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This study investigated the acute pharmacodynamic effects 
of sildenafil in patients with pulmonary arterial hyperten-
sion (PAH) and concomitant bosentan treatment, in view of 
a mutual pharmacokinetic interaction between the 2 drugs. 
This prospective, open-label, noncomparative, multicenter, 
phase II study enrolled 45 patients (≥18 years) with stable 
PAH (idiopathic, familial, or related to corrected con-
genital systemic-to-pulmonary shunts, drugs, or toxins) 
and on bosentan treatment for at least 3 months. Patients 
underwent right heart catheterization to evaluate the 
acute hemodynamic effects of (a) inhaled nitric oxide 
(iNO) and (b) a single oral dose of sildenafil (25 mg). 
Mean pulmonary vascular resistance (PVR) decreased 
from baseline following iNO (–15%; 95% confidence lim-
its: –21%, –8%; P = .0001). A statistically significant 

decrease from baseline in mean PVR was also observed 
60 minutes following sildenafil administration (–15%; 
95% confidence limits: –21%, –10%; P < .0001). The 
reduction in PVR following sildenafil was comparable to 
that resulting from iNO. There were no unexpected safety 
findings. The pharmacodynamic effect suggests that 
addition of sildenafil to bosentan treatment can elicit 
additional hemodynamic benefits. These data represent 
a rationale for long-term combination studies with the 
2 compounds.
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Pulmonary arterial hypertension (PAH) is a devas-
tating, life-threatening disease with a rapid pro-

gression and poor prognosis when untreated.1 It is 
characterized by a progressive elevation of pulmo-
nary arterial pressure and pulmonary vascular resis-
tance (PVR) and can eventually result in right heart 
failure and death.

Among the many signaling pathways that are invol-
ved in the development of PAH, only 3 have so far been 
translated into approved therapies. The endothelin- 
mediated, the nitric oxide–mediated, and the 
prostacyclin- mediated pathways2,3 have been targeted 
using endothelin receptor antagonists, phosphodi-
esterase type 5 (PDE-5) inhibitors, and prostacyclin/
prostacyclin analogs, respectively (see Figure 1). The 
targeting of a single pathophysiological pathway may be 
insufficient to relieve symptoms in all patients, and the 
simultaneous targeting of multiple pathways may repre-
sent a viable alternative therapeutic strategy.4 Therefore, 
combination of bosentan, an oral dual endothelin recep-
tor antagonist, and sildenafil, an oral PDE-5 inhibitor, is 
expected to have additive or synergistic therapeutic 
effects in PAH, as each treatment acts on a different sig-
naling pathway.

The approved dosing regimen for bosentan treat-
ment of PAH in adults weighing >40 kg is 62.5 mg 
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bid initially, uptitrated to 125 mg bid after 4 weeks. 
After oral administration, maximum plasma concen-
trations of bosentan are attained within 3 to 5 hours, 
and the terminal elimination half-life (t1/2) is about 
5 hours in healthy adults, with a Cmax of approximately 
1000 ng/mL. The absolute bioavailability of bosentan in 
normal volunteers is about 50% and is unaffected by food. 
Exposure to bosentan increases proportionately for doses 
of 3 to 600 mg. Protein binding is approximately 97%, 
almost entirely to albumin.5

The approved sildenafil dosing regimen for the 
treatment of PAH is 20 mg tid. Maximum plasma 

concentrations at this dose are reached by approxi-
mately 1 hour after oral administration, and the t1/2 
is approximately 4 hours in healthy adults, with a 
Cmax of 145 ng/mL. Absolute bioavailability is 
approximately 40%, which is reduced by 11% after 
a heavy meal.6 Exposure to sildenafil is also pro-
portionate to dose. It is predominantly metabolized 
to the active metabolite, N-desmethylsildenafil, 
which has the same PDE-5 specificity and half the 
potency of the parent drug. Protein binding for 
sildenafil and its metabolite is approximately 97%.7 
Therefore, clinical studies evaluating sildenafil 

Figure 1. The 3 pathways targeted by pulmonary arterial hypertension (PAH) therapies . From Humbert et al,3 reprinted with permission 
from the Massachusetts Medical Society. cGMP, cyclic guanidine monophosphate; cAMP, cyclic adenosine monophosphate.
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assess the combined hemodynamic effects of both 
substances.

