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Abstract

Objective—Duchenne and Becker muscular dystrophy (DBMD) are allelic disorders caused by

mutations in dystrophin. Adults with DBMD develop life-threatening cardiomyopathy. Inhibition

of phosphodiesterase 5 (PDE5) improves cardiac function in mouse models of DBMD. To

determine if the PDE5-inhibitor sildenafil benefits human dystrophinopathy, we conducted a

randomized, double-blind, placebo-controlled trial (ClinicalTrials.gov, number NCT01168908).

Methods—Adults with DBMD and cardiomyopathy (ejection fraction ≤50%) were randomized

to receive sildenafil (20mg three times daily) or placebo for 6 months. All subjects received an

additional 6 months of open-label sildenafil. The primary endpoint was change in left ventricular

end-systolic volume (LVESV) on cardiac MRI. Secondary cardiac endpoints, skeletal muscle

function, and quality of life were also assessed.
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Results—An interim analysis (performed after 15 subjects completed the blinded phase)

revealed that 29% (4/14) of subjects had a ≥10% increase in LVESV after 6 months of sildenafil

compared to 13% (1/8) of subjects receiving placebo. Subjects with LVESV >120ml at baseline

were more likely to worsen at 12 months regardless of treatment assignment (p=0.035). Due to the

higher number of subjects worsening on sildenafil, the Data and Safety Monitoring Board

recommended early termination of the study. There were no statistically significant differences in

outcome measures between treatment arms.

Interpretation—Due to the small sample size, comparisons between groups must be interpreted

with caution. However, this trial suggests that sildenafil is unlikely to improve cardiac function in

adults with DBMD.

Introduction

Duchenne muscular dystrophy is one of the most common fatal genetic disorders of

mankind. It is caused by mutations in the dystrophin gene, which lead to progressive

weakness and death in early adulthood from respiratory failure and cardiomyopathy.1–3

Becker muscular dystrophy is an allelic disorder caused by dystrophin mutations that allow

some dystrophin expression. Patients with Becker muscular dystrophy have a wider

phenotypic range than patients with Duchenne, but they also develop progressive muscle

weakness and cardiomyopathy.4

Several lines of investigation indicate that loss of cardiac and skeletal muscle function in

Duchenne and Becker muscular dystrophy (DBMD) is mediated by reduction in cGMP. In

skeletal muscle, dystrophin binds neuronal nitric oxide synthase (nNOS), which catalyzes

nitric oxide (NO) production. NO stimulates soluble guanylate cyclase (sGC) to produce

cGMP, which in turn stimulates protein kinase G (PKG). In the absence of dystrophin,

nNOS no longer localizes to the skeletal muscle membrane, disrupting the NO-sGC-cGMP

pathway.5 Although the targets of PKG in DBMD have not yet been elucidated, modulating

this pathway through expression of a nNOS transgene has been shown to improve cardiac

pathology in mdx mice.6, 7 Increasing cGMP, through transgenic overexpression of sGC or

inhibition of its hydrolysis, can also overcome loss of nNOS in mice.8

The nucleotide phosphodiesterases (PDEs) hydrolyze the cyclic nucleotide monophosphates

cAMP and cGMP and regulate their downstream signaling. Phosphodiesterase 5 (PDE5) is

specific for cGMP (which is particularly important in cardiovascular function and

morphology) and may have a role in modifying cardiomyopathy in DBMD.9 PDE5

expression in cardiomyocytes is low at baseline and increases in response to ischemia or

pressure overload from heart failure.10, 11 Thus, inhibition of PDE5 and the resultant

increase in cGMP have little effect on basal cardiac function, but are protective against

myocardial stressors.12 In mouse models, PDE5 inhibition with sildenafil has been shown to

prevent decline in cardiac function and reverse cardiac hypertrophy in early and late stages

of disease.6, 13–15

PDE5 inhibition may also ameliorate dystrophin-deficient skeletal muscle. Sildenafil has

been found to increase diaphragm strength and reduce endomysial fibrosis in mdx mice.16

