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Abstract

Treprostinil is a prostacyclin analogue approved for the treatment of pulmonary arterial hypertension. Apart from the inhaled

formulation, there is neither a target dose nor a ceiling dose to guide clinicians using treprostinil; doses are individualized for each

patient based upon tolerability and clinical improvement. Using combined data from the pivotal subcutaneous and oral treprostinil

studies, we evaluated the effect of treprostinil dose on hospitalization and exercise capacity to better define the treprostinil dose–

response relationship. Data from the pivotal subcutaneous and oral treprostinil studies were combined by converting oral doses to

weight-based continuous doses (ng/kg/min) accounting for patient weight and bioavailability. Patients were divided into dose tertiles

(lowest, middle, highest 33%) and retrospectively analyzed. Analysis 1 assessed the effect of dose on pulmonary arterial hyperten-

sion-related and all-cause hospitalizations. Analysis 2 evaluated the effects of dose on six-minute walk distance, Borg dyspnea score,

and World Health Organization functional class. Results showed that, in Analysis 1, higher doses of treprostinil were associated

with significantly longer times to first pulmonary arterial hypertension-related and all-cause hospitalization. In Analysis 2, there was

a trend toward improvements in six-minute walk distance with higher doses. In patients with pulmonary arterial hypertension on

systemic treprostinil therapy, higher doses were associated with significantly longer time to first pulmonary arterial hypertension-

related and all-cause hospitalization. There was a trend toward improvements in six-minute walk distance. Collectively, these

results underscore the importance of managing prostacyclin adverse events in order to achieve appropriate dose titration. Further

studies are required to confirm these findings and to better characterize the dose–response relationship of treprostinil.
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Introduction

Pulmonary arterial hypertension (PAH) is a progressive and
severely disabling disorder characterized by luminal narrow-
ing in the small- and medium-sized pulmonary arteries,
which leads to an increase in pulmonary vascular resistance
and may culminate in right ventricular failure and prema-
ture death.1 There are currently four therapeutic drug
classes targeting three distinct molecular pathways approved
for the treatment of PAH: endothelin receptor antagonists

(ERAs), phosphodiesterase type 5 (PDE-5) inhibitors and
soluble guanylate cyclase (sGC) stimulators, and prostacyc-
lin analogues/receptor agonists.2

Evidence suggests that in patients with PAH, there are
abnormalities in prostacyclin metabolic pathways within
the pulmonary vasculature which lead to vasoconstriction
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of pulmonary arteries and endothelial cell proliferation.3

Treprostinil is a prostacyclin analogue that reduces pulmon-
ary arterial pressure through direct vasodilation of the pul-
monary and systemic arterial vascular beds. Additional
effects include inhibition of platelet aggregation and in
vitro reversal of pulmonary artery remodeling via reduction
in smooth muscle cell proliferation.4–7 Emerging pre-clinical
data suggest anti-fibrotic properties as well.8–10 These mech-
anisms lead to improvements in pulmonary gas exchange,
systemic oxygen transport, and cardiac output with minimal
alteration to heart rate.11

As established by United States Food and Drug
Administration and International Conference on
Harmonization (ICH) guidelines on studying dose–response
relationships, a well-controlled dose–response study would
ideally evaluate patients randomized to different doses.
Associations can then be drawn between dose and measures
of efficacy or safety.12,13 With systemically administered tre-
prostinil, this ideal trial design is challenging because there is
no known dose target and treprostinil doses are individua-
lized based on tolerability and clinical improvement.
Therefore, patients cannot be randomized to different drug
exposures without considering the ethical implications of
prolonged use of a possibly sub-therapeutic treprostinil
dose for a life-threatening condition such as PAH. Low
doses of prostacyclin therapy have been shown to acutely
improve hemodynamics,14 but in clinical practice, patients
are not maintained at a low dose. Instead, they are gradually
titrated to the highest dose that balances clinical metrics,
patient symptomatology, and manageable adverse events.
Therefore, it would also not be clinically appropriate to ran-
domize a patient to a treprostinil dose which may be
supratherapeutic and harmful for the purposes of a dose–
response study. Finally, treprostinil is a very potent vaso-
dilator with potential for significant adverse events and
inherent route-specific complications; achieving adequate
doses to derive dose–response relationships cannot be
safely or ethically administered to healthy volunteers.

