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The following recommendations are based on current medical evidence and expert opinion from clinicians.  The content of the document is dynamic and will be revised as new clinical data becomes available.  The purpose of this document is to assist practitioners in clinical decision-making, to standardize and improve the quality of patient care, and to promote cost-effective drug prescribing.  The clinician should utilize this guidance and interpret it in the clinical context of individual patient situations.  

I.
SUMMARY

· Pulmonary arterial hypertension (PAH) is a serious, often progressive disease with no cure.  Significant advances have been made in available treatment options that have been shown to improve exercise and functional capacity, hemodynamic indices, and possibly prolong survival.

· When PAH is suspected, a definitive diagnosis must be made prior to initiation of therapy.  A comprehensive work-up including non-invasive and invasive testing is necessary to establish a cause, determine severity and prognosis, and guide therapy.
· General or adjunctive therapy for PAH includes the use of diuretics, supplemental oxygen, anticoagulation, and/or digoxin.  
· Currently available pharmacologic treatments aimed at PAH include calcium channel antagonists (sustained-release nifedipine or diltiazem, amlodipine), prostanoids (epoprostenol, treprostinil, iloprost), endothelin receptor antagonists [ERAs] (bosentan, ambrisentan), and phosphodiesterase-5 (PDE-5) inhibitors (sildenafil).
· Calcium channel antagonists are used for their vasodilator properties.  Potential PAH responders are identified by a positive acute vasoreactivity test performed during right heart catheterization, defined as a decrease in mean pulmonary artery pressure (mPAP) of at least 10 mmHg to a mPAP of ≤40 mm Hg in the presence of an unchanged or increased cardiac output.  Although only a small proportion of patients display acute vasoreactivity (12.6%), and fewer are considered long term responders (6.8%), those patients who have a sustained improvement on calcium channel antagonist therapy to World Health Organization (WHO) functional class I or II have been shown to have improved survival.
· Epoprostenol, the first approved prostanoid, is indicated for the treatment of idiopathic PAH (IPAH) and PAH associated with scleroderma and functional class III or IV symptoms not adequately responsive to conventional therapy.  Epoprostenol has been shown to improve exercise and functional capacity and hemodynamics, and may improve survival in IPAH.  Administered by continuous intravenous (IV) infusion due to its short half-life, epoprostenol therapy is complex and requires considerable responsibility on the part of the patient and providers.  Serious complications related to drug delivery include infection from the indwelling catheter and rebound pulmonary hypertension, syncope and sudden death if therapy is interrupted.  
· Treprostinil is a prostacyclin analog indicated for patients with PAH and functional class II, III, or IV symptoms to diminish symptoms with exercise.  Treprostinil therapy has been associated with modest improvements in exercise capacity in randomized clinical trials.  Subgroup analysis and additional uncontrolled studies suggest that treprostinil may be most effective in patients with more advanced symptoms and at higher doses.  With a longer half-life than epoprostenol, interruptions in therapy are not expected to cause serious rebound pulmonary hypertension.  Administration of treprostinil by continuous subcutaneous (SC) infusion is likely to be associated with injection site reactions including pain and erythema, as reported by 85% of patients in clinical trials and leading to discontinuation of therapy in 18%.  Alternatively, treprostinil may be administered by continuous IV infusion.
· Iloprost is a prostacyclin analog indicated for the treatment of PAH (WHO Group 1) in patients with functional class III or IV symptoms.  Evidence on the magnitude of benefit with iloprost therapy is not consistent, but as a whole suggests that disease stabilization may occur with treatment, with marginal improvement in exercise capacity and functional class.  Administered by inhalation, iloprost is not associated with the risks and complexity of continuous injectable infusions.  However, due to its short half-life, 6-9 iloprost inhalations per day while awake are required.
· The first ERA approved in the US, bosentan is an oral agent indicated in patients with PAH (WHO Group 1) and functional class III or IV symptoms.  Bosentan has been shown to improve exercise capacity and delay clinical worsening; longer term evaluations suggest a survival benefit compared to historical controls and similar to that observed with epoprostenol.  According to the recently published EARLY trial, bosentan may be effective in the treatment of PAH patients with milder symptoms (functional class II).  ERAs as a class are associated with hepatotoxicity and teratogenicity, requiring monthly monitoring of liver function tests (LFTs), pregnancy tests, and the use of effective contraception.  Due to significant drug interactions with glyburide and cyclosporine, concomitant use with bosentan is contraindicated.  
·  Ambrisentan is the most recently approved oral ERA and is indicated in patients with PAH (WHO Group 1) and functional class II or III symptoms.  Ambrisentan has been shown to improve exercise capacity and may delay clinical worsening.  Potential for hepatotoxicity and teratogenicity necessitate monthly monitoring of LFTs and pregnancy tests as well as the use of effective contraception.  Open label data suggest that ambrisentan is tolerated in patients who previously discontinued ERA therapy due to elevated LFTs.  
· Sildenafil, a PDE-5 inhibitor, is indicated for the treatment of patients with PAH (WHO Group 1) to improve exercise ability; the majority of patients in randomized studies had functional class II or III symptoms.  Therapy with sildenafil has been shown to improve exercise capacity and is generally well tolerated, with a favorable side effect profile. No clinically meaningful improvements in exercise capacity as measured by 6-minute walk distance (6MWD) were observed with escalating sildenafil doses in the SUPER trial.
· The role of combination therapy in PAH has not been clearly defined and efficacy and safety not established, although several trials are underway.    
· Treatment of non-WHO Group 1 pulmonary hypertension (PH) is generally directed at the underlying disease. The use of the above agents for these diseases is neither approved by the FDA nor sufficiently supported by evidence from controlled clinical trials.
· The treatment of PAH continues to evolve, with many additional studies currently underway that aim to expand treatment options and further define optimal treatment strategies.
II.
INTRODUCTION

PAH is a serious and often progressive disease defined hemodynamically as a mPAP >25 mmHg at rest or >30 mmHg with exercise in the setting of a normal left ventricular end diastolic pressure (LVEDP) or pulmonary capillary wedge pressure (PCWP) of ≤15 mmHg, measured by right heart catheterization.
 The disease is frequently diagnosed in the third and fourth decades of life and occurs more frequently in women.
  Symptoms include dyspnea, exercise intolerance, fatigue, chest pain, palpitations, and syncope.  Chronic and progressive elevations in pulmonary vascular resistance (PVR) may lead to right ventricular failure and death.  Untreated, the estimated median survival from time of diagnosis is 2.8 years.
 Although there is no known cure, recent meaningful advances have been made in the availability of pharmacologic therapies.  The treatment of PAH continues to evolve, with many additional studies currently underway that aim to expand treatment options and further define optimal treatment strategies.  Pharmaceutical agents such as calcium channel antagonists, prostanoids, ERAs, and PDE5 inhibitors may improve hemodynamic parameters and exercise capacity, delay clinical worsening, and possibly prolong survival. The primary purpose of this document is to review the available evidence and provide guidance for the use of these agents for the treatment of PAH in the VA population. 

III.
BACKGROUND

PAH is thought to evolve in susceptible patients due to an insult of the pulmonary vasculature which may involve inflammation, toxins, and/or hypoxia.  The result is an imbalance of vasoconstriction, smooth-muscle and endothelial hyperproliferation, and in situ thrombus formation in the pulmonary vessels, eventually leading to right ventricular failure and death.
 As a result of advances in the understanding of the disease, the clinical classification was revised at the Third World Conference on Pulmonary Hypertension in Venice in 2003.  Based on common pathological and clinical features, the broad disease heading of pulmonary hypertension was divided into 5 groups.
 (See Table 1)  WHO Group 1 encompasses the realm of PAH, including IPAH and familial PAH (FPAH) (both of which replace the term primary pulmonary hypertension [PPH]), and PAH associated with connective tissue disease (CTD), HIV, and portal hypertension.  WHO Groups 2, 3, 4, and 5 include secondary causes, such as left heart disease, parenchymal lung disease, and chronic thromboembolic disease.  For the purpose of this document, the term PAH refers to WHO Group 1 disease, and the term PH refers to non-WHO group 1 disease.  Pharmacologic treatments have mainly been evaluated in IPAH and PAH associated with CTD; extrapolation to other populations should be done cautiously.  Primary treatment of non-WHO Group 1 PH is aimed at treatment of the underlying disease and is not the focus of this document.

When PAH is suspected, relatively non-invasive testing (e.g., electrocardiogram, Doppler echocardiography, chest x-ray, pulmonary function testing, auto-immune-collagen vascular disorder assessment, HIV testing, ventilation-perfusion scan, liver function studies, evaluation of sleep disordered breathing) are performed to identify an underlying cause or associated disease.  Ultimately, right heart catheterization is required to confirm the diagnosis of PAH, determine disease severity and help guide therapy.1  Factors shown to be associated with poor prognosis include advanced functional class, low exercise capacity as measured by 6MWD, elevated mean right atrial pressure (mRAP), elevated mean pulmonary artery pressure (mPAP), decreased cardiac index, and lack of improvement in functional status with epoprostenol therapy.3,
  

Three biochemical pathways have thus far been targeted in an effort to control or even reverse PAH:  1) the endothelin (ET) pathway (ERAs); 2) the nitric oxide pathway (exogenous nitric oxide [NO], PDE-5 inhibitors); and 3) the prostacyclin pathway (prostacyclin derivatives).  Future study may be aimed at additional targets including genetic mutations (e.g., bone morphogenetic protein receptor-2 [BMPR-2] gene).  Calcium channel antagonists may also be effective in a small subset of patients who show a vasodilatory response to these agents during right heart catheterization. 
Goals of therapy of PAH include improving or maintaining function, exercise capacity and hemodynamic measures, delaying clinical worsening and death. Endpoints that have been evaluated in clinical trials include:  

· Exercise capacity – gold standard is 6MWD

· Functional class – New York Heart Association (NYHA) functional class for heart failure, which has been adapted by WHO for pulmonary hypertension (see Table 2)

· Hemodynamic measures – includes mPAP, RAP, cardiac index (CI), PVR

· Biochemical measures (e.g., brain natriuretic peptide [BNP])

· Dyspnea and/or quality of life (QOL) indices

· Delay in clinical worsening

· Survival – primarily from extended, observational evaluation

The approach to treatment should include consideration of the evidence for efficacy and safety of therapy, benefits vs. risks of pharmacologic options, and patient-specific factors.  Pharmacologic treatments for PAH are generally costly and may be associated with serious side effects.  They may require frequent monitoring and thus represent a significant commitment on the part of the patient.  The American College of Chest Physicians (ACCP) published evidence-based clinical practice guidelines on the diagnosis and management of PAH first in 2004 and updated its recommendations in 2007.
,
  Although the ACCP treatment algorithm is primarily directed by the patient’s functional class, the consideration of other clinical prognostic indicators as determinants of high or low risk of disease progression have also been proposed to guide therapy.
  


Table 1.  WHO Clinical Classification of Pulmonary Hypertension (Revised Venice 2003)5 
	Group
	Classification

	1
	Pulmonary arterial hypertension (PAH)

· Idiopathic (IPAH)

· Familial (FPAH)

· Associated (APAH)

· Collagen vascular disease

· Congenital systemic-to-pulmonary shunts

· Portal hypertension

· HIV infection

· Drugs and toxins

· Other

· Associated with significant venous or capillary involvement

· Pulmonary veno-occlusive disease

· Pulmonary capillary hemangiomatosis

· Persistent pulmonary hypertension of the newborn

	2
	Pulmonary hypertension due to left heart disease
· Left-sided atrial or ventricular heart disease

· Left-sided valvular heart disease

	3
	Pulmonary hypertension associated with lung diseases and/or hypoxemia
· Chronic obstructive pulmonary disease (COPD)

· Interstitial lung disease

· Sleep disordered breathing

· Alveolar hypoventilatory disorders

· Long-term exposure to high-altitude

· Developmental abnormalities 

	4
	Pulmonary hypertension due to chronic thrombotic or embolic disease (CTEPH)
· Thromboembolic obstruction of proximal or distal pulmonary arteries

· Non-thrombotic pulmonary embolism (tumor, parasites, foreign material) 

	5
	Miscellaneous 


Sarcoidosis, histiocytosis X, lymphangiomatosis, compression of pulmonary vessels 



Adapted from J Am Coll Cardiol. 2004;43:10S with permission from Elsevier
Table 2. WHO Functional Assessment Classification

	Class
	Description

	I
	No limitation in physical activity

	II
	Slight limitations in physical activity; ordinary physical activity produces dyspnea, fatigue, chest pain, or near-syncope

	III
	Marked limitation of physical activity; less than ordinary physical activity produces dyspnea, fatigue, chest pain, or near-syncope

	IV
	Unable to perform any physical activity without symptoms; dyspnea and/or fatigue present at rest


IV.
PHARMACOLOGIC TREATMENT


General Therapy7,
,


General or adjunctive therapy of PAH includes the use of diuretics, supplemental oxygen, warfarin, and/or digoxin.  Since hypoxemia is a potent pulmonary vasoconstrictor, supplemental oxygen is generally recommended to maintain oxygen saturations >90% at all times.  Diuretics and dietary salt/fluid restriction are indicated in patients with evidence of right heart failure (i.e., peripheral edema).  Although not extensively studied specifically in the PAH population, digoxin therapy may be considered in patients with right ventricular failure and/or atrial dysrrhythmias.  Patients with IPAH have been found to have in situ microscopic thrombosis and are thought to be at increased risk for pulmonary embolism with right ventricular failure and venous stasis.  There appears to be a survival benefit in patients with IPAH anticoagulated with warfarin, although the evidence is limited to findings from observational study.  Warfarin should generally be considered in patients with IPAH, weighing the benefits and risks of therapy; however, the benefits of anticoagulation in the non-IPAH population have not been extensively studied at this time.  The optimal International Normalized Ratio (INR) has not been definitively determined, but recommendations fall between 1.5 and 3.  The role of exercise training in the management of pulmonary hypertension has yet to be determined, although preliminary results are promising. 