Preclinical data on the combination of bosentan 
with sildenafil have shown synergistic effects on 
hemodynamics and survival in a rat model of  
monocrotaline-induced pulmonary hypertension.8 
Preliminary clinical data suggest that the combina-
tion of bosentan with sildenafil is well tolerated and 
may be beneficial for the treatment of PAH.9-12

However, there is evidence of a mutual pharma-
cokinetic interaction between bosentan and sildena-
fil, which may influence the pharmacodynamics of 
each drug in a combination treatment regimen. 
Coadministration of 125 mg bid bosentan and 80 mg 
tid sildenafil to healthy volunteers has been found to 
decrease Cmax and AUCτ (area under the curve over a 
dosing interval) of sildenafil by 55% (95% confi-
dence limits [CL]: 40%-67%) and 63% (95% CL: 
57%-68%), respectively, whereas sildenafil increased 
bosentan Cmax and AUCτ by 42% (95% CL: 15%-75%) 
and 50% (95% CL: 29%-75%), respectively.13 This 
reduction in sildenafil exposure is caused by bosen-
tan, which is known to induce expression of cyto-
chrome P450 isozymes CYP2C9 and CYP3A4,14 both 
of which are involved in the metabolism of sildena-
fil.15 Sildenafil may increase the exposure to bosen-
tan by inhibition of hepatic uptake via human 
organic anion-transporting polypeptides OATP1B1 
and OATP1B3.16 When coadministered to PAH 
patients, bosentan (125 mg bid) was shown to 
decrease sildenafil (100 mg, single dose) Cmax and 
plasma half-life (t1/2) by 56% and 37%, respectively.17 
As a consequence, the coadministration of bosentan 
with the sildenafil dosing regimen currently 
approved for PAH (20 mg tid) may result in exposure 
to sildenafil lower than that investigated in con-
trolled clinical trials and potentially diminish its 
therapeutic effect.

As the current focus in the management of PAH is 
on the use of combination therapies, any potential 
interaction between drugs used in combination ther-
apy should be investigated. The efficacy of PAH 
treatments in randomized clinical trials is measured 
by means of a number of different surrogate end-
points. For example, the exercise capacity of patients 
is assessed with the distance walked in 6 minutes, 
known as the 6-minute walk distance (6MWD). 
Symptomatic severity is summarized using the 
World Health Organization functional class (WHO 
FC), with patients in WHO FC I being the least 
symptomatic and those in WHO FC IV the most 
severely affected. However, because PAH patients 

have impaired cardiac function and because hemo-
dynamic parameters are a central part of PAH diag-
nosis and management, great importance is placed 
on these measurements. They are also the only mea-
surements that can be used as endpoints in an acute 
setting. Pulmonary vascular resistance, for instance, 
measures the resistance to blood flow exerted by the 
vasculature in the lungs.

The pharmacodynamic consequences of reduced 
plasma sildenafil concentrations in combination 
with bosentan have not yet been evaluated in a 
clinical trial. The primary objective of the 
COMPASS-1 study was to explore the acute hemo-
dynamic effects of sildenafil administration in 
patients with PAH who are already receiving bosen-
tan treatment.

METHODS

Patient Population

Patients aged ≥18 years, with symptomatic PAH in 
WHO FC II or III who were already receiving bosentan 
as maintenance therapy, were eligible for inclusion into 
the study. Patients with idiopathic PAH, familial  
PAH, and PAH associated with corrected congenital  
systemic-to-pulmonary shunts or drugs or toxins were 
included. PAH had to be diagnosed or reconfirmed by 
right heart catheterization within 24 months prior to 
enrollment, with mean pulmonary arterial pressure 
(mPAP) ≥25 mm Hg and pulmonary artery occlusion 
pressure (PAOP) ≤15 mm Hg.18

