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Pulmonary arterial hypertension (PAH) is a devastating 
and progressive disease of the pulmonary circulation, 

characterized by increasing pulmonary vascular resistance that 
leads to right ventricular failure and premature death.1 Current 
treatment paradigms for PAH focus on 3 therapeutic classes: 
Endothelin receptor antagonists (ERAs), phosphodiesterase 
type-5 inhibitors (PDE-5Is), and prostacyclin or its 
analogues.1,2 The major pharmacological actions of the 
prostacyclin analogues in the context of PAH include 
vasodilation of the pulmonary and systemic vascular beds, 
inhibition of platelet aggregation, and inhibition of smooth 

muscle cell proliferation.3,4 Parenteral prostacyclin therapy 
has been shown to improve hemodynamics and exercise 
capacity, delay clinical worsening, and improve survival 
in PAH patients.5–10 Because of the relative complexity and 
administration challenges of continuous intravenous or 
subcutaneous infusions, however, parenteral prostacyclin 
analogue therapy typically has been reserved for the treatment 
of more advanced disease.1
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Background—Pulmonary arterial hypertension (PAH) is a progressive, fatal disease with no cure. Parenteral and inhaled 
prostacyclin analogue therapies are effective for the treatment of PAH, but complicated administration requirements can 
limit the use of these therapies in patients with less severe disease. This study was designed to evaluate the safety and 
efficacy of the oral prostacyclin analogue treprostinil diolamine as initial treatment for de novo PAH.

Methods and Results—Three hundred forty-nine patients (intent-to-treat population) not receiving endothelin receptor 
antagonist or phosphodiesterase type-5 inhibitor background therapy were randomized (treprostinil, n=233; placebo, 
n=116). The primary analysis population (modified intent-to-treat) included 228 patients (treprostinil, n=151; placebo, 
n=77) with access to 0.25-mg treprostinil tablets at randomization. The primary end point was change from baseline 
in 6-minute walk distance at week 12. Secondary end points included Borg dyspnea index, clinical worsening, and 
symptoms of PAH. The week 12 treatment effect for 6-minute walk distance (modified intent-to-treat population) was 
23.0 m (P=0.0125). For the intent-to-treat population, 6-minute walk distance improvements were observed at peak 
(26.0 m; P=0.0001) and trough (17.0 m; P=0.0025) plasma study drug concentrations. Other than an improvement in the 
combined 6-minute walk distance/Borg dyspnea score, there were no significant changes in secondary end points. Oral 
treprostinil therapy was generally well tolerated; the most common adverse events (intent-to-treat) were headache (69%), 
nausea (39%), diarrhea (37%), and pain in jaw (25%).

Conclusions—Oral treprostinil improves exercise capacity in PAH patients not receiving other treatment. Oral treprostinil 
could provide a convenient, first-line prostacyclin treatment option for PAH patients not requiring more intensive therapy.

Clinical Trial Registration:—URL: http://www.clinicaltrials.gov. Unique identifier: NCT00325403. (Circulation. 
2013;127:624-633.)
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Given the established safety and efficacy profile of approved 
prostacyclin analogue therapies, there has been interest in 
developing analogues amenable to inhaled or oral use.1,8,11 In 
fact, inhaled prostacyclin analogues have emerged as attrac-
tive treatment options, especially as part of second-line com-
bination therapies, because of their relatively low incidence of 
systemic side effects and relative ease of use compared with 
parenteral therapy.12–17 The development of effective oral pros-
tacyclin analogues, however, has proven more challenging. 
Although the initial clinical results for the first-in-class oral 
prostacyclin beraprost were encouraging, follow-up studies 
were unsuccessful, and the compound never gained regulatory 
approval in the United States or Europe.18,19

Treprostinil is a chemically stable prostacyclin analogue 
with demonstrated safety and efficacy when administered by 
intravenous, subcutaneous, or inhaled routes of administra-
tion.7,16,20 The sodium salt of treprostinil is currently approved 
for the treatment of PAH for either parenteral (Remodulin) 
or inhaled (Tyvaso) routes of administration.21,22 Treprostinil 
diolamine (UT-15C; also referred to as treprostinil diethanol-
amine) is a treprostinil salt amenable to oral administration. 
In the bloodstream, both treprostinil sodium and treprostinil 
diolamine rapidly dissociate to the freely ionized form of 
treprostinil. Thus, the therapeutic use of oral treprostinil diol-
amine builds on the substantial clinical experience of paren-
teral and inhaled treprostinil sodium.

Treprostinil diolamine tablets are formulated as extended-release, 
osmotic tablets to support twice-daily (BID) oral administration. 
In pharmacokinetic studies involving PAH patients undergoing 
chronic, open-label therapy, treprostinil diolamine demonstrated a 
terminal half-life of ≈4.5 hours with a broad and sustained blood 
concentration for 8 to 10 hours after a single oral dose.23 Oral trepro-
stinil diolamine is primarily subject to CYP2C8 and, to a lesser 
extent, CYP2C9 metabolism and demonstrates increased bioavail-
ability with food.24,25 In PAH patients, an oral treprostinil dose of 
3.5 mg BID produced plasma levels between 2 and 8 hours after the 
dose that were comparable to those seen with parenteral infusion 
rates of 10 to 30 ng·kg−1·min−1.23 The first completed study with oral 
treprostinil (Oral Treprostinil in Combination With an ERA and/or 
a PDE-5I for the Treatment of PAH [FREEDOM-C]) failed to meet 
its primary end point. In that 16-week randomized, placebo-con-
trolled study, PAH patients receiving approved background therapy 
(ERA, PDE-5I, or both) treated with oral treprostinil therapy had 
a nonsignificant increase in 6-minute walk distance (6MWD) of 
11 m (P=0.07).26 However, FREEDOM-C patients were initiated 
on study drug at a starting dose of oral treprostinil (1 mg BID) that 
was later linked to poor tolerability and a relatively high rate of 
discontinuations because of adverse events (AEs). Lower-strength 
tablets (0.25 and 0.5 mg) were subsequently developed with a goal 
of improving tolerability and ease of dose titrations. The present 
study (Oral Treprostinil as Monotherapy for the Treatment of PAH 
[FREEDOM-M]), therefore, was designed to assess the safety and 
efficacy of oral treprostinil therapy in de novo PAH patients who 
were not concurrently receiving approved PAH therapy.

