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Abstract
Background—The pulmonary vasculopathy in pulmonary arterial hypertension (PAH) results in
increased resistance to pulmonary blood flow, limiting the cardiac output required for the
increased O2 demands of exercise.

Aims—We sought to determine the physiologic basis for clinical improvement in PAH patients
receiving sildenafil, hypothesizing that the key mechanisms of improvement are improved blood
flow and ventilatory efficiency, leading to improved exercise capacity and O2 pulse over time.

Methods—We studied 28 PAH patients with (n=14) and without (n=14) sildenafil treatment. All
received warfarin and diuretic therapy, and 13/14 sildenafil-treated patients were already receiving
specific PAH drugs. Cardiopulmonary exercise testing was performed before and after sildenafil.

Results—Peak V ̇O2, peak O2 pulse, V ̇E/V̇CO2 and PETCO2, were 0.84 ± 0.1 L/min, 6.1 ± 0.7 ml
• beat−1, 49 ± 2 and 26 ± 1.5 mmHg, and improved after adding sildenafil to 0.91 ± 0.1 L/min, 6.8
± 0.8 ml • beat−1, 43 ± 2, and 30 ± 1.9, respectively, whereas control patients worsened (p = 0.012,
0.008, 0.008 and 0.0002, treated vs. controls, respectively).

Conclusions—Sildenafil improves PETCO2, V ̇E/V̇CO2, peak O2 pulse and peak V̇O2 during
exercise compared to controls. A prospective, placebo-controlled study is needed to validate these
findings.

Keywords
pulmonary arterial hypertension; cardiopulmonary exercise testing; ventilatory efficiency;
pulmonary heart disease

Introduction
Pulmonary arterial hypertension (PAH) is a disorder of the pulmonary circulation that
primarily strikes young women and leads to rapidly progressing right ventricular failure and

© 2007 European Society of Cardiology. Published by Elsevier B.V. All rights reserved.
Address for reprints: Ronald J. Oudiz, M.D., F.A.C.C., Liu Center for Pulmonary Hypertension, 1124 W. Carson Street, #405,
Torrance, CA 90502, USA, E-mail: oudiz@humc.edu, Tel (310) 222-2515, Fax (310) 787-0448.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Eur J Heart Fail. Author manuscript; available in PMC 2008 September 1.

Published in final edited form as:
Eur J Heart Fail. 2007 September ; 9(9): 917–921. doi:10.1016/j.ejheart.2007.06.013.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



death [1]. In PAH patients, despite increasing pulmonary artery pressure, pulmonary blood
flow fails to increase appropriately with exercise. This leads to poor O2 delivery to the
peripheral muscles and an increase in the resting ventilatory dead space fraction of the tidal
volume (VD/VT), even during exercise, because the regions of ventilated lung that are
underperfused at rest remain underperfused during exercise [2]. This results in dyspnoea and
fatigue, which are prominent symptoms in these patients.

Recent advances have led to FDA approval of several new treatments for PAH, including
the oral phosphodiesterase-5 inhibitor sildenafil in 2005. The benefits of most PAH
therapies may not be due primarily to their ability to vasodilate the pulmonary vascular bed,
but rather to their alteration of the vascular neurohormonal and cellular signals that lead to
abnormal pulmonary vascular cellular proliferation, fibrosis, and thrombosis that are
hallmarks of the PAH vasculopathy [3]. While sildenafil is known to mediate the effects of
the nitric oxide pathway via cGMP, the precise pathophysiology of the clinical benefit with
all PAH drugs has not been fully elucidated.

Because sildenafil has a direct action on the pulmonary circulation, we hypothesized that the
predominant mechanism of clinical improvement in PAH patients would first be reflected by
an improvement in pulmonary blood flow and more uniform ventilation-perfusion matching,
thereby reducing the ventilatory requirement for exercise. This improvement in pulmonary
blood flow would be reflected by improved ventilation (VE) relative to CO2 output (V̇CO2),
and by improved end-tidal carbon dioxide tension (PETCO2), both measured at the anaerobic
threshold (AT). This physiological improvement might precede the improvement in peak
oxygen uptake and V̇O2 kinetics, which depend on an improved cardiac output response to
exercise and gradually improved aerobic capacity.

Methods
We studied 28 patients with idiopathic PAH (n=22), PAH associated with connective tissue
disease (n=4), and PAH associated with corrected congenital heart disease (n=2). All were
stable and receiving either conventional therapy (n=2) or were on stable doses of prostanoids
(n=12) or endothelin receptor antagonists (n=14). Relevant conventional therapy included
diuretics, potassium, digoxin, and warfarin. None of the patients were either formally or
informally undergoing exercise training. The diagnosis of PAH was based on clinical and
laboratory data, always included right heart catheterization, and satisfied the diagnostic
criteria described by the American College of Chest Physicians (ACCP) evidence-based
clinical practice guidelines [4].