As these obstacles preclude the formal study of trepros-
tinil dose–response in a prospective, randomized manner,
physicians have derived a large portion of their understand-
ing from clinical experience. Traditional PAH clinical trials
have utilized the six-minute walk distance (6MWD) as the
primary endpoint and more recent trials have employed
composite endpoints evaluating time to clinical worsening,
with results largely driven by hospitalization and disease
progression.15–18 Both of these endpoints are clinically rele-
vant and warrant evaluation. In this paper, we present two
novel analyses that combine data from patients enrolled in
the subcutaneous (SC) treprostinil registration study with
data from patients from the FREEDOM-M registration
study for oral treprostinil.19–22 Both pivotal studies were
12 weeks long, had the same primary endpoint of 6MWD,
studied systemically administered treprostinil monotherapy,
and titrated treprostinil to the maximum tolerated dose.19,20

Using these combined data, we evaluate the effects of higher

treprostinil doses on both hospitalization rates and func-
tional capacity in patients with PAH.

Methods

Analysis 1: effect of dose on hospitalization

Patients were included in the analysis if they completed the
randomized, pivotal oral or SC treprostinil studies, and
entered the open-label studies.21,22 Inhaled treprostinil was
not included in the analysis because unlike parenteral and
oral treprostinil, the manufacturer recommends a maximum
target dose.23 The manufacturer’s global drug safety data-
base was retrospectively analyzed for hospitalizations
reported per severe adverse events associated with the
open-label extension studies. Hospitalizations were adjudi-
cated for relatedness to PAH by physicians employed by the
drug manufacturer who are familiar with treprostinil’s
safety profile. Hospitalizations were considered unrelated
to PAH if the patient was treated for another underlying
etiology or experienced decompensation due to acute med-
ical problems. To combine the dosing data, oral doses were
converted to weight-based continuous doses (ng/kg/min),
accounting for patient weight and bioavailability using
the formula in the manufacturer package insert. Patients
were grouped into tertiles based on last known oral or SC
treprostinil dose (i.e. lowest 33% ‘‘low’’, middle 33%
‘‘medium’’, highest 33% ‘‘high’’) in the open-label extension
studies. Pairwise comparisons were made between dose
groups to evaluate difference in time to first PAH-related
and all-cause hospitalizations. Cox proportional-hazards
model was used to compare risk of PAH-related and all-
cause hospitalizations between dose groups. Kaplan–Meier
curves and log-rank tests were used to compare dose groups.
An adjusted analysis using a Cox proportional model was
repeated to control for confounding differences in baseline
characteristics known to impact hospitalizations in PAH.24

All statistical calculations were completed using SAS� ver-
sion 9.2 (SAS Institute, Inc. Cary, NC).

Analysis 2: effect of dose on 6MWD

Data from patients in the active arm (i.e. not placebo) in the
SC and oral treprostinil pivotal studies were combined.19,20

Dosing data were combined as described in the methods for
Analysis 1. Patients were grouped into tertiles based on dose
at Week 12 of the clinical studies (i.e. lowest 33% ‘‘low’’,
middle 33% ‘‘medium’’, highest 33% ‘‘high’’). Last obser-
vation carried forward was used to impute last observations
of 6MWD, Borg dyspnea score (BDS), World Health
Organization functional class (WHO FC), and dose. One-
way analysis of variance and Jonckheere–Terpstra tests were
used to assess differences and linear trends in 6MWD, BDS,
and WHO FC based on treprostinil dose received. An
adjusted analysis using multiple linear regression was
repeated to control for confounding differences in baseline
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characteristics known to impact 6MWD in PAH.25 All stat-
istical calculations were completed using SAS� version 9.2
(SAS Institute, Inc. Cary, NC).