Calcium Channel Antagonists

Calcium channel antagonists have been used for their vasodilator properties in the treatment of IPAH since the 1980s.  Acute vasoreactivity testing during heart catheterization identifies a small subset of patients who may respond to long-term calcium channel antagonist therapy.  A consensus definition of a favorable response to acute vasoreactivity testing is a decrease in mPAP of at least 10 mmHg to a mPAP of ≤40 mmHg, in the presence of an unchanged or increased cardiac output (CO).8  In uncontrolled studies, these patients have been shown to exhibit sustained improvements in hemodynamics and functional status and prolonged survival.
,

In a retrospective analysis of 557 patients with IPAH, 12.6% (70 patients) responded acutely to vasodilator testing and were started on calcium channel antagonists.13  Fifty-four percent (38 patients) of the acute responders, or 6.8% of the study population, were considered long-term responders to calcium channel antagonists (defined as WHO functional class I or II and sustained hemodynamic improvement without additional PAH therapies at one year).  Of the long term responders, 37/38 were alive and in WHO class I/II at 7 ±4.1 years compared to the calcium channel antagonist non-responders who had a 5 year survival rate of 48%.  Long term responders had less severe disease at baseline and displayed a more pronounced drop in mPAP during the initial vasodilator testing.  
In an observational study of 64 patients with IPAH followed for 5 years, 26% of the population were considered responders to an acute vasoreactivity challenge and were treated with high-dose calcium antagonists (diltiazem mean daily dose: 720 mg ±208 mg, nifedipine mean daily dose: 172 mg ±41 mg).14  The 5-year survival rate was 94% for responders on continued calcium-channel antagonist therapy and 55% for non-responders.

Calcium channel antagonists should be reserved for IPAH responders without right heart failure.  Their effects in non-IPAH patients have not been studied.  ACCP Guidelines recommend treatment with long-acting diltiazem, nifedipine, or amlodipine.7  Verapamil is not recommended due to its negative inotropic effects.   Baseline heart rate may be used to guide choice of agent (i.e., nifedipine may be preferred in setting of lower heart rate); amlodipine is generally considered an alternative when diltiazem or nifedipine is not tolerated.  Doses are titrated upward slowly. Calcium channel antagonists may cause hypotension, hypoxemia due to worsening of ventilation-perfusion mismatch, and may depress myocardial contractility.  Patients should be monitored closely for safety and efficacy.  If a patient does not improve to WHO class I or II after three months of therapy, additional or alternative PAH therapy is recommended.7      
Table 3. PAH-Specific Treatments
,
,
,
,
,

	Generic Name
	Trade Name
	Manufacturer
	Formulation
	MOA
	FDA Indication

	Ambrisentan
	Letairis™
	Gilead Sciences
	Oral 
	Endothelin antagonist
	WHO Group 1 with class II/III symptoms

	Bosentan 
	Tracleer™
	Actelion
	Oral
	Endothelin antagonist
	PAH WHO Group 1 with WHO class III/IV symptoms

	Epoprostenol
	Flolan®
	Gilead Sciences
	IV infusion
	Prostanoid
	IPAH and PAH associated with scleroderma with NYHA class III/IV symptoms

	Iloprost
	Ventavis®
	CoTherix
	Inhalation
	Prostanoid
	WHO Group 1 with class III/IV symptoms

	Sildenafil
	Revatio®
	Pfizer
	Oral
	Phosphodiesterase Inhibitor
	WHO Group 1

	Treprostenil
	Remodulin®
	United Therapeutics
	SC or IV infusion
	Prostanoid
	PAH NYHA class II/III/IV symptoms


Prostanoids


Prostaglandin I2 (prostacyclin), a metabolite of arachidonic acid found in the vascular endothelium, is a potent vasodilator of both the pulmonary and systemic circulations and inhibits smooth muscle cell growth and platelet aggregation.
,
  There is evidence that a relative deficiency in prostacyclin may contribute to the pathogenesis of PAH.
,
  Currently, there are three prostanoids available in the US, epoprostenol, treprostinil, and iloprost.  They differ in their pharmacokinetics and routes of administration.  

Epoprostenol


Approved in 1995, epoprostenol was the first prostacyclin agent available and is indicated in patients with IPAH or PAH associated with scleroderma that have NYHA class III/IV symptoms and have not adequately responded to conventional therapy.17  Epoprostenol is administered by a continuous IV infusion through a central venous catheter.  Therapy is generally initiated at a dose of 1-2 ng/kg/min and is increased in increments of 1-2 ng/kg/min as tolerated.  Average doses from clinical trials were approximately 9-11 ng/kg/min at 12 weeks, but maintenance doses vary widely between patients and tend to increase over time.  


Due to the safety concerns with central venous catheterization and readily observable side effects of the drug, clinical trials with epoprostenol have been conducted in an open-label format.  In a prospective, randomized, multicenter trial, the efficacy and safety of epoprostenol plus conventional therapy (anticoagulants, diuretics, oral vasodilators, digoxin, oxygen) was compared to conventional therapy alone in 81 patients with IPAH and NYHA class III/IV symptoms for 12 weeks.
  The primary endpoint of the trial, the median change from baseline 6MWD, was significantly improved in the epoprostenol group (an increase of 31m from a 316m baseline) compared to conventional treatment alone (a decrease of 29m from a baseline of 272m).  All patients in the epoprostenol group were alive at 12 weeks, compared to 8 deaths in the control group (p <0.05). Secondary endpoints including NYHA functional class, quality of life scores, and hemodynamic measures (mPAP, CI, PVR) were significantly improved with epoprostenol.  In an earlier trial of 24 patients and 8 weeks duration, epoprostenol treatment was also associated with hemodynamic and symptomatic responses, although a statistically significant difference compared to conventional therapy was not detected.


The effects of epoprostenol in patients with scleroderma-associated PAH was studied in an open-label, prospective, randomized, multicenter study of 111 patients for 12 weeks.
  Patients had NYHA class III or IV symptoms and were randomized to receive conventional therapy alone or conventional therapy plus epoprostenol.  Epoprostenol therapy was associated with significant improvements in the primary endpoint of median change from baseline of 6MWD (an increase of 46m from a baseline of 272m, compared to a decline of 48m from a baseline of 240m).  Changes in functional class and hemodynamic measures were also more favorable in the epoprostenol group.  No difference was observed in survival, with 4 deaths in the epoprostenol treated patients vs. 5 deaths in conventional therapy patients, although the trial was not powered to detect a significant difference.  The authors concluded that epoprostenol therapy is effective in patients with pulmonary hypertension associated with the scleroderma spectrum of disease.


The long term impact of epoprostenol therapy in 162 consecutive patients with IPAH or FPAH and in functional class III or IV was reported by McLaughlin and colleagues. 
  With a mean follow-up of 36.3 months, observed survival with epoprostenol treatment at 1, 2, and 3 years was 87.8%, 76.3%, and 62.8% respectively, which was significantly higher than that predicted by historical data (58.9%, 46.3%, and 35.4%).  Baseline predictors of survival included exercise tolerance, functional class, right atrial pressure, and acute vasodilator response.  After 1 year follow-up, functional class and improvement in exercise tolerance, cardiac index, and mPAP were indicators for survival.  Similarly, Sitbon et al. evaluated the long term effects and prognostic indicators of survival in 178 patients with IPAH and symptoms of NYHA class III or IV over a mean follow-up of 28 months.
  Overall survival rates at 1, 2, 3, and 5 years were 85%, 70%, 63%, and 55% respectively.  Factors influencing survival were severity of disease at baseline and response to therapy at 3 months.  Use of historical control groups in these studies served to minimize the limitation of the non-randomized design and to avoid the ethical concerns of using concurrent controls in a severe disease with a poor prognosis.


Due to its short half-life (<6 min) and basic pH, epoprostenol must be administered by a continuous IV infusion with an infusion pump via a central venous catheter.  Any interruption in drug delivery may result in rebound pulmonary hypertension and death.  Other complications of drug delivery reported include infection, cellulitis, sepsis, thrombosis, and inadvertent bolus or dose reduction.  An additional consideration of epoprostenol administration is its limited stability at room temperature, necessitating the use of cold pouches during use.  Common adverse events (AEs) reported in clinical trials, many of which are related to vasodilation, included headache, hypotension, diarrhea, flushing, nausea, vomiting, jaw pain, chest pain, dizziness, myalgia, and nervousness.  Epoprostenol is contraindicated in patients with congestive heart failure due to left ventricular systolic dysfunction and should not be used chronically in patients who develop pulmonary edema during dose initiation.17  Additive hypotensive effects may occur when epoprostenol is co-administered with other agents that lower blood pressure.  Although patients in clinical trials were maintained on anticoagulants, the potential for increased risk of bleeding exists due to the antiplatelet effects of epoprostenol.  Digoxin clearance is reduced by 15%, which is not likely to be clinically significant in most patients, but digoxin levels should be monitored with treatment initiation.  Because of the above complexities and risks, only clinicians experienced in the diagnosis and treatment of PAH should manage epoprostenol treatment.
  



Treprostinil


First approved for continuous SC administration, treprostinil subsequently received an FDA indication for IV administration in patients with PAH and NYHA Class II-IV symptoms to diminish symptoms with exercise.20  Treprostinil is also indicated to decrease the rate of clinical deterioration in patients requiring transition from epoprostenol.  The preferred route of administration of treprostinil is SC, although IV administration is an alternative in those patients who do not tolerate SC infusions because of site reactions. Bioequivalence of the IV and SC routes was demonstrated in a randomized, crossover pharmacokinetics study in 51 healthy subjects.
 Treprostinil is initiated at a dose of 1.25 ng/kg/min (IV or SC) and titrated weekly depending on clinical response.  Similar to epoprostenol, individual dose requirements vary widely.  The average dose in the largest clinical trial was 9.3 ng/kg/min after 12 weeks;
 however, much higher doses have been observed in subsequent evaluations.  


The efficacy and safety of SC administration of treprostinil was evaluated in a combined analysis of two large, double-blind, randomized, placebo-controlled, international 12-week studies enrolling 470 patients with IPAH or PAH associated with CTD or congenital systemic-to-pulmonary shunts and NYHA class II, III, or IV symptoms.31  Patients were randomized to receive treprostinil or placebo.  All also received conventional therapy (oral vasodilators, anticoagulants, diuretics, and digoxin), which was optimized prior to enrollment.  The majority of patients had class III symptoms (approximately 80%) and IPAH (58%).  At week 12, there was a modest but statistically significant improvement in the primary endpoint of median change in 6MWD with treprostinil (an increase of 10m from a baseline of 326m in the treprostinil group and no change from a baseline of 327m in the placebo group).  Statistical improvements were also reported for dyspnea, physical quality of life, and hemodynamics (RAP, mPAP, CI, PVR) with treprostinil but not global quality of life.  The number of deaths, transplantations, and discontinuation due to disease worsening were similar between groups (13 in treprostinil vs. 16 in placebo).  The modest improvement in 6MWD observed with treprostinil was hypothesized as due to the inclusion of less compromised patients and the use of lower doses, as limited by infusion site pain.  Upon further analysis, patients receiving higher treatment doses and those who had worse symptoms at baseline showed a greater response to treatment.  Results from a small, open-label, uncontrolled evaluation of IV treprostinil also suggested that the formulation was effective in improving exercise capacity in PAH and WHO class III or IV symptoms.
  Adverse events were similar to that seen with SC treprostinil except for the lack of infusion site reactions.  