Methods
Study Design
This was a 12-week international, multicenter (online-only Data 
Supplement Table I), randomized (2:1 oral treprostinil:placebo), 

double-blind, placebo-controlled study designed to evaluate the effi-
cacy and safety of oral treprostinil in patients with PAH not currently 
receiving therapy (ERA, PDE-5I, or prostacyclin) for the treatment 
of PAH (www.clinicaltrials.gov; NCT00325403). The study was 
sponsored by United Therapeutics and conducted according to Good 
Clinical Practice principles. All study procedures were approved by 
an independent institutional review board, and written informed con-
sent was obtained from all patients before screening.

Patient Population
Eligible patients were 12 to 75 years of age with idiopathic or he-
reditary PAH (including PAH associated with appetite suppressant/
toxin use), PAH associated with repaired congenital systemic-to-
pulmonary shunts (repaired ≥5 years), or PAH associated with col-
lagen vascular disease or HIV. Patients were ineligible if they had 
received ERA, PDE-5I, or prostacyclin therapy within 30 days of 
baseline or if they had evidence of significant left-sided heart disease 
or parenchymal lung disease. Baseline 6MWD was required to be be-
tween 100 and 450 m. Patients were required to be optimally treated 
with conventional PAH therapies (eg, anticoagulants, oral vasodila-
tors, oxygen, digoxin) with no additions, discontinuations, or dose  
changes <14 days before baseline (excluding changes to anticoagu-
lants and diuretic dose adjustments).

Study End Points
The primary end point was the effect of oral treprostinil on exercise 
capacity compared with placebo, as measured by the change in 6MWD 
from baseline to week 12. Secondary end points included Borg dyspnea 
score; combined 6MWD/Borg dyspnea score (for detailed methods, see 
Hiremath et al10); dyspnea-fatigue index; World Health Organization 
(WHO) functional class; symptoms of PAH; clinical worsening; and 
safety (AEs, clinical laboratory parameters, and ECG findings). Clinical 
worsening was defined as one of the following: Cardiovascular death, 
transplantation, atrial septostomy, or clinical deterioration. Clinical de-
terioration was defined as the initiation of new, approved PAH-specific 
therapy (ERA, PDE-5I, or prostacyclin) plus either hospitalization for 
decompensated PAH or a ≥20% decrease in 6MWD from baseline 
combined with worsening WHO functional class.

Study Drug
Study drug was provided as extended-release oral tablets in 0.125, 
0.25, 0.5, and 1 mg strengths. Study drug was originally initiated at 
1.0 mg BID; however, on the basis of tolerability issues identified in 
the FREEDOM-C study,26 the study protocol was later amended to 
lower the starting dose to 0.5 mg BID and eventually 0.25 mg BID. 
Study drug was administered every 12±2 hours with dose escalation 
of an additional 0.25 to 0.5 mg BID every 3 days and a maximum 
possible dose of 12 mg BID. Patients unable to tolerate the 0.25-mg  
dose or requiring an intermediate dose were allowed to use the  
0.125-mg tablet once this strength was made available later in the 
study. Because of evidence of increased bioavailability with food,25 
the study protocol recommended that all doses of study medication 
be ingested within ≈10 minutes after breakfast/dinner, with each meal 
consisting of ≥500 calories.

Study Assessments
Baseline, week 4, week 8, and week 12 assessments included vital 
signs, exercise capacity (including 6MWD and Borg dyspnea score), 
clinical worsening, dyspnea-fatigue index, WHO functional class, 
and symptoms of PAH. Exercise capacity was also assessed at week 
11. On the basis of prior pharmacokinetic analyses,23 exercise capac-
ity was assessed at estimated peak (3–6 hours after morning admin-
istration [weeks 4, 8, and 12]) and trough (8–13 hours after last dose 
[week 11]) plasma concentrations of treprostinil. Clinical laboratory 
parameters were assessed at baseline, week 8, and week 12; 12-lead 
ECG was conducted at baseline and week 12; and clinical worsen-
ing assessment and AEs were recorded throughout the 12-week  
study period.
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Open-Label Extension
Patients who continued taking the study drug and completed all as-
sessments during the 12-week treatment phase were eligible to be en-
rolled in an open-label extension trial. Additionally, placebo patients 
who experienced clinical worsening and were withdrawn from study 
drug before week 12 were also eligible for the open-label study if 
they had completed all study assessments through week 12.

Statistical Analysis
The primary analysis population or modified intent-to-treat (mITT) 
population was the population of patients with access to the 0.25-
mg strength tablet at the time of randomization. The intent-to-treat 
(ITT) population (as well as the safety population) was defined as 
all randomized patients. The per-protocol population was defined as 
randomized patients who completed at least the week 8 assessments 
or discontinued study drug because of documented clinical deterio-
ration or nonaccidental death, excluding major protocol violations. 
Study power calculations were originally performed for a sample size 
of ≈150 patients. Subsequent protocol amendments reduced the start-
ing dose of study drug to 0.25 mg BID and increased the sample 
size to ≈315 patients, including ≈195 patients with access to 0.25-mg 
oral treprostinil tablets at the time of randomization. A sample size  
of ≈195 patients provided 90% power at a significance level of P<0.01 
(2-sided hypothesis) to detect a 45-m between-treatment difference in 
6MWD change from baseline at week 12 assuming a standard devia-
tion (SD) of 75 m. With these assumptions, an overall sample size 
of 349 patients provided a power of 99%. For the primary end point, 
nonparametric ANCOVA was used to assess the difference between 
active drug and placebo in 6MWD change from baseline to week 12, 
with adjustment for baseline 6MWD. Treatment effect (magnitude 
of change in 6MWD) was estimated with the Hodges-Lehmann me-
dian difference between treatment groups. For the primary end point, 
missing values and values after discontinuation of study/study drug 
were handled by use of imputation of ranks for nonparametric in-
ferential analyses and imputation of analogous 6MWD values for 
descriptive statistics. The lowest rank or value corresponding to the 
worst overall relative change was assigned for death within 12 weeks; 
discontinuation because of clinical deterioration, transplantation, or 
atrial septostomy; and for patients too ill to perform a 6-minute walk 
test. The last rank carried forward or last observation carried forward 
was assigned to patients who withdrew prematurely from the study 
or study drug for other reasons or who did not perform the 6-minute 
walk test for any reason not mentioned above (eg, missed visit), pro-
vided that the patient performed at least 1 postbaseline 6-minute walk 
test. Otherwise, the mean placebo rank or value corresponding to the 
geometric mean relative change for the placebo group was assigned.

