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Abstract

Background—Children and young adults with single ventricle physiology have abnormal
exercise capacity after Fontan operation. A medication capable of decreasing pulmonary vascular
resistance should allow for improved cardiac filling and improved exercise capacity.

Methods and Results—This study was a double-blind, placebo-controlled, crossover trial
conducted in children and young adults after Fontan. Subjects were randomized to receive placebo
or sildenafil (20 mg tid) for 6 weeks. After a 6-week washout, subjects crossed over for an
additional 6 weeks. Each subject underwent an exercise stress test at the start and finish of each
phase. Following sildenafil subjects had a significantly decreased respiratory rate and decreased
minute ventilation at peak exercise. At the anaerobic threshold subjects had significantly
decreased ventilatory equivalents of carbon dioxide. There was no change in oxygen consumption
during peak exercise although there was a suggestion of improved oxygen consumption at the
anaerobic threshold. Improvement at the anaerobic threshold was limited to the subgroup with
single left or mixed ventricular morphology and to the subgroup with baseline serum brain
natriuretic peptide levels > 100 pg/ml.

Conclusion—In this cohort, sildenafil significantly improved ventilatory efficiency during peak
and sub-maximal exercise. There was also a suggestion of improved oxygen consumption at the
anaerobic threshold in two subgroups. These findings suggest that sildenafil may be an important
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agent to improve exercise performance in children and young adults with single ventricle
physiology following Fontan operation.
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Methods

The Fontan operation is the final surgery in the strategy of staged palliation for children born
with single ventricle congenital heart diseasel: 2. Fatal if not intervened upon, these lesions
can be effectively managed through the application of the principles of cavopulmonary
surgery allowing for survival in most cases®~6. However, despite dramatically improved
early operative success achieved over the past two decades, late morbidity and mortality are
still a challenge’. Staged palliation does not recreate a normal two-ventricle circulation.
Instead this series of surgeries creates a unique physiology in which exercise capacity is
characteristically diminished®-11,

Multiple factors contribute to diminished exercise capacity after the Fontan operation. One
of the most important is the inability of cardiac output to increase appropriately in response
to increased metabolic demand. After the Fontan operation there is no pre-pulmonary
ventricle to propel blood through the pulmonary vasculature. This results in diminished
cardiac filling and diminished cardiac output (CO), and amplifies the role of pulmonary
vascular resistance (PVR) in determining the transit of passive blood flow across the
pulmonary circuit!2. A medication capable of decreasing PVR could result in increased
pulmonary blood flow, better cardiac filling, and increased stroke volume, thereby allowing
for an improved CO response to exercise.

Sildenafil is a phosphodiesterase 5 (PDES) inhibitor that increases intracellular cyclic GMP
and exerts a potent selective vasodilatory effect on the pulmonary vasculature3-17.
Sildenafil is widely used to reduce PVR in infants and children with pulmonary
hypertension. Although theoretically of great potential benefit, reports of its use in children
after Fontan operation are limited, with treatment efficacy demonstrated in select cases of
plastic bronchitis and protein-losing enteropathy8: 19,

In this study we report the results of a phase-I1 clinical trial of oral sildenafil designed to
evaluate efficacy in children and young adults late after Fontan operation (Sildenafil After
Fontan Operation - SAFO trial; clinicaltrials.gov identifier: NCT00507819). Our primary
objective was to determine if oral sildenafil improves functional outcome as measured by
maximal and sub-maximal indices of exercise capacity. We also assess variables that may
modify efficacy and we characterize the safety profile of this agent when administered over
a six-week period to the potentially fragile population of children and adolescents with
single ventricle congenital heart disease.

Study Design

This study is a randomized, double-blind, placebo-controlled, crossover trial of oral
sildenafil (20 mg three times daily) conducted in children and young adults after the Fontan
operation. Following a baseline screening assessment, subjects were randomized to start
with a six-week course of either placebo or sildenafil (phase 1). Next, after a six-week
washout period of no drug or placebo, subjects switched treatments for an additional six
weeks (phase 2); each subject in principle acting as their own control. Subjects underwent
exercise testing at the beginning and end of each phase for a total of four assessments.
Placebo capsules were identical in appearance to sildenafil capsules and were taken
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according to the same schedule (three times daily). The study was approved by the
Institutional Review Board for the Protection of Human Subjects at The Children’s Hospital
of Philadelphia (CHOP IRB # 5034, Food and Drug Administration IND # 77,927).

