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ORIGINAL ARTICLE
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Abstract
This phase 2, double-blind, placebo-controlled, hypothesis-generating study evaluated the effects of oral reldesemtiv, a fast
skeletal muscle troponin activator, in patients with spinal muscular atrophy (SMA). Patients ≥ 12 years of age with type II, III,
or IV SMA were randomized into 2 sequential, ascending reldesemtiv dosing cohorts (cohort 1: 150 mg bid or placebo [2:1];
cohort 2: 450mg bid or placebo [2:1]). The primary objective was to determine potential pharmacodynamic effects of reldesemtiv
on 8 outcome measures in SMA, including 6-minute walk distance (6MWD) and maximum expiratory pressure (MEP). Changes
from baseline to weeks 4 and 8 were determined. Pharmacokinetics and safety were also evaluated. Patients were randomized to
reldesemtiv 150 mg, 450 mg, or placebo (24, 20, and 26, respectively). The change from baseline in 6MWD was greater for
reldesemtiv 450 mg than for placebo at weeks 4 and 8 (least squares [LS] mean difference, 35.6 m [p = 0.0037] and 24.9 m [p =
0.058], respectively). Changes from baseline in MEP at week 8 on reldesemtiv 150 and 450 mg were significantly greater than
those on placebo (LS mean differences, 11.7 [p = 0.038] and 13.2 cm H2O [p = 0.03], respectively). For 6MWD and MEP,
significant changes from placebo were seen in the highest reldesemtiv peak plasma concentration quartile (Cmax > 3.29 μg/mL;
LS mean differences, 43.3 m [p = 0.010] and 28.8 cm H2O [p = 0.0002], respectively). Both dose levels of reldesemtivwere well
tolerated. Results suggest reldesemtiv may offer clinical benefit and support evaluation in larger SMA patient populations.
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Introduction

Spinal muscular atrophy (SMA) is a genetic neuromuscular
disease in which reduced amounts of functional survival mo-
tor neuron (SMN) protein result in progressive muscle weak-
ness and atrophy, leading to various degrees of functional
motor impairment [1]. Analyses of markers of muscle in-
volvement, including contractile and regulatory proteins, sug-
gest a delay in muscle maturation in samples from patients
with SMA compared to controls [2, 3]. Magnetic resonance
imaging of muscle in children and adults aged 2 to 45 years
with SMA type II and III showed differences with varying
degrees of proximal to distal gradient, but found some muscle
groups were always spared and muscles involved demonstrat-
ed atrophy in both SMA types [4].

Although SMA has historically been classified based on
age of onset and highest level of motor function achieved
[1], in the advent of recently approved therapies, this classifi-
cation system has become less relevant. All three recently
approved SMA course-modifying treatments increase motor
neuron SMN protein content. Nusinersen, an antisense oligo-
nucleotide drug that increases SMN production by altering
SMN2 splicing [5, 6], was the first approved medication for
the specific treatment of SMA. The beneficial effects of
nusinersen in infants and children are well substantiated
[5–8], but currently there are limited data available from older
patients; findings for nusinersen in adults are limited to obser-
vational studies rather than controlled clinical trials [9, 10].
The gene therapy onasemnogene abeparvovec-xioi is effec-
tive in infants and recently gained approval by the US Food
and Drug Administration for patients < 2 years of age with
SMA [11, 12]. In addition, risdiplam, a small molecule
SMN2 splicing modifier, is also now approved to treat patients
2 months and older with SMA, and has been studied in a
randomized, double-blind, placebo-controlled study in pa-
tients up to the age of 25 [13, 14]. Even after treatment with
these new therapies, many very young SMA patients fail to
meet age-specific motor milestones, and treatment later in the
course of disease results in even less dramatic benefits.

Therefore, there continue to be unmet medical needs despite
these dramatic advances, particularly regarding persistent weak-
ness, impaired endurance, and fatigue [8, 12]. As new emerging
treatments for SMA impact the development of motor milestones,
and as treatment before manifestation of symptoms may be possi-
ble through newborn screening, the clinical features of SMA are
likely to slowly evolve. Other features such as SMN2 copy num-
ber, and age of onset of signs and symptoms may also impact
clinical course [15, 16], but even as the clinical landscape of
SMA evolves, the vast majority of patients will continue to expe-
rience weakness and fatigue.

Reldesemtiv (CK-2127107) is being developed to improve
skeletal muscle function for disease states involving muscle weak-
ness or fatigue; it selectively binds to the fast skeletal troponin

complex and sensitizes it to calcium [17]. In a double-blind, ran-
domized, placebo-controlled, phase 1 clinical study in healthy par-
ticipants, fibular nerve stimulation at sub-tetanic frequencies result-
ed in significantly increased placebo-corrected changes in the force
generated by the tibialis anterior muscle in a dose-, concentration-,
and frequency-dependentmanner following reldesemtiv treatment.
In this and 2 additional double-blind, randomized, placebo-con-
trolled, phase 1 studies, reldesemtiv was well tolerated at single-
dose levels from 30 to 4000 mg and multiple doses of 300 and
500 mg twice daily (bid) [18]. Adverse events (AEs) observed in
≥ 10% of patients in at least one of the studies included headache,
dizziness, nausea, and asthenopia (eye strain); allAEsweremild or
moderate in severity. No meaningful differences in pharmacoki-
netic (PK) parameters were found between young and elderly
volunteers.