Secondary end points were tested in the following order: Trough 
6MWD (week 11), time to clinical worsening, combined 6MWD and 
Borg, 6MWD at week 8, WHO functional class at week 12, Borg 
score at week 12, dyspnea-fatigue at week 12, 6MWD at week 4, 
symptoms of PAH at week 12. Formal testing was terminated as soon 
as any probability value was >0.05. Descriptive statistics were used to 
evaluate safety end points; AEs were summarized for the ITT (safety) 
and mITT populations. Other safety end points (vital signs, ECGs, 
and laboratory parameters) were summarized with the ITT (safety) 
population. Data are presented as mean±SD or range, median (95% 
confidence interval [CI]), or percentage. Statistical significance was 
considered to be 2-sided P<0.05; statistical analysis was performed 
with SAS software, version 9.2 (SAS Institute Inc, Cary, NC).

Results
Patient disposition is summarized in Figure 1. Three hundred 
forty-nine patients (oral treprostinil, n=233; placebo, n=116) 
were randomized (ITT population); all patients received at 
least 1 dose of study drug. The mITT population consisted of 
228 patients (oral treprostinil, n=151; placebo, n=77) who had 
access to the 0.25-mg study drug tablet at time of randomiza-
tion and received at least 1 dose of study drug. For the mITT 

population, the mean±SD dose BID of study drug achieved in 
the oral treprostinil treatment group for patients completing 
the weeks 4, 8, and 12 assessments was 2.3±1.3, 3.2±1.9, and 
3.4±1.9 mg, respectively (Figure 2).

Baseline Characteristics and Patient Disposition
For the mITT population, the mean age was 39.4 years (range, 
12–73 years; Table 1). The majority of patients were Asian 
(71%) and female (73%), with a diagnosis of idiopathic or 
hereditary PAH (75%; see online-only Data Supplement Table 
II for patient randomization by geographic region). Patients 
were predominantly classified as being in WHO functional 
class III (66%), and the mean baseline 6MWD was 330 m. 
Most patients were recently (<1 year; 86%) diagnosed with 
PAH. Patient demographics were similar for the ITT popula-
tion (Table 1). Of the 228 patients in the mITT population, 125 
patients taking oral treprostinil (83%) and 66 taking placebo 
(86%) completed the study (Figure 1). Twenty-six patients 
taking oral treprostinil (17%) and 11 taking placebo (14%) 
prematurely discontinued study drug for reasons that included 
clinical deterioration (oral treprostinil, 4 [3%]; placebo, 2 
[3%]), AEs (oral treprostinil, 6 [4%]; placebo, 2 [3%]), or 
death (oral treprostinil, 8 [5%]; placebo, 5 [6%]). After com-
pletion of the 12-week treatment phase, 188 patients (83%) 
enrolled in the open-label extension study. Patient disposition 
was similar for the ITT population, with the exception that for 
the oral treprostinil treatment group, there tended to be more 
premature discontinuations of study drug because of AE in the 
ITT population than in the mITT population (ITT population, 
23 [10%]; mITT population, 6 [4%]).

Efficacy Outcomes

Six-Minute Walk Distance
Median baseline 6MWD values for the mITT population 
were similar between treatment groups (oral treprostinil, 350 
m; placebo, 339 m). At week 12, 6MWD was significantly 
improved from baseline for the oral treprostinil group, with 
a median Hodges-Lehmann treatment effect of 23.0 m (95% 
CI, 4–41 m; P=0.0125). The 6MWD change from baseline 
at week 8 was also significantly improved (17.0 m; 95% CI, 
1–33 m; P=0.0307). Although improvements in 6MWD were 
noted at week 4 (12.0 m; 95% CI, 0–24 m; P=0.0518) and 
week 11 (13.0 m; 95% CI, −2 to 33; P=0.0653), these changes 
were not statistically significant (Figure 2). The median 
change from baseline for the placebo treatment group was 
remarkably stable over the 12-week study period (range, −5 
to 0 m). For the ITT population, the change from baseline in 
6MWD at week 12 was 26.0 m (95% CI, 10–41 m; P=0.0001). 
Significant improvements were also noted for week 4 (14.0 m; 
95% CI, 4–25 m; P=0.0025), week 8 (20.0 m; 95% CI, 7–34 
m; P=0.0008), and the week 11 trough measurement (17.0 m; 
95% CI, 3–33 m; P=0.0025). For the mITT population, the 
significance of the primary efficacy results at week 12 were 
confirmed if no imputation was performed for missing data 
(24.0 m; 95% CI, 5–41 m; P=0.0052), with last observation 
carried forward imputation for all missing data (22.0 m; 95% 
CI, 6–38 m; P=0.0028), and with the per-protocol analysis 
population (23.0 m; 95% CI, 4–41 m; P=0.0105).
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For the mITT population, 52% of patients taking oral 
treprostinil (versus 39% of patients given placebo) experienced 
an improvement in 6MWD of ≥20 m, and 34% (versus 23% 
of patients given placebo) improved by ≥50 m (Figure 3). 
A similar pattern was observed for the ITT population (oral 
treprostinil: 52% ≥20 m, 33% ≥50 m; placebo: 38% ≥20 m, 
21% ≥50 m). Exploratory efficacy analyses were performed 
for subgroups defined by patient demographics (age, sex, and 
disease origin) and disease severity (baseline 6MWD and 
WHO functional classification). Of the covariates tested for 
the mITT population, the 6MWD change from baseline at 
week 12 was significantly improved for patients older than 
41.2 years (the mean age for the overall study population), 
patients diagnosed with idiopathic or hereditary PAH, patients 
with a baseline 6MWD >350 m, and patients with WHO 
class III to IV symptoms at baseline (Figure 4). There were 

no apparent interactions between geographic region (US and 
Canada, India, China, or other [Mexico, Europe, and Israel]) 
and 6MWD treatment effect (mITT, P=0.569; ITT, P=0.802). 
There appeared to be an association between study drug dose 
and 6MWD treatment effect. As seen in Figure 2, the average 
dose (BID) achieved by patients completing the weeks 4, 
8, and 12 assessments increased, as did the corresponding 
Hodges-Lehmann treatment effects, which indicates that 
larger treatment effects were associated with increasing study 
drug exposure and duration of treatment.