Impaired blood flow to skeletal muscle in dystrophin- or nNOS-deficient mice can also be
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rescued by PDE5 inhibition,17 and a recent trial of the PDE5 inhibitor tadalafil showed

restoration of normal blood flow to exercising muscles in men with Becker muscular

dystrophy.18

Given this evidence of PDE5 inhibition improving pathology in dystrophinopathy, we

performed a clinical trial, REVERSE-DBMD (Revatio for heart disease in Duchenne and

Becker Muscular Dystrophy), to investigate the safety and efficacy of sildenafil in

dystrophic cardiomyopathy.

Methods

Study design and participants

Males with Duchenne muscular dystrophy (defined as absent dystrophin staining on muscle

biopsy or a dystrophin mutation predictive of the Duchenne phenotype on genetic testing)

were enrolled in a single-center, randomized, double-blind, placebo-controlled trial.

Inclusion criteria included: age ≥15 years, cardiac ejection fraction (EF) ≤45%, concurrent

use of an ACE inhibitor or angiotensin receptor blocker for ≥3 months without any change

in dose, and unchanged beta-blocker or corticosteroid dosing for 3 months. Exclusion

criteria included: contraindications to MRI, implantable cardiac devices, frequent cardiac

arrhythmia, hereditary retinal disorders, bleeding disorders, a systolic blood pressure

≤85mmHg or lower, stage 4 or 5 renal failure, active tobacco use, and concurrent use of

nitrates, alpha-adrenergic receptor blockers, or phosphodiesterase inhibitors. The protocol

was approved by the Johns Hopkins Institutional Review Board and an independent Data

and Safety Monitoring Board (DSMB).

Study treatment and randomization

Screening and enrollment were performed at the Kennedy Krieger Outpatient Center in

Baltimore, MD between September 2010 and February 2013. All participants gave written

informed consent prior to enrollment. Participants were randomized (with a 1:1 allocation

ratio) to either oral sildenafil (20mg 3 times daily) or placebo. The dose of sildenafil was

selected based on pulmonary hypertension studies, and dose-escalation was not performed

due to concern for systemic vasodilation in a population with normal or low systemic blood

pressures.19 A stratified blocked randomization was performed by the Investigational Drug

Service (IDS) at the Johns Hopkins Hospital using a computerized pseudorandom number

generator. In both treatment arms, the study drug consisted of identical white tablets.

Participants and the research staff evaluating them were blinded to treatment allocation.

After 6 months of blinded treatment, participants received open-label sildenafil (20mg 3

times daily) for 6 months.

Procedures and follow-up

The primary outcome was left ventricular end systolic volume (LVESV) measured using

cardiac MRI. LVESV was selected (as opposed to EF) because proportional worsening of

diastolic and systolic LV volumes can occur without producing a change in EF. Myocardial

infarction studies have also shown that LVESV is superior to EF in predicting survival, and

change in LVESV is a commonly used primary endpoint.20–22 A ≥10% change in LVESV
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was considered clinically significant based on studies of other cardiac therapies that improve

survival.23–25 Cardiac MRI’s were performed at baseline, after 6 months of blinded

treatment with sildenafil or placebo, and after completion of the open-label treatment phase

(12 months). Images were processed (QMass, Medis, Leiden, The Netherlands) to determine

secondary cardiac outcomes, including end-systolic, end-diastolic, and stroke volumes, left

ventricular myocardial mass, and EF.26 Cardiac CINE imaging was acquired for functional

analysis (Supplemental videos 1–4).27 Delayed contrast-enhanced (DCE) imaging was

attempted for all studies, but was frequently limited by insufficient intravenous access or the

subject’s inability to tolerate lying supine for the time needed to complete the scan.