Results

Analysis 1: effect of dose on hospitalization

A total of 1619 patients were included in this analysis (SC,
n¼ 860; oral, n¼ 759). Baseline demographics between the
three dose groups were similar with the exception of age,
WHO FC, PAH etiology, and time on treprostinil (Table 1).
Patients were primarily female with a mean age of 46.3
years. Most patients had WHO FC III symptoms at baseline
with a median baseline 6MWD of 363m. After grouping
the study population into dose tertiles, the median doses
in the low (<12.5 ng/kg/min, n¼ 537), medium (12.5–
33.3 ng/kg/min, n¼ 543), and high (>33.3 ng/kg/min,
n¼ 539) dose groups were 4.5, 22.5, and 50.0 ng/kg/min.

Of the 1619 patients, 730 patients (45.1%) experienced a
hospitalization, including 396 (24.4%) due to PAH. Median
time to first PAH-related hospitalization for low, medium,
and high dose groups was 209, 378, and 529 days (p<0.001
low/med, p¼ 0.041 med/high, p<0.001 low/high). Median
time to first all-cause hospitalization was 163, 322, and
380 days (p<0.001 low/med, p¼ 0.203 med/high, p<0.001
low/high). Higher doses were associated with a decreased
risk of PAH-related and all-cause hospitalization (p<0.05,
all comparisons; Table 2). There was a statistically

significant difference in Kaplan–Meier estimates between
dose groups for PAH-related hospitalization (logrank
p<0.0001; Fig. 1) and for all-cause hospitalizations (logrank
p<0.0001; Fig. 2).

Noting that WHO FC was significantly different between
dose groups at baseline, we performed an adjusted analysis
based on published literature suggesting disease severity
may influence hospitalization.24 Disease severity reflected
by 6MWD, age<18 years old, and comorbidities were
also considered as confounding variables. Baseline 6MWD
and age<18 years were balanced between dose groups.
Baseline comorbidities could not be corrected for because
these data were not available from the parent studies used in
Analysis 1. In the adjusted analysis controlling for WHO
FC, higher doses remained associated with significant
decreases in risk of PAH-related hospitalization (p¼ 0.006
low/medium, p¼ 0.03 medium/high, p<0.0001 low/high)
but not all-cause hospitalization (p¼ 0.0007 low/medium,
p¼ 0.06 medium/high, p<0.0001 low/high) (Table 2).

To evaluate whether results differed by treprostinil route
of administration, SC and oral dose data were evaluated
separately. Patients on low, medium, and high doses of
oral treprostinil had a median time to first PAH-related
hospitalization of 339, 412, and 658 days, respectively
(p¼ 0.049 medium/high, p<0.001 low/high). Median time
to first all-cause hospitalization was 293, 400, and 552
days (p¼ 0.003 low/medium, p<0.001 low/high). There
was a statistically significant difference in Kaplan–Meier
estimates between dose groups for PAH-related

Table 1. Analysis 1—baseline patient characteristics.

Baseline characteristicsa
Total

population

Low dose

(n¼ 537)

Medium dose

(n¼ 543)

High dose

(n¼ 539) p-Values

Oral treprostinil, n (%) 759 197 (36.7) 264 (48.6) 298 (55.3) –

Subcutaneous treprostinil, n (%) 860 340 (63.3) 279 (51.4) 241 (44.7) –

Mean age, years (SD) 46.3 (14.9) 46.3 (15.0) 48.0 (14.7) 44.4 (14.9) <0.001

Age< 18 years old, n (%) 49 (3.0) 13 (2.4) 12 (2.2) 24 (4.5) 0.060

Female, % 76.5 75.0 75.9 78.5 0.383

PAH etiology, %

Idiopathic or familial

Connective tissue disease

Other

59.5

21.3

19.2

53.4

22.7

23.8

57.8

23.2

19.0

67.2

18.0

14.8

<0.001

WHO FC, %

I

II

III

IV

0.7

23.7

70.2

5.4

0.0

20.5

71.9

7.6

0.9

26.2

67.2

5.7

1.3

24.3

71.6

2.8

0.0007

Median time since diagnosis, years (IQR) 0.9 (0.4–2.1) 0.8 (0.4–2.2) 0.9 (0.4–2.2) 0.8 (0.3–2.0) 0.138