Secondary Outcomes
For the mITT population, there was a significant improvement 
in the combined 6MWD/Borg dyspnea score at week 12 
(P=0.0497). For the ITT population, significant improvements 
in the combined 6MWD/Borg score were observed at week 4 
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Figure 1. Patient disposition. Three hundred forty-nine patients were randomized into the study. The overall (intent-to-treat [ITT]) popula-
tion consisted of all randomized patients; the modified ITT (mITT) population consisted of all patients with access to 0.25-mg oral trepro-
stinil tablets at randomization. There were 69 premature discontinuations in the ITT population (oral treprostinil, n=51; placebo, n=18) and 
37 in the mITT population (oral treprostinil, n=26; placebo, n=11). Most patients who prematurely discontinued study drug also prema-
turely discontinued the study before week 12 (ITT: oral treprostinil, n=32; placebo, n=12; mITT: oral treprostinil, n=20; placebo, n=9).
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(P=0.014), week 8 (P=0.004), and week 12 (P=0.0007). No 
differences in clinical worsening between treatment groups 
were observed for either the mITT or ITT population (Table 2).  

Overall, for the mITT population, 15 patients (10%) in the 
oral treprostinil treatment group and 8 (10%) in the placebo 
group experienced clinical worsening during the 12-week 
study period. There were no statistically significant treatment-
related changes in Borg dyspnea score, WHO functional class, 
or symptoms of PAH observed during the study.

Safety
AEs for both the ITT and mITT populations are summarized 
in Table 3. For the ITT population, the most common AEs 
reported in the oral treprostinil treatment group were head-
ache (69%), nausea (39%), diarrhea (37%), pain in jaw (25%) 
and vomiting (24%). For the ITT population, headache, nau-
sea, diarrhea, pain in jaw, flushing, and pain in extremity were 
reported more frequently (P<0.05) in the oral treprostinil 
treatment group than in the placebo group (Table 3). The most 
common AEs reported in patients receiving oral treprostinil 
therapy (ITT) that were considered severe in intensity were 
headache (40%), nausea (20%), diarrhea (13%), vomiting 
(12%), and pain in jaw (10%). Of these, headache and pain in 
jaw were reported more frequently (P<0.05) in the oral trepro-
stinil group than in the placebo group (11% and 2%, respec-
tively). Twenty-three patients taking oral treprostinil (10%) 
discontinued study drug because of AEs in the ITT popula-
tion. The most common prostacyclin AEs that led to study 
drug discontinuation among oral treprostinil patients (ITT) 
included headache, nausea, jaw pain, diarrhea, and vomiting. 
In the placebo group, 3 patients (3%) discontinued study drug 
because of AEs. The overall incidence and severity of AEs was 
similar for the mITT population, although fewer oral treprosti-
nil patients in the mITT population prematurely discontinued 
study drug because of AEs (ITT, 23 [10%]; mITT, 6 [4%]).

For the ITT population, 41 patients taking oral treprosti-
nil (18%) and 26 (22%) taking placebo experienced serious 
adverse events. The most commonly reported serious AEs 
were consistent with worsening disease and included right 
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Figure 2. Change in 6-minute walk dis-
tance (6MWD). 6MWD at weeks 4, 8, and 
12 was recorded at estimated peak plasma 
study drug concentrations; week 11 was 
recorded at estimated trough plasma study 
drug concentrations. For the modified 
intent-to-treat (mITT) population at week 
12, there was a median treatment effect 
of 23 m (P=0.0125). Results presented 
as placebo-corrected Hodges-Lehmann 
between-treatment median difference for 
the mITT and intent-to-treat (ITT) popula-
tions. Mean±SD oral treprostinil dose (twice 
daily) included for completers at each study 
time point.

Table 1. Baseline Characteristics 

ITT Population mITT Population

Characteristic
Oral Treprostinil  

(n=233)
Placebo  
(n=116)

Oral Treprostinil  
(n=151)

Placebo  
(n=77)

Age, y 40.6 (12–73) 42.5 (18–68) 37.8 (12–73) 42.5 (18–68)

Female 172 (74) 90 (78) 108 (72) 58 (75)

Race

Asian* 110 (47) 55 (48) 108 (72) 55 (71)

White 96 (41) 47 (41) 36 (24) 20 (26)

Black 10 (4) 1 (<1) 5 (3) 1 (1)

Native American 16 (7) 12 (10) 1 (<1) 1 (1)

Not provided 1 (<1) 1 (<1) 1 (<1) 0 (0)

PAH origin/cause

IPAH/HPAH 171 (73) 88 (76) 114 (75) 56 (73)

CVD 45 (19) 22 (19) 26 (17) 17 (22)

Repaired CHD 13 (6) 5 (4) 10 (7) 3 (4)

HIV 3 (1) 1 (<1) 1 (<1) 1 (1)

WHO functional 
class II/III

83/142 42/70 52/98 24/52

6MWD, m 332.3±71.6 325.2±77.1 331±65 328±71

Years since PAH 
diagnosis

1.0±2.7 1.0±3.1 0.7±1.9 0.8±3.5

Values shown as mean (range), n (%), n, or mean±SD. 
CHD indicates congenital heart disease; CVD, collagen vascular disease; 

HPAH, hereditary pulmonary arterial hypertension; IPAH, idiopathic pulmonary 
arterial hypertension; ITT, intent-to-treat; mITT, modified intent-to-treat; PAH, 
pulmonary arterial hypertension; 6MWD, 6-minute walk distance; and WHO, 
World Health Organization. 