Patients were required to have documented non-
responsiveness to vasoreactivity testing within 24 
months prior to enrollment but before commencing 
bosentan therapy. Patients were also required to 
have received bosentan 125 mg bid as monotherapy 
for PAH for ≥12 weeks before enrollment. To par-
ticipate in the study, patients had to have been stable 
for ≥12 weeks before enrollment, be able to undergo 
right heart catheterization for 2 to 3 hours, and have 
a PVR at baseline on the day of the right heart cath-
eterization measurements of ≥320 dyn⋅s⋅cm–5. The 
minimum value of PVR was chosen to allow the pos-
sible detection of a clinically relevant reduction fol-
lowing treatment. The upper normal threshold for 
PVR in healthy adult participants is 50 to 150 
dyn⋅s⋅cm–5.19

Patients were excluded from the study if they 
were diagnosed with PAH due to causes other than 
those listed above, planned to receive treatment 
with epoprostenol, or had suspected pulmonary 
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veno-occlusive disease. 
Patients with systolic blood 
pressure <85 mm Hg, body 
weight <40 kg, hemoglobin 
<75% of the lower limit of 
the normal range, serum 
concentrations of alanine 
and aspartate aminotrans-
ferases >3 times the upper 
limit of the normal range, 
or moderate to severe 
hepatic impairment were 
also excluded. Use of PAH 
drugs (endothelin receptor 
antagonists other than 
bosentan, PDE-5 inhibitors, 
prostanoids, nitric oxide, 
and L-arginine) or calcineu-
rin inhibitors within 3 
months prior to enrollment was not permitted. Use 
of anticoagulants and diuretics was permitted,  
and center-specific guidelines for restriction/ 
withdrawal were followed on the day of right heart 
catheterization.

Study Design

This was a prospective, open-label, noncomparative, 
multicenter, phase II study, designed to investigate 
the hemodynamic effect of an acute, single dose of 
sildenafil (25 mg) in patients already receiving 
bosentan for ≥12 weeks.

Patients were screened within 14 days prior to the 
administration of the single dose of sildenafil. After 
the day of right heart catheterization and sildenafil 
treatment, patients were followed up for 28 days.

On the treatment day, a Swan-Ganz catheter was 
inserted through the right jugular or subclavian vein 
and placed into either the right or left pulmonary 
artery. In this study, bosentan was in steady-state 
conditions, both from a pharmacokinetic and phar-
macodynamic point of view.14 The last bosentan dose 
was administered between 7 and 16 hours before treat-
ment with sildenafil. Patients were asked not to eat 
at least 4 hours before sildenafil administration 
because food intake influences the pharmacokinetics 
of sildenafil.6 Prescribed or over-the-counter drugs or 
food constituents with a CYP-inducing or CYP-
inhibiting effect (including St John’s wort and grape-
fruit juice) were avoided during this study. All efforts 
were made to ensure that right heart catheterization 
was always performed by the same investigator in all 

patients at each study center. Patients were assessed 
at the following 4 time points (Figure 2):

Baseline 1: Right heart catheterization measurements
Vasoreactivity testing: Performed with inhaled nitric 

oxide (iNO) according to the guidelines of the 
European Society of Cardiology (iNO at 10-20 ppm 
for 5 minutes; definition of vasoreactivity: reduction 
of mPAP ≥10 mm Hg to reach an absolute value of 
mPAP ≤40 mm Hg with an increased or unchanged 
cardiac output [CO]),15 followed by right heart cath-
eterization measurements

Baseline 2: Right heart catheterization measurements 
before the administration of a single dose of sildenafil 
(25 mg) (time 0). Measurements at baseline 2 were con-
ducted between 20 and 40 minutes after the vasoreac-
tivity test.

Sixty minutes after sildenafil: Final right heart catheteriza-
tion measurements, followed by catheter removal

At each of the 4 time points, measurements of 
mPAP, PAOP, and CO were recorded until the last of 
2 consecutive values differed from the first by 
≤10%. The last value was recorded. CO was mea-
sured by the thermodilution method according to 
the established practice in each center; the maxi-
mum number of CO measurements was 3. The 
derived hemodynamic parameters, PVR, total pul-
monary resistance (TPR), and systemic vascular 
resistance were calculated using the following for-
mulas: PVR = (mPAP – PAOP)*80/CO, TPR = 
mPAP*80/CO, and SVR = (mean systemic arterial 
pressure – mRAP)*80/CO. Heart rate was moni-
tored continuously by 12-lead electrocardiogram. 

