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Abstract
Background Inhibition of phosphodiesterase 5 (PDE5) was hypothesized to slow disease progression in Duchenne 
muscular dystrophy (DMD). Tadalafil, a once-daily PDE5 inhibitor, did not slow loss of ambulation in a phase 3 
placebo-controlled trial. This report details the cardiac findings from this study.

Methods Patients with DMD (N = 331) aged 7 to 14 years on stable glucocorticoids were randomized to tadalafil 
0.3 mg/kg/day, 0.6 mg/kg/day, or placebo. Ejection fraction (EF), fractional shortening, and M-mode ventricular 
dimensions were measured on echocardiograms. 12-lead ECGs were centrally evaluated for heart rate and intervals, 
and qualitative diagnoses. Vital signs and unsolicited adverse events were collected throughout the study. Cardiac 
MRI (CMR) was collected in a subset of 27 patients. Z-scores for ventricular dimensions and volumes were calculated 
based on published age-normative reference values. Treatment differences for change in continuous ECG parameters 
and vital signs were compared using Wilcoxon rank-sum tests. Echocardiogram and CMR parameters were analyzed 
with an ANCOVA model.

Results Tadalafil had no adverse effects on echocardiographic left ventricular (LV) EF or fractional shortening, ECG 
findings, or vital signs. Mean diastolic LV internal dimension (LVIDd) was increased in the tadalafil 0.6 mg/kg group 
versus placebo at Week 24 (+ 0.13 cm, p =.019) and Week 48 (+ 0.18 cm, p =.008), with a similar pattern observed for 
LV systolic dimensions (LVIDs). Mean LV end diastolic volume (EDV) measured by CMR also increased at Week 48 
in the tadalafil 0.3 mg/kg (+ 13.0 ml, p =.047 vs. placebo) and 0.6 mg/kg (+ 12.0 ml, p =.08 vs. placebo) groups, with 
numerically smaller increases in LV EDV and commensurate increases in stroke volume and cardiac output. Z-scores 
for LVIDd and LV EDV were generally below the normal range at baseline and increased toward or within the normal 
range in the tadalafil groups but not in the placebo group.

Effect of Tadalafil on cardiac function and left 
ventricular dimensions in Duchenne muscular 
dystrophy: safety and cardiac MRI substudy 
results from a randomized, placebo-controlled 
trial
David Cox1* , Barry Byrne2, David W. Hammers2, John Landry1,3 and H. Lee Sweeney2

http://creativecommons.org/licenses/by/4.0/
http://orcid.org/0000-0003-2052-9836
http://crossmark.crossref.org/dialog/?doi=10.1186/s12872-025-04727-3&domain=pdf&date_stamp=2025-4-9


Page 2 of 14Cox et al. BMC Cardiovascular Disorders          (2025) 25:276 

Introduction
Duchenne muscular dystrophy (DMD) affects one in 
3,500 to 5,000 live male births. Boys are diagnosed as 
toddlers and most lose ambulation by the age of 12 years. 
Death often occurs in the second decade from ventilatory 
insufficiency and progressive cardiac dysfunction with 
arrhythmia [1]. With advancements in pulmonary care 
and mechanical ventilation, patients with DMD are living 
longer such that cardiomyopathy has become the most 
common cause of death in this population [2].

The pathophysiology of cardiomyopathy in DMD is 
complex but is thought to result primarily from dis-
ruptions in calcium handling and sarcolemmal mem-
brane integrity due to the absence of cardiac dystrophin 
[3]. Cardiac inflammation and fibrosis by gadolinium 
enhancement [4] and changes in ventricular strain mea-
sures [5] are evident in younger boys with DMD prior to 
onset of clinical signs of cardiac dysfunction. Although 
variable, declines in global measures of cardiac function 
such as left ventricular ejection fraction (LVEF) typi-
cally first appear later in disease progression (around 10 
years of age), with most patients having clinical evidence 
of cardiac dysfunction and dilation by the time they are 
adolescents and young adults [6, 7].

The effects of PDE5 inhibition on cardiac function 
or progression of dystrophic cardiomyopathy remains 
unclear. Studies with sildenafil in the mdx mouse model 
support the concept that PDE5 inhibition may have 
favorable effects to prevent or ameliorate cardiac dys-
function associated with dystrophin deficiency [8, 9]. 
Prophylactic treatment of dogs with golden retriever 
muscular dystrophy (GRMD) with tadalafil preserved 
cardiac systolic function, improved measures of circum-
ferential wall strain, and reduced histopathology of car-
diac muscle compared to untreated GRMD animals [10]. 
On the other hand, acute (4-week) treatment of men with 
Becker muscular dystrophy had no detectable effect on 
cardiac function, and the REVERSE-DBMD trial, a silde-
nafil study in adults with advanced DMD (mean age, 
~ 23–26 years) and existing left ventricular dysfunction, 
was stopped early due to a finding of increased left ven-
tricular end systolic volume in the sildenafil group [11].

Based on promising preclinical data from multiple dys-
trophic animal models [8, 12–15] and proof-of-mech-
anism data from patients with muscular dystrophy [16], 

a large Phase 3 randomized placebo-controlled trial was 
conducted in 331 boys and young men with DMD to test 
the hypothesis that once-daily tadalafil, administered 
orally for 48 weeks, would slow the decline in ambula-
tory function in these patients. This trial failed to meet its 
primary and secondary efficacy objectives [17]. Because 
of the importance of monitoring cardiac function in 
patients with DMD, and the potential for cardiac effects 
of PDE5 inhibition, this trial also collected serial echo-
cardiograms, electrocardiograms, vital signs, and adverse 
events as safety measures from all randomized patients 
and performed cardiac magnetic resonance (CMR) imag-
ing in a subset of patients. This paper reports the detailed 
cardiac findings from this study.

