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Abstract
Background: Current guidelines recommend treatment
with parenteral prostacyclin analogs in patients with severe
pulmonary arterial hypertension (PAH), who have insuffi-
cient response to treatment. Real-life data are sought to help
physicians in treatment decisions and clinical care of pa-
tients. Objective: This study analyzed safety, clinical effects,
and long-term outcomes of subcutaneous (sc) and/or intra-
venous (iv) treprostinil via different pump systems in con-
secutive patients with PAH. Methods: Thirty-seven patients
with severe progressive PAH despite dual combination
therapy (20 female, mean age: 52.3 ± 15 years, mean
pulmonary vascular resistance: 12.1 ± 5.1 WU) were initiated
with add-on treprostinil sc and were routinely clinically

assessed. Changes in clinical parameters, adverse events,
and outcomewere analyzed retrospectively. Results: In 24 of
37 patients, treprostinil administration was continued iv via
implantation of LENUS Pro® pump after 3 ± 1.3 months, 6
patients continued with sc therapy, and 7 discontinued
treatment. After 3, 6, 9, and 12 months of treprostinil treat-
ment, patients showed a significant improvement in mean
6-min walk distance and tricuspid annular plane systolic
excursion compared to baseline. In 8 of the 24 patients, iv
pumps required surgical revision. During a mean follow-up
of 2.82 ± 1.95 years, 12 patients died, four received
lung transplantation. Transplant-free survival after 1, 2,
and 3 years was 85.7%, 69.2%, and 65.3%, respectively.
Conclusion: sc treprostinil as add-on to double combination
treatment significantly improved exercise capacity and right
heart function. In most patients, treprostinil could be con-
tinued via more tolerable iv administration approach (LENUS
Pro® pump), showing reasonable overall survival with re-
spect to the severity of PAH. © 2023 S. Karger AG, Basel
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Introduction

Pulmonary arterial hypertension (PAH) is character-
ized as a disease of the small pulmonary arteries leading to
an increase in pulmonary vascular resistance (PVR) and
ultimately right heart failure [1]. The symptoms of PAH
are nonspecific and mainly related to progressive right
ventricular (RV) dysfunction as consequence of progres-
sive pulmonary vasculopathy [2].

The synthetic prostacyclin epoprostenol was the first
approved treatment for PAH and improved short-term
(12 weeks) survival in patients with severe disease in a
small randomized, open-label, controlled trial [3]. Since
then, various prostacyclin analogs (PCA) with different
routes of administration have been shown to significantly
improve right heart function, quality of life, exercise
capacity, andWorld Health Organization functional class
(WHO FC) in PAH patients [4]. Parenteral treprostinil,
with either subcutaneous (sc) or intravenous (iv) admin-
istration, was shown to be effective for improving symp-
toms and outcomes [5, 6].

In the first double-blind, placebo-controlled, multi-
center trial, treatment with sc treprostinil improved ex-
ercise capacity, symptoms, and hemodynamics in pa-
tients with PAH in a dose-dependent manner [7]. The
safety profile of the drug in the 4-year open-label exten-
sion phase of the study showed no additional adverse
events (AEs) associated with the drug, while survival
significantly improved in the sc treprostinil group [8].
Anothermulticenter, randomized, double-blind, placebo-
controlled trial compared the efficacy of continuous iv
treprostinil to placebo in WHO group 1 PAH patients
residing in the Indian subcontinent showing a significant
increase in 6-min walk distance (6MWD) and improved
NYHA class under iv treprostinil treatment [9].

The new 2022 PH guidelines recommend that in
patients with idiopathic/heritable/drug associated PAH
who present at high risk of death, initial combination
therapy with a phosphodiesterase-5-inhibitor (PDE5i),
an endothelin receptor antagonist (ERA), and an iv/sc
PCA should be considered. Furthermore, in patients with
PAH who present at intermediate-high or high risk of
death while receiving ERA/PDE5i therapy, the addition of
iv/sc PCAs should be considered (IIa C) [2].