*Includes patients from India (mITT, n=92) and China (mITT, n=71).
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ventricular failure (oral treprostinil, 13 [6%]; placebo, 4 [3%]) 
and worsening PAH (oral treprostinil, 6 [3%]; placebo, 9 
[8%]), the latter of which was reported more often in patients 

given placebo (P<0.05). A similar pattern was observed for 
the mITT population, with 27 treprostinil patients (18%) and 
15 placebo patients (19%) experiencing serious AEs. The 

C
h

an
g

e 
fr

o
m

 b
as

el
in

e 
≥ 

d
ef

in
ed

 v
al

u
e 

(m
)

Percentage of Patients

PlaceboOral Treprostinil

60

52

46

36

34

29

23

18

15

12

42

39

34

29

23

18

13

13

12

9

0 10 20 30 40 50 60 70

10

20

30

40

50

60

70

80

90

100

Figure 3. Improvements in 
6-minute walk distance (6MWD). 
Distribution of the percentage 
of patients who achieved spe-
cific improvements in 6MWD at 
week 12. For example, 34% of 
patients in the oral treprostinil 
treatment group and 23% of 
patients in the placebo treat-
ment group had an improve-
ment in 6MWD of at least 50 m 
at week 12. Results presented 
for the modified intent-to-treat 
population.

Overall
ITT population [Oral Treprostinil: n=233, Placebo: n=116]

mITT population [Oral Treprostinil: n=151, Placebo: n=77] 

Age (years) (p=0.3913)

Sex (p=0.5944)
Female [Oral Treprostinil: n=108, Placebo: n=58]

Male [Oral Treprostinil: n=43, Placebo: n=19]  

Etiology (p=0.1412)
IPAH/HPAH [Oral Treprostinil: n=114, Placebo: n=56]

Other [Oral Treprostinil: n=37, Placebo: n=21]  

Baseline walk distance (m) (p=0.4885)

Baseline WHO class (p=0.6441)
I-II [Oral Treprostinil: n=53, Placebo: n=25]

III-IV [Oral Treprostinil: n=98, Placebo: n=52]  

Hodges-Lehmann median treatment effect on 6MWD (m)

*
*

* 

*

*    

*
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≤ 41.2 [Oral Treprostinil: n=96, Placebo: n=36]

> 41.2 [Oral Treprostinil: n=55, Placebo: n=41]  

≤ 350 [Oral Treprostinil: n=77, Placebo: n=40]

> 350 [Oral Treprostinil: n=74, Placebo: n=37]  

Figure 4. Change in 6-minute walk distance (6MWD) by covariates. Results presented as Hodges-Lehmann median estimate of treat-
ment effect for the change in 6MWD at week 12 by covariate classification for the modified intent-to-treat (mITT) population. Subgroup 
interaction probability values provided for covariates; *P<0.05. HPAH indicates hereditary pulmonary arterial hypertension; IPAH, idio-
pathic pulmonary arterial hypertension; ITT, intent to treat; mITT, modified intent-to-treat; and WHO, World Health Organization.

 at University of Manitoba Libraries on February 16, 2015http://circ.ahajournals.org/Downloaded from 

http://circ.ahajournals.org/


630  Circulation  February 5, 2013

most commonly reported serious AEs for the mITT popula-
tion were right ventricular failure (oral treprostinil, 10 [7%]; 
placebo, 3 [4%]) and worsening PAH (oral treprostinil, 3 
[2%]; placebo, 4 [5%]).

There were 16 deaths in the ITT population, including 10 
among patients taking oral treprostinil (4%) and 6 among 
those given placebo (5%) (Figure 1). Additionally, 1 patient 
in the oral treprostinil group died after completing the week 
12 visit but before enrolling in the open-label extension study. 
Two deaths in the oral treprostinil group were considered by 
the individual investigator to be possibly attributable to study 
drug (1 event of vasovagal syncope and 1 event of pulmo-
nary edema). For the mITT population, there were 14 deaths, 
including 9 patients taking oral treprostinil (6%) and 5 taking 
placebo (8%). Of the 9 patients taking oral treprostinil who 
died, 8 (5%) died before discontinuation of study drug (Figure 
1). Although there were occasional transient changes in indi-
vidual laboratory parameters during the study, there were no 
significant treatment-related trends in laboratory parameters 
between treatment groups over time. Similarly, there were no 
significant treatment-related differences in mean vital signs or 
ECG parameters over the course of the study.

Discussion
Although the therapeutic benefits of inhaled and parenteral 
prostacyclin analogue therapies are well established, the use 
of these therapies is complex, and they are often challenging to 
administer.8 As such, these therapies are typically reserved for 
use as part of a second-line, combination therapy (ie, inhaled 
plus ERA or PDE-5I) or for the treatment of severe disease 
(parenteral). An oral prostacyclin analogue would add a first-
line, prostacyclin-based treatment option to the PAH therapy 
armamentarium and could provide a viable initial treatment 
option for PAH patients with less severe disease.

In the present study, PAH patients not receiving other 
therapy (ERA or PDE-5I) were randomized to oral treprostinil 
or placebo for 12 weeks. Significant improvements in 6MWD 

were noted at week 12 for both the mITT and ITT populations 
and were observed by week 8 in the mITT population and week 
4 in the ITT population. Importantly, 6MWD improvements 
were increased significantly at trough concentrations (week 
11) for the ITT population and trended toward significance for 
the mITT population. Although there were no formal dose-
response or pharmacokinetic analyses performed in the present 
study, there appeared to be a positive relationship between 
duration of treatment, dose of study drug achieved, and 6MWD 
treatment effect. In the present study, the average dose of oral 
treprostinil achieved by mITT patients who completed the 
week 12 assessments was 3.4 mg. Previous pharmacokinetic 
data suggest that PAH patients treated with this dose of oral 
treprostinil would exhibit clinically relevant serum treprostinil 
concentrations similar to those seen with parenteral infusion 
rates of ≈10 to 30 ng·kg−1·min−1 and similar to or greater than 
those seen with the recommended maintenance dose (54 µg 4 
times a day) of inhaled treprostinil.23,27,28

More than half (52%) of the patients treated with oral trepro-
stinil demonstrated at least a 20-m improvement in 6MWD 
at week 12, and 34% had an improvement of ≥50 m. These 
improvements are similar to those observed with the addition 
of inhaled treprostinil to background ERA or PDE-5I therapy 
(52% ≥20 m; 31% ≥50 m).16 Interestingly, the improvements 
seen in the placebo group in the present study (39% ≥20 m; 
23% ≥50 m) were actually greater than those observed for 
the placebo group in the inhaled treprostinil study (32% ≥20 
m; 12% ≥50 m),16 despite the fact that patients given placebo 
in the present study were not receiving background therapy. 
Together, these results further emphasize the need for pla-
cebo-controlled trials when the primary end point is 6MWD.