Methods
Study design
Details of the study design have been published previ-
ously [17]. Briefly, this was a phase 3, global, multicenter, 
randomized, double-blind, placebo-controlled, paral-
lel, 3-arm study of tadalafil in patients with DMD who 
were being treated with corticosteroids. Patients were 
recruited at 63 sites in 15 countries.

Selection of study population
Patients were eligible to be included in the study if they 
were male with proven DMD, between the ages of 7 to 
14 years (inclusive), ambulant (defined as screening 
and baseline 6MWD measurements between 200 and 
400  m), baseline 6MWD measurements within 20% of 
the screening 6MWD, left ventricular ejection fraction 
(LVEF) ≥ 50%, and received systemic corticosteroids for 
a minimum of 6 months immediately prior to screen-
ing. Key exclusion criteria included patients who had 
symptomatic cardiomyopathy or heart failure, or cardiac 
rhythm disorder defined as sinus rhythm with ectopic 
contractions or conductance disturbances, or any rhythm 
other than sinus, observed on screening ECG, use of 
continuous mechanical ventilator assistance, history of 
renal insufficiency, severe hypotension or uncontrolled 
hypertension, or current treatment with potent CYP3A4 
inhibitors. Prophylactic treatment for heart failure was 
allowed but should have been stable with no changes 
(initiation, change in type of drug, dose modification, 
schedule modification, interruption, discontinuation, or 

Conclusions No adverse effects of tadalafil on cardiovascular function were evident based on adverse events, 
echocardiograms, ECG, or vital sign measurements through 48 weeks in patients with DMD. The small mean increases 
in LVID and LV volume observed with tadalafil are consistent with PDE5 inhibitor pharmacology, but their clinical 
relevance in the context of LV tonic contraction in DMD is unknown and deserve further study.

ClinicalTrials.gov identifier NCT01865084 (first registration date: 24-May-2013).
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reinitiating) within 3 months prior to the start of study 
treatment.

Randomization and blinding
Eligible patients were randomly assigned using an inter-
active voice-response/web-based system to 1 of 3 treat-
ment arms (placebo, tadalafil 0.3  mg/kg, or tadalafil 
0.6 mg/kg) in a 1:1:1 ratio. Randomization was stratified 
by site and baseline 6MWD (< 300  m versus ≥ 300  m). 
Regardless of treatment assignment and dose, all patients 
received the same number of tablets to maintain blind-
ing. Patients, investigators, and other study staff were 
blinded to treatment assignment.

Procedures
An echocardiogram was obtained at screening to con-
firm the patient’s LVEF met the entry requirement 
(≥ 50%) unless a record of an echocardiogram obtained 
within 30 days of Visit 1 was obtained confirming the 
patient met this criterion. Follow-up echocardiograms 
were obtained from all patients at Week 24 and Week 48. 
Echocardiograms were performed per local standard of 
care, but were to include, at a minimum, 2 dimensional 
and M-mode imaging, and were to be performed without 
contrast. Echocardiographic measures included the LVEF 
(measured from 2D echocardiography based on ventric-
ular volumes using modified Simpson method) and left 
ventricular internal diameters at diastole (LVIDd) and 
systole (LVIDs) were measured as linear dimensions from 
M-mode echocardiography. No central reading of echo-
cardiograms was performed. Fractional shortening was 
calculated as (LVIDs-LVIDd/LVIDd) x 100.

Serial 12-lead digital ECGs were collected locally at 
baseline, Week 24, and Week 48 (or early termination). 
ECGs were interpreted by the investigator or qualified 
designee at the site as soon after the time of ECG col-
lection as possible, and ideally while the patient was still 
present, to determine whether the patient met entry cri-
teria and for immediate patient management, if any clini-
cally relevant findings were identified. All digital ECGs 
were electronically transmitted to a designated central 
ECG laboratory. A cardiologist at the central ECG labo-
ratory conducted a full overread on the ECG (including 
all intervals). A report based on data from this analysis 
was issued to the investigative site. All data from the 
overreads were placed in the database for analytical and 
reporting purposes.

CMR imaging was collected as an exploratory sub-
study performed at sites in the US with the appropriate 
equipment and experience to perform the procedure. 
CMR was performed without contrast or sedation at 
baseline and Week 48 (or endpoint). Sites could use the 
imaging protocol that was standard of care at their facil-
ity, as long as it included the imaging sequences required 

for central assessment of functional parameters. All CMR 
images were transferred to a central imaging laboratory 
(Biomedical Systems). A technical expert at the central 
imaging laboratory conducted a full quality review of 
each CMR image and collected functional and morpho-
logical measures including LVEF, EDV and ESV, LV mass, 
cardiac output, stroke volume, and global circumferential 
wall strain.

Blood pressure and heart rate were measured at each 
study visit after the patient had been in a supine position 
for at least 2 min, using the same arm for each measure-
ment. Adverse events were collected in an unsolicited 
manner at each study visit and subsequently coded to 
MedDRA (Version 18.1).