Median 6MWD, m (IQR) 363 (297–400) 365 (294–404) 362 (302–398) 361 (295–397) 0.876

Median time on oral treprostinil, days (IQR) 677 (274–1219) 281 (100–664) 713 (357–1219) 1088 (633–1506) <0.001

SD: standard deviation; WHO FC: World Health Organization functional class; PAH: pulmonary arterial hypertension; IQR: inter-quartile range.
aDefined as start of active therapy in the pivotal or open-label extension studies.
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hospitalization (logrank p¼ 0.03) but not for all-cause hos-
pitalizations (logrank p¼ 0.23). Patients on low, medium,
and high doses of SC treprostinil had a median time to
first PAH-related hospitalization of 83, 318, and 428 days,
respectively (p<0.001 low/medium and low/high). Median
time to first all-cause hospitalization was 95, 266, and 310
days (p<0.001 low/medium and low/high). There was a stat-
istically significant difference in Kaplan–Meier estimates for
both PAH-related and all-cause hospitalization (logrank
p¼ 0.0003 and p<0.0001).

Analysis 2: effect of dose on 6MWD

A total of 466 patients were included in this analysis (SC,
n¼ 233; oral, n¼ 233). Most patients had WHO FC III
symptoms at baseline with a median baseline 6MWD of
335m. Patients were primarily female with a mean age of
44.8 years. There were differences between the dose groups
in a several baseline demographics such as age, sex, and
body mass index (BMI) but baseline WHO FC, 6MWD,
and BDS were similar (Table 3). The mean SC and oral

Fig. 1. Kaplan–Meier curves for Analysis 1 for time to first pulmonary arterial hypertension (PAH)-related hospitalization for patients receiving

oral treprostinil and subcutaneous (SC) treprostinil in the open-label extension studies after the randomized registration studies.21,22 Patients

were grouped into tertiles based on the last known dose (i.e. lowest 33% ‘‘low’’, middle 33% ‘‘medium’’, highest 33% ‘‘high’’). In the combined

analysis for oral and SC treprostinil, a significant treatment effect in favor of higher doses was observed (logrank p< 0.0001, both).

Source: reproduced with permission from Barst et al., 200621 and White et al., 2013.22

Table 2. Analysis 1—hazard ratios for PAH-related and all-cause hospitalizations between dose groups.

Medium vs.

low dose

HR (95% CI)

p-Value for

medium vs.

low dose

High vs.

medium dose

HR (95% CI)

p-Value for

high vs.

medium dose

High vs.

low dose

HR (95% CI)

p-Value for

high vs.

low dose

PAH-related hospitalization

Unadjusted 0.72 (0.56–0.92) 0.009 0.74 (0.58–0.95) 0.02 0.53 (0.41–0.69) <0.0001

Adjusted for baseline WHO FC 0.71 (0.55–0.91) 0.006 0.76 (0.59–0.97) 0.03 0.54 (0.41–0.69) <0.0001

All-cause hospitalization

Unadjusted 0.74 (0.62, 0.89) 0.001 0.82 (0.69–0.98) 0.03 0.61 (0.51–0.73) <0.0001

Adjusted for baseline WHO FC 0.73 (0.61, 0.87) 0.0007 0.84 (0.71–1.01) 0.06 0.61 (0.51–0.74) <0.0001

PAH: pulmonary arterial hypertension; HR: hazard ratio; CI: confidence interval; WHO FC: World Health Organization functional class.
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Fig. 2. Kaplan–Meier curves for Analysis 1 for time to first all-cause hospitalizations for patients receiving oral treprostinil and subcutaneous

(SC) treprostinil in the open-label extension studies after the randomized registration studies.21,22 Patients were grouped into tertiles based on

the last known dose (i.e. lowest 33% ‘‘low’’, middle 33% ‘‘medium’’, highest 33% ‘‘high’’). In the combined analysis for oral and SC treprostinil, a

significant treatment effect in favor of higher doses was observed (logrank p< 0.0001, both).