We conducted a hypothesis-generating, phase 2 studywith no
pre-specified primary outcome measure that tested a number of
pharmacodynamic (PD) outcomes. Two oral dose levels (150
and 450 mg bid) of reldesemtiv were evaluated in patients with
SMA. Secondary objectives were to evaluate the safety and tol-
erability of reldesemtiv as well as its PK properties.

Methods

Study Design

The study was a phase 2, double-blind, randomized, placebo-
controlled, multiple-dose investigation of reldesemtiv in 2 se-
quential ascending dose cohorts of patients with SMA
(ClinicalTrials.gov identifier NCT02644668), conducted from
December 2015 throughMay 2018 at 18 centers in Canada and
the USA. The study received approval from institutional review
boards before commencing, and was conducted in compliance
with good clinical practice and the Declaration of Helsinki;
written informed consent was obtained from patients
≥ 18 years of age, and parental permission and child assent
were obtained for those < 18 years of age. Patients were
randomized via an interactive web response system to receive
reldesemtiv 150 mg bid or placebo (2:1; cohort 1), or
reldesemtiv 450 mg bid or placebo (2:1; cohort 2), stratified
by ambulatory status. The study drug was constituted with
water at the site; the suspension was given to the patient for
oral administration (9mL) bid, approximately every 12 h after a
≥ 3-h fast, with a 1-h fast following dosing, for a total of
8 weeks.

Study Participants

Patients eligible for enrollment had genetically confirmed di-
agnosis of type II, III, or IV SMA and were ≥ 12 years of age.
Ambulatory patients, after independently achieving a standing
position, were required to complete at least 1 lap (≥ 50 m) in
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the 6-minute walk test (6MWT) without assistance. Non-
ambulatory patients needed to be able to tolerate an upright
supported sitting position continuously for 3 h, and required a
wheelchair for mobility needs, though they may have been
able to stand or walk less than 50 m without assistance in
6 min. Patients were also required to have forced vital capacity
(FVC) > 20% predicted, Hammersmith Functional Motor
Scale Expanded (HFMSE) score ≥ 10 and ≤ 54, and contrac-
ture of elbow flexion ≤ 90 degrees. Patients must have been
able to swallow an oral suspension and were expected to be
able to continue to do so for the duration of the study. Prior or
concomitant treatment with nusinersen was not allowed.

Outcome Measures

Outcome measures were assessed at screening, day 1, at the
end of weeks 1, 2, 4, and 8, and at follow-up (4 weeks after the
last dose) for all except timed up and go (TUG) and 6MWT,
which were assessed at screening, day 1, at the end of weeks 4
and 8, and at follow-up. The Spinal Muscular Atrophy-Health
Index (SMA-HI) was completed on day 1 and at the end of
week 8 in cohort 2 only. All clinical measures were standard-
ized with certified clinical evaluators who underwent appro-
priate training to ensure consistency of measures across all
sites and visits throughout the study.

Pulmonary function was assessed via FVC, as well as maxi-
mum inspiratory pressure (MIP) and maximum expiratory pres-
sure (MEP), measured using calibrated spirometers by Micro
Direct, Inc., Lewiston, ME (FVC: MicroLab Spirometer MK8;
MIP and MEP: MicroRPM). Isometric muscle strength was
assessed bilaterally using a make test, in which the examiner
holds the dynamometer in a set position as the patient pushes
against it, for 3 muscle groups (elbow flexion, knee flexion, and
shoulder abduction) with a MicroFET2 handheld dynamometer
(HHD, Hoggan Scientific, LLC, Salt Lake City, UT). The max-
imum muscle strength of 2 measurements was reported as per-
cent change from baseline, with imputed muscle strength set to
missing if the baseline value was 0. Themega-score, a composite
score for strength across the 3 muscle groups, was calculated as
the mean of transformed muscle strength scores. The HFMSE
was used to evaluate functional mobility with a scale score rang-
ing from 0 to 66, with higher scores reflecting better function
[19]. The revised upper limb module (RULM) was designed to
be used in conjunction with the HFMSE; it tests upper limb
function based on reachable workspaces from upper (shoulder),
middle (elbow), and distal (wrist and hand) regions of the upper
limb with a range of scoring from 0 to 44, with higher scores
reflecting greater function [20].

