, cholinest-
erase inhibitors exacerbate the MuSK antibody-induced 
impairment at the NMJs, leading to neuromuscular hyper-
sensitivity and cholinergic symptoms.4,9 Therefore, a drug 
which improves neuromuscular transmission in MuSK-MG 
fulfills a true medical need. In this regard, a strong body of 
preclinical2–5,9–11,15 and clinical2,6–8,12–14,16–18,24 evidences 
suggests AP as a good option for the treatment of MuSK-MG 
patients.

In this study, we demonstrate for the first time the safety 
and efficacy of AP in MuSK-MG patients in a monocentric, 
crossover, placebo-controlled, phase IIb trial.

The crossover design was selected because of the follow-
ing advantages: (1) the decrease in confounding covariates’ 
influence, since each crossover patient serves as his or her 
own control; (2) the statistical efficiency of crossover 

designs, which allows the enrollment of fewer subjects, a rel-
evant need in case of a rare disease such MuSK-MG.25,26

The original target of the study was the recruitment of 20 
patients. However, due to the difficulty in recruiting from a 
single center and an apparent clinical effect, the trial was 
terminated early, when 10 patients were enrolled. Moreover, 
the decision to stop study recruitment was taken for ethical 
reasons because the degree of clinical improvement did not 
justify the continuation of a pilot study with a placebo arm.

Despite the small number of patients, the trial reported 
significantly positive results as both the primary and second-
ary endpoints were met. This was particularly relevant from 
a clinical standpoint considering that all recruited patients 
were affected with bulbar symptoms (Table 2). Overall, the 
side effects were minimal and there were no study withdraw-
als because of AEs.

An analysis of the concordance between the assessment 
scales using Cohen’s coefficient indicated that the evaluation 
of the clinical improvement obtained through the patient point 
of view—i.e. MG-ADL, MG-QoL 15, and FSS—was well 
correlated with that of the evaluating physician—i.e. QMG, 
MGC, and CBNI-MG (Figure 3). Furthermore, the analyses of 
the MG-ADL, MGC, and QMG scores completely correlated 
with the trend of assumption of AP versus placebo, at the sin-
gle patient level, along the different phases of the trial arms 
(Figure 4), thus strengthening our observations on the efficacy 

Figure 3. Concordance κ values among the different evaluation scales in AP-treated MuSK-MG patients having MGC (panel A) and 
MG-ADL (panel B) as a reference evaluation.
Var1 = variable 1 (MGC in panel A and MG-ADL in panel B); Var2 = variable 2 (MG-ADL 3 pt., FSS 4 pt., QMG 3 pt., and MG-QoL 15 4 pt.), where each 
variable 2 has a score difference of at least 3, 4, 3, and 4 points, respectively. CBNI has a nonlinear score, hence the value cannot be reported.
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of AP versus placebo. No carry-over effect of the drug was 
detectable during the different periods of randomization in 
MuSK-001 trial; indeed, the clinical improvement, or worsen-
ing, was rapidly detected by the evaluators and strictly associ-
ated with AP administration. Speed of improvement or 
worsening, occurring within the next day of drug change (AP 
or placebo), negated an “order effect” as well as a “learning 
effect,” confirming the fast action of AP as a symptomatic 
treatment.

A clear limitation of the current study is the small sample 
size. However, the adoption of a switchback, crossover pro-
tocol allowed an increase in the number of observations that 

ensured the statistical power to accomplish a proof-of-con-
cept RCT.

Conclusion

MuSK-001 represents the first double-blind, placebo-con-
trolled, proof-of-concept trial of AP in patients affected by 
MuSK-MG. This study demonstrated the safety of AP and a 
statistically significant difference across multiple efficacy 
assessments, both in the primary and secondary endpoints. 
Based on the results of this study, a larger multi-center trial 
is warranted to confirm these results.

Figure 4. Change from the baseline of MG-ADL, MGC, and QMG scores in the single MuSK patients treated with AP.
The left part of the figure represents the clinical scores of patients from baseline to the end of the first (d7), second (d14), and third (d21) blinded treat-
ment periods for the PAP arm, whereas the right part represents those ones of the patients recruited in the APA arm; for the sake of simplicity, we 
reported only values from MG-ADL, MGC, and QMG.



Bonanno et al. 9

Acknowledgements

The authors wish to thank Catalyst Pharmaceuticals for supplying 
amifampridine phosphate and placebo and for partially funding this 
no-profit clinical study. They also wish to thank the Italian 
Association for Myasthenia Gravis (AIM) for supporting patients 
and promoting clinical research in MG.

Declaration of conflicting interests

The author(s) declared no potential conflicts of interest with respect 
to the research, authorship, and/or publication of this article.

Ethical approval

Ethical approval for this study was obtained on 14 July 2015 from 
the Ethical Committee of the Istituto Neurologico Carlo Besta 
(approval number: 20/21H).

Funding

The author(s) disclosed receipt of the following financial support 
for the research, authorship, and/or publication of this article: 
Catalyst Pharmaceutical partially funded this no profit clinical 
study.

Informed consent

Written informed consent was obtained from all subjects before 
the study.

Trial registration

Italian Agency for Drug (AIFA) Observatory identifier (46/2015).

ORCID iDs

Silvia Bonanno  https://orcid.org/0000-0002-8823-6821

Renato Mantegazza  https://orcid.org/0000-0002-9810-5737

References

 1. Gilhus NE. Myasthenia gravis. N Engl J Med 2016; 375: 
2570–2581.

 2. Phillips WD and Vincent A. Pathogenesis of myasthenia 
gravis: update on disease types, models, and mechanisms. 
F1000Res 2016; 5: F1000.