This recommendation is however based on few
randomized, controlled trials which assessed only
short-term treatment effects (after 3 months) or were
underdosed [7–9]. Moreover, in these previous studies,
only therapy-naive patients were considered for inves-
tigating the effects of parenteral PCA. Hence, data from
long-term studies on sc and iv treprostinil treatment with

a reasonable and effective dose in insufficiently pretreated
patients are lacking. Besides, investigation and stand-
ardization of usage, titration, and monitoring of trepros-
tinil treatment with different pump systems for each
administration form are needed to maximize safety
and drug efficacy in PAH patients [10, 11].

The aim of this study was therefore to investigate the
long-term safety, outcome (e.g., survival), and clinical
effects of sc and iv treprostinil treatment in patients with
severe PAH as escalation treatment. Besides, evaluation
and standardization of treatment regimen including up-
titration and monitoring of treprostinil administration
with different pump systems for sc and iv administration
were the focus of this study.

Methods

Study Population and Design
We retrospectively analyzed data from adult PAH patients of

our center who had been started on sc treprostinil due to clinical
worsening despite double oral combination therapy. Excluded
from this analysis were PAH patients with comorbidities such
as significant respiratory disease or left heart disease and patients
who received iv treprostinil as part of the initial treatment of newly
diagnosed PAH (upfront triple combination therapy). Clinical
data were obtained from medical charts including noninvasive
methods and hemodynamics from right heart catheterization
(RHC). Assessments of clinical data were performed at the begin-
ning of the observation period (baseline) and at approximately 3-
month intervals after starting the treatment (follow-ups) to eval-
uate long-term clinical course. AEs were recorded with type and
date of AE. In our cohort, therapy with parenteral treprostinil was
initiated using a sc administration approach allowing rapid up-
titration of the drug and enabling assessment of clinical efficacy
and tolerability of parenteral treprostinil before pump implanta-
tion for iv treprostinil treatment.

After reaching a reasonable, effective, and tolerable dose of the
drug, patients were offered to continue iv treprostinil treatment via
an implanted pump system. In most cases, sc treprostinil was
switched to iv application requiring implantation of a special
pump system. In some patients, who tolerated sc treatment
well, had the wish to continue sc treatment and showed sufficient
drug response by reaching and maintaining a low to intermediate
risk profile, continuation of sc treprostinil treatment was offered.

Treatment and Dosing
Routine measurements were performed before initiating sc

treatment with treprostinil sodium in the hospital at a starting
dose of 2 ng/kg/min with dose increments of 1–2 ng/kg/min
approximately every 12 h according to tolerability. The individual
length of the hospital stay was not only dependent on the toler-
ability of the medication but also on the learning ability concerning
the unassisted sc administration of treprostinil using a micro-
infusion pump (Crono 5; CanèMedical Technology), coupled with
either the Cleo (Smiths Medical) or Quickset (Medtronic) infusion
set. Ideally, medication was up-titrated in an outpatient setting at
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least once a week by dose increments of 2 ng/kg/min aiming for a
dose of at least 30 ng/kg/min before further evaluation of treatment
during a routine clinical visit after approximately 3 months.

Pump Implantation and Refill Procedures for LENUS
Pro® Pump
The LENUS Pro® fully implantable pump (Tricumed Medi-

zintechnik GmbH, Kiel, Germany) was implanted after 90 ±
40 days of sc treprostinil treatment in order to switch to iv
treprostinil treatment. Further escalation of treprostinil dose
toward a maximally tolerable dose 3 months after initiation of
iv treatment was performed during refill procedures.

The implantation of the LENUS Pro® pump was performed under
general anesthesia. All patients were monitored in the intensive care
unit after surgery. Treprostinil solution was injected into a drug
reservoir within the pump which was sealed by a silicone septum,
and gas-driven titanium bellows generated a constant flow from the
reservoir (40 mL) regulated by a chip capillary [12]. Pump refills were
performed under aseptic conditions using special needles in our center.
Intervals between percutaneous refills were usually 14–33 days de-
pending on the flow rate of the pump. The dose was adjusted at each
refill by injecting solutions with specific concentrations of treprostinil
into the pump’s drug reservoir, based on the flow rate and clinical
requirement to escalate or reduce the drug dose. Flow rates were
monitored regularly at refills due to potential inter-pump variability. In
this context, the calculation of the flow rate was performed via residual
drug volume in milliliters and time interval between refills.

Statistical Methods
Analyses were performed with the support of a statistician (NB).