The 6MWT, performed in ambulatory patients, measured the
distance a patient walked in 6 min (6MWD) in order to assess
functional endurance capacity and mobility; fatigue was mea-
sured by the difference in distance walked between the first and
last minutes [21]. To assess mobility, balance, and walking

ability, the TUG, performed in ambulatory patients, measured
the time for a patient to rise from a chair, traverse 3 m, turn
around, return to the chair, and sit down [22]. Patient-reported
SMA burden was measured using the SMA-HI questionnaire,
with higher scores reflecting greater burden of disease; this was
performed only in cohort 2 given the timing of when the ques-
tionnaire was fully developed [23]. Safety was assessed by mon-
itoring AEs, coded using the Medical Dictionary for Regulatory
Activities (MedDRA), version 18.0, clinical laboratory findings,
and electrocardiogram intervals.

For PK endpoints, blood samples for determination of plasma
concentrations of reldesemtiv were collected prior to dosing on
day 1 and at the ends of weeks 1, 2, 4, and 8. Concentrations
were determined by a validated solid-phase extraction method
using high-performance liquid chromatography followed by tan-
dem mass spectrometric detection.

Statistical Analysis

The safety population consisted of all patients who received ≥ 1
dose of study drug, whereas the PD population included patients
in the safety population with ≥ 1 post-baseline endpoint assess-
ment, and the PK population included those in the safety popu-
lation with ≥ 1 evaluable PK level. Baseline characteristics and
safety data were summarized descriptively overall and by treat-
ment, dose level, and ambulatory status in the safety population.

For dose-response PD effects, the change from baseline in a
continuous endpoint was analyzed by repeated measures mixed
effect models that accounted for within-patient correlation with
an unstructured covariance matrix or compound symmetry when
an unstructured covariance matrix could not converge. The co-
variates included dose level, visit, interaction between dose level
and visit, ambulatory status, and the baseline value of the variable
being analyzed (except for muscle strength mega-score, for
which the score itself represents a percent change from baseline).
Ambulatory status was removed from the model for subgroup
analyses by ambulatory status. Important baseline characteristics
(including age, gender, and age of disease onset) were also ex-
amined and included in the model.

The slope of change from baseline for continuous end-
points was analyzed by a mixed effect model with no inter-
cept, and included dose level, days from the first dose of study
treatment as a random covariate, interaction of dose level-by-
days from the first dose of study treatment, ambulatory status,
and baseline value of the variable being analyzed.

Maximum observed plasma concentration (Cmax), predose
plasma concentration (Ctrough), and area under the plasma
concentration-time curve from 0 to 12 h (AUC0–12) were cal-
culated based on the plasma concentrations of reldesemtiv
using noncompartmental PK methods and were summarized
descriptively. For concentration-response PK analyses, the
change in continuous endpoints from baseline was analyzed
by a mixed effect model that accounted for within-patient
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correlation with an unstructured covariance matrix. The co-
variates included PK parameter, visit, interaction between vis-
it and the PK parameter, ambulatory status, and the baseline
value of the variable being analyzed.

For model-based PD analyses, least squares (LS) mean,
difference of LS means between reldesemtiv and placebo
(combined from the 2 cohorts), their standard errors (SEs)
and 95% confidence intervals (CIs), and 2-sided p values were
determined. Multiplicity was not addressed in this hypothesis-
generating study; all p values of statistical significance are
nominal.

Results

Patient Disposition and Baseline Characteristics

Seventy patients were randomized to placebo (n = 26),
reldesemtiv 150 mg bid (n = 24), or reldesemtiv 450 mg bid
(n = 20) (Supplemental Fig. 1). Of the 44 patients randomized

to reldesemtiv, 41 (93.2%) completed the 8-week study. Three
patients (6.8%), all in the 450 mg group, discontinued treat-
ment early due to an AE, a protocol violation, or withdrawal
by the patient; the latter 2 also withdrew from the study.
Twenty-four of the 26 patients (92.3%) in the placebo group
completed the study; 2 patients (7.7%) discontinued treatment
early due to an AE but completed the planned visits for those
who terminated from treatment early. One additional patient
completed dosing but was lost to follow-up and did not com-
plete the final follow-up study visit.

Baseline demographics and PDmeasures were generally sim-
ilar across treatment groups (Table 1). The overall mean age was
29.4 years (range 12–72 years), and the majority of patients were
male (58.6%) andwhite (90.0%).Most (91.4%) patients had type
III SMA (none had type IV); 44.3% were ambulatory.

Outcomes

Changes from baseline to week 8 for most of the PD param-
eters were not significantly different from placebo in either

Table 1 Baseline demographics,
disease characteristics, and
pharmacodynamic measures

Placebo

(n=26)

Reldesemtiv 150 mg
bid

(n=24)

Reldesemtiv 450 mg
bid

(n=20)

Overall
(n=70)

Age, years, mean (SD) 28.5 (16.0) 27.8 (12.0) 32.6 (17.9) 29.4 (15.3)

Age<18 years, n (%) 8 (30.8) 7 (29.2) 5 (25.0) 20 (28.6)

Male, n (%) 15 (57.7) 14 (58.3) 12 (60.0) 41 (58.6)

White, n (%) 22 (84.6) 23 (95.8) 18 (90.0) 63 (90.0)