Enhancement was observed on 2D or 3D DCE short axis images acquired ~10 minutes post-

contrast infusion and classified as either present or absent.28, 29 The patterns of enhancement

were consistent with the diffuse fibrosis previously described in DBMD.30

Participants were admitted to inpatient research units at the Johns Hopkins Hospital for

initiation of the blinded and open-label phases of the study. During hospitalization, the

following data were collected: safety laboratory tests (complete blood count, complete

metabolic panel, liver function tests, creatine kinase, phosphate, urine studies), quantitative

muscle testing (grip and pinch strength obtained using hand-held dynamometry), forced vital

capacity (FVC) obtained using bedside spirometry, 2 patient-reported quality of life

instruments, Short Form-36v231, 32 (SF36v2) and Individualized Neuromuscular Quality of

Life Questionnaire (INQoL)33 and adverse events. Vital signs were obtained before

administration of the study drug and every 6 hours during hospitalization. Participants were

discharged after the 4th dose and were given a sufficient quantity of the study drug to

continue use until the next outpatient visit. Dosing instructions and information about

potential side effects were provided by representatives from the IDS.

Follow-up visits were conducted at 1, 2, 3, and 6 months following initiation of the study

drug and after crossing to the open-label phase. Safety laboratory tests, physical

examination, and evaluation for adverse events and medication changes were performed at

each visit. FVC measurements and pinch and grip strength were obtained at 3 and 6-month

visits. At each visit, any unused drug and the prescription bottle were collected and a new

supply was dispensed.

Study monitoring

Adverse events and protocol deviations were reported to and adjudicated by the Institutional

Review Board of the Johns Hopkins Medical Institutes. Outcome data and adverse events

were reported every 2 months to a 3-member independent DSMB. The DSMB convened

with the principal investigators every 6 months during the trial. The study protocol included

plans for an interim analysis after enrollment of half the target study population (15 of 30

participants). The DSMB was asked to recommend termination of the trial if the rate of

adverse events was significantly higher in the sildenafil treatment arm.

Amendments to study protocol

The study protocol was amended 8 months after its initiation in response to slow enrollment.

Individuals with Becker muscular dystrophy were allowed to enroll, the required EF for
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enrollment was increased from 45% to 50%, and participants were allowed to have the 1-

and 2-month study visits completed locally, either by a primary care physician or a study

team member. Twenty months after the initiation of enrollment, the protocol was amended

to eliminate the overnight inpatient hospitalizations. By this time, multiple participants had

completed the study without adverse events during hospitalization. Admissions were

replaced with an extended outpatient clinic visit, during which 2 doses of the study drug

were given. The required age of participation for the trial was increased to 18 years in

response to an advisory by the U.S. Food and Drug Administration recommending against

the use of Revatio (sildenafil) in children (August 30, 2012). No individuals <18 years had

been enrolled in the study prior to that date.

Statistical analysis

We estimated that a sample size of 15 subjects per treatment group would be required to

detect a mean improvement in LVESV of 10% over 6 months (with 80% power and a 2-

sided significance level of 0.05). Statistical analyses were performed by members of the

Biostatistics Department at the Johns Hopkins Bloomberg School of Public Health. Only

subjects with complete cardiac MRI data for the first 6 months of the trial were included in

the analysis. Although a per protocol analysis carries greater risk for selection bias than an

intention-to-treat analysis, the variability of the outcome data raised concerns over the

appropriateness of using imputation methods to estimate missing data. Furthermore, the

subjects excluded from analysis were evenly distributed between treatment arms and 2 were

administratively censored, making bias based on treatment assignment less likely. Primary

and secondary outcome measures were analyzed using linear regression models adjusting for

baseline values and age. Outcome measures that were collected every 3 months (FVC, grip

strength, pinch strength) were also analyzed longitudinally using random effects models to

account for within-person correlation of measures over time. These outcomes were

regressed on measurement time points to assess for temporal trends.