Inclusion/Exclusion Criteria

Children and young adults age 8 years or older with single ventricle congenital heart disease
following the Fontan operation who met the physical requirements for exercise stress testing
and were followed as outpatients at The Children’s Hospital of Philadelphia were screened
for participation in the study. As this was a proof of concept study, we intentionally selected
subjects who we felt would have sufficient exercise capacity to complete the study protocol.
In order to exclusively study the effects of sildenafil on the physiology of the Fontan
circulation, 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 valve regurgitation, Fontan baffle or conduit obstruction, single lung Fontan
connection), severe renal or hepatic dysfunction, or a history of sildenafil use in the six
months prior to study enrollment were excluded from the study. Informed consent and
assent were obtained prior to enrollment.

Measurements at Rest

Resting measures of heart rate, respiratory rate, oxygen saturation, and blood pressure were
obtained prior to each exercise stress test by trained personnel.

Measurements During Exercise

Subjects were exercised to maximal volition using an electronically braked cycle ergometer
(SensorMedics, Yorba Linda, CA). The protocol consisted of three minutes of pedaling in an
unloaded state followed by a ramp increase in work rate (Watts) to maximal exercise. The
steepness of the ramp protocol was determined by subject weight in kilograms and designed
to achieve predicted peak work rate in 10 to 12 minutes of cycling time20. The ergometer
was programmed to maintain a constant external workload at a cycling cadence of 50-120
revolutions per minute.

Metabolic and ventilatory data were obtained throughout the exercise study and for the first
two minutes of recovery on a breath-by-breath basis using a metabolic cart (SensorMedics
V29, Yorba Linda, CA). Outcomes measured included maximal minute oxygen
consumption, minute carbon dioxide production, minute ventilation, and respiratory
exchange ratio as well as minute oxygen consumption and the ventilatory equivalents of
carbon dioxide (VE/VCO,) measured at the ventilatory anaerobic threshold. Ventilatory
anaerobic threshold was measured by the V-slope method?1. Heart rate and rhythm were
monitored continuously. Blood pressure was measured by auscultation at rest and every
three minutes during exercise and recovery.

Adverse Events and Compliance

Adverse events were collected by subject report and by weekly telephone interview with
dedicated research personnel. To ensure medication compliance a pill count was performed
at the end of each study period. The minimum compliance rate for inclusion of the study
period in the analysis was 80%. If non-compliance was noted subjects were given the option
of repeating the study phase after an additional six-week washout. No subjects were
excluded from the analysis based on non-compliance.
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Sample Size Calculation

The primary efficacy outcome measure was maximal oxygen consumption (VO, max). We
specified a clinically relevant minimum detectable difference in maximal oxygen
consumption of 2.8 ml/kg/min (the difference between a mean of 30.0 ml/kg/min for
placebo and 27.2 ml/kg/min for sildenafil) and assumed that the standard deviation of
differences was 5.0 ml/kg/min. Therefore, we selected a sample size in each treatment
sequence (placebo — sildenafil and sildenafil — placebo) of 14, for an overall sample size
of 28, to have 80% power to detect the specified minimum detectable difference at a two-
sided significance level of 0.05.