There was no formal study protocol dictating the use of background therapy or the addition
of sildenafil. For 13 of the 26 patients receiving background PAH therapy, the decision to
add sildenafil was based on lack of an adequate clinical response to treatment. This was
based on criteria which included, but were not limited to WHO/NYHA functional class, 6-
minute walk (6MW) distance, symptoms, findings on physical examination, and laboratory
testing. None of the patients in this study were treated with sildenafil based on CPET
findings and there was no a priori definition of clinical response. Sildenafil was neither
given to nor withheld from patients with the intent of studying their CPET responses. One
patient was given sildenafil as first-line treatment. The control group consisted of 14 patients
not given sildenafil, retrospectively selected during a similar time period.

Both sildenafil-treated and control patients underwent cardiopulmonary exercise testing
(CPET) several months before being entered into the study, at baseline, and 4 ± 2 months
later. At our institution, all PAH patients have CPET performed at 3–6 month intervals as
part of their routine clinical care. All patients were exercised using a progressively
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increasing work rate test to maximum tolerance on an electromagnetically braked cycle
ergometer [2]. Gas exchange was measured using MedGraphics (St. Paul, Minnesota)
equipment with recordings of oxyhaemoglobin saturation (SpO2), heart rate (HR),
ventilation (VE), CO2 output (V̇CO2), O2 uptake (V̇O2), work rate (WR), end-tidal carbon
dioxide tension (PETCO2) and other variables, breath-by-breath [5]. From these data, peak
work rate, peak V̇O2, AT, peak O2 pulse (peak V̇O2 / peak HR), and the ventilatory
equivalent for CO2 (V ̇E/V̇CO2 @AT or nadir) and end-tidal CO2 (PETCO2 @AT or at a later
high point) were analyzed using standard techniques [5–6].

Statistical Analysis
We retrospectively analyzed before and after changes using paired t-tests. For data with non-
normal distribution, the Wilcoxon signed-rank test for nonparametric data was used.
Between group comparisons of changes (deltas) were performed using 2-tailed, unpaired t-
tests. Data are presented as mean ± SEM. A p-value <0.05 was considered statistically
significant.

This study was conducted in accordance with Good Clinical Practices, the principles
outlined in the Declaration of Helsinki, and with local institutional regulations. The local
ethics review committee (Human Subjects Committee) approved the protocol; written
informed consent was obtained for all patients.

Results
Table 1 shows the patient’s demographics and baseline characteristics. The sildenafil-treated
baseline mean peak V̇O2, peak O2 pulse, V ̇E/V̇CO2 @AT, and PETCO2 @AT were 0.84±0.11
L/min, 6.1±0.7 ml/beat, 49±2, and 26±1.5 mmHg respectively (Table 2), reflecting severe
pulmonary vascular disease despite their prior treatment. The demographics of the control
group did not differ significantly from the sildenafil-treated group. The baseline resting
pulmonary haemodynamics obtained at cardiac catheterization were also consistent with
severe PAH in both groups. Following treatment with sildenafil, peak V̇O2 trended towards
an increase, peak O2 pulse increased, V̇E/V̇CO2 decreased, and PETCO2 increased
significantly (Figure 1). The increase in peak WR was borderline significant; there were no
significant changes in AT, peak HR, and lowest SpO2 (Table 2). However, since the control
patients either did not significantly improve, or worsened, between group comparisons of
the changes in peak V̇O2, peak O2 pulse, V ̇E/V̇CO2 @AT, and PETCO2 @AT for the
sildenafil-treated compared to the control group were all highly significant (p = 0.012,
0.008, 0.008 and 0.0002, respectively). The course of change from the first test to the
baseline test was similar in both the control and sildenafil-treated groups.

We compared the baseline peak V̇O2, peak O2 pulse, V ̇E/V̇CO2 and PETCO2 values in the
sildenafil-treated patients to those obtained 14 ± 3 months before adding sildenafil, and also
compared the serial changes in V̇O2, peak O2 pulse, V ̇E/V̇CO2, and PETCO2 to the changes
in the control group over a similar time period (Figure 1). It is evident that both the
sildenafil-treated and control patients tended to worsen prior to baseline, while thereafter the
control patients continued to worsen and the sildenafil-treated patients improved. By the end
of 4 months of sildenafil treatment, the changes in peak V̇O2, peak O2 pulse, V ̇E/V̇CO2 and
PETCO2 were all significantly improved compared to controls.