Source: reproduced with permission from Barst et al., 200621 and White et al., 2013.22

Table 3. Analysis 2—baseline patient characteristics.

Baseline characteristics

Total

population

Low dose

(n¼ 151)

Medium dose

(n¼ 159)

High dose

(n¼ 156) p-Values

Subcutaneous treprostinil, n (%) 233 (50%) 92 (60.9) 86 (54.1) 55 (35.3) –

Oral treprostinil, n (%) 233 (50%) 59 (39.1) 73 (45.9) 101 (64.7) –

Mean age, years (SD) 42.3 (14.5) 44.8 (12.8) 45.1 (14.5) 37.6 (14.6) <0.001

Female, % 79.2 86.1 79.2 72.4 0.013

Mean weight, kg (SD) 69.4 (20.4) 72.5 (20.2) 71.1 (19.7) 65.3 (20.7) 0.001

Mean height, cm (SD) 162 (9.7) 161 (8.5) 162 (10.2) 163 (10.0) 0.809

Mean BMI, kg/m2 (SD) 25.7 (6.9) 27.2 (7.1) 26.4 (6.7) 23.7 (6.6) <0.001

Mean duration of PAH, months (SD) 8.5 (19.1) 8.7 (17.4) 11.8 (25.6) 5.0 (10.1) 0.012

WHO FC, %

I

II

III

IV

1.7

24.5

70.2

3.6

1.8

18.8

75.9

3.6

1.9

22.7

70.1

5.2

1.3

30.5

66.2

1.9

0.292

Median 6MWD, m (IQR) 347 (278–390) 335 (264–385) 340 (278–389) 357 (285–395) 0.199

Median BDS (IQR) 4.0 (2.0–5.0) 4.0 (3.0–5.0) 3.5 (2.0–5.0) 3.5 (2.0–5.0) 0.500

SD: standard deviation; BMI: body mass index; PAH: pulmonary arterial hypertension; WHO FC: World Health Organization functional class; 6MWD: six-minute

walk distance; IQR: inter-quartile range; BDS: Borg dyspnea score.
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treprostinil dose at week 12 was 9.3 ng/kg/min and
13.8 ng/kg/min, respectively. The median doses in the low
(<6.3 ng/kg/min, n¼ 151), medium (6.3–13.4 ng/kg/min,
n¼ 159), and high dose (>13.5 ng/kg/min, n¼ 156) groups
were 3.7, 9.1, and 18.5 ng/kg/min, respectively (Table 4).

The low, medium, and high dose groups had respective
median 6MWD improvements of 13, 22, and 30m (Fig. 3).
There was a statistically significant difference in 6MWD
improvement between low/high dose groups (p¼ 0.013)
and a statistically significant linear trend for 6MWD
improvement with higher doses (Jonckheere–Terpstra test,
one-sided p¼ 0.0052). Significant differences in BDS were

found between low/medium groups (p¼ 0.007) and low/
high groups (p<0.001) with median improvements of 0.0,
1.0, and 1.0 in the low, medium, and high groups, respect-
ively (Table 4). There were differences observed in WHO FC
improvements between dose groups but these did not reach
statistical significance.

