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Abstract The objective of this study was describe the

impact of sildenafil on echocardiographic measures of

myocardial performance in children and young adults with

a functional single-ventricle physiology late after Fontan

surgery. A double-blind, placebo-controlled, crossover trial

was conducted in children and young adults after the

Fontan operation at a single pediatric center. Subjects were

randomized to receive placebo or sildenafil (20 mg tid) for

6 weeks. After a 6-week washout period, subjects were

crossed for an additional 6 weeks. Each subject underwent

an echocardiogram at the start and finish of each phase.

A total of 27 subjects completed study testing at a

mean age of 14.9 years and a mean time from Fontan

surgery of 11.3 years. After sildenafil, subjects demon-

strated improvement in their myocardial performance

index (MPI; -0.051; 95% CI -0.095, -0.0077; p 0.02)

and in the product of the velocity time integral (VTI) of the

dominant outflow tract and the heart rate (HR; 110 cm 9

bpm; 95% CI 7.5, 220; p = 0.04). Measures of diastolic

performance, including inflow velocities, myocardial

velocities, and the ratio of blood pool velocity to myocardial

velocity during passive inflow, did not change. In this cohort,

there were significant improvements in both the MPI and the

product of the VTI 9 HR after 6 weeks of treatment with

sildenafil. These findings suggest that sildenafil may be a

useful therapy to improve or maintain ventricular perfor-

mance in select patients after the Fontan operation.
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Introduction

The Fontan operation is the final surgery in the strategy of

staged palliation for children born with congenital heart

defects resulting in functional single-ventricle physiology

[7, 13]. Despite improved short- and medium-term out-

comes, long-term morbidity and mortality continue to pose

a challenge [10, 20, 24]. Systolic and diastolic ventricular

performance are crucial determinants of cardiac output and

are therefore intimately related to late morbidity and

mortality [4, 6, 12]. An intervention that improves ven-

tricular performance could have tremendous value in this

population and might improve long-term outcomes.

In recent years, sildenafil has emerged as a potential

therapeutic agent for adults with heart failure. Abnormal

expression of phosphodiesterase E5 (PDE5) has been

documented in the myocardium of hypertrophied right

ventricles and in the maladaptive remodeling process of

stressed left ventricles [16, 17, 19, 26]. Inhibition of PDE5

has demonstrated a positive effect on cardiac performance
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and on reversal of the maladaptive remodeling process

[2, 9, 16, 22]. Abnormal ventricular performance is a well-

described feature of single-ventricle physiology after

Fontan palliation [1, 25]. Although there are no data

demonstrating abnormal expression of PDE5 in this spe-

cific scenario, it seems likely that the same mechanistic

features would be present in the failing single ventricle as

in the failing ventricle in the more traditional adult heart

failure patient.

The myocardial performance index (MPI) is a geometry-

independent measure of systolic and diastolic function

obtained by indexing the sum of isovolumetric contraction

and relaxation time to ejection time [23]. This measure has

been used extensively in many forms of heart disease,

congenital and acquired, and is a useful measure to

describe overall ventricular performance [3, 5, 15, 18, 21,

25]. In the single-ventricle population, there are many

reports describing the status of the MPI after the Fontan

operation, but there are few clinical trials of medical

therapies in survivors of Fontan surgery and no studies to

date evaluating the potential impact of sildenafil on ven-

tricular performance. In this study, we report the echocar-

diographic results of a phase-II clinical trial of oral

sildenafil given after the Fontan operation. This study was

designed to evaluate efficacy of sildenafil in children

and young adults late after Fontan surgery (Sildenafil

After Fontan Operation trial; clinicaltrials.gov identifier:

NCT00507819). Our primary objective was to determine if

oral sildenafil improves ventricular performance as mea-

sured by the MPI compared with placebo during a 6-week

period.

Methods

Study Design

This study was a randomized, double-blind, placebo-con-

trolled, crossover trial of oral sildenafil (20 mg tid)

administration conducted in children and young adults after

the Fontan operation. After a baseline screening assess-

ment, eligible subjects were randomized to start with a

6-week course of either placebo or sildenafil (phase 1).