BMI, mean (SD) 24.3 (7.4) 25.4 (9.2) 25.1 (5.5) 24.9 (7.5)

SMA type II, n (%) 2 (7.7) 3 (12.5) 1 (5.0) 6 (8.6)

SMA type III, n (%) 24 (92.3) 21 (87.5) 19 (95.0) 64 (91.4)

Age at SMA onset, years,
mean (SD)

3.8 (4.6) 7.8 (6.9) 8.1 (9.4) 6.4 (7.2)

Ambulatory, n (%) 11 (42.3) 12 (50.0) 8 (40.0) 31 (44.3)

% predicted FVC, mean
(SD)

84.4 (22.4) 83.1 (22.0) 85.9 (21.2) 84.4 (21.7)

MEP, cm H2O, mean (SD) 86.5 (36.9) 94.0 (43.4) 88.9 (47.7) 89.8 (41.8)

MIP, cm H2O, mean (SD) −105.7
(38.5)

−109.1 (44.2) −101.0 (43.2) −105.6
(41.3)

HFMSE score, mean (SD) 30.6 (16.6) 36.0 (17.2) 30.4 (16.3) 32.4 (16.7)

RULM total score, mean
(SD)

31.0 (8.7) 34.8 (7.9) 33.7 (8.0) 33.1 (8.3)

TUG, s, mean (SD) 21.5 (11.0) 15.7 (6.5) 22.8 (16.1) 19.2 (10.3)

6MWD, m, mean (SD) 240.1
(111.8)

316.6 (69.0) 311.0 (107.3) 287.3 (99.2)

SMA-HI total score,
mean (SD)a

33.1 (19.9) NA 39.8 (17.1) 37.5 (18.1)

a SMA-HI was only performed in participants in cohort 2

6MWD 6-minute walking distance, BMI body mass index, bid twice daily, FVC forced vital capacity, HFMS-E
Hammersmith Functional Motor Score-Expanded, MEP maximum expiratory pressure, MIP maximum inspira-
tory pressure, NA not assessed, RULM revised upper limb module, SD standard deviation, SMA-HI Spinal
Muscular Atrophy-Health Index, TUG timed up and go
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reldesemtiv dose group with the exception of the 6MWT and
MEP (Fig. 1).

The 6MWD increased in both the reldesemtiv 150-mg and
450-mg dose groups at weeks 4 and 8 and was fairly stable in
the placebo arm (Fig. 2(A)). The LS mean difference was
significantly greater than placebo at week 4 for the reldesemtiv
450 mg bid group (35.63 m, p = 0.0037); at week 8, the dif-
ference was 24.89 m (p = 0.058). A nominally significant LS
mean difference of 30.8 m (p = 0.038) between reldesemtiv
450 mg bid and placebo was observed up to 4 weeks after
dosing at the follow-up visit. Older age appeared to be related
to larger increases in 6MWD from baseline to week 8 (p =
0.058). A waterfall plot of individual changes from baseline to
week 8 demonstrates that 13 of the 18 reldesemtiv-treated
patients and 5 of the 9 placebo-treated patients had some im-
provement in 6MWD (Fig. 2(B)); of the 5 patients with the
greatest improvement, 4 were on reldesemtiv.

MEP showed significant LS mean differences versus pla-
cebo for reldesemtiv 150 mg bid (11.69 cm H2O, p = 0.038,
Fig. 1(A)) and for reldesemtiv 450 mg bid (13.15 cm H2O,
p = 0.03, Fig. 1(B)). A lower baseline MEP appeared to be
related to a larger increase in MEP from baseline to week 8
(p = 0.062). Waterfall plots of individual changes from base-
line to week 8 in MEP by ambulatory status show that re-
sponses to reldesemtiv were observed in both ambulatory

and non-ambulatory patients (Fig. 3(A, B)). In addition, base-
line values in the non-ambulatory patients were lower, where-
as the ambulatory patients with higher values may have been
limited by a ceiling effect.

Responses to the SMA-HI questionnaire to measure patient-
reported burden at 8 weeks showed no difference between the
reldesemtiv 450 mg and placebo groups (p= 0.83, Fig. 1(B)).

Pharmacokinetics

Plasma concentrations of reldesemtiv increased by dose (Fig. 4).
Within each dose group, plasma concentrations at weeks 2 and 8
were similar. Assessment of PK parameters at week 8 showed
dose-dependent increases in Cmax and drug exposure (Table 2).

Pharmacodynamic Response in Relation to Pharmacokinetics

Individual changes from baseline to week 8 in 6MWD by Cmax

were examined (Fig. 5(A)). The slope of the line shows that the
6MWD increased as Cmax increased (p = 0.0086). When exam-
ined by quartiles of Cmax, statistically significant and clinically
meaningful changes from baseline to week 8 were observed in
the highest quartile of Cmax (> 3.29 μg/mL) for MEP (p =
0.0002) and 6MWD (p= 0.010) (Fig. 5(B)).