Statistical Analysis

Results

Baseline and demographic characteristics were summarized using means and standard
deviations for continuous variables and percentages for categorical variables. Primary and
secondary exercise outcomes were summarized across treatment phases (pre- and post-
placebo and sildenafil) using means and standard deviations. For each exercise outcome, 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 values, study phase (phase 1
or phase 2), and treatment sequence (placebo — sildenafil, or sildenafil — placebo). All
observed post-phase values were included as outcomes in the model. 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
versus single left or mixed ventricular morphology), baseline serum brain natriuretic peptide
(= 100 pg/ml versus < 100 mg/ml), and fenestration patency (closed versus open) as
determined by echocardiography. A test of interaction was performed to assess whether the
size of the treatment effect differed by patient subgroup (e.g., BNP > 100 pg/ml versus <
100 mg/ml). Because this was an exploratory proof of concept study, within-subgroup
statistical testing for treatment effect was conducted even in the absence of a significant
interaction. The distribution of subjects who reported side effects was evaluated across the
sildenafil and placebo phases using McNemar’s test (exact). For the primary outcome, a
value of p < 0.05 was considered significant; for all secondary outcomes and subgroup
analyses, a value of p < 0.05 was considered suggestive of statistical significance. All
analyses were completed using R 2.10 (R Development Core Team, Vienna, Austria).

Demographics and Resting Data

Of 125 eligible subjects contacted by the study team, 28 (22%) participated in the study. At
least one study period was completed by all 28 subjects; demographic characteristics are
summarized in Table 1. One subject withdrew related to discomfort from exercise
equipment following phase 1, leaving 27 subjects who completed both phases. Two-thirds of
the cohort were male and all but three subjects were Caucasian. Fifty-four percent of the
subjects had single right ventricular morphology with the remaining forty-six percent
comprised of a combination of subjects with either single left or mixed ventricular
morphology. The cohort was non-obese with normal systolic and diastolic blood pressure.
The mean baseline serum BNP level was mildly elevated. The mean oxygen saturation for
those with a fenestration noted by echocardiography was 90.2% while the mean oxygen
saturation for those without a fenestration was 92.3% (p = 0.05).

Summary statistics of resting measurements are summarized in Table 2. Sildenafil had no
effect on resting heart rate, respiratory rate, or blood pressure. A suggestion of an increased
oxygen saturation following sildenafil was noted but did not reach significance.
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Measurements at Peak Exercise

Summary statistics for exercise outcomes measured during peak exercise are presented in
Table 2. There was no significant improvement in oxygen consumption (Figure 1) and no
change in peak heart rate following sildenafil. However, there were statistically significant
improvements in measures of ventilatory efficiency including minute ventilation (Figure 2)
and respiratory rate (Figure 3).

Subgroup analysis divided by ventricular morphology demonstrated similar findings
regardless of ventricular subtype (Table 3). Those with single right ventricular morphology
and those single left or mixed ventricular morphology demonstrated significant
improvement in respiratory rate and minute ventilation but no significant change in maximal
oxygen consumption, heart rate, or oxygen saturation. Subgroup analyses divided by
baseline serum BNP level (= 100 pg/ml versus < 100 pg/ml) were consistent with the cohort
as a whole, though in the subgroup with a serum BNP level > 100 pg/ml the improvements
in respiratory rate and minute ventilation did not reach statistical significance (Table 4).

Measurements at the Anaerobic Threshold

Side Effects

Measurements performed at the anaerobic threshold are summarized in Table 2. Accurate
assessment of the anaerobic threshold could not be made in six subjects. For the remaining
subjects, though no significant differences were detected in respiratory rate or minute
ventilation, a significant improvement in the VE/VCO, was noted (Figure 4). There was also
a suggestion of improved oxygen consumption, though this did not reach statistical
significance (Figure 5).

Subgroup analyses demonstrated consistent significant improvements in the ventilatory
equivalent for CO, regardless of ventricular morphology, baseline serum BNP level, or the
demonstration of a fenestration on echocardiogram (Tables 3, 4). A significant improvement
in oxygen consumption was found in the subgroup with single left or mixed ventricular
morphology and the subgroup with baseline serum BNP levels > 100 pg/ml. A reduction in
respiratory rate was found in those with baseline serum BNP levels < 100 while reductions
respiratory rate and in minute ventilation were found in subjects with single right ventricular
morphology.

and Compliance

The distribution of adverse events thought to have a possible or probable relationship to
study drug based on published side effects (Revatio package insert; Pfizer, New York) are
listed in Table 5. There was one hospital admission for constipation-related abdominal pain
during the study but this event was deemed not related to study drug. There were no reports
of alterations in vision or hearing, and no reports of priapism. Headache and flushing were
the most commonly reported side effects. Flushing was more common during treatment with
sildenafil (p = 0.06). No subjects withdrew from the study as a result of an adverse event. Of
the subjects who completed both phases of the study, 4/27 (15%) repeated a phase due to
non-compliance; 2 subjects repeated the placebo phase and 2 subjects repeated the sildenafil
phase.