Next, after a 6-week washout period of no drug or placebo,

subjects switched treatments for an additional 6 weeks

(phase 2); each subject thereby acted as their own control.

Subjects underwent echocardiographic evaluation at the

beginning and end of each phase yielding a total of four

assessments. Placebo capsules were identical in appearance

to sildenafil capsules and were taken according to the same

schedule (tid). The study was approved by the Institutional

Review Board for the Protection of Human Subjects at The

Children’s Hospital of Philadelphia.

Inclusion and Exclusion Criteria

This study was performed as part of a broader investigation

evaluating the impact of sildenafil on measures of heart

function and exercise performance after Fontan surgery [8].

Children and young adults age C8 years with single-ven-

tricle congenital heart disease who met the physical

requirements for exercise stress testing were screened for

participation. Informed consent and assent were obtained

as appropriate before enrollment. To exclusively study the

effects of sildenafil on the physiology of the Fontan cir-

culation, recruitment was intentionally aimed at a relatively

healthy cohort of outpatients without significant additional

complications. Subjects with implantable pacemakers,

residual cardiac lesions (coarctation of the aorta, severe

ventricular dysfunction, severe atrioventricular valvar

regurgitation, Fontan baffle or conduit obstruction, single-

lung Fontan connection), severe renal or hepatic dysfunc-

tion, or a history of sildenafil use in the 6 months before

study enrollment were excluded from the study.

Echocardiographic Assessment

Echocardiograms were performed by one of two echocar-

diographic sonographers with specific training for this

protocol. A Phillips IE33 (Phillips, Andover, MA) machine

was used for image acquisition. Appropriate transducers

were selected based on subject body habitus. Images were

transferred to a hospital server for digital storage. Mea-

surements were performed using Syngo Dynamics software

version 5 (Siemens, Ann Arbor, MI) blinded to subject

demographic information and to study phase.

Echocardiographic images were obtained according to

the standards of the American Society of Echocardiogra-

phy [14]. Early diastolic inflow velocity (E wave) and late

diastolic inflow velocity (A wave) were measured by pulse

wave Doppler at the tips of the atrioventricular (AV) valve

leaflets in an apical view. Pulsed Doppler tissue velocities

were recorded at the intersection of the ventricular free

wall with the AV annulus and, when applicable, at the

septal annular junction, also from an apical view, to ensure

an optimal angle of interrogation. The systolic (S0), early

diastolic (E0), and late diastolic (A0) velocities were

recorded at each myocardial site. The velocity time integral

(VTI) for the dominant semilunar valve was calculated

from apical imaging with anterior angulation and rotation

to optimize the view of the ventricular outflow tract. The

VTI was calculated using pulse wave Doppler interrogation

of the outflow tract at the level of the semilunar valve. Each

Doppler variable was measured three times, and the mean

value was recorded for analysis. Heart rate (HR) was

recorded from the electrocardiogram tracing at the time of
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image acquisition. For analysis, the MPI was regarded as

an index of global ventricular performance; the VTI 9 HR

product was regarded as a surrogate of cardiac output; and

the myocardial and inflow velocities, including the ratio of

early diastolic inflow velocity to early diastolic tissue

velocity (E:E0), were regarded as indices of diastolic per-

formance. Baseline ventricular performance was deter-

mined at the pre-phase 1 echocardiogram.

Power Calculation

This study was part of a broader investigation evaluating

the effect of sildenafil on heart function and exercise

capacity. The power calculation was generated from the

exercise component of the trial for which a sample size of

28 was calculated based on differences in maximal oxygen

consumption. Given a sample size of 28 subjects, there was

80% power to detect a mean decrease in MPI of 0.05 based

on a two-sided crossover analysis of variance with a type-I

error rate of 5% assuming that the SD of the change was

0.05.