Oral treprostinil was generally well tolerated in the mITT 
population, and the incidence and severity of observed AEs 
were consistent with the previously observed effects of prosta-
cyclin therapy (headache, nausea, diarrhea, flushing, and pain 

Table 2. Clinical Worsening 

ITT Population mITT Population

Category
Oral Treprostinil  

(n=233)
Placebo  
(n=116)

Oral Treprostinil  
(n=151)

Placebo  
(n=77)

No clinical worsening 211 (91) 101 (87) 136 (90) 69 (90)

Clinical worsening 22 (9) 15 (13) 15 (10) 8 (10)

Death* 13 (6) 8 (7) 9 (6) 6 (8)

Hospitalization/new 
therapy†

9 (4) 5 (4) 6 (4) 1 (1)

6MWD/WHO/new 
therapy‡

0 (0) 2 (2) 0 (0) 1 (1)

Transplantation or atrial 
septostomy

0 (0) 0 (0) 0 (0) 0 (0)

Values shown as n (%).
ITT indicates intent-to-treat; mITT, modified intent-to-treat; 6MWD, 6-minute 

walk distance; and WHO, World Health Organization.
*Includes 1 patient (oral treprostinil) who died after discontinuing study drug. 
†Hospitalization for PAH plus addition of new PAH therapy. 
‡A ≥20% decrease in 6MWD with worsening WHO functional class plus 

addition of new PAH therapy.

Table 3. Adverse Events 

ITT Population mITT Population

Adverse 
Event

Oral Treprostinil  
(n=233)

Placebo  
(n=116)

Oral Treprostinil  
(n=151)

Placebo  
(n=77)

Any event 219 (94) 106 (91) 138 (91) 68 (88)

Headache 160 (69) 36 (31)* 95 (63) 15 (19)*

Nausea 91 (39) 25 (22)* 45 (30) 14 (18)

Diarrhea 86 (37) 21 (18)* 46 (30) 12 (16)*

Pain in jaw 59 (25) 8 (7)* 17 (11) 3 (4)

Vomiting 57 (24) 19 (16) 26 (17) 12 (16)

Flushing 50 (21) 9 (8)* 23 (15) 5 (6)

Pain in 
extremity

44 (19) 9 (8)* 21 (14) 6 (8)

Abdominal 
pain

31 (13) 9 (8) 13 (9) 4 (5)

Myalgia 24 (10) 5 (4) 6 (4) 0 (0)

Adverse events occurring in at least 10% of patients receiving oral treprostinil 
in the ITT population. Values (n [%]) reported for the intent-to-treat (n=349) and 
modified intent-to-treat (n=228) populations. 

ITT indicates intent-to-treat; and mITT, modified intent-to-treat.
*P<0.05.
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in jaw or extremity).7,13,15,16 There was no evidence of previ-
ously unidentified, treatment-limiting, oral administration–
specific AEs. It appears that the 0.25-mg BID starting dose in 
the mITT population was better tolerated (lower rate of discon-
tinuation in the mITT population than in the ITT population, 
many of whom started on 1 mg BID). This is consistent with 
the higher discontinuation rate in the original FREEDOM-C 
trial when the starting dose was 1 mg BID.26 Future trials will 
focus on a starting dose of 0.25 mg to improve drug toler-
ance. The lower starting dose for the mITT population did not 
appear to limit patient dose escalation to a clinically relevant 
range (3.4 mg at week 12), as demonstrated by the robust 
improvements in 6MWD. As mentioned above, the dose of 
oral treprostinil achieved by patients in the first 12 weeks of 
the present study has been shown to produce plasma expo-
sures similar to those demonstrated for low-dose parenteral or 
the recommended dose of inhaled treprostinil delivery.23,27,28

Overall, the results from the present study with respect to 
6MWD are similar to those seen in placebo-controlled studies 
for currently approved oral therapies (both ERA and PDE-5I) 
that are typically used in the treatment of de novo PAH.29–32 
In contrast to prior studies with bosentan, ambrisentan, 
and tadalafil, however, oral treprostinil had no effect on the 
incidence of clinical worsening.29,31,32 Overall, the incidence 
of clinical worsening in the present study was relatively low 
(10%), which may reflect the short duration of the study (12 
weeks), the fairly large percentage of patients with WHO class 
II symptoms (34%), and the only moderately impaired exercise 
capacity across patients at baseline (mean 6MWD=330 m). 
Of note, the incidence of clinical worsening in the placebo 
group in the present study (10%) was virtually identical 
to that reported for the 12-week studies for ambrisentan 
(Ambrisentan in Pulmonary Arterial Hypertension Study 1 
[ARIES-1]; 9%) and sildenafil (Sildenafil Use in Pulmonary 
Arterial Hypertension [SUPER]; 10%), studies that also 
lacked a significant treatment effect with respect to clinical 
worsening,30,31 and lower than that seen in the 12-week 
Ambrisentan in Pulmonary Arterial Hypertension Study 
2 (ARIES-2; 22%) and the longer duration BREATHE-1 
study (Bosentan Randomized Trial of Endothelin Antagonist 
Therapy; 20% through week 28), 2 studies in which there 
were significant treatment effects for clinical worsening.29,31 
It is also interesting that although the overall incidence of 
clinical worsening in the present study was low, death was 
the most frequent clinical worsening event, with 8% and 6% 
of patients dying in the placebo and oral treprostinil groups, 
respectively. As a point of comparison, deaths in the placebo 
groups in the ARIES-1 and SUPER studies were 3% and 1%, 
respectively. This apparent discrepancy between incidence of 
clinical worsening and frequency of death may be explained 
in part by geographic differences between studies and the 
fact that the majority of patients in the present study came 
from countries such as China, in which advanced parenteral 
and organ transplant treatment options are less readily 
available (online-only Data Supplement Table II). Related 
to this, it is also important to consider potential issues about 
the extrapolation of the efficacy results presented here to a 
more Western patient population. Although the data are 
limited, recent analyses suggest that 6MWD treatment effects 