Z-score calculations
Results published after primary database lock for the 
study suggested that the heart in younger boys with DMD 
is characterized by smaller-than-normal left ventricu-
lar size detectable on echocardiograms as LV internal 
dimensions that are smaller than age-normative expected 
values particularly between the ages of 11 and 15 years 
[18]. Therefore, post-hoc analyses were performed to 
calculate Z-scores for echocardiogram parameters of LV 
internal dimensions based on algorithms developed by 
Boston Children’s Hospital and provided by Dr. Steve 
Colan (https://zscore.chboston.org/). Z-scores corrected 
for body surface area (BSA) for cMRI-measured ven-
tricular volumes were calculated based on comparison 
to pediatric normative values for boys 8–15 years of age 
[19]. Data for LV volumes and dimensions were nor-
malized for BSA to adjust for changes in body size and 
a Z-score was calculated for each value as a measure of 
deviation (number of SDs) from the expected mean nor-
mative value.

Retrospective analysis canine echocardiogram data
Prior work by two of the coauthors (HLS and DWH) 
demonstrated that daily administration of tadalafil to 
dogs with muscular dystrophy prior to the onset of car-
diac functional decline preserved LV function as mea-
sured by echocardiography and improved GRMD cardiac 
histopathology [10]. Considering the clinical findings 
reported herein, a retrospective analysis of the echo-
cardiogram data from this animal study was performed, 
with the addition of 3 GRMD control data sets acquired 
since the publication of the initial study (total of 5 con-
trol and 2 tadalafil-treated). Echocardiography was per-
formed pre-treatment (taken at 6 months of age) and 
post-tadalafil treatment (taken at 18 months of age) using 
a Philips CX-50 system (Philips) and an 8‐ to 3‐MHz 
transducer as described previously [10, 20]. In treated 
animals, tadalafil was administered orally (1 mg/kg) daily 
beginning at 9 months of age.

https://zscore.chboston.org/
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Statistical methods
Change from baseline to endpoint treatment differences 
in continuous ECG parameters were assessed using Wil-
coxon rank-sum tests. The number and percentage of 
patients with treatment-emergent abnormal qualitative 
ECG (central read) results at any time were summarized 
by treatment group and compared between treatments 
using Fisher’s exact tests of each tadalafil group versus 
placebo. Change from baseline to endpoint treatment 
differences in vital signs were assessed pairwise using 
Wilcoxon rank-sum tests. Echocardiogram parameters 
collected at the 24- and 48-week visits were analyzed 
through an ANCOVA model at each visit with treatment 
and site as factors and baseline as a covariate. Changes 
from baseline to last observation for each cardiac MRI 
parameter were analyzed using an ANCOVA model with 
change from baseline value as the dependent variable, 
baseline value as the covariate, and treatment included as 
an independent fixed effect.

Results
Patient characteristics
Detailed baseline demographics and characteristics of 
patients were reported previously [17]. The overall mean 
age was 9.6 years, and the majority of patients were 

White (79.2%). Vital signs and echocardiography mea-
sures were generally balanced across treatment groups 
at baseline (Table  1). The most common concomitant 
cardiac medication reported during the trial was ACE 
inhibitors, with a slightly higher proportion of patients 
in the tadalafil 0.3 mg/kg group reporting use of an ACE 
inhibitor (26.5%) than those in the tadalafil 0.6  mg/kg 
or placebo groups. All randomized patients were taking 
a corticosteroid at baseline: 53.8% were taking predni-
sone/prednisolone and 45.9% were taking deflazacort. 
The mean duration of corticosteroid therapy (from first 
use) was 40.6 months. Some numerical imbalances across 
treatment groups in baseline CMR parameters were 
observed, most notably a smaller LV end diastolic volume 
(EDV), LV stroke volume, and LV mass in the tadalafil 
0.3 mg/kg group (Table 1).

Electrocardiogram parameters
Baseline ECG abnormalities were common: 43.3% of 
patients had conduction abnormalities and 27.9% had 
rhythm abnormalities at baseline (primarily normal sinus 
rhythm with sinus arrhythmia). There were no treatment 
group differences in the proportion of patients with an 
overall treatment-emergent qualitative ECG assessed by 
the central reader as being clinically abnormal: 13.8% in 

Table 1 Patient characteristics
Placebo
(N = 116)

Tadalafil 0.3 mg/kg (N = 102) Tadalafil 0.6 mg/kg (N = 113)

Age, years 9.4 (1.76) 9.9 (2.26) 9.5 (1.71)
BMI, kg/m2 19.7 (4.45) 20.2 (4.26) 19.6 (4.79)
Vital signs
Systolic blood pressure, mmHg 107.2 (10.7) 108.6 (10.6) 109.9 (11.3)
Diastolic blood pressure, mmHg 66.7 (10.2) 65.8 (10.7) 66.0 (10.7)
Heart rate, beats per minute 94.8 (11.7) 96.1 (12.2) 93.5 (13.7)
Echocardiography parameters
LVEF, % 63.5 (6.4) 63.2 (5.6) 62.4 (6.8)
LV shortening fraction, % 35.0 (6.3) 35.5 (5.2) 34.7 (5.5)
LVIDd, cm 3.96 (0.39) 4.00 (0.42) 4.02 (0.40)
LVIDs, cm 2.58 (0.39) 2.59 (0.36) 2.63 (0.36)
Cardiac medications, n (%)
ACE inhibitors 20 (17.2) 27 (26.5) 20 (17.7)
Ubiquinone 14 (12.1) 10 (9.8) 8 (7.1)
Angiotensin II antagonists 5 (4.3) 3 (2.9) 3 (2.7)
Beta-blocking agents 2 (1.7) 3 (2.9) 1 (0.9)
CMR parameters
(Substudy N = 27)

Placebo
(N = 9)