Barst et al. reported on the long term outcomes with SC treprostinil in 860 patients with PAH for up to 4 years.
  In the whole patient population, survival was 87%, 78%, 71%, and 68% over 1, 2, 3, and 4 years.  Survival in the IPAH sub-population was significantly higher than predicted by historical data.  The authors state that safety in the long term was similar to that reported in 12-week studies with no unexpected adverse events.


As with epoprostenol, only clinicians experienced in the diagnosis and treatment of PAH should manage treprostinil treatment due to the complexity of therapy.  With a longer half-life of approximately 4 hours, brief interruptions in treprostinil therapy are not likely to result in adverse consequences of rebound pulmonary hypertension as observed with epoprostenol, although abrupt withdrawal should be avoided.  Treprostinil is stable at room temperature, allowing for administration without the use of cold packs.  One of the major treatment limiting adverse events of SC administration of treprostinil is injection site reaction, reported by 85% of patients in clinical trials, which led to discontinuation in 18% of patients.  Erythema and pain can be severe; treatments with topical and oral analgesics, hot and cold compresses, and anti-inflammatory drugs have been variably effective.  IV administration of treprostinil carries the risk of infection and thrombosis due to an indwelling catheter.  Other adverse effects include diarrhea, jaw pain, vasodilatation, and nausea.  Due to the vasodilating and anti-platelet properties of treprostinil, additive effects may occur when patients receive anti-hypertensive agents or anticoagulants, respectively.  Treprostinil is metabolized by the liver, with small amounts of unchanged drug along with metabolites excreted in the urine; caution should be used in administration to patients with renal or severe hepatic impairment.  Initial dose reduction is recommended in patients with mild-to-moderate hepatic impairment.  


Iloprost


Approved in 2004, iloprost is a synthetic prostacyclin analogue indicated for the treatment of PAH (WHO Group 1) in patients with functional class III or IV symptoms.18  Iloprost is administered as an oral inhalation given via a specialized nebulizer at a dose of 2.5-5 mcg taken 6 to 9 times per day during waking hours (no more than once every 2 hours).  


The AIR trial was a prospective, randomized, double-blind, placebo-controlled, multicenter study of 12 weeks duration that evaluated the efficacy and safety of inhaled iloprost in 203 patients with IPAH, PAH associated with scleroderma or anorexients, or chronic thromboembolic pulmonary hypertension (CTEPH), all with NYHA functional class III or IV symptoms.
  Iloprost was dosed at 2.5 mcg per treatment, increased to 5 mcg if tolerated, 6-9 times per day while awake (≥2 hrs apart).  Ninety-one percent of the patients were maintained on 5 mcg, and the mean frequency of inhalations per day was 7.5.  For the combined primary endpoint of an increase of ≥10% in 6MWD, improvement of NYHA functional class, and absence of clinical deterioration, iloprost treatment was associated with a significant improvement vs. placebo, with 17% and 5% of patients meeting the endpoint, respectively.  Subgroup analysis revealed a lack of benefit in the CTEPH population. Although a trend favored the iloprost group, the difference in patients achieving ≥10% improvement in 6MWD alone was not statistically superior to placebo (38% vs. 26% respectively).  There was a significant absolute change in 6MWD with iloprost (placebo-corrected change of 36m; baseline 6MWD of 332m in iloprost group and 315m in placebo group).  NYHA functional class, dyspnea, and QOL scores were improved with iloprost.  Hemodynamic measures were primarily unchanged from baseline in the iloprost group when evaluated pre-iloprost dose but were significantly improved from baseline post-dose (PAP, CO, PVR), whereas hemodynamics in the placebo group generally worsened, suggesting stabilization of hemodynamic variables with iloprost treatment.  


Long term effects of iloprost therapy were evaluated in a prospective uncontrolled trial of 76 patients with IPAH and NYHA class II or III symptoms given a constant dose of 100 mcg/day of inhaled iloprost (in 6 divided doses) for a median period of 383 days.
  At 12 months, 32/76 patients remained on iloprost therapy; reasons for discontinuation included death, transplant, switch to IV or combination therapy.  Overall survival rates at 3 months, 1, 2, 3, 4, and 5 years was 93%, 79%, 70%, 59%, 59%, and 49%.  Limitations of this study include the lack of comparator group and uncontrolled design; nevertheless, the authors conclude that because only a minority of patients appeared to sustain a clinical benefit, the role of inhaled iloprost as monotherapy may be limited.  In contrast, Hoeper and colleagues observed a sustained benefit in a one-year follow-up uncontrolled study of 24 patients with IPAH and functional class III or IV symptoms.
  Patients received 100-150 mcg/day of iloprost and maintained the significantly improved 6MWD observed at 3 months (increase of 75m) and maintained at 12 months.  Similarly, improvements in hemodynamic measures (mPAP, CO, PVR) were sustained for 12 months. 

Because of its short half life of 30 minutes, iloprost must be administered several (6-9) times per day and is given via a specialized nebulizer.  Adverse effects reported in clinical trials included flushing, headache, cough, influenza-like syndrome, nausea, jaw pain, hypotension, and syncope.  Like other prostanoids, iloprost may potentiate the effect of hypotensive agents and anticoagulants.  Iloprost inhalation has not been evaluated in patients with renal or hepatic impairment; however, increased exposure (area under the concentration curve) without an increase in half life was noted when IV or oral iloprost was administered to these populations.        

Endothelin Receptor Antagonists

ET-1 is a direct vasoconstrictor and stimulates smooth muscle cell proliferation.  It also acts as a co-mitogen, induces fibrosis, and has pro-inflammatory effects.  Abnormally high levels of ET-1 have been detected in patients with PAH.  The effects of ET are mediated through ETA and ETB receptor subtypes.  ETA activation results in vasoconstriction and smooth-muscle cell proliferation, while ETB activation induces vasodilation and mediates ET clearance.
  Currently, two oral ERAs are available in the US.  Bosentan, the first agent approved, is a dual (ETA and ETB) ERA. Ambrisentan has high selectivity for ETA and thus offers the potential to favor vasodilation.  However, the clinical significance of ETA selectivity has yet to be determined.

Although there are differences between the agents, ERAs as a class share similar precautions for use that require close monitoring.  ERAs are associated with hepatotoxicity, primarily observed as elevations of aspartate aminotransferase (AST) and alanine aminotransferase (ALT) and occasionally accompanied by elevated bilirubin.  Liver function test (LFT) abnormalities appear to be dose related, may occur at any time during treatment, and are generally asymptomatic.  Should LFT abnormalities occur, management may include dose reduction, temporary or permanent discontinuation of therapy, and closer monitoring, as outlined in the prescribing information for each agent.  Contraindicated in women who are or may become pregnant, ERAs are known to be teratogenic and belong to the FDA Pregnancy Category X.  In women of childbearing potential, pregnancy must be ruled out prior to initiation of therapy and prevented with reliable forms of contraception during treatment.  An ERA class effect as well as a clinical manifestation of PAH, peripheral edema and fluid retention requiring intervention have been reported.  Because of decreases in hemoglobin and hematocrit that may occur with ERA therapy, baseline and periodic monitoring is required.  Because of the risks of hepatotoxicity and teratogenic effects, ambrisentan and bosentan carry black box warnings in the prescribing information and are available only through restricted access programs.  Monthly monitoring of LFTs and pregnancy tests (if appropriate) are required.  


A Cochrane review was conducted to evaluate the efficacy of ERAs in PAH.
  Last updated in 2006, the review included 5 RCTs: 2 compared bosentan vs. placebo; 1 compared bosentan plus epoprostenol vs. epoprostenol alone; 1 compared bosentan vs. sildenafil; and 1 compared sitaxsentan (selective ERA not approved in the US) vs. placebo.  ERAs were associated with significant improvements in exercise capacity as measured by 6MWD (pooled treatment effect of 37m [95% CI 22.4 – 51.8m]), functional class, Borg dyspnea score, and hemodynamic parameters vs. placebo.  Although a trend of increased incidence of hepatotoxicity with ERAs was observed, it was not statistically significant.  No improvement in mortality with ERA therapy was shown, although the studies were of limited duration (12-16 weeks).  This review was published prior to the availability of data from the ambrisentan trials, and the potential influence of the combination of epoprostenol and bosentan on the results is unknown.


 Bosentan


Bosentan, the first ERA approved in the US, is an oral agent currently indicated in patients with PAH (WHO Group 1) and WHO functional class III or IV symptoms.  With the recent results of the EARLY trial, it is expected that the manufacturer will seek approval for an expanded indication for patients with functional class II symptoms.16  The recommended dose of bosentan is 62.5 mg orally twice daily for 4 weeks and then increased to 125 mg orally twice daily.  Higher doses are not recommended, as the additional benefit does not outweigh the increased risk of hepatotoxicity. 


Channick and colleagues reported on the results of Study 351, a randomized, double-blind, placebo-controlled, multi-center trial of 12 weeks duration evaluating the efficacy of bosentan 125 mg twice daily in 32 patients with PAH and WHO class III symptoms.
  Regarding the primary endpoint, bosentan was associated with a significant mean increase from baseline in 6MWD vs. placebo (an increase of 70m ±56 from a baseline of 360m compared to a decrease of 6m ±121 from a baseline of 355m).  No clinical worsening events were observed in bosentan group vs. 3 events in placebo group.  Although no improvement in Borg dyspnea index (BDI) was noted, significant improvements in WHO functional class and hemodynamic measures (PVR, mPAP, PCWP, mRAP) were reported in bosentan-treated patients vs. placebo.  The authors concluded that ET plays an important role in PAH and that bosentan may be a therapeutic option in this disease.  


In the BREATHE-1 trial, the efficacy and safety of bosentan was evaluated in 213 patients with PAH who were randomized in a double-blinded manner to receive 125 mg or 250 mg of bosentan orally twice daily or placebo for 16 weeks. 
,16  Approximately 90% of patients had WHO class III symptoms, with the remainder in WHO class IV.  For the primary endpoint of mean change from baseline in 6MWD vs. placebo, distance was significantly increased with bosentan treatment (increase of 27m ±75 from a baseline of 326 m in 125 mg group; increase of 46m ±62 from a baseline of 333m in 250 mg group; and decrease of 8m ±96 from a baseline of 344m in placebo group).  BDI was also improved, and a favorable trend in WHO functional class change was noted with bosentan therapy.  Although improvements in 6MWD were more pronounced in the higher dose bosentan group, the difference between the bosentan 125 mg and 250 mg groups was not statistically significant.  Because blinded treatment continued until the last enrolled patient completed 16 weeks of treatment, up to 28 weeks of follow-up data was available.  Time to clinical worsening was significantly improved with bosentan treatment, with 6% vs. 20% of patients experiencing an event in bosentan and placebo groups, respectively, at 28 weeks.  No differences were noted between bosentan groups, and improvements were evident at 16 weeks.  In the recently published EARLY trial, which was a double-blind, placebo-controlled, multicenter study of 26 weeks duration, the efficacy and safety of bosentan dosed at 125 mg twice daily was evaluated in 185 PAH patients with functional class II symptoms.
  The majority of patients had IPAH (60%), while the remainder of patients had PAH associated with congenital heart disease, CTD, or HIV.  Approximately 15% of patients in each group were on concomitant sildenafil therapy; other PAH specific treatments were not permitted.  For the first co-primary endpoint of change in PVR, bosentan was associated with a statistically significant improvement at 26 weeks:  mean reduction of 16.8% (95% CI: -6.3% to -26.2%) from baseline with bosentan vs. mean increase of 7.5% (95% CI: -2.4% to +18.4%) from baseline with placebo.  Even though a favorable trend was observed with bosentan treatment for the second co-primary endpoint of change in 6MWD, the treatment effect of bosentan failed to reach statistical significance (increase of 11.2m from a baseline of 438m, compared to decline of 7.9 m from a baseline of 431m for placebo).  There was a significant delay in clinical worsening and a reduced number of clinical worsening events with bosentan treatment (3% bosentan vs. 14% placebo patients experienced a clinical worsening event).  In addition, significant WHO functional class improvements were observed with bosentan treatment vs. placebo.