Results

Clinical trial initiation and early termination

Twenty-five subjects were screened and 20 were randomized to treatment (Figure 1). Three

subjects failed screening (2 had EF’s>50% and 1 was unable to participate due to surgery)

and 2 subjects were not randomized due to early termination of the trial. One death from

heart failure occurred in the sildenafil arm during the first 6 months of treatment. The

DSMB determined that this event was unlikely to be related to the study drug. Two subjects

withdrew from the trial (1 from each treatment arm) due to the burden of trial participation.

The DSMB reviewed adverse events and primary outcome data after 15 subjects completed

6 months of the trial. Among this cohort, 14 received sildenafil for at least 6 months, 8 of

whom had received placebo for the first 6 months. The interim analysis showed that 4 of the

14 subjects (29%) experienced a ≥10% increase in LVESV (i.e. worsening cardiac function)

during their first 6 months of treatment with sildenafil. Two of these events occurred during

the blinded phase, and 2 occurred during the open-label phase. Only 1 of 8 subjects (12.5%)

experienced this degree of worsening while on placebo. Due to the higher number of
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participants experiencing a ≥10% increase in LVESV while taking sildenafil (OR 2.8,

95%CI 0.20–40.10 based on a clustered regression model), the DSMB recommended

discontinuation of the trial. Enrollment was halted, and the subjects who remained active in

the study were asked to discontinue the study drug and return for an early termination visit.

Baseline characteristics

The baseline characteristics of the 20 subjects randomized to treatment are summarized in

Table 1. Despite randomization, the mean LVESV was higher in the sildenafil group (99.8 ±

55.3 mL) than in the placebo group (86.7 ± 31.9 mL), suggesting that baseline cardiac

function was worse in the group randomized to sildenafil. This disparity is further evidenced

by the larger proportion of subjects using beta blockers, digoxin, and non-invasive positive

pressure ventilation in the sildenafil group.

Adverse events

Patient-reported adverse events, changes in laboratory values, and abnormal vital signs were

documented at each study visit. These are summarized in Supplementary Table 1.

Cardiac outcomes

Cardiac function data for participants completing the 6-month blinded study phase are

summarized in Table 2 (and Supplementary Table 2). As expected with small sample sizes,

standard deviations were large and differences between treatment arms were not statistically

significant. This finding holds when regression analyses were performed adjusting for both

baseline LVESV and age. Subjects taking placebo experienced an average decrease in

LVESV of 0.19ml while subjects taking sildenafil experienced a 5.20ml increase in LVESV

(p=0.38). Figure 2 illustrates the changes in mean LVESV for each treatment arm. The mean

LVESV increased during all periods in which subjects received sildenafil. However,

individual line plots (Figure 3) show that these increases are largely due to severe worsening

in a few individuals. Among all participants, those with a LVESV ≥120 ml at baseline were

more likely to worsen over 12 months, regardless of treatment (p=0.035, Fisher’s exact test).

Myocardial fibrosis was assessed using DCE MRI, which was completed in 17 of 25 (68%)

patients at baseline, 11 of 16 (69%) at 6 months, and 6 of 14 patients (42%) at 12 months.

These scans were assessed qualitatively for the presence or absence of enhancement

(signifying fibrosis), which was identified in 15 (88%) baseline scans, 11 (100%) 6-month

scans, and 6 (100%) 12-month scans. If enhancement was observed at any time point for a

given subject, it was present on all subsequent scans for that subject. This is consistent with

prior observations that cardiac fibrosis does not resolve in DBMD once it presents.30 Only

one subject with enhancement present at 6 months did not have enhancement at baseline

(this subject was randomized to placebo during this period).