Statistical Analysis

Baseline and demographic characteristics were summarized

using means and SDs for continuous variables and per-

centages for categorical variables. Echocardiographic out-

comes were summarized across treatment phases (before

and after placebo and before and after sildenafil) using

means and SDs. Because each outcome exhibited a sym-

metric distribution, a linear mixed-effects model was used to

estimate the difference in the average post-phase outcome

between sildenafil and placebo, adjusted for pre-phase val-

ues, study phase (phase 1 or phase 2), and treatment

sequence (placebo ? sildenafil, or sildenafil ? placebo)

[11]. Subject-specific random intercepts were used to

account for the correlation due to repeated measurements.

Subgroup analyses were specified a priori by ventricular

morphology (single right ventricle vs. single left or mixed

ventricular morphology) and by baseline serum brain

natriuretic peptide (BNP) as a biochemical marker of heart

failure (C100 pg/ml vs.\100 mg/ml). A test of interaction

was performed to assess whether the size of the treatment

effect differed by patient subgroup (e.g., BNP C100 pg/ml

vs. \100 mg/ml). Because the objective of the subgroup

analysis was to explore the possible selective effect of sil-

denafil on a subpopulation, within-subgroup statistical

testing for treatment effect was conducted even in the

absence of a significant interaction. For all analyses, p\0.05

was considered suggestive of statistical significance. All

analyses were completed using R 2.12 (R Development

Core Team, Vienna, Austria).

Results

Of the 28 study participants, 27 were able to complete at

least 1 study phase. One subject withdrew related to dis-

comfort associated with exercise testing. The demographic

and baseline characteristics are listed in Table 1. Of those

who participated in the study, two thirds were male, and 25

were white. Ventricle morphology was diverse: 54% of

subjects were classified as having single right ventricles,

and single left-ventricular morphology and mixed ventric-

ular morphology accounted for 46% of subjects. Trivial

ventricular dysfunction or normal ventricular function was

present at baseline in 86% of subjects, and 68% of subjects

had at least mild AV valve regurgitation. The mean base-

line body mass index (BMI) was in the normal range, and

the mean baseline serum BNP was 110 pg/ml.

Summary statistics for all echocardiographic outcomes

are listed in Table 2. Although no differences were

detected in the VTI or HR alone, the VTI 9 HR product

increased significantly (Fig. 1), suggesting an increase in

cardiac output after the sildenafil phase. Similarly, MPI

was significantly decreased (Fig. 2), indicating improved

global ventricular performance. Although E velocity

Table 1 Demographic characteristics for 28 subjects at screening

Age (year) 14.9 (5.1)

No. (%) male 18 (64)

No. (%) race

White 25 (89)

Black 2 (7)

Multiracial 1 (4)

Time (y) since Fontan (%) 11.3 (3.8)

No. (%) ventricular morphology

Single right ventricle 15 (54)

Single left ventricle 8 (29)

Two ventricles 5 (18)

No. (%) ventricular dysfunction

None 19 (68)

Trivial 5 (18)

Mild 4 (14)

Moderate 0 (0)

Severe 0 (0)

No. (%) AV valve regurgitation

None 2 (7)

Trivial 7 (25)

Mild 16 (57)

Moderate 3 (11)

Severe 0 (0)

BMI (kg/m2) 19.7 (3.9)

Serum BNP (pg/ml) 110 (75)

Data presented as mean (SD) unless otherwise noted as n (%)
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increased after the sildenafil phase, this difference did not

reach statistical significance. No difference was detected in

A velocity, and no significant differences were observed in

Doppler tissue measurements of E0 and S0 velocities from

the ventricular free wall. The E:E0 ratio, a marker of dia-

stolic performance, was likewise unchanged.