Two longer-term evaluations of data from open-label extensions of the placebo-controlled trials have been published.  McLaughlin and colleagues reported that at a mean follow-up of 24 months, first-line therapy with bosentan (followed by additional therapy if needed) was associated with 1 and 2 year Kaplan-Meier survival estimates of 96% and 89% respectively, with the majority of patient remaining on bosentan monotherapy.
  In contrast, National Institutes of Health (NIH) survival estimates based on 1980s data are 69% and 57% at 1 and 2 years.  In a report by Sitbon et al., bosentan therapy was not associated with worse outcomes than a historical control cohort of epoprostenol patients, which is known to positively affect survival.
  Limitations of these investigations include the retrospective, uncontrolled design. 

The most common AEs reported in clinical trials with bosentan included headache, nasopharyngitis, flushing, and lower limb edema.  In clinical trials, aminotransferase elevations of >3x the upper limit of normal (ULN) occurred in 11% of bosentan treated patients vs. 2% of placebo and were dose dependent.  The teratogenic risks of bosentan require the use of reliable contraception in women of childbearing potential.  Due to the potential for decreased effectiveness when co-administered with bosentan, hormonal contraceptives should not be used as the sole form of contraception during therapy.  Fluid retention requiring intervention has been reported post-marketing with bosentan, especially within the first weeks of initiation of therapy, requiring close monitoring of fluid status.  Hemoglobin should be checked at one month, three months, and periodically thereafter, as decreased levels have been associated with bosentan treatment.  Bosentan is metabolized by and is an inducer of CYP3A4 and CYP2C9, which may result in significant drug interactions.  Concurrent administration with cyclosporine or glyburide is contraindicated.  Of note, concomitant administration of sildenafil and bosentan resulted in a 63% decrease in sildenafil concentrations and 50% increase in bosentan concentrations, however the clinical relevance of this interaction is unknown.
  Because of the risks of hepatotoxicity and teratogenicity, bosentan is only available through a restricted access program TAP (Tracleer Access Program).  

 Ambrisentan

Ambrisentan was approved by the FDA as an orphan drug in 2007 and is indicated for the treatment of PAH (WHO Group 1) in patients with WHO functional class II or III symptoms to improve exercise capacity and delay clinical worsening.15  The recommended starting dose of ambrisentan is 5 mg given orally once daily, which can be titrated up to 10 mg once daily if tolerated.  The safety and efficacy of ambrisentan was evaluated in two similarly designed, phase-3, placebo-controlled trials of 12 weeks duration, ARIES-1 and ARIES-2. 
,
 Approximately two-thirds of the patients had IPAH, and the majority of the non-IPAH population had PAH associated with CTD.  Most patients (93%) had WHO class II or III symptoms.

In ARIES-1, 201 patients were randomized to receive 5 or 10 mg of ambrisentan orally once daily or placebo.  Both treatment groups were associated with significant improvements in the primary endpoint of change from baseline in 6MWD at 12 weeks compared to placebo:  increase of 22.8m ±83 from a baseline of 340m (5mg); increase of 43.6m ±65.9 from a baseline of 341m (10mg); and decline of 7.8m ±78.9 from a baseline of 342m (placebo).  A favorable but nonsignificant trend in clinical worsening was noted with ambrisentan treatment (6/134 patients in ambrisentan group vs. 6/67 patients in the placebo group experienced clinical worsening, with an ARR of 4.5%; NNT=22).  Statistically significant improvements were demonstrated in the combined ambrisentan group vs. placebo in WHO functional class and BDI, but no difference was observed in the SF 36 Health Survey physical function scale.    

In ARIES-2, 192 patients were randomized to receive 2.5 or 5 mg of ambrisentan orally once daily or placebo.  Significant improvements in 6MWD at 12 weeks were shown in both ambrisentan treatment groups compared to placebo:  increase of 22.2m ±82.7 from a baseline of 347m (2.5 mg); increase of 49.4m ±75.4 from a baseline of 355m (5 mg); and decline of 10.1m ±93.8 from a baseline of 343m (placebo).  Significant delay in time to clinical worsening (TTCW) was observed at week 12 in the combined ambrisentan group vs. placebo (6/127 vs. 14/65 patients experienced clinical worsening respectively; ARR 17%; NNT 6).  Significant improvements were noted with ambrisentan treatment vs. placebo in the SF 36 Health Survey and BDI, and a favorable but nonsignificant trend was observed in WHO functional class.

Preliminary unpublished information from supportive, non-comparative, long-term extension trials suggests that the efficacy and safety of ambrisentan is maintained.45    

Ambrisentan was generally well tolerated in clinical trials.  The most common AEs reported were mild to moderate in nature and included peripheral edema, nasal congestion, sinusitis, flushing, palpitations, and gastrointestinal effects.  Because of the teratogenic risks of ambrisentan, the use of two reliable forms of contraception (unless patient has had tubal sterilization or IUD insertion) is required.  Aminotransferase elevations of >3x ULN occurred in 0.8% of patients in 12-week trials.  Including data from open-label long term studies of up to one year, the incidence of aminotransferase elevations >3x ULN with ambrisentan was 2.8%.  Results from AMB-222, an open-label study of 36 patients, suggest that ambrisentan is tolerated in patients who had required discontinuation of previous ERA therapy due to LFT elevations.
  Peripheral edema and fluid retention have occurred with increased frequency in ambrisentan vs. placebo patients as well as in elderly vs. younger patients in clinical trials.  Because of the potential for decreased hemoglobin levels, baseline, one month, and then periodic monitoring is required.  Post marketing reports of fluid retention requiring intervention within weeks of starting ambrisentan have been received, warranting close monitoring of fluid status.

No clinically relevant drug interactions have been observed when ambrisentan is co-administered with warfarin or sildenafil.  Additional drug interaction studies are lacking.  Due to the metabolism of ambrisentan, caution should be used when the drug is administered with the following:  strong inhibitors of cytochrome P450 [CYP] 3A4 (e.g., ketoconazole), CYP2C19 (e.g., omeprazole), or of the transporters P-glycoprotein (e.g., cyclosporine) and Organic Anion Transport Protein [OATP] (e.g., cyclosporine, rifampin), as well as inducers of CYP3A or CYP2C19 (e.g., rifampin).  

Because of the risks of hepatotoxicity and teratogenic effects, ambrisentan is only available through a restricted distribution program, LEAP (Letairis Education and Access Program).  Monthly monitoring of LFTs and pregnancy tests (if appropriate) is required.  


Phosphodiesterase Inhibitors
Nitric oxide (NO), produced in endothelial cells, causes vasodilation through the production of cyclic guanosine 3’-5’ monophosphate (cGMP) in the vascular smooth muscle.37  Overexpressed in the lungs of patients with PAH, phosphodiesterase type-5 (PDE5) is responsible for the breakdown of cGMP.
  Inhibitors of PDE5 increase levels of cGMP in the smooth muscle cells of the pulmonary vasculature, resulting in vasodilation.    

Sildenafil


In 2005, sildenafil was approved by the FDA for the treatment of PAH (WHO Group 1) to improve exercise ability.19  The formulation approved for the treatment of PAH (Revatio®) differs from that approved for the treatment of erectile dysfunction (Viagra®) in tablet strength only.  The FDA approved dose of sildenafil for the treatment of PAH is 20 mg orally three times daily.  Several doses of sildenafil have been studied in a number of clinical trials ranging from 12.5 mg to 100 mg up to three times daily.  


Sastry and colleagues reported on a double-blind, placebo-controlled, cross-over study enrolling 22 patients with PPH and WHO functional class II or III symptoms who were randomized to receive weight-based sildenafil therapy (≤25 kg received 25 mg three times daily; 26-50 kg received 50 mg three times daily; ≥51 kg received 100 mg three times daily) or placebo for 6 weeks each.
  The majority of patients had WHO class II symptoms.  Exercise time improved with sildenafil treatment in both groups.  In patients who received sildenafil first, exercise time increased significantly from 451.6 ±189.6 to 698.1 ±272.9 seconds at 6 weeks, whereas in patients who received placebo first, exercise time increased from 475 ±168 to 686 ±224 seconds following 6 weeks of sildenafil treatment.  CI was also improved as measured by echocardiography.  Limitations include the small sample size, absence of a washout period, short duration, and non-invasive techniques to measure hemodynamics. 


In a double-blind, head-to-head study of 16 weeks duration, the effects of sildenafil and bosentan on right ventricular (RV) mass were compared in 26 patients with IPAH or PAH associated with CTD with WHO class III symptoms.
  The authors hypothesized that because RV hypertrophy is a response to increased PAP, a decrease in RV mass would be expected as a result of a sustained reduction in mPAP.  Patients were randomized to receive either 50 mg sildenafil twice daily for 4 weeks, increased to 50 mg three times daily or 62.5 mg bosentan twice daily for 4 weeks, increased to 125 mg twice daily.  For the primary endpoint of change in RV mass, there was no significant difference between groups.  A statistically significant reduction in RV mass from baseline was observed with sildenafil treatment (-8.1g) but not bosentan treatment.  When analyzed by intention to treat analysis, no difference between treatment groups was observed in the mean 6MWD, although both groups showed significant increases from baseline (increase of 75m from a baseline of 290m with sildenafil and increase of 59m from a baseline of 305 m with bosentan).  Analysis of those patients who completed the protocol revealed a statistically significant difference in favor of sildenafil regarding mean increase in 6MWD.  There was one death in the sildenafil group as well as one admission for palpitations.  In the bosentan group, there were three admissions; two for fluid retention and one for hemoptysis.  No patients withdrew from treatment due to AEs.  Limitations of this study include its small sample size and use of the endpoint of RV mass, which has not been evaluated in other clinical trials.  

The SUPER trial was a double-blind, placebo-controlled, multi-center study that randomized 278 patients with PAH to one of four treatment arms:  sildenafil 20 mg, 40 mg, or 80 mg given three times daily or placebo for 12 weeks. 
  Patients had IPAH or PAH associated with CTD or repaired congenital systemic-to-pulmonary shunts.  Most patients had WHO functional class II or III symptoms.  Baseline 6MWD were as follows:  347m in 20mg group, 345m in 40 mg group, 339m in 80 mg group.  Based on intention-to-treat analysis, sildenafil treatment was associated with a significant improvement in the primary endpoint of mean change from baseline in 6MWD.  Placebo-corrected improvements were similar between groups:  45m, 46m, and 50m in the 20 mg, 40 mg, and 80 mg groups, respectively.  Although significant improvements in hemodynamic measurements (mPAP, CI, PVR) and WHO functional class were demonstrated with sildenafil treatment, no statistically significant difference in clinical worsening or BDI was found.  In a long-term extension of the SUPER trial, patients were treated with 80 mg of sildenafil three times daily and followed for 12 months.  Of the approximately 86% of patients who remained on sildenafil monotherapy, the 6MWD remained similar to that seen at 12 weeks.  Ninety-four percent of patients in the extension trial were alive at 12 months.19 The lack of dose-response relationship with increasing doses of sildenafil in the SUPER trial resulted in the FDA approval of the 20 mg three times daily dose. 

Sildenafil was generally well tolerated in clinical trials.  Most adverse events were mild to moderate in nature and included headache, flushing, dyspepsia, insomnia, epistaxis, and visual disturbances.  Sildenafil potentiates the hypotensive effects of other agents, and is contraindicated for use with organic nitrates.  Caution should be exercised when co-administering sildenafil with alpha blockers, as additive hypotensive effects may occur.  Post-marketing reports with sildenafil include rare cases of non-arteritic anterior ischemic optic neuropathy (NAION) and cases of sudden decrease or loss of hearing.  Because sildenafil is metabolized by CYP3A4 (major) and CYP2C9, inhibitors or inducers of these enzymes would be expected to result in increased or decreased levels of sildenafil respectively.  Patients with severe renal impairment displayed a doubling of sildenafil concentrations.       


Combination Therapy


Combining drugs with different mechanisms of action as a strategy for the treatment of PAH is gaining interest; however, few randomized controlled trials evaluating the safety and efficacy of combination therapy have been published to date.  Several trials are underway that aim to clarify the role of combination therapy in PAH.  