Figure 2. Schedule of interventions and hemodynamic assessments.
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Systemic arterial pressures were measured nonin-
vasively by using an arm cuff and sphygmomanom-
eter at the brachial artery. All hemodynamic 
evaluations were performed in the supine position. 
Plasma N-terminal prohormone B-type natriuretic 
peptide (NT-proBNP) concentrations were deter-
mined in all centers using the same validated point-
of-care test (Cardiac Reader, Roche Diagnostics, 
Switzerland).

This study was conducted in full compliance with 
the most recent amendment of the Declaration of 
Helsinki and good clinical practice guidelines and was 
approved by the ethics committees of all participating 
centers. Written informed consent was obtained from 
all patients prior to inclusion in the study.

Efficacy Endpoints

The primary efficacy endpoint was reduction in PVR 
from baseline 2 to 60 minutes after sildenafil admin-
istration, expressed as percent change from baseline 
2. Secondary efficacy endpoints were reduction in 
TPR and NT-proBNP from baseline 2 to 60 minutes 
after sildenafil administration, expressed as percent 
change from baseline 2. Vasoreactivity to iNO was 
reassessed on the treatment day. All other efficacy 
variables (mPAP, PAOP, CO, systemic vascular resis-
tance, PVR/systemic vascular resistance) and all anal-
yses of the effects of iNO were exploratory in nature.

Safety Endpoints

Safety was evaluated by monitoring adverse events, 
serious adverse events, and changes in vital signs 
and 12-lead electrocardiogram. The intensity of 
adverse events was graded as mild, moderate, or 
severe, and all adverse events were assessed by the 
investigators as to whether they were related either 
to sildenafil or bosentan.

Statistical Analyses

Sample size was calculated based on the primary 
efficacy endpoint. A total of 44 evaluable patients 
were required to detect with a power of 90% a mean 
change in PVR from baseline 2 to 60 minutes after 
sildenafil of ≥10%, assuming a standard deviation of 
20% with the data being normally distributed.

The main analysis of the primary efficacy endpoint 
was performed using the 1-sample Student t test on 
the per-protocol set (excluding patients with major 
protocol deviations) with supportive and exploratory 
analyses being performed on the all-treated set. The 

corresponding 95% confidence limits (CLs) for the 
mean percent change were calculated with the quan-
tile of the t distribution. The 2-sided Type I error was 
0.05. No imputation rules for missing data were 
applied.

The acute pharmacodynamic response to sildena-
fil was compared with that of iNO in patients with 
complete PVR assessments at all right heart catheter-
ization time points.

Correlations between baseline characteristics (age, 
duration of PAH, time since start of bosentan, 6MWD, 
Borg dyspnea index, NT-proBNP, PVR) were tested 
using Spearman’s correlation coefficient. Univariate 
analyses were performed to explore the potential 

Table I Patient Demographics and Disease 
Characteristics (All-Enrolled Set; n = 45)

 Sildenafil (n = 45)

Patient demographics
  Female gender, n (%) 34 (75.6)
  Age, y 52.6 ± 15.2
  Weight, kg 76.9 ± 20.7
  Height, cm 164.1 ± 7.9
  Ethnicity, n (%)
    White 43 (95.6)
    Black 1 (2.2)
    Hispanic 1 (2.2)
Baseline characteristics
  Duration of PAH, months 30.3 ± 28.8
  Time since start of bosentan, months 21.9 ± 15.9a

  Etiology of PAH, n (%)
    Idiopathic PAH 36 (80.0)
    Familial PAH 3 (6.7)
    Related to corrected congenital shunts 2 (4.4)
    Related to drugs or toxins 4 (8.9)
  6-minute walk distance, m 408.9 ± 107.3b

  WHO FC, n (%)
    FC II 19 (42.2)
    FC III 26 (57.8)
  Borg dyspnea index 4.7 ± 2.4
  PVR, dyn⋅s⋅cm–5 836.9 ± 629.2c