Discussion

This study is the first randomized, double-blind, placebo controlled, crossover trial to
evaluate the impact of sildenafil on measures of exercise performance in children and young
adults with single ventricle heart disease. The crossover design allowed for each subject to
serve as his/her own internal control, thereby reducing the possibility of confounding given
the heterogeneity of the cohort’s native anatomy. The pre-placebo mean VO, max of 30.5

Circulation. Author manuscript; available in PMC 2012 March 22.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Goldberg et al.

Page 6

ml/kg/min demonstrates that the cohort was relatively healthy in comparison to reported
measures of exercise performance for the Fontan population®. In this study there was no
difference in VO, max, the primary outcome measure, following sildenafil administration as
compared to placebo. However, there was an improvement in ventilatory efficiency during
peak and sub-maximal exercise, and there was a suggestion of improved oxygen
consumption during sub-maximal exercise. In two subgroups (those with single left
ventricular or mixed ventricular morphology (n = 13) and those with BNP levels > 100 pg/
ml (n = 12)), the improvement in oxygen consumption during sub-maximal exercise was
statistically significant.

The benefit of sildenafil in other populations is well documented. Exercise capacity, as
measured by the six-minute walk, has been shown to improve in children and adults with
pulmonary hypertension following treatment with sildenafill#. In the adult heart failure
population there is a suggestion of a benefit from treatment with sildenafil and there is
emerging data to suggest that PDES5 expression is part of the maladaptive myocardial
response to injury?2-24, However, in the population with single ventricle congenital heart
disease, data is scarce regarding the potential benefit of sildenafil or of any other PDE5
inhibitor although, given the underlying physiology of this circulation, it makes intuitive
sense that a therapy targeted at pulmonary vascular resistance and the maladaptive
ventricular response to stress would be useful.

Following Fontan completion, the pulmonary and systemic circulations are effectively
separated save for the potential presence of a fenestration. However, unlike in normal
physiology, there is no pre-pulmonary ventricle to help deliver blood through the lungs and
back to the heart. As a result, the ability to increase cardiac output in the setting of
increasing metabolic demand is highly dependent on both low PVR and low ventricular
filling pressure; the two components of pulmonary afterload. In order to increase flow across
the pulmonary vascular bed during exercise, pulmonary afterload must drop and central
venous pressure, the driving force of flow in the absence of a pre-pulmonary ventricle, must
increase. In a two-ventricle circulation pulmonary vascular resistance decreases to 40-50%
of the baseline value with exercise?®, and an increase in right-heart pressure is key to
reaching the increase in cardiac output of four fold or more at peak exercise. In this setting,
right heart systolic pressure might approach 50 mmHg or greater28. In the Fontan
physiology, central venous pressure cannot reach these values. Therefore, a very low PVR
during exercise is essential to achieve any substantial increase in cardiac output.

Resting Data

We found no significant effect of sildenafil on cardiopulmonary measures at rest. However,
in post-Fontan physiology, resting cardiac output is sufficient to meet metabolic demands. A
medication that impacts pulmonary afterload is therefore not likely to have a noticeable
impact on resting measures except, perhaps, in the setting of a significant right-to-left shunt.
In this scenario, a change in PVR might affect the shunt fraction resulting in an increased
proportion of venous return traversing the lungs. This could be measured by an increase in
the systemic oxygen saturation. In our population there was a suggestion of increased
oxygen saturation at rest following sildenafil; a finding which has been noted previously?’,
though this did not reach statistical significance. Even in the subgroup with
echocardiographic evidence of patent fenestrations, the resting oxygen saturation did not
increase significantly. However, it should be noted that the baseline oxygen saturation of
90.2% for this group suggests that patency by echocardiography is not the same as a
physiologically important shunt.
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Peak Exercise