In the STEP study, 67 patients with PAH on bosentan were randomized in a double-blind manner to receive iloprost or placebo for a duration of 12 weeks.
  Compared to bosentan monotherapy, combination therapy was associated with a significant improvement in functional class and time to clinical worsening and an improvement in 6MWD that approached statistical significance (increase of 30m from a baseline of 331m with combination therapy, compared to a decline of 4m from a baseline of 340m with monotherapy; p=0.051).  In contrast, a randomized, non-blinded evaluation of 40 patients with IPAH was terminated prematurely due to predicted failure to demonstrate a favorable effect with the addition of iloprost to bosentan.
  The BREATHE-2 study, which evaluated the combination of epoprostenol plus bosentan to epoprostenol alone in 33 patients with severe PAH in a randomized, double-blinded design, failed to demonstrate a significant improvement when bosentan was added to epoprostenol therapy.
  In the largest randomized, placebo-controlled, combination therapy trial to date, the PACES trial evaluated the addition of sildenafil in 267 PAH patients stabilized on epoprostenol.
  The addition of sildenafil was associated with a significant improvement in 6MWD (increase of 30m from a mean baseline of 349m with combination therapy vs. increase of 1m from a mean baseline of  342 m with monotherapy), hemodynamic parameters, and a delay in clinical worsening compared to epoprostenol monotherapy at 16 weeks.  An increased number of adverse events, mostly mild to moderate in severity, were reported with sildenafil combination therapy.  

The remainder of the published information evaluating combination PAH therapy at this time is limited to uncontrolled observational studies and case series of small numbers of patients, which are summarized in Appendix 4.
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  Reports were excluded if they evaluated a drug or dosage form not available in the U.S. or a population not applicable to the veteran population (e.g., pediatrics).  Of the reports located, combinations studied include:  prostanoid + sildenafil; bosentan + sildenafil; prostanoid + sildenafil + bosentan.  Combination therapy was mainly initiated at the point of clinical deterioration or when patients did not meet treatment goals, which were pre-defined in each study, although definitions differed between studies. In several of the studies, improvements in exercise capacity and functional class with combination therapy were observed.  Reported adverse events were primarily known and expected side effects of each drug, although new LFT elevations were reported in some patients after sildenafil was added to bosentan therapy.  Although further study is needed to determine the clinical implications, a pharmacokinetics study in 55 healthy volunteers revealed a mutual interaction between bosentan and sildenafil that resulted in a 63% increase in bosentan and 50% decrease in sildenafil plasma concentrations after 16 days of therapy.44

In summary, evidence from randomized controlled trials is currently too limited to fully evaluate the efficacy and safety of combination therapy for PAH.  Several ongoing trials will hopefully help to clarify the role of combination therapy.  For additional information about ongoing trials, visit www.clinical trials.gov.   


Non-WHO Group 1 Pulmonary Hypertension


A detailed review of the treatment of WHO Groups 2, 3, 4, and 5 are beyond the scope of this document.  Primary therapy of non-WHO Group 1 PH is aimed at the underlying disease.  No PAH-specific treatment available in the US (epoprostenol, iloprost, treprostinil, ambrisentan, bosentan, sildenafil) is currently FDA approved for the treatment of non-WHO Group 1 PH, and further study is needed to clarify the role of these agents in these forms of PH.  The following summary is limited to information from randomized controlled trials evaluating the off-label use of PAH specific drugs and dosage forms available in the US.  


WHO Group 2 PH:  left heart disease

The use of epoprostenol for the treatment of patients with severe congestive heart failure (HF) was shown to be detrimental in the FIRST trial, a randomized controlled study of 471 patients that was terminated early due to an increased mortality rate observed in the treatment group.
  In addition, no benefit of epoprostenol was demonstrated in 6MWD or quality of life measures.  Similarly, bosentan failed to show benefit and was associated with an increased incidence of adverse events in 94 patients with systolic heart failure and secondary PH in a randomized controlled trial of 20 weeks duration.
 Although PH occurs frequently in patients with left heart disease, therapy with prostacyclins or ERAs has not been shown to be favorable.  With a lack of benefit and potential for harm as demonstrated by the evidence currently available, prostanoids and ERAs should generally not be used for treatment of PH due to left heart disease.  In contrast, sildenafil was associated with improved exercise capacity as measured by oxygen uptake and 6MWD in a small, randomized, controlled pilot study of 12 weeks duration (n=34). Although preliminary results are promising, the use of sildenafil in the treatment of PH associated with left heart disease cannot be recommended until these results are confirmed in further study.

WHO Group 3 PH: parenchymal lung disease and/or hypoxemia

Therapy of PH due to parenchymal lung disease is aimed at correction of hypoxemia with supplemental oxygen where hypoxemia is present.  PAH specific therapy (e.g., ERAs, prostacyclins) may potentially worsen ventilation/perfusion mismatch and should be used with caution in this population.
  Preliminary information suggests that the ability of an agent to preferentially lower pulmonary vascular resistance without decreasing systemic arterial pressure and worsening hypoxemia may be specific to the medication and formulation; inhaled iloprost and oral sildenafil appear to preferentially affect pulmonary vasculatures whereas IV epoprostenol appears non-selective.
,
  In an unpublished randomized controlled trial, the safety and efficacy of iloprost was evaluated in 51 patients with idiopathic pulmonary fibrosis and PH over a duration of 12 weeks.
  Although no unexpected safety issues were identified, treatment with iloprost was not more effective than placebo, as measured by 6MWD, functional class, and dyspnea scores.  In the BUILD-1 trial, the effects of bosentan were evaluated in 158 patients with idiopathic pulmonary fibrosis (IPF) for 12 months.
  Although favorable trends were noted, changes in 6MWD, time to death or disease progression, pulmonary function tests, and dyspnea scores between bosentan and placebo groups failed to reach statistical significance.  Twelve percent of bosentan patients discontinued treatment due to elevated LFTs.  Randomized controlled trials evaluating clinical endpoints are needed to clarify the role of prostacyclins, ERAs, and PDE-5 inhibitors in the treatment of WHO Group 3 PH.  

WHO Group 4 PH:  chronic thromboembolic pulmonary hypertension (CTEPH)
Primary therapy for CTEPH is anticoagulation and potentially surgical intervention (thromboendarterectomy).  Although several uncontrolled studies are available that have observed the effects of PAH specific therapy (e.g., ERAs, prostacyclins, PDE-5 inhibitors) in patients with inoperable or unresponsive CTEPH, randomized controlled evaluation is limited.  In the only published, double-blind, placebo-controlled trial located to date, the effects of sildenafil in 19 consecutive patients with chronic, inoperable CTEPH were evaluated against placebo over 12 weeks.
  Although the study did not find a statistically significant change in 6MWD vs. placebo, significant improvements were noted in WHO functional class and PVR, and sildenafil appeared well tolerated.  The patient population from the AIR trial (iloprost vs. placebo) included 33% of iloprost-treated patients with CTEPH.34  Evidence of benefit in this population was insufficient according to subgroup analysis.34,69  The role of PAH specific therapy in the treatment of inoperable or unresponsive CTEPH needs to be confirmed with additional randomized controlled trials evaluating clinical endpoints.

WHO Group 5 PH:  PH due to inflammation, mechanical obstruction, extrinsic compression 

This group of PH is uncommon, and primary therapy is aimed at the underlying cause.  Preliminary case reports have been published describing the use of PAH specific therapy in advanced sarcoidosis, but evidence from randomized controlled trials is lacking.
Table 4. PAH Specific Treatments Dosing, Monitoring, and Costs (as of 5/08)

	PAH Treatment
	Dose Form
	MOA
	Usual Dose
	Estimated Annual Costs(Dose)
	Monitoring
	Drug Interactions
	 Safety/Adverse Events

	Ambrisentan
	Oral
	ERA
	5 mg/day, may be titrated up to 10 mg/day
	$23,749

(5mg or 10mg/day)
	Baseline and monthly LFTs, pregnancy test; H/H; monitor for fluid retention
	Limited info; substrate of CYP3A4, 2C19, P-glycoprotein
	Common:  peripheral edema, nasal congestion, flushing, palpitations

Serious:  hepatotoxicity, teratogenicity (FDA Category X), decreases in H/H, fluid retention 

	Bosentan
	Oral
	ERA
	62.5 mg BID x4 wks, then 125 mg BID
	$24,168 (62.5mg BID)
$24,349 (125mg BID)
	Baseline and monthly LFTs, pregnancy test;

H/H; monitor for fluid retention
	CI with glyburide, cyclosporine; substrate/inducer of CYP3A4, 2C9;
	Common:  headache, nasopharyngitis, flushing, and lower limb edema

Serious:  hepatotoxicity, teratogenicity (FDA Category X), decreases in H/H, fluid retention

	Epoprostenol
	IV infusion
	Prostanoid
	Initiated at 2 ng/kg/min, titrated up; mean dose 9-11 ng/kg/min (varies widely); increases over time expected
	$44,322

(~9.2 ng/kg/min)a
	BP, cath site, pump maintenance
	May potentiate anticoagulants, antihypertensives
	Common:  jaw pain, diarrhea, flushing, headaches, nausea, and vomiting

Serious:  drug delivery issues including infection, cellulitis, sepsis, thrombosis, inadvertent bolus or dose reduction; increased output cardiac failure

	Iloprost
	Inhalation
	Prostanoid
	2.5 mcg, increased to 5 mcg if tolerated, given 6-9x/day while awake (≥2h apart)
	$70,343 – $94,564
(6-9x /day)
	BP, syncope
	May potentiate anticoagulants, antihypertensives
	Common:  flushing, headache, cough, influenza-like syndrome, nausea, jaw pain

Serious:  hypotension, syncope 

	Sildenafil
	Oral
	PDE-5 Inhibitor
	20 mg TID
	$7,249 (20mg TID)
$3,719b (25mg TID)
	BP, vision, hearing 
	CI with nitrates; additive BP lowering with alpha-blockers; substrate of CYP3A4, 2C9
	Common:  headache, flushing, dyspepsia, insomnia, and epistaxis, and visual disturbances

	Treprostinil
	SC or IV infusion
	Prostanoid
	Initiated at 1.25 ng/kg/min, titrated up; mean dose 9.3 ng/kg/min (varies widely); increases over time expected
	$35,150
(~9.3 ng/kg/min)c
	BP, cath site, pump maintenance
	May potentiate anticoagulants, antihypertensives
	Common: infusion site reaction, diarrhea, jaw pain, vasodilatation, and nausea

Serious:  infusion site reaction


*Estimates include drug costs and special pharmacy costs when necessary.  Per Diem specialty pharmacy costs were estimated to include supplies and clinical support for epoprostenol, iloprost, and treprostinil.  Actual per diem costs may vary depending on services needed, specialty pharmacy used, etc.  Additional costs to consider include laboratory monitoring (ambrisentan, bosentan).a70kg patient at a concentration of 10,000 ng/ml, 3.8 ml/hr; 24 hr infusion requires 2x 0.5 mg vials and 2x 50ml diluent 

bUsing ½ tab of 50 mg strength (Viagra®)  
c70kg patient at a concentration of 1mg/ml, 0.937ml/day (20ml vial lasts ~21 days)

CI=contraindicated; H/H=hemoglobin/hematocrit; 
V.
RECOMMENDATIONS:


Recommendations are based on evidence from randomized, controlled clinical trials when available, the evidence-based ACCP Chest Guidelines,6,8 and supportive data from uncontrolled, observational trials and expert opinion when needed.  

PAH is a serious and often progressive disease.  Much of the pharmacologic treatment available today may require close monitoring and patient/provider responsibility.  Therapy may be associated with significant adverse effects and be costly.  Patients should be under the care of clinicians experienced in the treatment of PAH (i.e., cardiology and/or pulmonology) and closely involved with management of patients with PAH. (Grade III A)
Monitoring for response to therapy and disease progression is imperative and must occur on a regular basis.  Response to therapy should be assessed by functional class status, exercise capacity (6MWD), and right ventricular function (with echocardiography or right heart catheterization).  (Grade III A)
General/Adjunctive Therapy

· Patients should be treated with diuretics in the presence of symptoms of right heart failure and supplemental oxygen in the presence of hypoxemia to maintain saturations >90%. (Grade III A)  Digoxin may be considered                                                                                                                                              in patients with right ventricular failure and/or atrial arrhythmias. (Grade III C). 