Tadalafil 0.3 mg/kg (N = 10) Tadalafil 0.6 mg/kg (N = 8)

LVEF, % 59.8 (5.2) 59.6 (5.0) 59.2 (2.2)
Circumferential strain, % -23.2 (3.5) -22.1 (2.3) -22.8 (9.8)
LV end diastolic volume, mL 74.3 (19.2) 68.7 (12.4) 77.3 (31.9)
LV end systolic volume, mL 29.5 (6.4) 28.2 (8.1) 31.9 (14.8)
LV stroke volume, mL 44.8 (13.8) 40.5 (5.0) 45.4 (17.1)
Cardiac output, L/min 4.2 (1.1) 4.1 (0.7) 4.6 (1.2)
LV mass, g 44.5 (12.9) 39.0 (7.8) 46.5 (17.0)
Unless noted otherwise, all data are expressed as mean (standard deviation)
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placebo, 8.8% in tadalafil 0.3  mg/kg (p =.291), and 7.1% 
in tadalafil 0.6  mg/kg (p =.131). No patients had ECG 
changes indicating myocardial ischemia, injury, or infarc-
tion during the study.

Consistent with expectations, baseline mean ECG-
measured heart rate was high (93–94 bpm) in this study 
population relative to boys without DMD. Mean decrease 
in heart rate was numerically larger in the tadalafil 
0.3 mg/kg group (-3.3 bpm, p =.273) and 0.6 mg/kg group 
(-3.1 bpm, p =.366) compared to the placebo group, with 
corresponding numerical mean increases in intervals 
(Table 2).

Vital signs and cardiac-related adverse events
Mean changes in vital signs from baseline to each study 
visit and endpoint are summarized in Table 3. There were 
no clinically notable treatment group differences. The 
small mean decrease in ECG-measured heart rate was 
not apparent in the vital sign pulse rate data.

Twelve patients reported TEAEs in the MedDRA Sys-
tem Order Class Cardiac Disorders: 4 (3.4%) in the pla-
cebo group, 5 (4.9%) in the tadalafil 0.3 mg/kg group, and 
3 (2.7%) in the tadalafil 0.6  mg/kg group. There was no 
significant difference in the reporting of cardiac-related 
TEAEs overall or with any individual cardiac-related 
TEAE (Table  4). The event of myocarditis was the only 
cardiac-related TEAE that was a serious adverse event.

Echocardiographic parameters
Per eligibility criteria, all randomized patients had a 
LVEF in the normal range at baseline (overall mean, 
63.0%, range 50.0–86.0%). LVEF and fractional shorten-
ing were relatively stable over the 48 weeks of the trial 

with no differences between treatment groups in the 
LS mean change from baseline in either measurement 
(Table 5). In total, 11 (3.3%) participants had a persistent 
10% decline in LVEF during the study, with no significant 
difference across treatment groups [placebo, 5 (4.3%); 
tadalafil 0.3 mg/kg, 4 (2.0%), p =.45; tadalafil 0.6 mg/kg, 4 
(3.6%); p = 1.00].

Small mean increases from baseline in diastolic LVID 
(Fig.  1A) and systolic LVID (Fig.  1B) were observed in 
both tadalafil treatment groups at Week 24 and Week 
48. For diastolic LVID, the LS mean treatment differ-
ence between the tadalafil 0.6 mg/kg group and placebo 
was significant at both Week 24 (+ 0.10  cm, p =.019) 
and Week 48 (+ 0.11  cm, p =.008); for systolic LVID, 
the LS mean treatment difference between the tadalafil 
0.3 mg/kg group and placebo was significant at Week 24 
(+ 0.09 cm, p =.027).

CMR parameters
A subset of 15 sites in the US collected CMR images 
at baseline and/or Week 48 from a total of 43 patients. 
However, because of technical issues, scheduling con-
flicts, and patient willingness, matching baseline and 
Week 48 images were only available for 27 patients: 9 in 
the placebo group, 10 in the tadalafil 0.3  mg/kg group, 
and 8 in the tadalafil 0.6 mg/kg group.

Mean changes from baseline to endpoint in LV EDV 
and LV ESV were numerically greater in each tadalafil 
group compared with placebo, with the mean change in 
LV EDV significantly greater in the tadalafil 0.3  mg/kg 
group versus placebo (p =.047)(Fig.  2, A and B). Mean 
changes from baseline to endpoint in cardiac output 
(Fig. 2C), stroke volume (Fig. 2D), and LV mass (Fig. 2E) 

Table 2 Summary of quantitative ECG parameters
Measure Placebo

(n = 116)
Tadalafil 0.3 mg/kg
(n = 102)

Tadalafil 0.6 mg/kg
(n = 112)

Mean Baselinea 
(SD)

Mean Change at 
Endpointb (SD)

Mean Baselinea 
(SD)

Mean Change at End-
pointb (SD)
p-valuec

Mean Baselinea 
(SD)