  TPR, dyn⋅s⋅cm–5 1086.5 ± 740.5d

  CO, L/min 4.3 ± 1.4d

  Cardiac index, L/min/m2  2.4 ± 0.7c

  mPAP, mm Hg 48.7 ± 15.7d

Values are mean ± standard deviation unless specified otherwise. CO, 
cardiac output; mPAP, mean pulmonary arterial pressure; PAH, pulmo-
nary arterial hypertension; PVR, pulmonary vascular resistance; TPR, 
total pulmonary resistance; WHO FC, World Health Organization func-
tional class.
a. n = 44.
b. n = 43.
c. n = 36.
d. n = 37.
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influence of baseline characteristics (age, sex, etiology, 
WHO FC, duration of PAH, time since start of bosen-
tan, 6MWD, Borg dyspnea index, NT-proBNP, PVR) 
on percent change in PVR, with use of the Spearman’s 
correlation coefficient for continuous baseline char-
acteristics and the Kruskal-Wallis test for categorical 
baseline characteristics.

RESULTS

Patient Characteristics

A total of 45 patients were enrolled at 12 centers 
in 5 countries: Germany (6 centers), Italy (2 centers), 
Canada (2 centers), Belgium (1 center), and the 
Netherlands (1 center). There was 1 patient who did 
not receive treatment for failure to meet the inclusion 
criteria. The remaining 44 patients completed the 
study and comprise the all-treated analysis set. Four 
patients had major protocol deviations (last food 
intake <4 hours before baseline 1 [n = 3]; last bosen-
tan dose before baseline 1 outside of time window of 
7-16 hours [n = 1]) and were excluded from the per-
protocol analysis set (n = 40). Missing PAOP data 
resulted in the exclusion of additional patients from 
per-protocol sets for specific endpoints.

Baseline demographics and disease characteristics 
for all patients are presented in Table I. Prior and con-
comitant diseases were consistent with those of patients 
taking bosentan for PAH. The most frequent concomi-
tant medications were furosemide (38%), torasemide 
(31%), and the anticoagulant phenprocoumon (31%).

Hemodynamic Effects

Table II shows the observed changes in PVR for 
patients who had PVR values for all time points and 
for the per-protocol analysis set. A reduction in TPR 
of –9% (95% CL: –13.5, –5; P < .0001) was also 
observed, from 1111 dyn⋅s⋅cm–5 (95% CL: 852, 1370) 
at baseline 1 to 1036 dyn⋅s⋅cm–5 (95% CL: 772, 1300) 
following iNO administration. Of 35 patients under-
going acute vasoreactivity testing, only 1 patient 
was a responder according to the PAH guidelines 
definition.18

There was a significant reduction in PVR with a 
mean percent change of –15% (95% CL: –21%, 
–10%; P < .0001; n = 37) from baseline 2 to 60 min-
utes after sildenafil in the per-protocol analysis set 
(Table II). For TPR, a reduction from 1128 dyn⋅s⋅cm–5 
(95% CL: 881, 1374) at baseline 2 to 986 dyn⋅s⋅cm–5 
(95% CL: 765, 1206) 60 minutes after sildenafil was 
observed (–13% change; 95% CL: –17%, –10%; P < 
.0001; n = 40). These changes in PVR and TPR were 
based on a mean percent decrease in mPAP of –9% 
(95% CL: –12%, –6%; P < .0001; n = 40) and a mean 
percent increase in CO of 6% (95% CL: 2%, 9%; P = 
.0026; n = 40). No significant change in PAOP was 
observed.