Non-cardiac secondary outcomes

Secondary outcome measures were selected to evaluate the effects of sildenafil on skeletal

muscle. No statistically significant differences in FVC, grip strength, and pinch strength

were found when comparing treatment groups (Table 2). These findings hold when adjusting

for baseline values and age. Longitudinal data analyses were performed using mixed effects
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models on data from subjects treated with sildenafil for 6 months. These analyses show a

statistically significant decrease in mean FVC of 0.06 liters over 6 months (95% CI [−0.130,

−0.013], p=0.011). There was an overall decline in grip strength (−0.13 lbs., 95% CI =

[−0.424, 0.164], p=0.378) and pinch strength (−0.07 lbs., 95% CI = [−0.235, 0.098],

p=0.420); however these findings were not statistically significant. Analyses of the SF-36v2

and INQoL did not show statistically significant differences between the treatment groups in

any of the reported domains of function or quality of life when adjusted for baseline values

and age.

Futility analysis

Our interim analysis showed that the 7 subjects randomized to sildenafil experienced a 1.1%

mean increase in LVESV. If the study enrolled 8 more subjects into the sildenafil group as

planned, these subjects would have had to experience a mean decrease in LVESV of 20% to

produce the clinically significant improvement in LVESV that the trial was powered to

detect. Only 1 of 7 patients (14.3%) randomized to sildenafil experienced this degree of

improvement during the first 6 months of treatment. If this proportion represented the true

probability of experiencing a reduction in LVESV of this magnitude, the probability of this

occurring in the next 8 subjects would be essentially zero (1.75×10−7). Changes in LVESV

in the placebo arm were small; only 1 subject experienced a change of ≥10%. Had 7 more

subjects been randomized to placebo, their mean change in LVESV would likely have

remained stable as well. These calculations suggest that had the trial had not been stopped

for safety concerns, the probability of seeing the anticipated decrease in LVESV of 10%

(even with full enrollment) would be small.

Discussion

Cardiac muscle involvement is nearly universal in adults with Duchenne muscular

dystrophy, and individuals with Becker muscular dystrophy often develop severe

cardiomyopathy, even when skeletal muscle function is relatively preserved.34, 35 It is

therefore a priority in the muscular dystrophy community to discover and optimize therapies

for cardiomyopathy associated with dystrophinopathy. The REVERSE-DBMD trial is the

first to target cardiomyopathy in adult DBMD. Unfortunately, the beneficial effects of

sildenafil seen in pre-clinical studies were not confirmed in this human trial. Instead of

demonstrating a reduction in LVESV, sildenafil-treated subjects showed a higher incidence

of increased LVESV compared to the placebo group. Subsequent analysis did not identify a

statistically significant treatment effect (partly due to small sample sizes). Nevertheless,

extrapolation of the available data makes it unlikely that significant benefit would have been

observed had the trial been fully enrolled.

This study adds to a field of conflicting data on the potential therapeutic role of PDE5

inhibitors in heart failure. While smaller trials have shown improvement in exercise capacity

and patient-reported quality of life in heart failure patients taking sildenafil,36, 37 the

RELAX trial did not show benefit in individuals with heart failure and preserved ejection

fraction.38 Our data are also consistent with results of a recent trial of sildenafil in Becker

muscular dystrophy conducted by Witting et al., (see page x, this issue) in which no effect
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on blood flow, hand grip, or heart function was found. This study further identified reduced

levels of PDE5 expression in the skeletal muscle of patients with Becker muscular dystrophy

compared to healthy controls, which could impact the effectiveness of PDE5 inhibition in

treating dystrophin-deficient muscle. The lack of improvement in cardiac function may also

be due to insufficient substrate for cGMP production in subjects with severe

cardiomyopathy.39 In this case, modulation of the pathway by other approaches, such as

direct activation of guanylate cyclase, may be more effective. It is also possible that a higher

dose of sildenafil or a different treatment regimen could achieve a therapeutic effect in this

population, and pharmacokinetic monitoring of the effective drug concentration in future

trials would be informative in this regard.