Mean Change 
at Endpointb 
(SD)
p-valuec

Heart rate, beats/min 93.3 (12.2) -0.8 (12.9) 93.6 (12.0) -3.3 (13.7)
p =.273

94.2 (12.4) -3.1 (12.5)
p =.366

QT interval, msec 344.3 (22.2) 1.4 (18.5) 345.5 (23.2) 4.8 (22.1)
p =.319

342.6 (23.9) 6.5 (19.8)
p =.182

QTcF,
msec

398.1 (16.4) 0.2 (14.5) 399.9 (17.5) 0.4 (13.4)
p =.816

397.2 (17.5) 3.1 (13.9)
p =.300

RR interval, msec 650.5 (91.2) 7.5 (91.7) 648.5 (90.9) 23.9 (104.2)
p =.247

644.5 (86.7) 22.5 (88.1)
p =.337

PR interval, msec 120.4 (12.3) 0.1 (8.0) 117.6 (11.0) 1.0 (7.7)
p =.263

120.1 (14.5) 1.3 (7.8)
p =.130

QRS interval, msec 82.9 (7.1) 0.7 (4.4) 82.1 (7.5) 1.6 (4.2)
p =.128

82.8 (7.1) 1.0 (4.9)
p =.930

aBaseline = the last non-missing value before first dose
bEndpoint = the last non-missing postbaseline value
cThe p-values for the comparison in the difference between placebo and active treatment are obtained using Wilcoxon rank-sum tests
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also increased to a numerically greater extent in each 
tadalafil group compared with placebo. Changes in LVEF 
measured by CMR were small and generally consistent 
with those measured by echocardiography (Fig. 2F).

Circumferential wall strain (ecc) at baseline ranged 
from − 22.1% to -23.2%, with small changes from baseline 
to endpoint that were not different between treatment 
groups [least squares (LS) mean change (SE): placebo, 
-0.16% (1.4); tadalafil 0.3  mg/kg, 1.0% (1.3)(p =.544); 
tadalafil 0.6 mg/kg, -2.2% (1.5) (p =.313)].

Analysis of LV volumes and internal dimension Z-scores
Given the consistent pattern for mean increases in each 
tadalafil group relative to placebo in LVIDs measured by 
echocardiography and LV volumes measured in a smaller 
subset by CMR, further analyses were performed to bet-
ter characterize these changes in context of normal pedi-
atric values for LV volumes and LVIDs, indexed to BSA.

Because of the small sample size, individual patient 
data for LV volume Z-scores are displayed as vector 
diagrams with each arrow representing a patient’s age 
(x-axis) and Z-score (y-axis) at baseline and endpoint for 
placebo and the combined tadalafil groups (Fig.  3). At 
baseline, most patient’s Z-scores for EDV in both placebo 

Table 3 Summary of vital sign
Mean change from baselinea (SD) in vital sign Placebo

(N = 116)
Tadalafil
0.3 mg/kg
(N = 102)

p-valuec Tadalafil
0.6 mg/kg
(N = 112)

p-valuec

Systolic blood pressure, mmHg
Week 4 -0.17 (11.2) 0.34 (10.9) 0.495 -3.21 (10.0) 0.024
Week 12 1.18 (11.8) -2.12 (10.4) 0.087 -1.60 (10.9) 0.234
Week 24 1.62 (11.2) -2.03 (10.4) 0.011 -0.77 (11.9) 0.106
Week 36 1.96 (11.0) 0.82 (10.4) 0.682 -1.94 (11.7) 0.023
Week 48 1.04 (11.0) 0.29 (11.1) 0.484 0.50 (12.7) 0.693
Endpointb 1.45 (11.3) 0.22 (11.0) 0.348 0.32 (12.5) 0.457
Diastolic blood pressure, mmHg
Week 4 -2.02 (10.4) -0.23 (10.6) 0.616 -2.03 (10.6) 0.455
Week 12 -0.42 (11.9) -1.55 (10.1) 0.292 -0.03 (11.5) 0.809
Week 24 0.65 (9.6) -1.94 (9.7) 0.023 1.26 (13.2) 0.772
Week 36 0.90 (10.4) -0.97 (10.3) 0.256 -0.30 (11.3) 0.397
Week 48 0.54 (10.1) -1.35 (11.7) 0.232 -0.36 (10.4) 0.237
Endpointb 0.50 (10.1) -1.69 (11.6) 0.145 -0.45 (10.2) 0.220
Heart rate, beats per minute
Week 4 -0.43 (13.4) 0.89 (12.9) 0.260 1.98 (15.2) 0.250
Week 12 1.65 (14.3) 1.15 (13.5) 0.646 4.38 (13.6) 0.243
Week 24 -1.04 (13.2) -0.49 (15.1) 0.678 0.42 (14.8) 0.492
Week 36 -0.27 (13.9) 0.90 (15.3) 0.557 -0.18 (14.6) 1.000
Week 48 -0.18 (13.5) -0.62 (16.4) 0.771 -0.25 (15.2) 0.821
Endpointb 0.15 (13.4) -0.74 (16.3) 0.578 -0.56 (15.1) 0.560
N = number of patients in the safety analysis set.aBaseline = the last non-missing value before first dose
bEndpoint = the last non-missing postbaseline value
cThe p-values for the comparison in the difference between placebo and active treatment are obtained using Wilcoxon rank-sum tests

Table 4 Cardiac-related treatment-emergent adverse events (TEAEs)
MedDRA Preferred Term Placebo

N = 116
n (%)

Tadalafil 0.3 
N = 102
n (%)

Tadalafil 0.6
N = 112
n (%)

Subjects with > = Cardiac Disorder TEAE 4 (3.4) 5 (4.9) 3 (2.7)
Palpitations 1 ( 0.9) 0 1 ( 0.9)
Right ventricular hypertrophy 0 1 ( 1.0) 1 ( 0.9)
Tachycardia 1 ( 0.9) 0 1 ( 0.9)
Angina pectoris 0 1 ( 1.0) 0
Left ventricular hypertrophy 1 ( 0.9) 2 ( 2.0) 0
Myocarditis 0 1 ( 1.0) 0
Pericarditis 1 ( 0.9) 0 0
Table shows all TEAEs reported under the MedDRA System Organ Class Cardiac Disorders
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and tadalafil groups were less than 0, whereas patient’s 
Z-scores for ESV were distributed more evenly within +/- 
1 SD of normal. From baseline to Week 48, the Z-scores 
for both EDV and ESV declined in most patients in the 
placebo group, whereas these parameters increased in 
most patients in the tadalafil groups. Notably, many of 
the patients in the tadalafil group with increases in ven-
tricular volume, particularly for EDV, had Z-scores less 
than 0 at baseline that remained less than 0 at 48 weeks, 
and all but one patient had endpoint volumes within + 2 
SD’s of normal.