There was no apparent influence of background PAH therapy upon the change in CPET
performance in either the sildenafil-treated group or the control group. However, this may
have been due to the small sample size and/or the heterogeneous distribution of background
therapy.
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Discussion
Several uncontrolled studies of sildenafil in PAH have reported improvements in several
clinical measurements such as functional class, exercise capacity, and haemodynamics [15],
right ventricular dilation and hypertrophy [16], and quality of life [18]. In a large,
multicenter trial of sildenafil vs. placebo for PAH patients, Galié and colleagues
demonstrated improvements in exercise capacity as measured by the 6MW distance,
functional class and, to a minor degree, resting haemodynamics with sildenafil [8].
However, the physiologic mechanisms of these improvements were not explored, and the
haemodynamic assessments in this study were performed at rest, rather than during exercise,
when PAH symptoms predominantly occur. Resting haemodynamic measurements do not
directly address the ability of the cardiovascular system to respond to exercise.

Mathai, et al also studied sildenafil added to bosentan and found salutary changes in patients
with IPAH and more modest changes in patients with connective tissues disease associated
PAH [17]. Hoeper, et al. studied 9 patients with PAH who were given sildenafil added to
background therapy consisting of the endothelin antagonist bosentan [9]. They demonstrated
significant improvements in 6MW distance and peak V̇O2 after 2–3 months of sildenafil, but
did not explore mechanisms. Lunze K, et al measured V̇E/V̇CO2 in 11 patients with
pulmonary hypertension treated with sildenafil however did not report the changes after
treatment [19].

In the present study, we demonstrated that brief treatment with sildenafil resulted in
improvement of ventilatory efficiency (decrease in V̇E/V̇CO2 and increase in PETCO2). This
improvement in ventilatory efficiency seen in our study serves to explain the primary
mechanism of clinical improvement with sildenafil in addition to acting as a marker of
improvement. The utility of PETCO2 in particular to measure ventilatory efficiency during
exercise was previously shown in the PAH patient population [7], however this is the first
study to demonstrate changes in PETCO2 over time. PETCO2 is a simple measurement that can
easily be obtained online during exercise and does not require sophisticated means to
interpret the results.

Compatible with the improvement in pulmonary perfusion, both peak work rate and peak O2
pulse improved significantly with sildenafil. In PAH, the low cardiac output response to
exercise results in a high arterial-mixed venous O2 difference [C(a-v̄)O2], and low stroke
volume (SV) at a low work rate. Because C(a-v̄)O2 at peak V̇O2 is likely unchanged from
one study to the next,[5], the low peak O2 pulse {SV × [C(a-v̄)O2]} likely reflects a low
stroke volume (SV) at peak exercise. Thus, the increase in peak O2 pulse seen in our treated
patients likely reflects an improvement in stroke volume and cardiac output at peak exercise
with sildenafil, although an increase in [C(a-v̄)O2] cannot be absolutely excluded. These
haemodynamic changes during exercise have not been previously reported.

Utility of Non-invasive Monitoring
In PAH, ventilation of relatively underperfused alveoli during exercise results in an increase
in dead space ventilation, shown as an increase in V̇E relative to the V̇CO2, best measured at
the AT or nadir of the V̇E/V̇CO2 ratio (1). The breathlessness that occurs with exercise in
PAH patients may be primarily due to the mismatching of ventilation to perfusion, as
patients with PAH nearly always have a high breathing reserve at peak exercise. Their
elevated V̇E/V̇CO2, measured during CPET, is accompanied by reductions in PETCO2 [7]
and elevations in physiologic dead-space-to-tidal-volume ratio [13]. Thus these non-invasive
measurements provide important documentation and explanation of a therapeutic effect. In
this study, a relatively rapid improvement in pulmonary perfusion was demonstrated using
CPET, without invasive testing, supporting the utility of CPET in evaluating responses to
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PAH therapies. Further, these findings explain the mechanism of the clinical improvements
seen with sildenafil.

Comparison of ventilatory efficiency to aerobic capacity
The pulmonary vasculopathy of PAH can be likened to a relatively “fixed stenosis” of the
pulmonary circulation, limiting the increase in pulmonary blood flow during exercise. The
required increase in cardiac output during exercise in PAH is blunted by the inability of the
pulmonary vascular bed to accept an adequate increase in blood flow, despite increased
force of contraction by the right ventricle. This results in a limited or relatively “fixed” level
of blood flow that can perfuse the lungs at peak exercise. This limitation in cardiac output to
adequately increase during exercise, results in decreased aerobic capacity and
deconditioning of the peripheral muscles.