Subgroup analysis by ventricular morphology (Table 3)

showed no significant differences between subjects with

single right-ventricular morphology and those with single

left or mixed morphology. Neither group, evaluated on its

own, demonstrated a treatment effect size that reached

statistical significance. However, although subgroup anal-

ysis by serum BNP level (Table 4) demonstrated no sig-

nificant differences between subgroups, the within-

subgroup effect on MPI and on the product of VTI 9 HR

was more pronounced in those with a serum BNP level

Table 2 Summary statistics for echocardiographic measurements at each treatment phase

Summary statistics by study phase Regression modeling results

Before placebo After placebo Before sildenafil After sildenafil Coefficient 95% CI p n

Ventricular inflow

E velocity (cm/s) 83 (23) 81 (22) 80 (21) 87 (20) 5.0 (-0.69, 11) 0.08 27

A velocity (cm/s) 49 (15) 47 (14) 47 (16) 48 (14) 0.83 (-2.0, 3.7) 0.55 24

Tissue Doppler

S0 velocity (cm/s) 6.7 (1.9) 7.1 (1.9) 6.9 (1.5) 7.3 (1.8) 0.24 (-0.26, 0.73) 0.33 23

E0 velocity (cm/s) 11.1 (4.5) 11.6 (4.0) 10.8 (4.0) 11.8 (4.2) 0.43 (-0.69, 1.6) 0.43 23

A0 velocity (cm/s) 4.4 (1.4) 5.0 (2.1) 4.9 (2.4) 4.6 (1.9) -0.090 (-0.66, 0.48) 0.75 21

Diastolic performance

E velocity/A velocity 1.8 (0.74) 1.9 (0.72) 1.9 (0.71) 2.0 (0.74) 0.038 (-0.12, 0.20) 0.63 24

E velocity/E0 velocity 8.4 (3.6) 7.8 (3.5) 8.8 (6.4) 8.3 (3.7) 0.26 (-0.95, 1.5) 0.66 23

Systolic performance

VTI (cm) 21.0 (5.5) 21.0 (5.9) 21.4 (5.0) 21.9 (6.0) 1.2 (-0.12, 2.5) 0.07 27

Heart rate (bpm) 69.7 (14) 71.3 (13) 70.7 (17) 73.0 (15) 1.9 (-2.6, 6.4) 0.40 26

VTI 9 HR (cm 9 bpm) 1442 (350) 1451 (310) 1466 (290) 1562 (420) 110 (7.5, 220) 0.04 26

Global ventricular performance

MPI 0.37 (0.11) 0.38 (0.13) 0.42 (0.14) 0.35 (0.10) -0.051 (-0.095, -0.0077) 0.02 26

Data are presented as mean (SD), and regression modeling results for echocardiographic measurements are presented as coefficient, 95% CI, and

p value. Each regression coefficient corresponds to the difference in the average post-phase outcome between sildenafil and placebo adjusted for

pre-phase values, study period, and treatment sequence

n number of subjects with a complete measurement series

Fig. 1 Product of VTI and HR.

(Left panel) Observed subject-

specific profiles (dotted lines)

and average trend for each

treatment group (solid lines)

during the study period. (Right
panel) Mean ± SD after

placebo and after sildenafil
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[100 pg/ml. No significant changes were appreciated in

any of the measures of ventricular inflow, Doppler tissue

velocities, or diastolic performance.

Discussion

This study is the first randomized clinical trial to evaluate

the impact of sildenafil on echocardiographic measures of

ventricular performance in children and young adults after

the Fontan operation. The crossover design allows each

subject to serve as their own internal control, thereby

decreasing the possibility of confounding based on the

heterogeneity of indices of ventricular performance in this

population. Baseline assessment of systolic function and

global performance demonstrate that this is a relatively

healthy cohort of children with single-ventricle physiology.

In this setting, we demonstrate a beneficial effect of

sildenafil on the product of VTI 9 HR, a surrogate of

cardiac output, and on MPI, a marker of global ventricular

performance. No change was noted in blood pool or

Fig. 2 MPI. (Left panel)
Observed subject-specific

profiles (dotted lines) and

average trend for each treatment

group (solid lines) during the

study period. (Right panel)
Mean ± SD after placebo and

after sildenafil

Table 3 Regression modeling results for echocardiographic measurements stratified by ventricular morphology

Echocardiographic measurements Single right ventricle Single left ventricle or mixed ventricular morphology p*