A total of 32 patients had complete PVR assess-
ments at all time points (baseline 1, vasoreactivity 
testing, baseline 2, and 60 minutes after sildenafil). 
For the remaining patients, PVR could not be calcu-
lated at all time points because of missing PAOP 
values. PAOP data were available for 36 patients at 

Table II Mean PVR at All Time Points

  Patients With PVR Values
 Per-Protocol Set (n = 37) at All Time Points (n = 32)

Mean PVR at baseline 1, dyn⋅s⋅cm–5 815a 807
 (587, 1043) (578, 1036)
Mean PVR following iNO, dyn⋅s⋅cm–5 753a 745
 (487, 1019) (478, 1011)
Mean percent change, baseline 1 to iNO –15*a –15*
 (–21, –8) (–22, –8)
Mean PVR at baseline 2, dyn⋅s⋅cm–5 889 829
 (656, 1121) (568, 1089)
Mean PVR 60 minutes after sildenafil, dyn⋅s⋅cm–5 778 721
 (561, 995) (487, 956)
Mean percent change, baseline 2 to 60 minutes –15* –15*

  after sildenafil (–21, –10) (–22, –9)

Data are shown with 95% confidence limits in parentheses. PVR, pulmonary vascular resistance; iNO, inhaled nitric oxide.
a. n = 32.
*P ≤ .0001.
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baseline 1, 33 patients at vasoreactivity testing, 40 
patients at baseline 2, and 41 patients 60 minutes 
after sildenafil treatment. The reduction in mean 
PVR after administration of sildenafil was of a 
similar magnitude to that observed following 
administration of iNO (Table II). The same was true 
for the reduction in mPAP by these 2 agents.

Biomarker Outcomes

NT-proBNP did not change significantly following 
administration of sildenafil (mean increase +6%; 
95% CL: –1%, 13%; P = .0883; n = 37). Plasma con-
centrations of NT-proBNP at baseline correlated pos-
itively with baseline PVR (Spearman correlation 
coefficient 0.42; P = .0118; n = 36, per-protocol set) 
and negatively with baseline 6MWD (Spearman 
correlation coefficient –0.42; P = .0094; n = 37, per-
protocol set). There were no other significant correla-
tions between the baseline characteristics, and none 
of them had a significant influence on the percent 
change in PVR after administration of sildenafil.

Safety

A total of 11 adverse events were reported in 7 patients. 
Of these, 6 adverse events in 2 patients were consid-
ered related to sildenafil (insomnia, nausea, migraine, 
and dizziness in 1 patient and dry mouth and nasal 
congestion in another patient). The other adverse 
events were supraventricular extrasystoles, head-
ache, dyspnea exacerbated, cystitis, and hemorrhage. 
No adverse event was considered related to bosentan 
or right heart catheterization. No serious adverse 
events were observed.

Mean changes in systolic blood pressure and sys-
temic vascular resistance of –4% (95% CL: –7%, 
–2%; P < .0026; n = 40) and –9% (95% CL: –13%, 
–6%; P < .0001; n = 39), respectively, were observed 
from baseline 2 to 60 minutes after sildenafil treat-
ment. The change in PVR/systemic vascular resis-
tance ratio over this period was –5% (95% CL: 
–11%, 1%; P = .1171; n = 36).

DISCUSSION

In this prospective, open-label, noncomparative 
study, the acute administration of sildenafil to 
patients with PAH and ongoing bosentan therapy led 
to a significant decrease in PVR. The reduction in 
PVR was of a magnitude comparable to that observed 
following inhalation of NO. A reduction in TPR and 
mPAP and an increase in CO were also observed 

 following the administration of sildenafil. No sig-
nificant changes were observed in PAOP or concen-
trations of NT-proBNP. These results demonstrate 
that sildenafil exerts significant acute effects on car-
diopulmonary hemodynamics in patients on chronic 
bosentan therapy. These findings support the hypoth-
esis that the simultaneous targeting of the endothe-
lin- and NO-mediated pathways may result in 
additional favorable effects.