Another possible explanation for the observed results relates to the fact that sildenafil

inhibits PDE1 in addition to PDE5. PDE1 is less selective for its enzymatic targets and

hydrolyzes cAMP as well as cGMP, which may produce off-target side effects. Tadalafil is a

PDEi with greater selectivity for PDE5 (versus PDE1c) than sildenafil.40 Small trials have

shown that tadalafil improves blood flow to exercising muscle in Becker muscular

dystrophy, and a large clinical trial has begun enrollment (NCT01865084) to study the

potential benefit of tadalafil in skeletal muscle in Duchenne.18 Given the results of the

REVERSE-DBMD trial, it will be important to monitor cardiac function in these subjects.

Baseline LVESV was predictive of worsening cardiac function in this trial. The 4 subjects

who worsened by ≥10% had baseline LVESV’s between 121.69 and 232.38ml, and the

single subject who died (at age 26) had a baseline LVESV of 127.51ml. The subjects with

the 2 highest baseline LVESV’s also experienced the largest increases in LVESV (>50 mls).

These individuals may represent a sub-population of DBMD that exhibits comparatively

severe cardiomyopathy and responds adversely to PDE5 inhibition. It is also possible that

the disease had progressed beyond the aid of intervention in these individuals. In future trials

in the DBMD population, stratification by baseline LVESV may be an important trial design

consideration.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
The number of subjects screened and randomized to each arm is shown in this schematic,

followed by the number who discontinued the trial prematurely, completed 6 months of the

trial, or completed 12 months of the trial.
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Figure 2.
Mean LVESV (± SE) over time for groups randomized to sildenafil (black line with squares)

and placebo (gray line with circles). The dashed line signifies the period that subjects were

taking placebo.
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Figure 3.
Individual LVESV measurements for subjects randomized to sildenafil (black lines with

squares) and placebo (gray lines with circles) treatment groups over time. The dashed lines

signify the periods that subjects were taking placebo.
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Table 1

Baseline characteristics of participants in the sildenafil and placebo treatment arms.

All randomized subjects Subjects with complete data
for 6 months

Sildenafil
(n=10)

Placebo
(n=10)

Sildenafil
(n=7)

Placebo
(n=8)

Age (years) 25.5 (8.2) 22.6 (4.4) 26.9 (9.5) 23.4 (4.7)

Diagnosis

  Duchenne 9 (90%) 9 (90%) 6 (86%) 7 (88%)

  Becker 1 (10%) 1 (10%) 1 (14%) 1 (13%)

Ethnic Group

  Caucasian 7 (70%) 8 (80%) 4 (57%) 7 (88%)

  Asian 1 (10%) 2 (20%) 1 (14%) 1 (13%)

  African American 2 (20%) 0 (0%) 2 (29%) 0 (0%)

Height (cm) 160 (13) 162 (15) 162 (13) 160 (16)

Weight (kg) 69 (21.8) 66.3 (20) 76.1 (21.6) 65.0 (18.5)

Systolic blood pressure (mmHg) 110 (17) 115 (16) 117 (15) 116 (15)

Diastolic blood pressure (mmHg) 68 (13) 69 (10) 71 (14) 67 (8)

Heart rate (bpm) 80 (16) 88 (11) 85 (15) 89 (12)

Ejection fraction (%) 40.8 (8.9) 43.9 (7.7) 41.8 (9.6) 45.3 (7.2)

Left ventricular end-systolic volume (ml) 99.8 (55.3) 86.7 (31.9) 105.2 (63.8) 84 (32.9)

ACE inhibitor or ARB 10 (100%) 10 (100%) 7 (100%) 8 (100%)

Beta blocker 7 (70%) 4 (40%) 5 (71%) 3 (38%)

Digoxin 3 (30%) 1 (10%) 2 (29%) 1 (13%)

Diuretics 2 (20%) 3 (30%) 1 (14%) 2 (25%)

Mechanical Ventilation 2 (20%) 2 (20%) 1 (14%) 2 (25%)

Non-invasive Ventilation 6 (60%) 3 (30%) 4 (57%) 1 (13%)

Data are mean (SD) or n (%).
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