Coefficient 95% CI p n Coefficient 95% CI p n

Ventricular inflow

E velocity (cm/s) 5.0 (-2.7, 13) 0.19 15 5.0 (-3.8, 14) 0.25 12 0.99

A velocity (cm/s) –1.4 (-5.1, 2.3) 0.45 14 3.6 (-0.59, 7.7) 0.09 11 0.09

Tissue Doppler

S0 velocity (cm/s) 0.20 (-0.52, 0.91) 0.57 13 0.28 (-0.49, 1.1) 0.46 12 0.87

E0 velocity (cm/s) 0.41 (-1.1, 2.0) 0.58 13 0.45 (-1.3, 2.2) 0.59 12 0.97

A0 velocity (cm/s) –0.10 (-0.91, 0.70) 0.79 12 –0.074 (-0.95, 0.81) 0.86 11 0.96

Diastolic performance

E velocity/A velocity 0.076 (-0.15, 0.31) 0.49 14 –0.0094 (-0.27, 0.25) 0.94 11 0.62

E velocity/E0 velocity 0.29 (-1.4, 2.0) 0.73 13 0.22 (-1.6, 2.0) 0.80 12 0.96

Systolic performance

VTI 9 HR (cm 9 bpm) 38 (-93, 170) 0.56 15 220 (62, 380) 0.01 11 0.08

VTI (cm) 0.63 (-1.2, 2.4) 0.48 15 1.8 (-0.15, 3.8) 0.07 12 0.38

Heart rate (bpm) 1.3 (-4.7, 7.3) 0.66 15 2.7 (-4.6, 10) 0.45 11 0.76

Global ventricular performance

MPI -0.043 (-0.10, 0.016) 0.15 14 -0.057 (-0.12, 0.0081) 0.08 12 0.73

Data are presented as coefficient, 95% CI, and p value. Each regression coefficient corresponds to the difference in the average post-phase

outcome between sildenafil and placebo adjusted for pre-phase values, study period, and treatment sequence

* p-value from test of interaction evaluating whether the treatment difference is equal in the two morphology strata

n number of subjects with a complete measurement series
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myocardial velocities, and no change was observed in the

E:E0 ratio, suggesting that these markers of diastolic per-

formance were not specifically affected.

Our study is the first to demonstrate a benefit of silde-

nafil on echocardiographic parameters in children and

young adults with single-ventricle physiology and is con-

sistent (1) with studies from the heart failure literature

suggesting that sildenafil has a positive effect on ventric-

ular hypertrophy and remodeling as well as (2) with a

recent article demonstrating improved echocardiographic

indices of ventricular performance after sildenafil treatment

[9, 16, 19, 22]. Although the mechanism behind the

improvement in ventricular performance has not been

completely elucidated, recent studies in mice and in

humans suggest that inhibition of PDE5 may be important

in avoiding the maladaptive myocardial response associ-

ated with myocardial stressors. PDE5 expression is

increased in mice after exposure of the left ventricle to a

pressure load [16], and expression is increased in the

myocardium of hypertrophied right ventricles in humans

[17]. In addition, investigators have shown that left-ven-

tricular hypertrophy associated with a pressure load is

reversible after PDE5 inhibition with sildenafil [26]. These

studies demonstrate the following: that production of PDE5

is upregulated in both right and left ventricles in the heart

failure state; that this upregulation is associated with a

maladaptive hypertrophic response; and that inhibition of

PDE5 seems to reverse the maladaptive myocardial

remodeling process.

It is clear that the single-ventricle cohort is different

from the cohort with heart failure but structurally normal

hearts. Nevertheless, it is plausible to presume that the

response to stress in those with one functional ventricle is

governed by the same transcriptional mechanisms that

result in an increase in PDE5 expression in those with two

pumping chambers. Indeed, the improvements in echocar-

diographic indices found in our study suggest that inhibi-

tion of PDE5 may carry the same benefits in the single-

ventricle population as it does in those with heart failure

but structurally normal hearts.