in Chinese patient populations are similar to those seen in 
Western populations and that survival rates for Chinese PAH 
patients have improved in the modern treatment era.33–36 
In general, however, comparison of efficacy results across 
trials is highly problematic because of differences in patient 
population and study design and only properly addressed 
in head-to-head studies such as the ongoing AMBITION 
trial (AMBITION: A Randomised, Multicenter Study of 
First-Line Ambrisentan and Tadalafil Combination Therapy 
in Subjects With Pulmonary Arterial Hypertension; www.
clinicaltrials.gov; NCT01178073) comparing 2 first-line, oral 
monotherapies (ambrisentan or tadalafil) with the respective 
combination therapy.

Study Limitations
The conclusions drawn from the present study are limited 
by the relatively short duration (12 weeks), the relative lack 
of patients with either less severe disease (WHO functional 
class I or 6MWD >450 m) or more severe disease (WHO 
functional class IV), the relatively small numbers of nonid-
iopathic or nonhereditary PAH patients, and the fact that the 
study drug was evaluated as monotherapy only. Longer stud-
ies are required to further address end points such as clini-
cal worsening and survival, although these studies will likely 
have to rely on combination therapy with an active control 
group given the ethical issues of conducting a long-term pla-
cebo-controlled study in the context of a progressive and fatal 
disease. Similarly, more head-to-head studies are needed to 
directly compare the efficacy of available first-line oral thera-
pies with distinct mechanisms of action.

Conclusions
Oral treprostinil is the first oral prostacyclin analogue to meet 
the primary end point in a randomized, controlled trial in 
the PAH patient population. The results of the present study 
support the use of oral treprostinil as initial therapy in PAH 
patients with class II or III symptoms. Additional studies are 
needed to investigate the long-term impact of oral treprostinil 
therapy on PAH disease progression.
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CLINICAL PERSPECTIVE
Pulmonary arterial hypertension (PAH) is a progressive, fatal disease characterized by increasing pulmonary vascular resistance 
that leads to right ventricular failure and death. In the past ≈15 years, the PAH treatment armamentarium has grown dramati-
cally to encompass oral endothelin receptor antagonists, oral phosphodiesterase type-5 inhibitors, and parenteral/inhaled pros-
tacyclin analogues. Despite the availability of diverse therapies, there is no cure for PAH, and long-term survival for patients 
remains poor. The prostacyclin analogue therapeutic class has an established history of safety and efficacy for the treatment 
of PAH. The therapeutic use of prostacyclin analogues, however, is currently restricted to continuous parenteral infusion or 
frequent inhaled administration because of the relatively short in vivo half-life of these compounds. Thus, the development of 
oral prostacyclin analogues is of significant clinical interest. Treprostinil is a prostacyclin analogue currently approved for the 
treatment of PAH for subcutaneous, intravenous, and inhaled administration. Treprostinil diolamine is a treprostinil salt for-
mulated for oral administration. Here, we describe the safety and efficacy of oral treprostinil monotherapy for the treatment of 
PAH. The results of the present study support the use of oral treprostinil as an initial therapy in PAH patients with World Health 
Organization class II or III symptoms to improve exercise capacity. The use of a titratable prostacyclin analogue as an initial 
therapy will meet an unmet need in the treatment of patients with PAH.
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Supplemental Table I. Principal Investigators and Study Sites. 

US and Canada  
Robyn J. Barst, MD 
Columbia Presbyterian Medical Center 
New York, NY 
United States 

Sif Hansdottir, MD 
University of Iowa Hospitals and Clinics 
Iowa City, IA 
United States 

Ronald Oudiz, MD 
Harbour-UCLA Medical Center 
Torrance, CA 
United States 

Robert Frantz, MD 
Mayo Clinic 
Rochester, MN 
United States 

David Badesch, MD 
U. of Colorado Health Science Center 
Aurora, CO 
United States 

Adaani Frost, MD 
Baylor College of Medicine, Pulmonary & Critical Care 
Houston, TX 
United States 

Robert Bourge, MD 
University of Alabama-Birmingham 
Birmingham, AL 
United States 

Michael Mathier, MD 
University of Pittsburg Medical Center 
Pittsburgh, PA 
United States 

Joel Wirth, MD 
Maine Medical Center 
Portland, ME 
United States 

Srinivas Murali, MD 
Allegheny General Hospital 
Pittsburgh, PA 
United States 

David Langleben, MD 
SMBD Jewish General Hospital 
Montreal, QC 
Canada 

Robert Schilz, DO, PhD 
University Hospitals of Cleveland 
Cleveland, OH 
United States 

Akram Khan, MD 
Oregon Health and Science University 
Portland, OR 
United States 

Nicholas Hill, MD 
Tufts New England Medical Center 
Boston, MA 
United States 

Mardi Gomberg-Maitland, MD 
University of Chicago Hospitals 
Chicago, IL 
United States 

Shelley Shapiro, MD, PhD 
West Los Angeles VA Healthcare Center 
Los Angeles, CA 
United States 

Aaron Waxman, MD, PhD 
Brigham and Women’s Hospital 
Boston, MA 
United States 

Cathy Markin, MD 
Legacy Clinical Samaritan Hospital 
Portland, OR 
United States 

Vallerie McLaughlin, MD 
University of Michigan 
Ann Arbor, MI 
United States 

Diane Zwicke, MD 
Heart Care Associates 
Milwaukee, WI 
United States 

Clinton Lawrence, MD 
Emory University Hospital 
Atlanta, GA 
United States 

Namita Sood, MD 
Ohio State University 
Columbus, OH 
United States 

 
 
 

 



  
  
Myung Park, MD 
University of Maryland School of Medicine 
Baltimore, MD 
United States 