Change from baseline at week 8 (450 mg bid vs. placebo)*

% Predicted FVC

B

MIP
MEP
Muscle mega-score
HFMS-E
RULM
6-minute walk
Timed up and go

SMA-HI

26/19

No. of Patients
(placebo/reldesemtiv)

LSM Difference 
(reldesemtiv-pbo) Estimate p Value

26/19
26/19
26/19
26/19
26/19
11/7
9/4

10/19

−2.04
−0.99
13.15
−15.2
−1.00
−0.12
24.89
3.10

0.20
0.85
0.03

0.067
0.31
0.85

0.058
0.35

0.93 0.83

−40 −20 0 20 40

Change from baseline at week 8 (150 mg bid vs. placebo)*

% Predicted FVC

A

MIP
MEP
Muscle mega-score
HFMS-E
RULM
6-minute walk
Timed up and go

26/24

No. of Patients
(placebo/reldesemtiv) Estimate p Value

26/24
26/24
26/24
26/24
26/24
11/12
9/10

−1.14
2.94
11.69
−4.59
−0.38
0.61
7.72
0.78

0.44
0.54

0.038
0.55
0.68
0.29
0.47
0.76

−40

Favors Placebo Favors Treatment 

Favors Placebo Favors Treatment

−20 0 20 40

LSM Difference 
(reldesemtiv-pbo)

Fig. 1 Least squares mean
change in outcomemeasures from
baseline to week 8 in participants
receiving reldesemtiv at doses of
(A) 150 mg bid, and (B) 450 mg
bid compared with placebo.
*LSM change on reldesemtiv mi-
nus LSM change on placebo for
all measures except TUG and
SMA-HI, which are LSM change
on placebominus LSM change on
reldesemtiv. bid = twice daily;
FVC = forced vital capacity;
HFMS-E = Hammersmith
Functional Motor Score-
Expanded; LSM = least squares
mean; MEP = maximum expira-
tory pressure; MIP = maximum
inspiratory pressure; pbo = place-
bo; RULM = revised upper limb
module; SMA-HI = Spinal
Muscular Atrophy-Health Index;
TUG = timed up and go
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Safety

AEs were reported in 92.3%, 83.3%, and 85.0% of patients in
the placebo, reldesemtiv 150 mg bid, and reldesemtiv 450 mg
bid groups, respectively (Table 3). Most AEs were mild or
moderate in severity. The most frequently reported AEs in
the placebo and combined reldesemtiv groups were headache
(19.2% and 25.0%), nausea (19.2% and 11.4%), and fatigue
(15.4% and 9.1%, respectively).

Investigator-assessed serious AEs (SAEs) were reported
for 3 patients: 2 in the reldesemtiv 150 mg bid group (gastro-
enteritis Escherichia coli, gastroenteritis Salmonella, and
myocarditis in 1 patient and facial pain and hypesthesia for
the other) and 1 in the reldesemtiv 450 mg bid group (trau-
matic fracture). The sponsor also upgraded the AEs of another
patient in the reldesemtiv 450 mg bid group to SAEs (serum
aspartate aminotransferase and creatine kinase increased). All
SAEs resolved and none were considered to be related to the
study drug. Two patients in the placebo group and 1 in the
reldesemtiv 450 mg bid group reported AEs that led to early
treatment termination (Table 3); all were considered by the
treating investigator to be related to the study drug. No deaths
were reported during the study.

Discussion

In this hypothesis-generating study, 6MWD andMEP improved
versus placebo in patients with SMA receiving reldesemtiv, con-
sistent with increased skeletal muscle force production by

reldesemtiv. The LS mean change from baseline in the 6MWD
at week 4 was significantly greater for reldesemtiv 450 mg bid
compared with placebo, and difference at week 8 trended to
conventional statistical significance. There was a persistent effect
in the 6MWD 4 weeks after the last dose; a similar persistent
benefit in slow vital capacity was also observed in the
FORTITUDE-ALS phase 2 trial of reldesemtiv in amyotrophic
lateral sclerosis (ALS) patients [24], and in a phase 2 ALS trial
with tirasemtiv, a first-generation fast skeletal muscle activator
[25]. MEP measurements, which reflect expiratory muscle
strength, demonstrated a nominal increase at week 8 for both
reldesemtiv treatment groups compared with placebo. Changes
seen in MEP but not in FVC may be related to the well-known
relative preservation of the diaphragm compared to other venti-
latory muscles in SMA [26]. Significant changes from placebo at
week 8 were seen in 6MWD andMEP in the highest quartiles of
Cmax for reldesemtiv. These results are consistent with those from
phase 1 studies of reldesemtiv in healthy volunteers in which
significant dose- and frequency-dependent increases were ob-
served in the peak force of tibialis anterior muscle contraction
after deep fibular nerve stimulation following treatment with
reldesemtiv [18].