PVR was chosen as the primary endpoint in this 
study, as it plays an important role in the management 
of PAH and has been used in many other clinical tri-
als of PAH therapy. The observed reduction in PVR 
of –15% is in the range of the hemodynamic effects 
exerted by sildenafil alone in treatment-naive 
patients. In a previous study, oral administration 
of 75 mg sildenafil decreased PVR by –27% after 
50 minutes,20 at which time point the hemodynamic 
effects of sildenafil have been found to reach their 
maximum.21 In another study, a decrease in PVR of 
–22% was observed 60 minutes following oral 
administration of 50 mg sildenafil.22 In a third study, 
a decrease in PVR of –15% was observed after 
administration of 2 × 50-mg sildenafil doses at a 
30-minute interval.23 A fourth study measured a 
reduction in PVR of –15% 60 minutes after adminis-
tration of 12.5 mg sildenafil.24 Interestingly, similar 
hemodynamic improvements in PVR of –12% were 
also observed in the SUPER-1 study after 12 weeks 
of sildenafil monotherapy at the approved dose for 
PAH of 20 mg tid.25 Despite differences in dosing or 
design, the hemodynamic improvements by sildena-
fil alone as reported in the studies described above 
were very comparable to those observed in the pres-
ent study. Other randomized clinical trials with 
other PAH therapies have demonstrated changes of 
similar magnitude, which are regarded as clinically 
relevant.11,26-28

These observations suggest that the reported phar-
macokinetic interaction between bosentan and 
sildenafil13,17 may not influence the acute pharmaco-
dynamic effects of sildenafil in PAH patients treated 
with bosentan. Therefore, as known for other drug-
drug combinations,29 reductions in exposure to 
sildenafil, when given on top of bosentan treatment, 
may not necessarily translate into hemodynamic 
consequences. However, whether the relatively flat 
dose-response curve of sildenafil monotherapy 
changes upon combination treatment with bosentan 
and other PAH drugs has not yet been studied. We 
look forward to future randomized clinical trials 
generating further data on the efficacy of this combi-
nation of drugs.
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Results from a number of clinical trials provide 
supportive evidence that sildenafil, when combined 
with bosentan, may exert additional long-term 
clinical benefits. In an uncontrolled, open-label, 
nonrandomized study, 9 patients with idiopathic 
PAH who received sildenafil in addition to bosen-
tan monotherapy exhibited improvements in exer-
cise capacity that were maintained at a median 
follow-up of 9 months.9 In a further uncontrolled 
study of 11 patients with either idiopathic PAH or 
PAH associated with congenital heart disease,30 the 
combination was related to a decrease in mean pul-
monary arterial pressure over a median of 1.1 years. 
Recently, Mathai and colleagues10 observed benefi-
cial effects of bosentan and sildenafil in combina-
tion in a small number of patients with 
scleroderma-associated PAH, and another study by 
Porhownik et al31 demonstrated an improvement of 
exercise capacity 6 months after initiation of combi-
nation therapy. In the recent EARLY study of bosen-
tan versus placebo in PAH patients in WHO FC II, a 
reduction in PVR of –20% was observed in patients 
who received bosentan in addition to ongoing 
sildenafil treatment.11 However, until results from 
randomized clinical trials are available, it will not be 
possible to judge whether the effect versus time 
course of sildenafil monotherapy differs from the 
effects in combination with bosentan. The currently 
ongoing morbidity/mortality study (COMPASS-2) 
evaluating the combination of bosentan and sildena-
fil versus sildenafil monotherapy will generate addi-
tional information pertaining to the clinical relevance 
of this combination in the future.

In the present study, although only the hemody-
namic effects of an acute, single dose of sildenafil in 
the presence of bosentan were explored, these are 
not expected to differ markedly from those of chronic 
treatment. First, following multiple dosing regimens, 
sildenafil exposure is not significantly higher than 
following single dosing.13,32 Second, the extent of 
PVR reduction was very similar in the SUPER-1 
study after 12 weeks of sildenafil 20 mg tid.25 This 
may suggest that no tolerance develops to the hemo-
dynamic effects of sildenafil over this timeframe, 
based on an interstudy comparison.

In addition to PVR, TPR was analyzed to address 
a potential effect of sildenafil on PAOP and thus on 
the primary endpoint, PVR, independently of its 
effect on pulmonary arteries. However, PAOP was 
not observed to be increased, in accordance with 
results from a previous study.20

Vasoreactivity testing was performed to assess  
its possible restoration in previous nonresponders 

 following bosentan therapy. Only 1 patient exhibited 
a restoration of acute vasoreactivity in response to 
iNO administration, suggesting that pulmonary vaso-
reactivity is generally not restored following treat-
ment with bosentan for at least 12 weeks. Consequently, 
the usefulness of repeating the vasoreactivity test in 
previous nonresponders is questionable.