We recognize that although we were able to demonstrate

an improvement in VTI 9 HR and MPI in our cohort, the

clinical significance of these findings was not determined.

Whether these findings translate into a durable change in

clinical condition remains unanswered. However, we know

that many of the complications that increase mortality after

Fontan surgery are related to a chronic state of altered

myocardial performance. If inhibition of PDE5 with sil-

denafil is successful at stopping the maladaptive myocar-

dial response to stress, it may be an effective treatment

both for significant ventricular dysfunction and for long-

term post-Fontan complications associated with altered

ventricular performance, thereby allowing for a longer

transplant-free survival.

Table 4 Regression modeling results for echocardiographic measurements, stratified by serum BNP

Echocardiographic measurements BNP C100 pg/ml BNP \100 pg/ml p*

Coefficient 95% CI p n Coefficient 95% CI p n

Ventricular inflow

E velocity (cm/s) 5.6 (-2.9, 14) 0.19 12 4.7 (-3.4, 13) 0.24 15 0.88

A velocity (cm/s) 0.63 (-4.2, 5.4) 0.79 10 0.88 (-2.9, 4.7) 0.64 15 0.93

Tissue Doppler

S0 velocity (cm/s) 0.54 (-0.20, 1.3) 0.14 11 -0.084 (-0.80, 0.64) 0.81 14 0.25

E0 velocity (cm/s) 0.21 (-1.6, 2.1) 0.82 11 0.27 (-1.4, 1.9) 0.73 14 0.96

A0 velocity (cm/s) 0.032 (-0.96, 1.0) 0.95 9 –0.35 (-1.2, 0.50) 0.40 14 0.56

Diastolic performance

E velocity/A velocity -0.0047 (-0.28, 0.27) 0.97 10 0.07 (-0.14, 0.28) 0.50 15 0.67

E velocity/E0 velocity 0.82 (-1.2, 2.9) 0.42 11 0.48 (-1.4, 2.4) 0.60 14 0.82

Systolic performance

VTI 9 HR (cm 9 bpm) 190 (31, 340) 0.02 11 58 (-78, 190) 0.38 15 0.21

VTI (cm) 1.3 (-0.67, 3.2) 0.19 12 1.0 (-0.77, 2.8) 0.25 15 0.87

Heart rate (bpm) 4.2 (-2.7, 11) 0.22 11 0.33 (-5.6, 6.3) 0.91 15 0.39

Global ventricular performance

MPI -0.076 (-0.15, -0.0043) 0.04 11 -0.034 (-0.091, 0.023) 0.23 15 0.35

a Data are presented as coefficient, 95% CI, and p value. Each regression coefficient corresponds to the difference in the average post-phase

outcome between sildenafil and placebo adjusted for pre-phase values, study period, and treatment sequence

* p-value from test of interaction evaluating whether the treatment difference is equal in the two BNP strata

n number of subjects with a complete measurement series
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Limitations

Although echocardiographic parameters of ventricular

performance were improved after 6 weeks of sildenafil, the

functional impact of these improvements and the durability

of the changes beyond 6 weeks was not defined. Further-

more, neither the VTI nor the HR change reached statistical

significant independently, thus making it difficult to discern

the mechanism of improved cardiac output. Due to the

small number of study participants, subgroup analyses

were limited. Further investigation is needed to determine

if physiological or morphological characteristics are

associated with differential response to treatment with

sildenafil.

Conclusion

Our study demonstrates that sildenafil improves short-term

measures of global ventricular performance and cardiac

output. An evaluation of sildenafil during a longer duration

of time and in a larger cohort of subjects is needed to

determine the following: if improved measures will be

maintained beyond 6 weeks, if there is a morphology-

specific effect, if long-term administration of sildenafil is

safe, and if the changes in ventricular performance are

associated with improvements in functional capacity and

quality of life. However, for a disease in which no long-

term medical management has been shown to be effective,

this study provides an early indication that PDE5 inhibition

might improve ventricular performance and help to avoid

some of the complications seen with single-ventricle

physiology late after Fontan surgery.
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