We found no improvement in VO, max after a six-week course of sildenafil; a surprising
finding given the suggestion of a difference during submaximal exercise. It is not clear from
a conceptual standpoint why sildenafil would improve moderate levels of activity but not
peak activity. There may be a limitation inherent in Fontan physiology such that a reduction
in pulmonary afterload alone is not sufficient to increase cardiac output, or it may simply be
that sildenafil is of no benefit at peak levels of exercise. Alternatively, we know from a
recent large cross sectional study that maximal VO, an effort dependent measure of
exercise performance, is less reliable than effort independent submaximal indices®.
Measurements of VO, max may be impacted by subject effort and are therefore inherently
less reliable. Although maximal exercise capacity was unchanged in our study, both
respiratory rate and minute ventilation were improved. This suggests that while sildenafil
does not improve maximal oxygen consumption, its most significant effect is to increase
ventilatory efficiency (as a smaller minute ventilation is required for carbon dioxide
removal) and to improve ventilation — perfusion matching.

Anaerobic Threshold

The suggestion of improvement in oxygen consumption at the anaerobic threshold, and the
statistically significant improvement in two subgroups (those with single left ventricular or
mixed ventricular morphology (13/28) and those with BNP > 100 pg/ml (12/28)) are
important findings of this study. The finding of statistical significance in the subgroup with
BNP > 100 pg/ml suggests that the impact of sildenafil might be more profound on those
with ventricular distention and mild heart failure while the finding of statistical significance
in the group with either left or mixed ventricular morphology suggests that there may be a
ventricle-specific effect. Similar to the findings at peak exercise, ventilatory efficiency
during sub-maximal exercise was significantly improved following sildenafil, again
consistent with an improvement in ventilation — perfusion matching. Alternatively, the
improved ventilatory efficiency may have resulted from sildenafil-induced bronchodilation
which, by reducing air-trapping during exercise, engendered the observed increase in tidal
volume and a presumed decrease in the dead space/tidal volume ratio. The available baseline
FVC and FEV1 data did not, however, detect evidence of sildenafil induced bronchodilation.

Significance

This study demonstrates that sildenafil improved ventilatory efficiency and exercise
performance at the anaerobic threshold but did not alter VO, max. While the overall changes
in this proof of concept study were small and were not associated with an increase in work
rate, these changes would be important if they translate into an attenuated slope in the
decline in exercise capacity typically seen through the adolescent years in children with this
physiology!1. Although this study did not evaluate long term efficacy, if exercise capacity
can be improved or maintained, this might result in a longer period of general wellness and
an increase in the duration of transplant free survival after the Fontan.

The challenge of improving physiology following the Fontan operation is daunting. There
are limited trials evaluating medical therapies that have not demonstrated a significant
benefit28. Two recent case reports of sildenafil describe improvements in protein losing
enteropathy and plastic bronchitis8: 19, complications typically associated with failing
Fontan physiology. One report demonstrated an improvement in VO, max following a
single does of sildenafil?® and a second demonstrated a selective benefit of bosentan on six-
minute walk performance30. This is the first randomized clinical trial to suggest an
improvement over time in measures of exercise performance following a medical
intervention in children with single ventricle physiology late after the Fontan operation.
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Limitations

Our subgroup analyses were limited by small sample size. Thus, we did not have sufficient
power to demonstrate significant differences between subgroups, which limited our ability
to differentiate responders from non-responders on the basis of ventricular morphology or
serum BNP level. Further, characteristics of screened but not enrolled subjects were not
evaluated, so that the enrolled subjects may not be a representative sample from the group at
large. Although sildenafil was well tolerated with minimal side effects in our population
over a six-week period, our recruitment strategy likely led to an over-representation of
subjects with above average exercise capacity as compared to a random cross-section of
children and young adults with single ventricle physiology. In addition, we did not evaluate
the safety of sildenafil over a prolonged (> 6 week) period of continuous usage. Similarly,
although efficacious over a six-week period, long-term efficacy of sildenafil was not
evaluated. Therefore, before routine adoption of sildenafil for this population, a larger
randomized trial stratified by patient and physiologic risk factors designed to evaluate long-
term safety and efficacy and to identify responders versus non-responders should be
performed.