· Anticoagulation with warfarin should be considered in patients with IPAH. (Grade II-3 B).  The optimal therapeutic INR range has not been definitively determined but should fall between 1.5 and 3.  Anticoagulation may be considered in patients with non-IPAH after weighing potential benefits and risks of therapy. (Grade III C)


Calcium Channel Antagonist Therapy

· Patients with IPAH should undergo vasoreactivity testing. (Grade III A)  Consider vasoreactivity testing in patients with associated PAH (i.e., with CTD). (Grade III C)

· A trial of oral calcium channel antagonist should be considered in patients with IPAH without right heart failure who have a positive acute vasoreactivity response as defined as a fall in mPAP of ≥10 mmHg to a mPAP of ≤40 mmHg, in the presence of an unchanged or increased cardiac output. (Grade II-3 B)  In patients with associated PAH (i.e., with CTD) without right heart failure, a trial of an oral calcium channel antagonist may be considered in the setting of a positive acute vasodilator challenge. (Grade III C)

· Calcium channel antagonists should not be used in patients in the absence of a demonstrated positive acute vasodilator response. (Grade III A)

· Response to calcium channel antagonist therapy should be reassessed in three months.  If a patient does not improve to WHO functional class I or II, additional or alternative PAH therapy is recommended. (Grade III B)

· First-line treatment with calcium channel antagonists will generally apply to IPAH patients with mild-to-moderate disease (i.e., WHO functional class I or II) due to the low proportion of responders and poor prognosis with advanced disease.
PAH-Specific Therapy – According to Functional Class and Risk
In addition to WHO functional class, consideration of other clinical prognostic indicators may influence choice of therapy.  According to McLaughlin and colleagues, those patients considered at higher risk of rapid disease progression and/or death should be considered for injectable prostanoid therapy, whereas those patients with lower risk would be candidates for oral therapy.9  Indicators of high risk include low 6MWD, high RAP, low CI, advanced WHO functional class (IV), and rapidly progressive disease.  In general, clinical trials evaluating PAH treatment have not included a sufficient number of elderly patients to determine if they have a different response.  Caution should be exercised in initiating therapy in the geriatric population; careful monitoring and slow titration of doses should be considered. 

Functional Class II

Treatment in this patient population has not been extensively studied, and the optimal strategy has not yet been determined.  It is unknown whether the use of more aggressive agents (i.e., prostanoids) in patients with mildly symptomatic but progressive disease is superior to using less potent agents that may be more appealing to patients due to side effect profiles, ease of administration, monitoring requirements, and cost.  ACCP Guidelines recommend sildenafil as Grade A and treprostinil as Grade B.  Subsequent to the release of the ACCP Guidelines, ambrisentan received FDA approval, and the EARLY trial evaluating bosentan in mildly symptomatic PAH was published.  
· Sildenafil treatment should be considered, and may be considered first-line due to its favorable side effect profile, ease of administration, and cost. (Grade I A)  

· Ambrisentan therapy should be considered. (Grade I A)

· Bosentan therapy may be considered. (Grade I B)

· Although treprostinil (IV or SC) carries an FDA indication for patients in functional class II, due to the side effect profile, administration complexity, and cost, it is rarely recommended in these patients. (Grade I C)

Functional Class III
ACCP Guidelines recommend as first-line therapy for patients with functional class III symptoms sildenafil, bosentan, epoprostenol, iloprost, and treprostinil.  All agents carry a Grade A recommendation with the exception of treprostinil, which carries a Grade B and C recommendation for SC and IV administration respectively.  Since the guidelines have been published, ambrisentan has received FDA approval.  Choice of agent should be based on the evidence, patient-specific factors and preference.  Differences in side effect profiles, ease of administration, monitoring requirements, and cost should all be considered.  In patients with “early” stage III disease, many clinicians will opt for oral therapies, whereas patients with more advanced disease or higher risk patients may be candidates for prostanoid therapy.  

· In no order of preference, ambrisentan, bosentan, or sildenafil should be considered.  (Grade I A)  Factors that may influence treatment choice include:  1) general potential for drug interactions; 2) a more favorable side effect profile and less monitoring requirements with sildenafil; 2) a survival benefit suggested with bosentan; 3) tolerance of ambrisentan in patients with LFT elevations on bosentan.

· IV epoprostenol therapy may be considered.  Although epoprostenol administration is complex and carries significant risks, improvements in exercise capacity, functional status, and survival have been demonstrated. (Grade I A)

· Inhaled iloprost may be considered.  Iloprost has been shown in some studies to be effective in improving exercise and/or functional capacity, although the evidence is not consistent.  As a whole, the evidence suggests that iloprost may stabilize disease progression.   Inhaled iloprost is not associated with the added risks and complexity of injectable prostanoids.  (Grade I A)

· Treprostinil SC or IV may be considered as an alternative to epoprostenol or iloprost.  With the longer half life, treprostinil is less likely to cause rebound pulmonary hypertension than epoprostenol upon interruptions in therapy.  Administered SC, treprostinil is associated with a high rate of injection site reactions but not the risks of an indwelling central venous catheter.  In the largest randomized controlled trial, only a modest improvement in exercise capacity was demonstrated with treprostinil.  Subgroup analysis and additional open-label or uncontrolled studies suggest efficacy, especially in patients with more advanced symptoms.  (Grade I B)

Functional Class IV

Due to the quality of evidence and the net risk/benefit profile, the ACCP guidelines encourage the use of IV epoprostenol as the treatment of choice of patients with more advanced disease and in functional class IV.  Bosentan, sildenafil, iloprost, and treprostinil are FDA approved for functional class IV, and may be considered in patients who are not able to manage or refuse IV epoprostenol.  

· Epoprostenol is the treatment of choice in patients with advanced disease. (Grade I A)

· Bosentan, iloprost, sildenafil, and treprostinil are alternatives to epoprostenol when patients cannot or refuse to administer epoprostenol IV. (Grade I B for bosentan and iloprost, 
Grade C for sildenafil and treprostinil).

Combination Therapy

Evidence from randomized controlled trials is currently too limited to fully evaluate the efficacy and safety of combination therapy for PAH, although several trials are currently ongoing.  In the 2007 ACCP Guidelines PAH treatment algorithm, combination therapy prior to atrioseptostomy and/or lung transplantation for those patients in WHO functional class III or IV who have not improved or are deteriorating on monotherapy is included as a possible consideration.  At this time, combination therapy may be considered on a case-by-case basis and enrollment into a clinical trial is strongly encouraged. 
Non-WHO Group 1 PH

Primary therapy for the treatment of WHO Groups 2, 3, 4, and 5 are generally directed at the underlying disease.  No PAH specific agent is approved by the FDA for the treatment of non-WHO Group 1 PH, and current evidence from randomized controlled trials is insufficient to recommend their use.  Further, detrimental effects and lack of benefit have been associated with the use of some agents in certain clinical settings (see above section on non-WHO Group 1 PH).  If treatment with a PAH specific agent is considered after failure of primary therapy (or therapy is deemed not appropriate for patient), enrollment into a clinical trial is encouraged.  

Table 5. Quality of Evidence– US Preventative Services Task Force

	I
	At least one properly done RCT

	II-1
	Well designed controlled trial without randomization

	II-2
	Well designed cohort or case-control analytic study

	II-3
	Multiple time series, dramatic results of uncontrolled experiment

	III
	Opinion of respected authorities, case reports, expert committees


Table 6. Grade of Recommendation – US Preventative Services Task Force
	A
	A strong recommendation that the intervention is always indicated and acceptable

	B
	A recommendation that the intervention may be useful/effective

	C
	A recommendation that the intervention may be considered

	D
	A recommendation that a procedure may be considered not useful/effective, or may be harmful

	I
	Insufficient evidence to recommend for or against – the clinician will use their clinical judgment


US Preventative Services Task Force Ratings: Strength of Recommendations and Quality of Evidence. Guide to Clinical Preventative Services, Third Edition: Periodic Updates, 2000-2003. Agency for Healthcare Research and Quality, Rockville, MD. http://www.ahrq.gov/clinic/3rduspstf/ratings.htm.
VI.
METHODS

Literature searches were conducted up to October 2008 via an electronic database (PubMed/Medline, Ovid) utilizing the following terms:  pulmonary hypertension, pulmonary arterial hypertension, ambrisentan, bosentan, epoprostenol, iloprost, sildenafil, treprostinil, valvular heart disease, heart failure, chronic obstructive pulmonary disease, interstitial lung disease, pulmonary fibrosis, sleep apnea, sleep disordered breathing, chronic thromboembolic pulmonary hypertension, sarcoidosis.  Searches were limited to English and human.  Clinical trials included were limited to randomized controlled trials evaluating outcomes, and excluding phase II, pilot, and dose-ranging studies whenever possible or where otherwise noted.  Studies evaluating populations not relevant to the VA population were also excluded.  Cochrane Systematic Reviews was searched for relevant reviews and meta-analyses.  Manufacturers were contacted for supportive information.   
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Appendix 1. Major trials with FDA approved prostanoids:  epoprostenol, treprostinil, and iloprost.

*significant vs. placebo; AEs=adverse effects; BDI=Borg dyspnea index; CI=cardiac index; CT=conventional therapy (anticoagulants, oral vasodilators, diuretics, digoxin, oxygen); CTD=connective tissue disease; CTEPH=chronic thromboembolic pulmonary hypertension; CO=cross-over; DB=double-blind; EPO=epoprostenol; FC=functional class; ILO=iloprost; MC=multicenter; mPAP=mean pulmonary artery pressure; mRAP=mean right atrial pressure; NR=number randomized; NS=nonsignificant; OL=open label; P=prospective; PC=placebo-controlled; PCWP=pulmonary capillary wedge pressure; PVR=pulmonary vascular resistance; QOL=quality of life; R=randomized; RAP=right atrial pressure; TRE=treprostinil 
	Trial
	Design
	Patient Population
	NR
	Intervention
	Baseline 6MWD
	Duration
	           Results

	Barst25
1996

	P, R, MC, OL
	IPAH – NYHA FC III/IV
	81
	EPO + CT
CT 


	EPO=316m

CT=272m

(mean)
	12 wks
	· Efficacy

· Primary Endpoint:   Δ6MWD:  +31m* (EPO+CT); -29 (CT)

· Improvements in QOL, NYHA FC, hemodynamics (mPAP, CI PVR)

Safety

· Common AEs: jaw pain, diarrhea, flushing, headaches, nausea, vomiting

· Serious AEs:  drug delivery complications – sepsis, thrombotic event

· Survival at 12 wks:  0* deaths in EPO vs. 8 deaths in CT

	Badesch27
2000
	P, R, MC, OL
	PAH due to scleroderma spectrum of disease, NYHA FC III/IV
	111
	EPO + CT

CT
	EPO=272m

CT=240m

(median)
	12 wks
	Efficacy 

· Primary Endpoint:   Δ6MWD:  +46m* (EPO+CT); -48 (CT)

· Improvements in hemodynamics (mPAP, PVR, RAP, CI, mixed venous O2 sat), NYHA FC with EPO+CT

Safety

· Common AEs: jaw pain, anorexia, nausea, diarrhea

· AEs related to drug delivery system:  sepsis, hemorrhage, cellulitis, pneumothorax

· Survival at 12 wks:  4 deaths in EPO vs. 5 deaths in CT

	Simonneau31
2002
	P, R, DB, PC, MC
	IPAH, PAH associated with CTD or congenital systemic-to-pulmonary shunts, NYHA FC II/III/IV
	470
	TRE SQ + CT

Placebo + CT
	TRE=326m

Placebo=327m

(mean)
	12 wks
	· Efficacy

· Primary Endpoint: Δ6MWD:  +10m* (TRE+CT); 0 change (CT)
· Improvements in dyspnea, physical QOL, and hemodynamics (RAP, mPAP, CI, PVR)

Safety 
· Common AEs: infusion site pain, headache, diarrhea, nausea, rash, jaw pain, dizziness
· Serious AEs: infusion site pain, GI bleed
· Death, transplant, or discontinuation due to worsening: 13 TRE; 16 placebo (NS)

	Olschewski (AIR)34
2002
	P, R, DB, PC, MC
	IPAH, PAH associated with scleroderma, anorexients, and CTEPH with NYHA FC III/IV
	203
	ILO 2.5 or 5mcg 6-9x/day

placebo
	ILO=332m

Placebo=315m

(mean)
	12 wks
	· Efficacy 

· Combined Primary Endpoint (≥10% ↑6MWD, improvement in NYHA FC, no deterioration):  16.8%* ILO vs. 4.9% placebo  

· Improvements in FC, dyspnea and QOL
Safety

· Common AEs: jaw pain, flushing, syncope, cough, headache, nausea

· Survival at 12 wks


Appendix 2. Major Clinical Trials for FDA approved ERAs:  bosentan and ambrisentan
	Trial
	Design
	Patient Population
	NR
	Intervention
	Baseline 6MWD
	Duration
	           Results

	Channick39
(Study 351)
2001
	R, DB, PC, MC
	PAH, WHO FC III
	32
	BOS 62.5mg BID x4 wks, then 125 mg BID