Table 6 summarizes baseline, endpoint, and change in 
the Z-scores for diastolic LVID and systolic LVID for the 
overall study population. Baseline to 48-week changes 
in Z-scores for diastolic LVID measured by echocardio-
gram followed generally the same pattern as observed for 
EDV measured by cMRI: mean Z-scores were negative at 
baseline for all groups with further decline in the placebo 
group and but moved toward more normal values in the 
tadalafil groups at 48 weeks (Table 6). A similar pattern 
of change was observed for the systolic LVID Z-scores, 

although the mean baseline value was closer to normal 
in each of the treatment groups relative to the diastolic 
LVID Z-score (Table 6).

The finding that the distribution of both LV EDV and 
diastolic LVID tended to be below the normal range 
(Z-scores < 0) is consistent with a recent report that the 
diastolic LVID is smaller than expected values based on 
age in boys with DMD, particularly between the ages of 
7 and 12 years, prior to the onset of clinical cardiomy-
opathy and LV dilatation [18]. To determine whether a 
similar pattern was detectable in the present study, mean 
baseline diastolic LVID Z-scores were plotted for all 
patients by baseline age category (Fig. 4). The distribution 
of baseline diastolic LVID by age followed a clear pat-
tern of progressively smaller-than-predicted LV chamber 
dimensions (greater negative Z-score) especially in the 
age range of 9–12 years (Fig. 4).

Table 5 Summary of echocardiographic left ventricular ejection fraction (LVEF) and shortening fraction
Placebo
(N = 116)

Tadalafil
0.3 mg/kg
(N = 102)

Tadalafil
0.6 mg/kg
(N = 112)

LVEF, %
Baseline mean (SD) 63.5 (6.4) 63.2 (5.6) 62.4 (6.8)
LS mean change at Week 24 (SE)a -1.0 (0.5) -1.2 (0.5), p =.857 -0.6 (0.5), p =.548
LS mean change at Week 48 (SE)a -1.5 (0.6) -0.3 (0.6), p =.127 -0.7 (0.6), p =.302
LV Shortening Fraction, %
Baseline mean (SD) 35.0 (6.3) 35.5 (5.2) 34.7 (5.5)
LS mean change at Week 24 (SE)a -0.5 (0.4) -1.1 (0.5), p =.307 -0.4 (0.4), p =.929
LS mean change at Week 48 (SE)a -0.3 (0.6) -0.5 (0.6), p =.824 0.1 (0.6), p =.631
aThe LS mean change from baseline, standard error, and p-value for the difference between each of the tadalafil groups minus placebo are derived using ANCOVA 
with factors for treatment and baseline echocardiogram measure as covariate

Fig. 1 Change from baseline in left ventricular internal dimension (LVID) at diastole (left panel) and systole (right panel) measured by M-mode echocar-
diography. Points represent the least squares (LS) mean change with standard error. *P <.05 for the difference between each of the tadalafil groups minus 
placebo are derived using ANCOVA with factors for treatment and baseline echocardiogram measure as covariate
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Effect of Tadalafil on echocardiographic stroke volume and 
cardiac output in GRMD canine model
In a previously published study [10], GRMD canines were 
treated with 1  mg/kg tadalafil as a prophylactic against 
onset of systolic failure. The dogs began treatment at 9 
months of age and reached endpoint at 25 months of age, 
with tadalafil treatment found to preserve systolic and 
diastolic LV function [10]. In a retrospective analysis of 

echocardiography data from this study, individual pre-
treatment values (taken at 6 months of age) and post-
treatment values (taken at 18 months of age) for stroke 
volume (SV), cardiac output (CO), EDV, and fractional 
shortening are plotted for each dog (Fig.  5). While no 
differences in SV or CO were seen between groups at 
the pre-treatment age, tadalafil improved both mea-
sures at the post-treatment time point, as determined 

Fig. 2 Change from baseline to endpoint (Week 48) or last observation in left ventricular CMR parameters. Points represent the least squares (LS) mean 
change with standard error. End systolic volume (A), end diastolic volume (B), cardiac output (C), stroke volume (D), left ventricular mass (E), left ventricu-
lar ejection fraction (F). ETD = estimated treatment difference for the difference of tadalafil minus placebo with 95% confidence interval from an analysis 
of covariance (ANCOVA) with change from baseline as dependent variable, baseline value as covariate, and treatment as fixed effect
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using paired T-tests (Fig. 5A-B). Clear improvements in 
EDV were not discernable in this retrospective analysis 
(Fig. 5C), as most control GRMD dogs of this cohort had 
already started to show onset of dilated cardiomyopathy, 
including reductions in fractional shortening (Fig.  5D). 
While the initial intent of this study was to investigate 
long-term delay of cardiomyopathy by tadalafil treat-
ment, this retrospective data analysis reveals evidence 
that improvements in diastolic function allow increases 
in stroke volume and cardiac output to be resolved prior 
to clear protection of dilated cardiomyopathy by tadalafil 
treatment in this canine model of DMD. We acknowl-
edge, however, that these data are limited by the small 
sample size of this study and the lack of echocardiogra-
phy data acquired at time points immediately preceding 
and following treatment initiation.