Conclusion

This study demonstrates that sildenafil improves ventilatory efficiency and measures of
submaximal exercise performance across a heterogeneous cohort of children and young
adults following Fontan operation with minimal side effects and with no serious adverse
events over a six-week period. The long-term impact of sildenafil on exercise capacity as
well as rate of complications after Fontan operation and the long-term side-effect profile are
worthy of further investigation.

Children and young adults with functional single ventricle physiology have decreased
exercise capacity due to an inability to normally increase transpulmonary blood flow
during exercise. A medication capable of decreasing pulmonary vascular resistance might
allow for improved transpulmonary flow and increased ventricular preload resulting in
improved cardiac output and performance with exercise. In this randomized, double
blind, placebo controlled, crossover trial, the impact of sildenafil on exercise capacity
was examined in a cohort of 28 subjects. The mean age of participants was 14.9 years
and the mean time from Fontan operation was 11.3 years. In this cohort, sildenafil
significantly improved ventilatory efficiency during peak and sub-maximal exercise. In
two of the subgroups, those with single left or mixed ventricular morphology, and those
with a baseline serum BNP level > 100, an improvement in oxygen consumption at the
anaerobic threshold was observed in subjects during the sildenafil phase. The findings of
this study suggest that sildenafil may be a useful agent to improve exercise performance
and activity tolerance in children and young adults with single ventricle physiology
following the Fontan operation. However, the long term safety and efficacy of sildenafil
in this patient population remain unknown.
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Figure 1.

Oxygen consumption at peak exercise. Left panel: observed subject-specific profiles (dotted
lines) and average trend for each treatment group (solid lines) over the study period; right
panel: Mean + standard deviation post-placebo and post-sildenafil.
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Minute ventilation at peak exercise. Left panel: observed subject-specific profiles (dotted
lines) and average trend for each treatment group (solid lines) over the study period; right
panel: Mean * standard deviation post-placebo and post-sildenafil.
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VE/VCO, at anaerobic threshold. Left panel: observed subject-specific profiles (dotted
lines) and average trend for each treatment group (solid lines) over the study period; right
panel: Mean + standard deviation post-placebo and post-sildenafil.
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Figure 5.

Oxygen consumption at anaerobic threshold. Left panel: observed subject-specific profiles
(dotted lines) and average trend for each treatment group (solid lines) over the study period;
right panel: Mean + standard deviation post-placebo and post-sildenafil.
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Demographic characteristics for 28 subjects at screening; summaries presented as mean (standard deviation)

unless otherwise noted as n (%).

Age, years
Male, n (%)
Race, n (%)
White
Black
Multiracial
Ventricular morphology, n (%)
Single right ventricle
Single left ventricle
Two ventricles
Time since Fontan operation, years
Height, cm
Weight, kg
Body mass index, kg/m?2
Oxygen saturation, %
Systolic blood pressure, mmHg

Diastolic blood pressure, mmHg

Serum brain natriuretic peptide, pg/ml

14.9 (5.1)
18 (64%)

25 (89%)
2 (1%)
1 (4%)

15 (54%)
8 (29%)
5 (18%)
11.3 (3.8)
155 (13)
48.3 (15)
19.7 (3.9)
92.3 (3.6)
109 (12)
61.7 (9.0)
110 (75)
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Table 5

Reported side effects by treatment group; number (%) of subjects who experienced at least one episode of
each event.

Event Sildenafil (n=27) Placebo (n = 28)

Headache 9 (33%) 5 (18%)

Flushing 5 (19%) 0 (0%)

Dizziness 2 (71%) 2 (71%)

Nausea/Vomiting 2 (7%) 0 (0%)

Abdominal Pain 1 (4%) 0 (0%)

Kidney Stone 1 (4%) 0 (0%)

Photosensitivity 1 (4%) 0 (0%)

Rash 1 (4%) 0 (0%)

Diarrhea 0 (0%) 1 (4%)

Hypotension 0 (0%) 1 (4%)

Muscle Pain 0 (0%) 1 (4%)

Tinnities 0 (0%) 1 (4%)

Tremulous 0 (0%) 1 (4%)

Any Event 11 (41%) 10 (36%)
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