Noting that age, gender, and BMI were significantly dif-
ferent between dose groups at baseline, we performed an
adjusted analysis based on published literature suggesting
this may influence 6MWD.25 PAH etiology was considered
as well but was balanced between the dose groups at base-
line. When controlling for age, sex, and BMI, we did not

Fig. 3. Boxplot showing change in exercise capacity by treprostinil dose tertile for Analysis 2 (unadjusted). Numbers within the colored boxes

represent median and the interquartile range (IQR) 6MWD change from baseline with last observation carried forward (LOCF) for each dose

tertile. Horizontal lines within the boxes represent the median, with maximum and minimum values appearing above the boxes. p-Values for

between-group comparisons are denoted using brackets.

6MWD: six-minute walk distance.

Table 4. Analysis 2—change in 6MWD, BDS, and WHO FC by dose group.

Low dose

(n¼ 151)

Medium dose

(n¼ 159)

High dose

(n¼ 156)

p-Value 1

(low vs.

medium)

p-Value 2

(medium

vs. high)

p-Value 3

(low

vs. high)

Median dose at week 12, ng/kg/min (IQR) 3.7 (2.5, 5.0) 9.1 (7.5, 11.3) 18.5 (15.0, 22.5) <0.001 <0.001 <0.001

Median change in 6MWD, m (IQR) 13 (�18, 55) 22 (�13, 58) 30 (�6, 70) 0.287 0.112 0.013

Median change in BDS, (IQR) 0.0 (�1.0, 1.0) �1.0 (�2.0, 0.0) �1.0 (�2.0, 0.0) 0.007 0.191 <0.001

Change in WHO FC

Unchanged; worsened, n (%)

Improved, n (%)

57 (50.9)

55 (49.1)

62 (40.3)

92 (59.7)

73 (47.4)

81 (52.6)

0.085 0.207 0.574

Median change in 6MWD,

m (IQR)—oral treprostinil only

38 (�6, 67)

n¼ 77

28.5 (�4, 72)

n¼ 79

36 (4, 76)

n¼ 77

0.992 0.421 0.540

Median change in 6MWD,

m (IQR)—SC treprostinil only

12.5 (�17, 42)

n¼ 65

6 (�42, 42)

n¼ 83

20 (�9, 49)

n¼ 85

0.316 0.031 0.311

IQR: inter-quartile range; 6MWD: six-minute walk distance; BDS: Borg dyspnea score; WHO FC: World Health Organization functional class; SC: subcutaneous.
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observe any significant differences in 6MWD between dose
groups (p¼ 0.1925).

To evaluate whether 6MWD results differed by treprostinil
route of administration, SC and oral dose data were sepa-
rated and the analysis repeated. For oral treprostinil patients,
the low, medium, and high dose groups had respective
median 6MWD improvements of 38, 28.5, and 36m
(p¼Nonsignificant (NS), all). For SC treprostinil patients,
the low, medium, and high dose groups had respective
median 6MWD improvements of 12.5, 6, and 20m (low/
medium and low/high p¼NS, med/high p¼ 0.031).

Discussion

Until recently, 6MWD has been used as the primary end-
point in nearly all pivotal Phase 3 PAH clinical trials. Much
about what is currently understood about treprostinil dose–
response is derived from increased exercise capacity asso-
ciated with escalating doses. Although the validity of the
6MWD as a surrogate endpoint is often questioned, findings
from European PAH registries have confirmed that 6MWD
at both baseline and at follow-up is a strong clinical prog-
nosticator.26,27 Recent clinical trials have emphasized the
importance of preventing clinical worsening and PAH-
related hospitalizations.15–18 In the contemporary era,
both endpoints are highly relevant. In these novel analyses,
we have summarized how patients achieving higher trepros-
tinil doses demonstrate lower risk of hospitalization and a
trend toward improved exercise tolerance.