Discussion
Despite mechanistic and clinical proof-of-concept data, 
PDE5 inhibition with tadalafil failed to slow the decline 
in ambulation and mobility in a large Phase 3 trial of boys 
and young men with DMD 7–14 years of age who were 
already receiving corticosteroid therapy [17]. This paper 
reports details of the cardiac safety and CMR sub-study 
assessments performed during the study.

Tadalafil had no effect, either favorable or adverse, dur-
ing the 48-week time frame of the study on echocardio-
graphic measures of global cardiac function (LVEF and 
fractional shortening), ECG qualitative or quantitative 
changes, vital signs, or cardiac adverse event reporting in 
boys and young men with DMD. Small increases in LVID 
on echocardiography in the overall study and LV volumes 
in a small CMR sub-study were evident in both tadalafil 

Fig. 3 Vector plot of participant-level Z-scores versus age for end diastolic volume (top panels) and end systolic volume (bottom panels) measured 
by CMR. Each arrow represents an individual participant, with beginning of arrow = baseline Z-score plotted against baseline age (years) and end of 
arrow = endpoint Z-score (after 48 weeks) plotted against endpoint age
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groups compared with placebo. Since global markers 
of cardiac functioning were unchanged if not slightly 
improved with tadalafil relative to placebo, the overall 
clinical relevance and interpretation of these effects of 
tadalafil on LV chamber dimensions and volumes over 
the longer term is unclear, particularly given the relatively 
short time frame of the study.

Global circumferential wall strain measured by CMR is 
abnormal in DMD patients versus healthy controls prior 
to the onset of clinically evident declines in LV function, 
continues to worsen as the disease progresses, and has 
been proposed as an early marker of LV dysfunction to 
guide initiation of pharmacological therapy [5, 21]. In this 
study, circumferential wall strain exhibited little change 
over the 48 weeks of the study. These findings likely 

Table 6 Summary of echocardiographic LVID Z-scores
Placebo
(N = 116)

Tadalafil
0.3 mg/kg
(N = 102)

Tadalafil
0.6 mg/kg
(N = 113)

LVIDd Z-score
n 107 96 100
Baseline mean (SD) -0.39 (1.4) -0.54 (1.5) -0.19 (1.4)
Endpoint mean (SD) -0.64 (1.4) -0.51 (1.5) 0.01 (1.5)
LS mean change (SE)a -0.25 (0.1) -0.03 (0.1) 0.27 (0.1)
LS mean difference vs. placeboa 0.22 0.52
95% confidence intervala (-0.09, 0.53) (0.21, 0.82)
p-valuea 0.158 0.001
LVIDs Z-score
n 107 95 99
Baseline mean (SD) -0.18 (1.8) -0.40 (1.5) 0.03 (1.5)
Endpoint mean (SD) -0.29 (1.6) -0.26 (1.6) 0.19 (2.0)
LS mean change (SE)a -0.11 (0.14) 0.06 (0.15) 0.25 (0.14)
LS mean difference vs. placeboa 0.17 0.36
95% confidence intervala (-0.23, 0.56) (-0.04, 0.75)
p-valuea 0.411 0.076
N: number of patients randomized; n: number of patients with data for the variable; LVIDd: left ventricular internal dimension at diastole; LVIDs, left ventricular 
internal dimension at systole; SD, standard deviation; SE, standard error; LS, least squares
aLS mean, standard error, 2-sided 95% confidence interval and p-value for the difference of tadalafil minus placebo are from an analysis of covariance (ANCOVA) with 
change from baseline as dependent variable, baseline value as covariate, and treatment as fixed effects

Fig. 4 Diastolic left ventricular internal dimension (LVID) Z-score measured by M-mode echocardiography at baseline by age
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reflect the relatively young age of the study population 
(mean age 10 years at baseline), the entry criterion which 
required normal LV function (LVEF > 50%) at baseline, 
and the relatively short follow up.

The changes in LV volume in each tadalafil group 
were numerically greater for EDV than ESV, resulting 
in increases in stroke volume measured by CMR. While 
observed in the small subset of participants in the CMR 
study, these changes in LV volume were corroborated 
by directionally similar changes in echocardiogram-
measured LVIDs in all study participants. These findings 
from the clinical study were also corroborated by the 
additional analyses of the echocardiogram data from the 
GRMD animal study.

Increases in LV EDV and LVID associated with 
improved diastolic function and stroke volume have 
been reported with PDE5 inhibitors in other patient 

populations, including heart failure with preserved 
ejection fraction [22] and diabetic cardiomyopathy 
[23]. PDE5 inhibition has also been shown to improve 
indices of diastolic relaxation and function in patients 
with treatment resistant hypertension [24, 25] and 
stable systolic heart failure [22]. Plausible pharma-
cological mechanisms of such improvements have 
been proposed, including decreased total peripheral 
resistance, direct effects to improve cardiomyocyte 
relaxation via local increases in cGMP, and positive 
remodeling associated with reduced inflammation 
[25, 26]. The improvements in stroke volume and car-
diac output observed in the retrospective assessment 
of data collected from GRMD canines treated with 
tadalafil are also directionally consistent with the 
changes in these parameters measured in the CMR 
sub-study. Thus, the increases in end diastolic LVID 

Fig. 5 Retrospective analysis on previously published GRMD data. Measures of (A) stroke volume, (B) cardiac output, (C) end diastolic volume, and (D) 
fractional shortening are shown as individual data points for each dog (dashed lines show the individual control dogs that increase SV values with age). 
Data were analyzed using paired T-tests (α = 0.05). Effect size is shown as Cohen’s d (d)
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and EDV observed in the current study of boys with 
DMD are consistent with prior findings and, rather 
than a spurious finding, may represent a pharmaco-
logical consequence of PDE5 inhibition with tadalafil 
in boys with DMD.