Naushad Hirani, MD 
Peter Lougheed Centre 
Calgary, AB 
Canada 

Steven Nathan, MD 
Inova Fairfax Hospital 
Falls Church, VA 
United States 

Roblee Allen, MD 
UC Davis Medical Center 
Sacramento, CA 
United States 

Murali Chakinala, MD 
Washington University Hospital 
St. Louis, MO 
United States 

Fernando Torres, MD 
UT Southwestern 
Dallas, TX 
United States 

Jeremy Feldman, MD 
Arizona Pulmonary Specialist 
Phoenix, AZ 
United States 

Kristin Highland, MD 
Medical University of South Carolina 
Charleston, SC 
United States 

Sanjay Mehta, MD 
London Health Sciences Center 
London, ON 
Canada 

David Ralph, MD 
University of Washington Medical Center 
Seattle, WA 
United States 

James White, MD, PhD 
Mary M Parkes Center 
Rochester, NY 
United States 

Omar Minai, MD 
The Cleveland Clinic Foundation 
Cleveland, OH 
United States 

Deborah Jo Levine, MD 
The University of Texas San Antonio 
San Antonio, TX 
United States 

Abubakr Bajwa, MD 
Shands Hospital  - U. of Florida Jacksonville 
Jacksonville, FL 
United States 

Peter Engel, MD 
The Lindner Center 
Cincinnati, OH 
United States 

Alvaro Aranda, MD 
Auxilio Mutuo Hospital 
San Juan 
Puerto Rico 

Adam Hurewitz, MD 
Winthrop University Hospital 
Mineola, NY 
United States 

Vijay Balasubramanian, MD 
U. of California San Francisco – Fresno 
Fresno, CA 
United States 

Austin Thompson, MD 
Nebraska Medical Center 
Omaha, NE 
United States 

Sean Studer, MD 
Newark Beth Israel Medical Center 
Newark, NJ 
United States 

Naseem Jaffrani, MD 
Alexandria Cardiology Clinic 
Alexandria, LA 
United States 

Jean Elwing, MD 
University of Cincinnati 
Cincinnati, OH 
United States 

John McConnell, MD 
Kentuckiana Pulmonary Associates 
Louisville, KY 
United States 

Franck Rahaghi, MD 
Cleveland Clinic Florida 
Weston, FL 
United States 

Robert Scott, MD 
Mayo Clinic Arizona 
Phoenix, AZ 
United States 

 

  



  
  
India  
Bhaskara Rao, MD 
Care Hospital 
Visakhapatnam, AP 
India 

Shirish Hiremath, MD 
Ruby Hall Clinic 
Pune, MH 
India 

Prafulla Kerkar, MD 
Asian Heart Institute and Research Centre 
Mumbai, MH 
India 

Jagdish Hiremath, MD 
Poona Hospital 
Pune, MH 
India 

P. V. Suresh MD 
Narayana Hrudayalaya Institute 
Bangalore, KA 
India 

S. Thanikachalam, MD 
Sri Ramachandra Medical College 
Chennai, TN 
India 

Keyur Parikh, MD 
Care Institute of Medical Science 
Ahmedabad, GJ 
India 

Somasundaram Shanmugasundaram, MD 
K. S. Hospital 
Chennai, TN 
India 

Sameer Dani, MD 
Lifecare Institute of Medical Sciences 
Ahmedabad, GJ 
India 

J.P.S. Sawhney, MD 
Sir Ganga Ram Hospital 
New Delhi, DL 
India 

Rajpal K. Abhaichand, MD 
G. Kuppuswamy Naidu Memorial Hospital 
Coimbatore, TN 
India 

C. Raghu, MD 
PRIME Hospitals 
Hyderabad, AP 
India 

  
  
  
China  
Zhi-Cheng Jing, MD 
Shanghai Pulmonary Hospital 
Shanghai, China 

Lei Pan, MD 
Beijing Shijitan Hospital 
Beijing, China 

Kai-Feng Xu, MD 
Peking Union Medical College Hospital 
Beijing, China 

 

  
  
  
Mexico, Europe, Israel  
Juan Galindo, MD 
Hospital Universitario – UANL 
Monterrey, NL 
Mexico 

Carlos Jerjes, MD 
Unidad de Investigacion Clinica en Medicina 
Monterrey, NL 
Mexico 
 

Tomas Pulido, MD 
Instituto Nacional de Cardiología 
Mexico City 
Mexico 

Irene Lang, MD 
Universitaet Wien 
Wien 
Austria 

Marion Delcroix, MD 
University Hospital Gasthuisberg 
Leuven 
Belgium 

Robert Naeije, MD 
Hospital Erasme 
Brussels 
Belgium 

  
  



  
Gerald Simonneau, MD 
Hospital Antoine Beclere 
Clamart 
France 

Nazzareno Galie, MD 
Universita degli Studi Bologna 
Bologna 
Italy 

Anco Boonstra, MD 
VUMC 
Amsterdam 
The Netherlands 

Piotr Podolec, MD 
Krakowski Szpital Specjalistyczny im. 
Krakow 
Poland 

Adam Torbicki, MD 
National Tuberculosis and Lung Disease 
Research Institute 
Warsaw 
Poland 

Jerzy Lewczuk, MD 
Wojewodzki Szpital Specjalistyczny we Wroclawiu 
Wroclaw 
Poland 

Issahar Ben-Dov, MD 
Tel Hashomer Medical Center 
Ramat Gan 
Israel 

Neville Berkman, MD 
Hadassah Ein-Kerem Medical Center  
Jerusalem 
Israel 

Mordechai Kramer, MD 
Rabin Medical Center 
Petah Tikva 
Israel 

 

 

Supplemental Table II. Patient Randomization by Region. 
 ITT Population mITT Population 
 
Region 

Oral Treprostinil 
(n=233) 

Placebo 
(n=116) 

Oral Treprostinil 
(n=151) 

Placebo 
(n=77) 

US and Canada 72 (31) 33 (28) 34 (23) 19 (25) 
India 57 (24) 35 (30) 57 (38) 35 (45) 
China 51 (22) 20 (17) 51 (34) 20 (26) 
Mexico, Europe, Israel 53 (23) 28 (24) 9 (4) 3 (4) 

Values presented as n (%). 
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