Placebo
	BOS=360m

Placebo=355m

(mean)
	12 wks
	· Efficacy

·  Primary Endpoint: Δ6MWD: +70m* (BOS); -6m (placebo)

· Improvements in hemodynamics (PVR, mPAP, PCWP, mRAP), WHO functional class, TTCW

Safety

· AEs transient, similar incidence between groups

· LFT elevations: 2 BOS patients; transient and asymptomatic

	Rubin40
(BREATHE-1)
2002
	R, DB, PC, MC
	PAH, WHO FC III/IV (mainly WHO FC III)
	213
	BOS 125mg BID

BOS 250mg BID

Placebo

(BOS groups started at 62.5mg BID x4wks)
	BOS 125=326m

BOS 250=333m

Placebo=344m
	16 wks
	Efficacy
· Primary Endpoint:  Δ6MWD: +27m* (125mg); +46m* (250mg); -8m (placebo)

· Clinical worsening: 6%* BOS vs. 20% placebo at 28 wks

· Improvements in BDI

Safety

· Common AEs:  headache, syncope, flushing, abnormal hepatic function

· LFT elevations >8x ULN: 3%/7%/0 (125mg/250mg/placebo)                                                                    

	Galiel41
(EARLY)

2008
	R, DB, PC, MC
	WHO Group 1 PAH, 

FC II
	185
	BOS 125mg BID (initiated at 62.5 mg BID x4wks)

Placebo
	BOS 125=438m

Placebo=431m
	24 wks
	Efficacy

· Primary Endpoints:  % of baseline PVR:  83.2%* (44mmHg) BOS vs. 107.5% (56 mmHg) placebo; Δ6MWD: +11.2m BOS vs. -7.9m placebo (NS)

· Clinical worsening:  3%* BOS vs. 14% placebo at 24 wks
Safety

· Common AEs:  nasopharyngitis, abnormal LFT, edema

· LFT elevations:  13% BOS vs. 2% placebo (all reversible)

	Galie45,46
(ARIES-1)

2008
	R, DB, PC, MC
	WHO Group 1 PAH,

mainly WHO FC II/III
	201
	AMB 5mg/day

AMB 10mg/day

Placebo
	AMB 5=340m

AMB 10=341m

Placebo=342m

(mean)
	12 wks
	Efficacy 

· Primary Endpoint:  Δ6MWD: +22.8m* (5mg); +43.6m* (10mg); -7.8m (placebo)

· Clinical worsening: 4.5% AMB vs. 9% placebo at 12 wks (NS)

· Improvements in WHO FC, BDI

Safety 

· Common AEs: peripheral edema, headache, nasal congestion

· LFT elevations >3x ULN: 0/0/3% (5mg/10mg/placebo)

	Galie45,46
(ARIES-2)

2008


	R, DB, PC, MC
	WHO Group 1 PAH,

mainly WHO FC II/III
	192
	AMB 2.5mg/day

AMB 5mg/day

Placebo
	AMB 2.5=347m

AMB 5=355m

Placebo=343m

(mean)
	12 wks
	· Efficacy

· Primary Endpoint: Δ6MWD: +22.2m* (2.5mg); +49.4m* (5mg); -10.1m (placebo)

· Clinical worsening: 4.7%* AMB vs. 21.5% placebo at 12 wks

· Improvements in BDI, SF 36

Safety 
· Common AEs: headache, palpitations, flushing, insomnia, dyspnea, abdominal pain, nasal congestion
·  LFT elevations >3x ULN: 0/0/1.5% (2.5mg/5mg/placebo)


*significant vs. placebo; AEs=adverse effects; AMB=ambrisentan; BDI=Borg dyspnea index; BOS=bosentan; DB=double-blind; FC=functional class; H/H=hemoglobin/hematocrit; MC=multicenter; mPAP=mean pulmonary artery pressure; mRAP=mean right atrial pressure; NR=number randomized; NS=nonsignificant; PC=placebo-controlled; PCWP=pulmonary capillary wedge pressure; PVR=pulmonary vascular resistance; R=randomized; TTCW=time to clinical worsening; ULN=upper limit of normal 

Appendix 3. Major Trials with FDA approved PDE-5 Inhibitors:  sildenafil

*significant vs. placebo; AEs=adverse effects; BDI=Borg dyspnea index; BOS=bosentan; CTD=connective tissue disease; CO=cross-over; DB=double-blind; FC=functional class; ITT=intention to treat; LV=left ventricular; MC=multicenter; mPAP=mean pulmonary artery pressure; mRAP=mean right atrial pressure; NR=number randomized; NR=not reported; NS=nonsignificant; PC=placebo-controlled; PCWP=pulmonary capillary wedge pressure; PVR=pulmonary vascular resistance; QOL=quality of life; R=randomized; RAP=right atrial pressure; RV=right ventricular; SIL=sildenafil; TTCW=time to clinical worsening; ULN=upper limit of normal 

	Trial
	Design
	Patient Population
	NR
	Intervention
	Baseline 6MWD
	Duration
	           Results

	Sastry49
2004
	R, DB, PC, CO
	PPH, WHO FC II/III symptoms 

(mainly WHO FC II)
	22
	SIL 25mg TID (≤25 kg)

SIL 50mg TID (26-50 kg)

SIL 100mg TID (≥50 kg)
	n/a
	6 wks
	Efficacy

·  Primary Endpoint: Treadmill exercise time: 686.8 sec* SIL vs. 475 sec placebo

· Improvements in hemodynamics
Safety

· Well tolerated; mild AEs included backache, headache, insomnia

	Galiel51
(SUPER)
2005
	R, DB, PC, MC
	PAH – IPAH, or associated with CTD, repaired shunt

mainly WHO FC II/III

	278
	SIL 20mg TID

SIL 40mg TID

SIL 80mg TID
	SIL 20=347m

SIL 40=345m

SIL 80=339m

Placebo=344m

(mean)
	12 wks
	· Efficacy 

· Primary Endpoint:  Δ6MWD placebo-corrected:  +45m* (20mg); +46m* (40mg); +50m* (80mg)

· Significant improvements in WHO FC, hemodynamics (mPAP, PVR, CI)  

· BDI, clinical worsening, RAP - NS

Safety 

· Common AEs:  headache, flushing, dyspepsia, epistaxis, insomnia

· Serious AEs:  LV dysfunction, postural hypotension

	Wilkins50
(SERAPH)
2005
	R, DB
	PAH – IPAH or associated with CTD, WHO FC III
	26
	SIL 50 BID x4 wks, then 50mg TID

BOS 62.5mg BID x4wks, then 125 mg BID


	SIL=290m

BOS=305m

(mean)
	16 wks
	· Efficacy

· Primary Endpoint: ΔRV mass:  SIL reduced RV mass -8.8g* vs. baseline; no difference between SIL/BOS

· Δ6MWD:  significant improvements from baseline in both groups; no difference between groups on ITT analysis – SIL +75m; BOS +59m

· No change in BDI or QOL scores on ITT analysis

Safety 
· Common AEs: NR
· SIL-one death; one admission for palpitations; BOS-2 hospital visits for fluid retention; 1 hospital visit for hemoptysis; no withdrawals due to AE


 Appendix 4. Summary of Combination Studies for PAH

	Study
	Population
	NR
	Intervention/Outcome Measures
	Results
	Conclusions/Comments

	RCTs
	
	
	
	
	

	Simonneau55
(PACES)
2008
R, DB, PC, MC

Duration:  16 wks
	a) PAH (IPAH or APAH)

b) Mainly FC II, III

c) Stabilized on epoprostenol

d) Mean baseline 6MWD = 349m (EPO+SIL); 342m (EPO)
	267
	EPO + SIL vs. EPO

Primary Endpoint: Δ6MWD

Other Endpoints: hemodynamics, clinical worsening, BDI, QOL measures
	Δ6MWD from baseline:  +30m SIL+EPO; +1m EPO (p<0.05)

Clinical worsening:  8 pts (EPO+SIL) vs. 24 pts (EPO) (p<0.05)

Other endpoints:  hemodynamics, QOL measures improved with SIL+EPO
Safety: increased number of AEs in SIL+EPO group including headache, dyspepsia, pain in extremity, nausea; more patients in EPO group discontinued due to AE or reported a serious AE; deaths – 7 EPO vs. 0 SIL+EPO (none deemed related to treatment) 
	· Statistically significant improvements in 6MWD, clinical worsening, hemodynamics, QOL measures with SIL+EPO vs. EPO

· No benefit of SIL+EPO in 6MWD in patients with baseline 6MWD <325m

· Imbalance of missing data between groups could have influenced results

· SIL+EPO combo associated with increased number of AEs, mostly mild-moderate in nature

· Dose of SIL 80mg TID used

	McLaughlin52
(STEP)
2006
R, DB, PC, MC

Duration:  12 wks
	a) PAH (IPAH or APAH)

b) Mainly FC III

c) Stable on BOS monotherapy

d) Mean baseline 6MWD = 335m
	67
	BOS + ILO vs. BOS

Endpoints: Δ6MWD, NYHA FC, hemodynamics, clinical worsening
	Δ6MWD from baseline:  +30m BOS + ILO; +4m BOS (NS)

NYHA FC:  improvement in 34% BOS + ILO vs. 6% BOS  (p<0.05)

Clinical worsening:  0 BOS + ILO vs. 15% BOS (p<0.05)

Safety:  AEs consistent with prostanoid/ERA profile; no unexpected concerns identified
	· Statistically significant improvements in functional class and clinical worsening with BOS + ILO compared to BOS monotherapy; improvements in exercise capacity (6MWD) approached statistical significance
· BOS + ILO appeared well tolerated and safe

	Hoeper53
(COMBI)
2006

R, OL, MC
	a) IPAH

b) FC III

c) stable on BOS monotherapy

d) mean baseline 6MWD = 297m (BOS); 309m (BOS+ILO)
	40
	BOS + ILO vs. BOS

Primary Endpoint: Δ6MWD

Secondary Endpoints:  ΔFC, oxygen uptake, QOL, clinical worsening
	Δ6MWD from baseline:  +1m (BOS) vs. -9m (BOS+ILO); NS

Clinical worsening:  4 patients (BOS) vs. 3 pts (BOS+ILO); NS

Safety:  pneumonia, intractable coughing, diarrhea, headache flushing
	· Trial terminated early due to lack of beneficial effect in interim analysis

· No beneficial effects of addition of ILO observed in primary or secondary endpoints

· 3 patients in ILO with significant deterioration affected ILO group results

	Humbart54
(BREATHE-2)
2004

R, DB, PC, MC

Duration:  16 wks
	a) PAH (IPAH or APAH)

b) Severe:  FC III or IV

c) Scheduled to start EPO

(baseline 6MWD not stated)
	33
	EPO + BOS vs. EPO

Primary Endpoint: ΔTPR

Other Endpoints: FC, 6MWD
	Hemodynamic parameters:  improvements in both groups; non-significant trend favoring combination

Δ6MWD, NYHA FC:  no significant differences between groups

Safety:  increased number of reported serious AEs in EPO + BOS vs. EPO group
	· No statistically significant differences in efficacy endpoints between groups, although significant within-group improvements from baseline were noted in both groups
· Higher number of serious AEs in EPO + BOS group (3 deaths due to disease progression and 1 withdrawal due to elevated LFTs) vs. BOS (one withdrawal due to elevated LFTs)

	Non-RCTs
	
	
	
	
	

	Benza56
2008
Retrospective, OL

Duration:  mean follow-up of 485 days for BOS + TRE combo
	a) IPAH (n=16), APAH (n=20), WHO Group IV (n=2)

b) Mainly FC III/IV

c) Baseline TRE therapy; BOS added if patient remained in FCIII or IV, or if experiencing AE from TRE in FC II requiring a dose reduction

d) Baseline (therapy naïve) 6MWD of patients who required TRE + BOS (n=19) = 307m; Pre-BOS 6MWD = 333m
	38
	Baseline TRE; BOS added if patients remained in FC III or IV or were in FC II with AE to TRE requiring dose reduction

Endpoints:  6MWD, hemodynamics
	Summary for BOS + TRE combo (n=19):

Reason for Addition of BOS:  remain in FC III after 1 yr of TRE monotherapy (n=12); AE on TRE requiring dose reductions (n=7)

6MWD:  +67m from baseline (p <0.05); +26m pre-BOS (NS)

Hemodynamics:  significant improvements in PAP, RAP; no difference in CO, PVR

Safety:  no deaths; decreases in hemoglobin, LFTs; other AEs not reported


	· Study not designed to compare TRE to TRE + BOS

· Data collected per routine clinical practice 

· Observational data suggests TRE + BOS well tolerated; maintenance of 6MWD

	Mathai57
2007
Retrospective, uncontrolled

Duration:  3 mos analysis (longer observation period)
	a) IPAH (n=13) and PAH-SSD (n=12)

b) Mainly WHO FC III/IV

c) Clinical deterioration on BOS monotherapy

d) Baseline 6MWD at time of SIL addition: 294m (IPAH) and 233m (PAH-SSD)
	25
	Baseline BOS; SIL added upon clinical deterioration (25-100 mg TID)

Endpoints:  6MWD, FC
	Δ6MWD:  +46m in IPAH group (p <0.05); no change in PAH-SSD group at 3 mos after addition of SIL

FC:  5/13 IPAH patients and 2/12 PAH-SSD patients improved by ≥1 FC (SS not stated)

Safety:  4 patients discontinued due to AEs: dyspepsia, intractable headaches, LFT abnormalities after SIL addition; 4 PAH-SSD patients died due to progressive heart failure; 1 IPAH died due to GI bleed (time of deaths not stated)
	· Most patients initially improved on BOS monotherapy followed by clinical deterioration

· IPAH patients improved on combination therapy, while PAH-SSD patients did not

· After ~4 mos of combination therapy, 5/12 PAH-SSD and 1/13 IPAH patients required addition of prostanoid for deterioration.