In the context of established dilated cardiomyopathy, 
increases in LV chamber size is generally considered an 
adverse finding. Indeed, a study of sildenafil in adults 
with Duchenne or Becker muscular dystrophy and exist-
ing cardiac dysfunction (REVERSE-DMD) was stopped 
early because of no evidence of benefit, and a numeri-
cally higher number of participants experiencing a ≥ 10% 
increase in ESV while taking sildenafil [11]. Of note, 
the study population of this prior study was very differ-
ent from the current study: including smaller sample 
size (10 subjects per treatment group), all subjects were 
adults (mean age greater than 20 years) versus pediatric 
subjects, and all subjects were required to have impaired 
cardiac function (LVEF < = 45%) at baseline. In addi-
tion, the authors of the study highlighted the potential 
role of reduced cGMP signalling in subjects with estab-
lished cardiomyopathy as potentially contributing to the 
observed outcome and also noted pharmacological dif-
ferences between sildenafil and tadalafil with the former 
also inhibiting PDE1 possibly producing “off-target side 
effects.” [11].

On the other hand, impairments in measures of LV 
relaxation have been characterized in patients with 
DMD which precede ventricular dilation and clinical 
cardiomyopathy [27]. More recently, a cross-sectional 
echocardiographic study of 64 patients suggested that 
the LV in DMD patients undergoes a period of under-
filling or “tonic contraction” prior to the onset of car-
diomyopathy and ventricular dilatation [18]. This 
phenomenon was evidenced by a progressive decline in 
diastolic LVID Z-score to more negative values begin-
ning around 7 years of age, reaching a nadir around 12 
years of age, then reversing to less negative Z-scores 
around 13 or 14 years of age before further increasing 
to larger-than-normal values (Z-scores ≥ + 2) in boys 
15 years and older as the dilated cardiomyopathy pro-
gresses [18]. Cross-sectional analysis of the LVID data 
by age from the current study further confirmed this 
phenomenon, displaying an almost identical pattern of 
progressively more negative diastolic LVID Z-scores 
in boys between 8 and 12 years of age. The finding 
that mean Z-scores for both LV EDV and LVID in the 
placebo group were negative at baseline and further 
declined over the 48 weeks of follow up further cor-
roborates the hypothesis that younger patients with 
DMD progress through a period of LV underfilling 
or “tonic contraction” that phenotypically resembles 
restrictive cardiomyopathy prior to the onset of LV dil-
atation and clinical cardiomyopathy.

In this context, the increases in EDV and diastolic 
LVID with tadalafil in this study were generally from a 
below-normal range towards more normal values rather 
than from normal to abnormal values. These effects 
could potentially reflect improvements in diastolic 
relaxation and consequent mitigation of the “tonic con-
traction” phenomenon [18]. Of note, this acute effect of 
tadalafil appears similar to that reported for ACE inhibi-
tors, where younger (< 15 years) boys with DMD treated 
prophylactically with ACE inhibitors generally had larger 
end diastolic LVIDs in a more normal range [18] than 
those not treated with ACE inhibitors. Nevertheless, the 
longer-term consequences of such an effect of tadalafil 
on cardiac function and progression of cardiomyopathy 
in DMD are unknown. Further study is required to bet-
ter understand the prognostic value of the “tonic contrac-
tion” phenomenon in DMD patients, and whether the 
longer-term consequences of the pharmacological miti-
gation of this phenomenon via PDE5 inhibition or other 
means are favorable with respect to progression of car-
diac disease.

Strengths of this study include a large sample size for 
this rare disease population, randomized placebo-con-
trolled design, and central evaluation of the CMR images. 
However, the trial was designed to assess the effects of 
intervention on ambulatory decline rather than progres-
sion of cardiac dysfunction. Decline in cardiac function 
measured by conventional parameters in DMD can be 
highly variable and generally occurs over a time course 
longer than the duration of the current study. Moreover, 
LV function based on global measures was generally nor-
mal at baseline with little change over the course of the 
study, providing limited opportunity to assess any effect 
of tadalafil. Participation in the CMR sub-study was 
limited.

Conclusions
There were no clinically meaningful treatment group 
differences between tadalafil and placebo in changes in 
echocardiographic measures of global cardiac function 
(LVEF and shortening fraction), ECG changes, or report-
ing of cardiac-related adverse events through 48 weeks in 
boys with DMD 7 to 14 years of age being treated with 
corticosteroids. Increases in diastolic LVID measured by 
echocardiography and LV EDV measured by CMR were 
evident in both tadalafil groups versus placebo. Com-
pared to age-normative pediatric values for these param-
eters, these changes were generally small and generally 
moved from below-normal values toward normative 
values. Baseline distribution of diastolic LVID Z-scores 
corroborated the phenomenon of diastolic LV under-
filling or “tonic contraction” in younger boys with DMD. 
Further study of this phenomenon and the longer-term 
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consequences of its pharmacological modification in 
DMD is warranted.
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