In Analysis 1, the high and medium dose Kaplan–Meier
curves for PAH-related and all-cause hospitalization separate
from the low dose curve early on, and there was not much
separation between the high and medium dose groups until
month 9. This could be due to the dose cutoffs used in this
study which were based on unbiased tertiles; it is possible that
early on in the course of therapy, certain dose thresholds are
needed to achieve noticeable benefits and our cutoffs do not
adequately reflect these thresholds. In our adjusted analysis
controlling for baseline differences in WHO FC, the high
dose group still demonstrated significant reductions in risk
when compared to the low dose group. Results from evaluat-
ing SC and oral treprostinil patients separately suggest that
both routes of administration independently demonstrate a
dose–response relationship with regard to hospitalization.

The improvements in 6MWD observed in Analysis 2 are
relatively modest but it is important to note that the trepros-
tinil doses analyzed are low compared to those routinely
used in contemporary clinical practice. Furthermore, many
factors can impact 6MWD and when controlling for differ-
ences in baseline demographics between dose groups, we did
not observe a significant difference in the Week 12 6MWD
associated with dose. It is possible that 6MWDmay not be a
sensitive marker of response to treprostinil in the way that
hospitalization may be, or that doses utilized in this study
were too low to demonstrate a statistically significant
improvement.
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Our findings are consistent with other empiric data from
prior studies to suggest that a dose–response relationship for
treprostinil exists (Table 5). In the pivotal SC treprostinil
study, the authors observed a dose–response relationship
after stratifying patients into quartiles based on their week
12 dose.20 In two separate retrospective reviews, there were
survival and mortality benefits observed with increasing
doses of parenteral treprostinil.28,29 These results should
be interpreted with caution because dose–response was not
a pre-planned endpoint and a few analyses of SC treprostinil
have not demonstrated a dose–response relationship. Benza
and colleagues did not find a correlation between the week
12 SC treprostinil dose with improved survival in a retro-
spective review of 811 patients enrolled in three SC trepros-
tinil studies.28 The authors hypothesize that this was due to
suboptimal dosing achieved at week 12 in the parent studies.
Grünig and colleagues performed an open-label study of SC
treprostinil which utilized a rapid uptitration dosing regi-
men in 39 patients with PAH.30 The authors did not observe
an association with higher doses of SC treprostinil and
longer 6MWD. The majority of patients were on dual back-
ground therapy of a PDE-5 inhibitor and ERA (n¼ 35,
90%) and the lack of a dose–response finding could be
explained by a diminished response in a heavily pre-treated
population. Despite these two negative dose–response find-
ings, there are data to suggest that as parenteral treprostinil
is adequately titrated to therapeutic effect, patients may
benefit from increased doses in the setting of proper adverse
event management and clinical follow-up.

Similar findings have been observed for oral treprostinil
(Table 5). Several post-hoc analyses suggest a dose–response
relationship of oral treprostinil monotherapy in which
higher doses correspond to greater improvements in func-
tional capacity.31–33 In another analysis of oral treprostinil
used as combination therapy, White and Rao found a sig-
nificant difference in 6MWD change from baseline between
the low and high dose groups at week 16.34 More recently,
longer term dose–response findings in the FREEDOM-EV
study were published showing that patients achieving� 3mg
thrice daily (TID) at week 24 had greater improvements in
6MWD, N-terminal pro-brain natriuretic peptide (NT PRO
BNP), WHO FC, and BDS compared to the<3mg TID
group while experiencing a similar rate of adverse events.35

There are limitations to these present analyses. Although
combining SC and oral data is a novel concept supported by
the systemic nature of drug exposure for both treprostinil
formulations, there is evidence that parenteral and oral
routes are different.36 Analysis 1 was retrospective in
nature, and hospitalizations were adjudicated by physicians
employed by the drug manufacturer rather than treating
clinician. Results may be confounded by changes or add-
ition of background PAH therapy, which were unavailable
for assessment. Dose data were extrapolated from last
known dose in the open-label study and the actual dose
for patients may be different. Analysis 2 was retrospective
in nature and dose groups varied with respect to age, sex,

weight, and duration of PAH at baseline. The doses used in
Analysis 2 were relatively low which may limit the applic-
ability of the findings; for instance, the median dose in the
high dose group was 18.5 ng/kg/min, which corresponds to
an oral treprostinil regimen of approximately 3mg TID in a
70 kg patient. There are also limitations to using 6MWD as
an endpoint, as improvements in this clinical measure may
be influenced by numerous parameters other than dose.25

Finally, there were no significant 6MWD findings when
SC and oral treprostinil doses were evaluated separately,
likely due to the small sizes of each group.