Data are given as mean values ± standard deviations and 95%
confidence intervals of the mean. Frequencies are given as n and
respective percent. Changes in clinical data between baseline and
follow-up were analyzed by paired student’s t tests. Changes were
analyzed for sc treatment, iv treatment, and overall treprostinil
treatment irrespective of the type of medication administered. AEs
were defined according to international criteria and listed according
to their occurrence (during sc or iv treatment) and outcome
(revision or explantation of pump, discontinuation of treatment).

Survival was analyzed as overall survival and transplant-free
survival by Kaplan-Meier analysis. Start of treprostinil treatment
was set as baseline for survival analysis. Death was defined as death
due to any cause.

The date of treprostinil initiation was used as the index date for
determining survival, which was calculated using Kaplan-Meier
estimates. Date of death or transplantation was used to determine
transplant-free survival.

Responder status of treprostinil treatment was determined by
parameters showing treatment response and respective classification
according to ESC/ERS risk stratification. Risk group at baseline and
changes from baseline to 3 months of follow-up in the respective
parameters were analyzed by Cox regression analysis with stepwise
forward selection (likelihood ratio) regarding their meaning for survival.

All analyses were performed using IBM SPSS 25 (SPSS Statistics
V25, IBM Corporation, Somers, NY, USA). Different risk strat-
ification models including REVEAL 2.1, COMPERA, and the
French approach, were applied to the data [13–15].

For the French and COMPERA approaches, the three most
widely used, practicable, and routinely implemented noninvasive
parameters for risk stratification of the 2015 ESC/ERS treatment
guidelines including 6MWD, WHO FC, and serum levels of

N-terminal fragment of pro-brain natriuretic peptide (NT-
proBNP) were used [16]. Using the French noninvasive approach,
parameters in the green risk zone were counted for each patient
[15]. The COMPERA approach was defined as average risk group
at baseline out of the three named parameters. In addition, risk
stratification by number of improved parameters at first follow-up
was performed. Due to the exploratory nature of the study, all p
values were considered descriptive.

Results

Study Population
From 2015 to 2019, a total of 37 patients (20 female,

mean age 52 ± 15 years, 23 [62%] idiopathic PAH, 5 [14%]
heritable PAH, 3 [8%] connective tissue disease-associated

Table 1. Baseline characteristics of the patients

Patients, n 37
Gender [male/female] 17/20
Age, years 52.3±15
Height, cm 170±8
Weight, kg 77±17
WHO functional class, n (%) baseline

II 7 (19)
III 25 (67)
IV 5 (13)

Diagnosis, n (%)
IPAH 23 (62.2)
HPAH 5 (13.5)
CHD-APAH 6 (16.2)
CTD-APAH 3 (8.1)

Right heart catherization
Mean pulmonary arterial pressure, mm Hg 62.4±13.5
Pulmonary vascular resistance
[dyn × sec × cm−5]

969.4±406.2

Pulmonary vascular resistance, WU 12.1±5.1
Mean central venous pressure, mm Hg 11.6±4.7
Mean pulmonary arterial oxygen saturation, % 60±9.6
Pulmonary arterial wedge pressure, mm Hg 11.3±4.2
Cardiac index [l × min × m−2] 2.38±0.58

PAH-targeted medication, n (%)
Endothelin receptor antagonists

Bosentan 4 (10.8)
Ambrisentan 13 (35.1)
Macitentan 19 (51.3)

PDE5i/sGC-stimulator, n (%)
Sildenafil 26 (70.2)
Tadalafil 5 (13.9)
sGC riociguat 5 (11.1)

Values are given as mean ± SD or n (%), respectively. sGC,
soluble guanylate cyclase; WHO, World Health Organization;
IPAH, idiopathic pulmonary arterial hypertension; HPAH, herit-
able pulmonary arterial hypertension; APAH, associated pulmo-
nary arterial hypertension; CHD, congenital heart disease; CTD,
connective tissue disease.
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PAH [CTD-APAH], 6 [16%] PAH associated with con-
genital heart disease [CHD-APAH]) who were on different
combination treatments with PAH-targeted drugs includ-
ing PDE5i or soluble guanylate cyclase-stimulator (sGC)
and ERA, were enrolled into the study. Patients were
severely affected at baseline with mean pulmonary arterial
pressure (mPAP) of 62.4 ± 13.5 mm Hg, and mean
pulmonary vascular resistance (PVR) of 12.1 ± 5.1 WU.
Seven patients (19%) were inWHOFC II, 25 patients (67%)
in WHO FC III, and 5 (13%) in WHO FC IV (Table 1).