As adult SMA patients have historically not been in-
cluded in most interventional SMA trials, this trial offers
insights into the challenges encountered with the com-
monly used SMA outcome measures in this older patient
population. Because reldesemtiv is known to increase
skeletal muscle force in response to neural input, outcome
measures specific to fatigue and muscle force may be
more sensitive to changes due to treatment. The HFMSE

Table 2 Summary of
pharmacokinetic parameters for
each dose of reldesemtiv at week 8

Parameter, geometric mean (geometric % CV) Reldesemtiv 150 mg bid

(n=23)

Reldesemtiv 450 mg bid

(n=15)a

Cmax, μg/mL 1.40 (43.18) 3.34 (48.77)

Ctrough, μg/mL 0.34 (88.27) 0.94 (98.06)

AUC0–12, h×μg/mL 9.00 (49.38) 25 (52.19)

a For Ctrough, n = 17

AUC0–12 area under the plasma concentration curve from 0 to 12 h, bid twice daily, Cmax maximum observed
plasma concentration, Ctrough predose plasma concentration, CV coefficient of variation
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was developed for children with SMA, and includes
crawling and arising from the floor, which are infrequent-
ly performed by adults, resulting in their assessment being
impacted by a motor learning effect in addition to weak-
ness from SMA. The HFMSE also includes no timed
tests, so is insensitive to changes in stamina or fatigue.
More sensitive outcome measures are needed to address
these domains that have been reported as important to the
adult SMA patient population. Potential alternatives to the
HFMSE include the Revised Hammersmith (RHS) and
Motor Function Measurement 32 (MFM-32) assessments.
The RHS includes 2 timed tests, though it still includes
crawling and kneeling. Testing has been done in the RHS
for a small number of patients over the age of 14 [27].
The MFM-32 was developed for use in patients aged 6 to
60 years and does not require the patient to kneel or
crawl. It has the additional benefit of having the items
classified into 3 domains: D1 for standing and transfers,
D2 for axial and proximal motor function and D3 for
distal motor function. In an ambulatory patient popula-
tion, D1 items are likely to be most impacted, whereas
D2 may or may not be abnormal depending on the degree
of their limb and trunk weakness. This permits response
to an intervention to be measured both for the overall

MFM-32 score as well as the scores of the individual
domains [28–30].

The SMA-HI questionnaire was used to assess patient-
reported disease burden as an exploratory outcome. No differ-
encewas observed between reldesemtiv and placebo treatment
groups at week 8. The SMA-HI was added to the protocol for
the second cohort only. Because some sites were delayed in
getting approval for the revised protocol and consent form,
only 19 patients filled out the SMA-HI, limiting the ability
to drawmeaningful conclusions from this initial investigation,
though a patient-reported outcome measure will clearly be of
value for treatment of unmet needs in this patient population.

PK exposures in this study were below levels that were
well tolerated and associated with increased PD activity com-
pared to placebo in the phase 1 studies (that used a different
drug formulation). The reldesemtiv dose levels tested here,
150 mg and 450 mg administered twice daily, were also well
tolerated and associated with increased PD activity compared
with placebo treatment. The AEs reported were generally sim-
ilar to those in the placebo group and were consistent with
those observed in phase 1 studies of reldesemtiv [18]. The
good tolerability of these dose levels, as well as no evidence
of an efficacy plateau in this trial, and the prior safety and
tolerability of higher exposures that generated even larger

Change from baseline at week 8

MEP: Cmax ≤1.22 μg/mL
MEP: Cmax >1.22–1.76 μg/mL
MEP: Cmax >1.76–3.29 μg/mL
MEP: Cmax >3.29 μg/mL
6-minute walk: Cmax ≤1.22 μg/mL
6-minute walk: Cmax >1.22–1.76 μg/mL
6-minute walk: Cmax >1.76–3.29 μg/mL
6-minute walk: Cmax >3.28 μg/mL
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PD effects in the PD study provide a rationale to study higher
dose levels in an effort to increase exposures.

The small population size and relatively short treatment
period are limitations of this study. In addition, the results
for MEP at 8 weeks were nominally statistically significant
for both doses of reldesemtiv compared to placebo; for the
6MWD, only the higher dose of reldesemtiv was nominally
statistically significant compared to placebo at 4 weeks and
trended towards significance at 8 weeks. In a post hoc analysis
of baseline features, a trend to predicting a response in MEP
was limited to a lower baseline MEP value and only older age
showed a trend to predicting a response in the 6MWD.