· LFT abnormalities observed after SIL added to BOS may be related to the drug interaction between the agents that results in elevated BOS concentrations and reduced SIL concentrations

	Ruiz58
2006
Uncontrolled, observational

Duration:  2 yrs
	a) PAH (IPAH or PAH associated with toxic oil syndrome or HIV)

b) Mainly FC III

c) Deterioration on prostanoid therapy (ILO, EPO, or TRE)

d) Mean baseline 6MWD:  350m
	20
	Baseline prostanoid; SIL (50mg TID) added when patients met 2 pre-defined criteria for clinical deterioration

Endpoints: FC, 6MWD, signs and symptoms of right heart failure
	Δ6MWD from baseline: +79m at 1 yr; +105m at 2 yrs (p <0.05)

FC:  11/20 improved ≥1 FC at 1 yr; maintained at 2 yrs (p <0.05)

Signs and symptoms of right heart failure:  echo measures improved; symptoms reported by 55% of patients at baseline; 16% at 1 yr; none at 2 yrs (SS not stated)

Safety:  headache (requiring SIL dose reduction); no serious AEs or withdrawals due to AE; 2 deaths (1-due to EPO interruption; 1-due to progressive respiratory failure)
	· Follow-up:  20/20 followed for 1 yr; 15/20 followed for 2 yrs

· Patient population with severe and progressive PAH deteriorating on prostanoids

· Patients received a mean of 19 mos of prostanoid therapy prior to addition of SIL 

· Combination therapy appeared well tolerated

	Hoeper59
2005

Uncontrolled, observational
Duration:  3 yrs
	a) PAH (mainly IPAH)

b) FC III or IV

c) Mean baseline 6MWD = 308m

d) treatment per algorithm
	123
	Treatment algorithm with pre-defined goals.  If not met on 2 consecutive visits, patients moved on to next step:

a) BOS (1st line)

b) add SIL

c) add inhaled ILO

d) change to IV ILO

3) urgent transplantation

Endpoint: survival
	Deaths:  17/123 (13.8%) died during observational period

Probability of survival:  98%, 83.1%, and 79.9% at 1, 2, and 3 yrs; significantly better than historical controls (89.8%, 75.2%, 63.1% at 1, 2, and 3 yrs)

Treatment progression:

Initiated IV ILO:  5/123 (2 died; 3 improved to BOS + SIL)

Initiated BOS monotherapy:  118/123

Progressed to 2-drug regimen:  51/118

Progressed to 3-drug regimen:  19/118

Progressed to IV ILO:  5/118

Progressed to lung transplantation:  1/118

Safety:  elevated LFTs with BOS, heartburn with SIL; no additive or unexpected AE observed
	· Goal-oriented therapy with oral/combo medications associated with higher survival rates compared to historical controls

· Therapy with historical controls limited to inhaled or IV prostanoids (oral agents not yet available)

· Combination therapy appeared well tolerated

· Unknown whether combo therapy superior to monotherapy or whether alternative combo may be superior

	Gomberg-Maitland 60
2005
Open-label, pilot study

Duration:  12 wks
	a) PAH

b) WHO FC II and III

c) Baseline TRE

d) Baseline treadmill time:  465 sec
	9
	Baseline TRE; SIL added (50 mg TID)

Primary Endpoint:  Δ in treadmill exercise time

Other Endpoints:  FC, dyspnea fatigue score
	Δ in treadmill exercise time:  +191 sec (p<0.05)

FC:  NS trend of improvement

Dyspnea score:  significant improvement (p <0.05)

Safety:  1 patient withdrew due to AE of chest pain and dyspnea; other AEs reported include headache, flushing, jaw pain; 2 patients died (1-EPO infusion interruption; 1-progressive respiratory insufficiency) 
	· Type of PAH not reported

· 6MWD not reported



	Hoeper61
2004
Uncontrolled, observational case series

Duration:  9 mos median follow-up
	a) IPAH

b)  FC III or IV

c) Failed treatment goals on BOS monotherapy (n=8) or BOS + ILO (n=1)

d) Mean baseline 6MWD at time of SIL addition = 277m 
	9
	Baseline BOS (or BOS + ILO in 1 patient); SIL added when patients did not meet defined goals of exercise capacity.

Endpoints:  Δ6MWD, exercise testing
	Δ6MWD:  +115m (p <0.05) 3 mos after addition of SIL; effects maintained (median follow-up 9 mos)

Exercise testing:  peak oxygen uptake significantly improved at 3 mos with addition of SIL (data available for 6/9 patients)

Safety:  headache, flushing, heartburn reported; no deaths or serious AEs
	· Patients followed were those with rapidly progressive disease who all had transient improvement with BOS followed by deterioration ~1 yr following BOS initiation

· One patient was on BOS + ILO at baseline with addition of SIL

	Ghofrani62
2003
Uncontrolled, observational

Duration:  9-12 mos
	a) IPAH or PAH associated with collagen vascular disease

b) FC III or IV

c) Failed monotherapy with ILO

d) Mean baseline 6MWD at time of SIL addition = 256m
	14
	Baseline ILO; SIL added when patients met 2 of 3 defined criteria for clinical worsening

Endpoints:  Δ6MWD, hemodynamics, FC
	Δ6MWD:  +93m at 9 mos (p <0.05) 9 mos after addition of SIL (effects seen at 3 mos and maintained)

Hemodynamics:  PVR significantly improved at 3 mos after addition of SIL; CI, mPAP improved (SS not stated)

FC:  improvements (mainly from FC IV to FC III) noted at 3 mos and maintained at 9 mos (SS not stated)

Safety:  2 deaths due to pneumonia; no serious AEs
	· All patients initially improved on ILO and deteriorated in a mean of 18 mos before SIL was added



	Stiebellehner63
2003
Uncontrolled, observational case series

Duration:  5 mos
	a) Pt #1: IPAH; baseline ILO + IV EPO, 6MWD = 305m

b) Pt #2: IPAH; baseline IV EPO + ILO, 6MWD = 550m

c) Pt #3: PAH after atrial septal defect repair; baseline IV EPO,  6MWD = 245m

d) Clinical deterioration on prostanoid therapy
	3
	Baseline prostanoid; SIL added (75-200 mg/day) on clinical deterioration

Endpoints:  hemodynamics, 6MWD
	Pt #1:  6MWD +105m; mPAP -14%; CI +48%

Pt #2:  6MWD +35m; mPAP -41%; CI n/a

Pt #3:  6MWD +70m; mPAP -22%; CI +59%

Safety:  nausea and headache reported by one patient
	


Note:  excluded studies that evaluated drugs or dosage forms not available in US, those with non-clinical endpoints (i.e., pharmacokinetics), and those evaluating single-doses of drug.  AEs=adverse events; BOS=bosentan; CI=cardiac index; CO=cardiac output; EPO=epoprostenol; ERA=endothelin receptor antagonist; FC=functional class; GI=gastrointestinal; ILO=iloprost; LFTs=liver function tests; mPAP=mean pulmonary arterial pressure; NS=non-significant; PVR=pulmonary vascular resistance; RAP=right atrial pressure; RCT=randomized, controlled trial; SIL=sildenafil; SS=statistically significant; SSD=scleroderma spectrum of disease; TPR=total pulmonary resistance; TRE=treprostinil

Appendix 5. Comparative efficacy endpoints from major trials of FDA approved prostanoids, ERAs, and PDE5-inhibitors

	Drug
	Trial
	Duration
	Baseline 6MWD
	% Change from baseline
	Definition of Clinical Worsening
	% Reduction in Clinical Worsening Events
	NNT

	EPO
	Barst
	12 wks
	EPO = 316m

CT = 272m
	EPO = +9.8%*

CT = -10.7%
	n/a
	n/a
	n/a

	EPO
	Badesch (scleroderma)
	12 wks
	EPO = 272m

CT= 240m
	EPO = +16.9%*

CT = -20%
	n/a
	n/a
	n/a

	TRE
	Simonneau
	12 wks
	TRE = 326m

Placebo = 327m
	TRE = +3%*

Placebo = no change
	Death, transplantation or clinical deterioration (not defined)
	1.2% (NS)
	83

	ILO
	Olschewski
	12 wks
	ILO = 332m

Placebo = 315m
	Info not given; Absolute difference in 6MWD of 36.4m between groups*
	Death, systolic BP <85 mm Hg; worsening right ventricular failure, rapidly progressing cardiogenic, hepatic, or renal failure, decrease of  ≥30% 6MWD, decline in measures of hemodynamic function
	6.9%
	15

	AMB
	ARIES-1
	12 wks
	AMB 5 = 340m

AMB 10 = 341m

Placebo = 342m
	AMB 5 = +6.8%*

AMB 10 = +12.8%*

Placebo = -2.3%
	Death, lung transplantation, hospitalization for PAH, atrial septostomy, study withdrawal because of addition of other PAH meds, early escape (patients who met 2 of the following criteria:  1) increase in WHO functional class; 2) >20% decrease in 6MWD; 3) worsening right ventricular failure; 4) progressing hepatic or renal failure; 5) systolic BP <85 mm Hg
	4.5% (NS)
	22

	AMB
	ARIES-2
	12 wks
	AMB 2.5 = 347m

AMB 5 = 355m

Placebo = 343m
	AMB 2.5 = +6.4%*

AMB 5 = +13.9%*

Placebo = -2.9%
	Same as ARIES-1
	16.8%
	6

	BOS
	Channick
	12 wks
	BOS 125 = 360m

Placebo = 355m
	BOS 125 = +19.4%*

Placebo = -1.7%
	Right heart failure or aggravated PH
	27%


	4

	BOS
	BREATHE-1
	16 wks
	BOS 125 = 326m

BOS 250 = 333m

Placebo = 344m
	BOS 125 = +8.3%*

BOS 250 = +16.2%*

Placebo = -2.3%
	Combined endpoint of death, lung transplantation, hospitalization, or discontinuation of study med due to worsening of PAH, a need for EPO, atrial septostomy
	14%
	7

	BOS
	EARLY
	24 wks
	BOS 125 = 438m

Placebo = 431m
	BOS 125 = +2.6% (NS)

Placebo = -1.8%
	Appearance of worsening of RHF; decrease in ≥10% from baseline in 2 6MWD done ≥2 wks apart; or decrease of ≥5% from baseline in 2 6MWD ≥2 wks apart
	11%
	9

	SIL
	SUPER
	12 wks
	SIL 20 = 347m

SIL 40 = 345m

SIL 80 = 339m

Placebo = 344m
	SIL 20 = 13%*

SIL 40 = 13.3%*

SIL 80 = 14.7%*

(Placebo corrected)
	Death, transplantation, hospitalization for PAH, initiation of additional PAH meds
	5.2% (NS)
	19

	SIL vs. BOS
	SERAPH
	16 wks
	SIL = 290m

BOS = 305m
	SIL = +25.9%

BOS = +19.3%
	n/a
	n/a
	n/a


*significant vs. placebo (or conventional treatment; AMB=ambrisentan; BOS=bosentan; EPO=epoprostenol; ILO=iloprost; NNT=number needed to treat; NS=not significant; SIL=sildenafil; TRE=treprostinil
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