With sildenafil treatment, while pulmonary perfusion is improved over the short term,
improvements in aerobic capacity (i.e. peak V̇O2 and/or AT) may be delayed. A similar
situation is seen after the surgical correction of severe mitral stenosis [10]. In mitral stenosis,
although symptomatic improvement occurs rapidly after mitral commisurotomy, functional
improvement is not immediate. Rather, it occurs over several months, despite the immediate
increase in pulmonary blood flow afforded by the commisurotomy [11–12]. Thus, in PAH,
patients with chronically impaired pulmonary blood flow may not manifest significant gains
in aerobic capacity until vascular remodelling and/or aerobic training allows the skeletal
musculature to use the greater cardiac output afforded by the improved pulmonary blood
flow. This may in part account for the findings in another PAH clinical trial in which peak
V ̇O2 did not appreciably increase after the administration of sitaxsentan for 3 months [14].
In our study, compared to the control group, the change in aerobic capacity (peak V̇O2 and
peak O2 pulse) was less in magnitude and statistical significance than the change in
ventilatory inefficiency (PETCO2 @AT and V̇E/V̇CO2 @AT). Had we performed CPET
more frequently after baseline, a significant delay in aerobic capacity improvement relative
to ventilatory efficiency might have been appreciated. Further study is required to determine
the time course of ventilatory and aerobic improvements more precisely in PAH patients
treated with sildenafil.

Limitations—The addition of sildenafil to our patients’ treatment regimen was not part of
a formal study protocol. There was no blinded control group to assure that the findings were
not related to a placebo effect. In addition, no attempt was made to control for background
PAH therapy or self-driven exercise training at home. Nevertheless, nearly all sildenafil-
treated patients experienced an improvement in ventilatory efficiency, in contrast to the
control group, and this improvement did not appear to be influenced by their background
therapy. Finally, the resting haemodynamic effects of sildenafil were not studied because
repeat catheterization was not clinically indicated.

In summary, the improvements in V̇E/V̇CO2, PETCO2, peak O2 pulse and peak V̇O2, in PAH
patients treated with sildenafil provides an objective physiologic explanation for the
improved exercise performance that is seen in patients. A prospective, placebo-controlled
study is needed to validate these findings.
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Figure 1.
Serial measurements in peak V̇O2, peak O2 pulse, V ̇E/V̇CO2, and PETCO2 made at 14 ± 3.2
months and 1.4 ± 0.6 months prior to, and 4 ± 2 months after the start of sildenafil treatment
(squares); circles represent control PAH patients treated over a similar time period, but
without the addition of sildenafil.
P values are shown for within-group and between group comparisons.
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TABLE 1

Baseline patient characteristics

Demographics sildenafil controls P value

  Age (yrs) 41.4 ± 3.4 45.4 ± 2.4 0.4

  Sex (F/M) 13/1 13/1 0.5

  Height (cm) 163 ± 2.6 165 ± 2.4 0.9

  Weight (kg) 73 ± 5 72 ± 11 0.7

  Race   0.5

    White (%) 7 (50) 5 (37)  

    Hispanic (%) 4 (29) 3 (21)  

    Asian (%) 2 (14) 6 (42)  

    Black (%) 1 (7) 0  

  NYHA/WHO Class   0.5

      II 1 4  

      III 11 9  

      IV 2 1  

 Cause of pulmonary hypertension   0.5

    Idiopathic (n) 11 11  

    Associated with CTD (n) 2 2  

    Corrected CHD (n) 1 1  

  Resting haemodynamics    

    mRAP, mmHg 9.1 ± 1.0 8.1 ± 0.9 0.4

    mPAP, mmHg 50 ± 3.3 54 ± 4.3 0.4

    mPWP, mmHg 10 ± 1.3 11 ± 1.1 0.9

    CO, L • min−1 3.9 ± 0.4 4.0 ± 0.4 1.0

    Cardiac Index, L • min−1• m² 2.2 ± 0.2 2.2 ± 0.2 1.0

    PVR dyne•s•cm−5 901 ± 127 1048 ± 175 0.4

    mBP, mmHg 91 ± 3 92 ± 4 0.7

  Background PAH therapy   0.5

    prostacyclin analogue (n) 6 7  

    endothelin antagonist (n) 7 6  

    none (n) 1 1  

CTD = connective tissue disease; CHD = congenital heart disease
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