 3. Baggi F, Andreetta F, Maggi L, et al. Complete stable remis-
sion and autoantibody specificity in myasthenia gravis. 
Neurology 2013; 80(2): 188–195.

 4. Mori S, Kubo S, Akiyoshi T, et al. Antibodies against muscle-
specific kinase impair both presynaptic and postsynaptic func-
tions in a murine model of myasthenia gravis. Am J Pathol 
2012; 180(2): 798–810.

 5. Viegas S, Jacobson L, Waters P, et al. Passive and active 
immunization models of MuSK-Ab positive myasthenia: elec-
trophysiological evidence for pre and postsynaptic defects. 
Exp Neurol 2012; 234(2): 506–512.

 6. Pasnoor M, Wolfe GI, Nations S, et al. Clinical findings in 
MuSK-antibody positive myasthenia gravis: a U.S experience. 
Muscle Nerve 2010; 41(3): 370–374.

 7. Evoli A, Bianchi MR, Riso R, et al. Response to therapy in 
myasthenia gravis with anti-MuSK antibodies. Ann N Y Acad 
Sci 2008; 1132: 76–83.

 8. Hatanaka Y, Hemmi S, Morgan MB, et al. Nonresponsiveness 
to anticholinesterase agents in patients with MuSK-antibody-
positive MG. Neurology 2005; 65(9): 1508–1509.

 9. Morsch M, Reddel SW, Ghazanfari N, et al. Pyridostigmine 
but not 3,4-diaminopyridine exacerbates ACh receptor loss 
and myasthenia induced in mice by muscle-specific kinase 
autoantibody. J Physiol 2013; 591: 2747–2762.

 10. Maddison P, Newsom-Davis J and Mills KR. Effect of 
3,4-diaminopyridine on the time course of decay of compound 
muscle action potential augmentation in the Lambert–Eaton 
myasthenic syndrome. Muscle Nerve 1998; 21(9): 1196–1198.

 11. Thomsen RH and Wilson DF. Effects of 4-aminopyridine and 
3,4-diaminopyridine on transmitter release at the neuromuscu-
lar junction. J Pharmacol Exp Ther 1983; 227(1): 260–265.

 12. Skeie GO, Apostolski S, Evoli A, et al. Guidelines for the 
treatment of autoimmune neuromuscular transmission disor-
ders. Eur J Neurol 2006; 13(7): 691–699.

 13. Verma S, Mazell SN and Shah DA. Amifampridine phosphate 
in congenital myasthenic syndrome. Muscle Nerve 2016; 
54(4): 809–810.

 14. Lindquist S and Stangel M. Update on treatment options for 
Lambert–Eaton myasthenic syndrome: focus on use of AP. 
Neuropsychiatr Dis Treat 2011; 7: 341–349.

 15. Mori S, Kishi M, Kubo S, et al. 3,4-Diaminopyridine improves 
neuromuscular transmission in a MuSK antibody-induced 
mouse model of myasthenia gravis. J Neuroimmunol 2012; 
245(1–2): 75–78.

 16. Evoli A, Alboini PE, Damato V, et al. 3,4-Diaminopyridine 
may improve myasthenia gravis with MuSK antibodies. 
Neurology 2016; 86(11): 1070–1071.

 17. Lundh H, Nilsson O and Rosen I. Improvement in neuromus-
cular transmission in myasthenia gravis by 3,4-diaminopyri-
dine. Eur Arch Psychiatry Neurol Sci 1985; 234(6): 374–377.

 18. Bedlack RS, Simel DL, Bosworth H, et al. Quantitative myas-
thenia gravis score: assessment of responsiveness and longitu-
dinal validity. Neurology 2005; 64(11): 1968–1970.

 19. Wolfe GI, Herbelin L, Nations SP, et al. Myasthenia gravis activ-
ities of daily living profile. Neurology 1999; 52(7): 1487–1489.

 20. Burns TM, Conaway M and Sanders DB. The MG composite: 
a valid and reliable outcome measure for myasthenia gravis. 
Neurology 2010; 74(18): 1434–1440.

 21. Antozzi C, Brenna G, Baggi F, et al. Validation of the Besta 
neurological Institute rating scale for myasthenia gravis. 
Muscle Nerve 2016; 53(1): 32–37.

 22. Burns TM, Conaway MR, Cutter GR, et al. Less is more, or 
almost as much: a 15-item quality-of-life instrument for myas-
thenia gravis. Muscle Nerve 2008; 38: 957–963.

 23. Krupp LB, LaRocca NG, Muir-Nash J, et al. The fatigue sever-
ity scale. Application to patients with multiple sclerosis and sys-
temic lupus erythematosus. Arch Neurol 1989; 46: 1121–1123.

 24. Haroldsen PE. Acetylator status impacts amifampridine phos-
phate (Firdapse™) pharmacokinetics and exposure to a greater 
extent than renal function. Clin Ther 2017; 39(7): 1360–1370.

 25. Stoney CM and Johnson LL. Design of clinical studies and tri-
als. In: Gallin JI and Ognibene FP (eds) Principles and prac-
tice of clinical research. 3rd ed. Cambridge, MA: Academic 
Press, 2012, pp. 225–242.

 26. Wellek S and Blettner M. On the proper use of the crosso-
ver design in clinical trials. Dtsch Arztebl Int 2012; 109(15): 
276–281.

https://orcid.org/0000-0002-8823-6821
https://orcid.org/0000-0002-9810-5737