However, the purpose of this trial was to generate hypoth-
eses to test in future studies and so it had no predetermined
clinical primary endpoint. Good tolerability and the observa-
tion that 6MWD and MEP increased with plasma concentra-
tions support future studies of reldesemtiv in larger popula-
tions of individuals with SMA. As reldesemtiv has a distinctly
different mechanism of action compared to currently available

therapies for SMA that increase levels of the SMN protein, in
a future reldesemtiv trial, we anticipate including eligibility
criteria permitting current or past use of such medicines with
enrolled patients stratified accordingly. In conclusion, we be-
lieve the promising effects of reldesemtiv on 6MWD and
MEP, in association with tolerability of the doses employed
in this trial, support further clinical development of
reldesemtiv for the potential treatment of patients with SMA.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s13311-020-01004-3.
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Table 3 Adverse events reported
in ≥ 2 patients treated with
reldesemtiv

Preferred terma, n (%) Placebo

(n=26)

Reldesemtiv
150 mg bid

(n=24)

Reldesemtiv
450 mg bid

(n=20)

All
reldesemtiv

(n=44)

Patients with AEs 24
(92.-
3)

20 (83.3) 17 (85.0) 37 (84.1)

Headache 5 (19.2) 6 (25.0) 5 (25.0) 11 (25.0)

Nausea 5 (19.2) 3 (12.5) 2 (10.0) 5 (11.4)

Fatigue 4 (15.4) 2 (8.3) 2 (10.0) 4 (9.1)

Fall 3 (11.5) 1 (4.2) 1 (5.0) 2 (4.5)

Nasopharyngitis 3 (11.5) 3 (12.5) 0 3 (6.8)

Upper respiratory tract infection 4 (15.4) 0 2 (10.0) 2 (4.5)

Constipation 0 3 (12.5) 2 (10.0) 5 (11.4)

Diarrhea 2 (7.7) 2 (8.3) 1 (5.0) 3 (6.8)

Abdominal pain upper 1 (3.8) 2 (8.3) 0 2 (4.5)

Dyspepsia 0 2 (8.3) 1 (5.0) 3 (6.8)

Contusion 0 2 (8.3) 0 2 (4.5)

Respiratory tract congestion 0 2 (8.3) 0 2 (4.5)

Serum creatine kinase increased 0 0 2 (10.0) 2 (4.5)

Skin abrasion 0 0 2 (10.0) 2 (4.5)

Decreased appetite 1 (3.8) 1 (4.2) 1 (5.0) 2 (4.5)

Hypoesthesia 0 1 (4.2) 1 (5.0) 2 (4.5)

Respiratory tract infection 0 1 (4.2) 1 (5.0) 2 (4.5)

Patients with AEs resulting in early
treatment termination

2 (7.7) 0 1 (5.0) 1 (2.3)

Serum creatine kinase increased 0 0 1 (5.0) 1 (2.3)

Asthenia 1 (3.9) 0 0 0

Gait disturbance 1 (3.9) 0 0 0

Muscular weakness 1 (3.9) 0 0 0

aMedical Dictionary for Regulatory Activities (version 18.0)

AE adverse event

Reldesemtiv in Patients with Spinal Muscular Atrophy: a Phase 2 Hypothesis-Generating Study

https://doi.org/10.1007/s13311-020-01004-3


writing and editorial support provided by Jennifer L. Giel, PhD on behalf
of Evidence Scientific Solutions, Inc., Philadelphia, PA, USA.

Required Author Forms
Disclosure forms provided by the authors are available with the online

version of this article.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes weremade. The images or other third party material in this article
are included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the
article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Kolb SJ, Kissel JT. Spinal muscular atrophy. Neurol Clin 2015;33:
831–846.

2. Stevens L, Bastide B, Maurage CA, et al. Childhood spinal mus-
cular atrophy induces alterations in contractile and regulatory pro-
tein isoform expressions. Neuropathol Appl Neurobiol 2008;34:
659–670.

3. Martínez-Hernández R, Bernal S, Alias L, Tizzano EF.
Abnormalities in early markers of muscle involvement support a
delay in myogenesis in spinal muscular atrophy. J Neuropathol Exp
Neurol 2014;73:559–567.

4. Brogna C, Cristiano L, Verdolotti T, et al.MRI patterns of muscle
involvement in type 2 and 3 spinal muscular atrophy patients. J
Neurol 2020;267:898–912.

5. Finkel RS, Mercuri E, Darras BT, et al. Nusinersen versus sham
control in infantile-onset spinal muscular atrophy. N Engl J Med
2017;377:1723–1732.

6. Mercuri E, Darras BT, Chiriboga CA, et al. Nusinersen versus
sham control in later-onset spinal muscular atrophy. N Engl J
Med 2018;378:625–635.

7. Gidaro T, Servais L. Nusinersen treatment of spinal muscular atro-
phy: current knowledge and existing gaps. Dev Med Child Neurol
2019;61:19–24.

8. Darras BT, Chiriboga CA, Iannaccone ST, et al. Nusinersen in
later-onset spinal muscular atrophy: long-term results from the
phase 1/2 studies. Neurology 2019;92:e2492–e2506.

9. Walter MC, Wenninger S, Thiele S, et al. Safety and treatment
effects of nusinersen in longstanding adult 5q-SMA type 3 - a
prospective observational study. J Neuromuscul Dis 2019;6:453–
465.

10. Hagenacker T, Wurster CD, Günther R, et al. Nusinersen in adults
with 5q spinal muscular atrophy: a non-interventional, multicentre,
observational cohort study. Lancet Neurol 2020;19:317–325.