Prostacyclin dose–response relationships are also con-
founded by the time it takes to titrate patients to clinically
appropriate doses. This is especially apparent when con-
sidering the mean dose of 26 ng/kg/min at one year in the
long-term SC treprostinil study used in Analysis 1, which is
low compared to the mean dose of 55 ng/kg/min achieved at
one year in contemporary clinical practice.21,37,38 It is pos-
sible that longer exposure time rather than increased dose is
responsible for the improved clinical benefit over time; in a
post-hoc study of patients on oral treprostinil, Kumar and
colleagues found that the time a patient spent above a total
daily dose of 8mg was associated with an increased response
to therapy.31,32 This suggests that there may be a temporal
component to the dose–response relationship of treprostinil.

Along with epoprostenol, parenteral and oral treprostinil
therapies are unique in PAH as they are the only drugs with-
out a ceiling dose. In patients who achieve clinical improve-
ment and stability, incremental prostacyclin dose increases
are often required over time. Whether the need for dose titra-
tion arises from disease progression or drug tolerance is
uncertain. The benefit of the dose–response relationship for
systemically administered prostacyclins is that drug is titrat-
able with no ceiling dose, allowing this drug class to remain a
viable long-term treatment option. In effect, dose titration
can outpace disease progression. In contrast, ERAs, PDE-5
inhibitors, sGC stimulators, and prostacyclin receptor agon-
ists are employed with dose limits and when a patient experi-
ences disease progression on these therapies, additional
treatment with drugs from other therapeutic classes or con-
version to prostacyclins is required.

There are potential risks associated with progressively
higher doses of prostacyclins. These have been best charac-
terized with parenteral epoprostenol. A high cardiac output
state has been described with higher doses of epoproste-
nol.39 High output heart failure should be considered in
previously stable patients at high doses who develop wor-
sening flushing, gastrointestinal symptoms, and palpita-
tions. Right heart catheterization often reveals a markedly
elevated cardiac output and symptoms subside with dose
reduction without worsening of PAH symptoms. High
output heart failure has not been well described with oral
treprostinil. Increased incidence of adverse events such as
headache, nausea, flushing, and jaw pain may also be asso-
ciated with higher doses of prostacyclins, so proper follow-
up remains important as patients uptitrate on dose.
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These two novel post-hoc analyses demonstrate that
increased treprostinil dose is associated with improvements
in 6MWD and significantly longer time to hospitalization.
Despite the differences between the oral and parenteral for-
mulations of treprostinil and the heterogeneity of the doses
achieved in clinical trials, the significantly longer time to first
PAH-related and all-cause hospitalization associated with
higher, clinically relevant doses of treprostinil supports the
importance of aggressive dose titration. The exact nature of
the dose–response relationship (e.g. linear vs. non-linear)
remains difficult to characterize owing to the background
progression of disease, and whether this relationship con-
tinues to exist at very high doses is unknown. It is also
unclear whether the dose–response relationship exists for cer-
tain PAH phenotypes that are more aggressive in nature and
less responsive to pharmacotherapy. In addition, these results
should be interpreted cautiously as the use of higher trepros-
tinil doses is dependent on a patient’s PAH symptomatology
as well as drug tolerability. Nonetheless, these unique proper-
ties of treprostinil distinguish it from other non-prostacyclin
therapies. Further research into the dose–response relation-
ship may focus on the relationship between side effects and
therapeutic benefits, and better understanding the physiologic
and biochemical mechanisms that lead to clinical improve-
ment with higher treprostinil doses.
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