No substantial changes were observed in the 
plasma levels of NT-proBNP after 60 minutes. 
NT-proBNP is a cardiac neurohormone that is 
secreted from the ventricles in response to ventricu-
lar pressure overload characteristic of PAH and cer-
tain other cardiac diseases.33,34 As this peptide has 
been found to differ between responders and nonre-
sponders during a 60-minute challenge with iNO,35 
the current study explored if it would change in par-
allel with the anticipated acute hemodynamic 
response to sildenafil 60 minutes after application. 
The absence of changes in plasma levels of 
NT-proBNP observed in this study are in accordance 
with the findings of Souza et al,35 who did not 
observe substantial changes in NT-proBNP levels in 
patients who were not responsive to iNO after 60 min-
utes of sustained inhalation. These observations may 
be related to the estimated 120-minute half-life of 
NT-proBNP,36 in comparison with the short observa-
tion period of 60 minutes in our study and that of 
Souza et al.35

Baseline NT-proBNP correlated with baseline PVR 
and baseline exercise capacity in this population of 
PAH patients treated with bosentan. This may sup-
port the concept that NT-proBNP plasma levels rep-
resent a marker of disease severity in PAH patients.

The addition of oral sildenafil in combination 
with ongoing bosentan treatment in patients with 
PAH was well tolerated. This is in accordance with 
the results from the bosentan postmarketing surveil-
lance, which did not identify any potential safety 
concerns associated with the combination of bosen-
tan and sildenafil.12

Limitations of this study include the open-label 
design and absence of a placebo control. Nevertheless, 
the assessment of vasoreactivity using iNO provides 
a positive control. Further limitations of the study 
include the use of only 1 dose of sildenafil and the 
measurements of effects at a single time point only 
(ie, 60 minutes after sildenafil). Hence, the pharma-
codynamic information that can be derived from the 
study is limited and does not allow conclusions to 
be drawn about dose/concentration-response rela-
tionships or the time course of sildenafil effects 
when given in combination with bosentan. Another 
limitation is the chosen dose of sildenafil (25 mg), as 
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the dose of sildenafil currently approved for man-
agement of PAH (20 mg tid) was not yet available 
when this study was designed. However, the chosen 
and approved doses of sildenafil are similar, and no 
marked pharmacodynamic differences between 
these 2 doses in the acute setting would be antici-
pated. Pharmacokinetic determinations were not 
conducted in this study because the effects of bosen-
tan on the pharmacokinetics of sildenafil have been 
assessed accurately and were reported to be very 
consistent between healthy participants and patients 
with PAH.13,17 The broad time window between last 
bosentan dose and sildenafil administration was 
chosen to allow the effects of sildenafil to be explored 
when bosentan plasma concentrations were at or 
close to their trough levels. These levels are expected 
to be associated with lower variability in pharmaco-
dynamic effects of bosentan than those assessed at 
peak, although knowledge concerning the relation-
ship between pharmacokinetics and pharmacodynam-
ics of bosentan is limited.14 Furthermore, the enzyme 
induction properties of bosentan should not be influ-
enced by plasma concentration of bosentan. During a 
chronic dosing regimen of bosentan, such as that seen 
in this study, these properties do not depend on the 
plasma concentrations of bosentan but rather on the 
half-life of the enzymes that are induced by bosentan, 
which is at least 24 hours.37 A post hoc correlation 
analysis confirmed that the time since last dose had no 
influence on the change in PVR (Spearman coefficient 
= 0.10, P = .54; data not shown).

CONCLUSION

The results of the COMPASS-1 study demonstrate 
that a single dose of sildenafil elicits a significant 
acute hemodynamic effect when added to long-term 
bosentan therapy in PAH patients. Despite the known 
drug-drug interaction, the hemodynamic data gener-
ated indicate that the combination of the 2 drugs 
might bring additional clinical benefits to PAH 
patients. In this acute setting, combination of sildena-
fil and bosentan resulted in no safety concerns. This 
may represent a rationale for long-term combination 
studies with the 2 compounds.
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