11. ZOLGENSMA®. (onasemnogene abeparvovec-xioi) suspension
for intravenous infusion. U.S. Bannockburn, IL; AveXis, Inc.;
2019.

12. Mendell JR, Al-Zaidy S, Shell R, et al. Single-dose gene-replace-
ment therapy for spinal muscular atrophy. N Engl J Med 2017;377:
1713–1722.

13. EVRYSDI™. (risdiplam) for oral solution. U.S. South San
Francisco, CA; Genentech Inc.; 2020.

14. Mercuri E, Barisic N, Boespflug-Tanguy O, et al. SUNFISH Part 2:
efficacy and safety of risdiplam (RG7916) in patients with type 2 or
non-ambulant type 3 spinal muscular atrophy (SMA) (1260).
Neurology 2020;94:1260.

15. Swoboda KJ, Prior TW, Scott CB , et al. Natural history of dener-
vation in SMA: relation to age, SMN2 copy number, and function.
Ann Neurol 2005;57:704–712.

16. Talbot K, Tizzano EF. The clinical landscape for SMA in a new
therapeutic era. Gene Ther 2017;24:529–533.

17. Hwee DT, Kennedy AR, Hartman JJ, et al. The small-molecule fast
skeletal troponin activator, CK-2127107, improves exercise toler-
ance in a rat model of heart failure. J Pharmacol Exp Ther
2015;353:159–168.

18. Andrews JA, Miller TM, Vijayakumar V, et al. CK-2127107 am-
plifies skeletal muscle response to nerve activation in humans.
Muscle Nerve 2018;57:729–734.

19. O'Hagen JM, Glanzman AM, McDermott MP, et al. An expanded
version of the Hammersmith Functional Motor Scale for SMA II
and III patients. Neuromuscul Disord 2007;17:693–697.

20. Mazzone ES, Mayhew A, Montes J, et al. Revised upper limb
module for spinal muscular atrophy: development of a newmodule.
Muscle Nerve 2017;55:869–874.

21. Dunaway Young S, Montes J, Kramer SS, et al. Six-minute walk
test is reliable and valid in spinal muscular atrophy. Muscle Nerve
2016;54:836–842.

22. Dunaway S, Montes J, Garber CE, et al. Performance of the timed
"up & go" test in spinal muscular atrophy. Muscle Nerve 2014;50:
273–277.

23. Mongiovi P, Dilek N, Garland C, et al. Patient Reported Impact of
Symptoms in Spinal Muscular Atrophy (PRISM-SMA). Neurology
2018;91:e1206–e1214.

24. Shefner J, Andrews J, Genge A, et al. Update of FORTITUDE-
ALS: a phase 2, double-blind, randomized, placebo-controlled,
study to evaluate efficacy, safety and tolerability of reldesemtiv in
patients with amyotrophic lateral sclerosis (S5.002). Neurology
2019;92:S5.002.

25. Shefner JM, Wolff AA, Meng L, et al. A randomized, placebo-
controlled, double-blind phase IIb trial evaluating the safety and
efficacy of tirasemtiv in patients with amyotrophic lateral sclerosis.
Amyotroph Lateral Scler Frontotemporal Degener 2016;17:426–
435.

26. Arnold WD, Kassar D, Kissel JT. Spinal muscular atrophy: diag-
nosis and management in a new therapeutic era. Muscle Nerve
2015;51:157–167.

27. Ramsey D, Scoto M, Mayhew A, et al. Revised Hammersmith
Scale for spinal muscular atrophy: a SMA specific clinical outcome
assessment tool. PLoS One 2017;12:e0172346.

28. Bérard C, Payan C, Hodgkinson I, Fermanian J, MFM
Collaborative Study Group. A motor function measure for neuro-
muscular diseases. Construction and validation study.
Neuromuscul Disord 2005;15:463–470.

29. Vuillerot C, Payan C, Iwaz J, Ecochard R, Bérard C, MFM Spinal
Muscular Atrophy StudyGroup. Responsiveness of themotor func-
tion measure in patients with spinal muscular atrophy. Arch Phys
Med Rehabil 2013;94:1555–1561.

30. Chabanon A, Seferian AM, Daron A, et al. Prospective and longi-
tudinal natural history study of patients with type 2 and 3 spinal
muscular atrophy: baseline data NatHis-SMA study. PLoS One
2018;13:e0201004.

Publisher’s Note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

Rudnicki et al.

https://doi.org/

	Reldesemtiv in Patients with Spinal Muscular Atrophy: a Phase 2 Hypothesis-Generating Study
	Citation of this paper:
	Authors

	Reldesemtiv in Patients with Spinal Muscular Atrophy: a Phase 2 Hypothesis-Generating Study
	Abstract
	Introduction
	Methods
	Study Design
	Study Participants
	Outcome Measures
	Statistical Analysis

	Results
	Patient Disposition and Baseline Characteristics
	Outcomes
	Pharmacokinetics
	Pharmacodynamic Response in Relation to Pharmacokinetics

	Safety

	Discussion
	References