Treprostinil Dose Titration
In 37 patients with insufficient response or deterio-

ration under oral PH medication, sc treprostinil treat-
ment was initiated. sc treatment with treprostinil was
initiated as inpatient treatment and was escalated indi-
vidually according to tolerability, reaching a mean dose of
7.4 ± 8.6 ng/kg/min within a short period of time before
discharge from the hospital as previously reported [6].
Further up-titration was conducted in an outpatient
setting, and a mean dose of 38 ± 18.3 ng/kg/min of sc
treprostinil was reached after approximately 3 months.

After a mean of 90 ± 40 days of sc treprostinil, a
LENUS Pro® pump for iv administration was implanted
in 24 out of 37 patients (64.9%). The subsequent switch to
iv treatment allowed for further dose escalation toward a
maximum tolerable dose of 52.94 ± 17.38 ng/kg/min on
average within another 3 months.

Safety and Tolerability of sc Treprostinil Treatment
In six out of the 37 patients (16.2%), no iv pump

implantation was performed as sc treatment was well
tolerated and patients wished to stay on sc administration
(Fig. 1). In the remaining seven out of 37 patients (18.9%),
treprostinil treatment was discontinued and no iv pump
implantation was performed due to the following reasons:
death (n = 2), unmasking of pulmonary veno-occlusive
disease (PVOD) (n = 1), non-sufficient response to treat-
ment in the view of both physician and patient (n = 2), or
severe pain (n = 2) (Fig. 1). Death was not related to the
treatment: 1 patient with PAH associated with congenital
heart disease died from perioperative complications dur-
ing lung transplantation, the second patient died suffering
from end-stage cancer. Two patients who discontinued
the sc treatment due to severe pain refused implantation
of medical devices such as iv pump systems (Fig. 1).

During sc treprostinil treatment, abscess formation
occurred in 3 patients, local skin infection and skin
necrosis in 1 patient, respectively. Early switch to iv
treprostinil was performed in 2 patients due to severe
local pain at the site of sc injection (Fig. 1).

Safety and Tolerability of iv Treatment via LENUS
Pro® Pump
Four out of 24 pumps required surgical revision after

1.5 ± 1 months (one due to adjustment of catheter length,
one due to vertebral rotation of the pump with unreachable
refill membrane and impossible refill, one due to catheter
occlusion, and one with rupture of catheter); four further
pumps had to be explanted after 11 ± 12 months (due to
infection of catheter pocket, n = 2; pump dysfunction, n = 1;
dislocation of catheter and impracticable catheter change
due to venous thrombosis, n = 1). Three out of these 4
patients were reinitiated with treprostinil treatment and
received subsequent sc treprostinil treatment. An increased
flow rate leading to an empty pump and consecutive
rebound phenomenon of pulmonary hemodynamics oc-
curred in 1 patient. One further patient experienced catheter
occlusion, leading to rebound with impairment of pulmo-
nary hemodynamics. Further AEs were abdominal wall
hematoma (n = 1), pneumothorax (n = 1), and seroma
(n = 1), which were successfully treated (Fig. 1).

Clinical Course of PAH Patients during
Treprostinil Treatment
At initiation of treprostinil sc treatment (baseline),

echocardiographic features in all 37 subjects indicated
severe impairment of right heart function and hemody-
namics, with a mean right atrial (RA) area of 26.4 ±
9.3 cm2, mean RV area of 31.0 ± 8.3 cm2, systolic
pulmonary arterial pressure (sPAP) of 74.5 ± 20.5 mm
Hg, and mean tricuspid annular plane systolic excursion
(TAPSE) of 16.3 ± 4.5 mm (Table 2). Mean NT-proBNP
levels were elevated at 2,988 ± 4,677 pg/mL, and mean
6MWD was 347 ± 106 m (Table 2). Under add-on
therapy with parenteral treprostinil, patients showed a
significant increase in 6MWD (Fig. 2a; Table 2) and
TAPSE (Fig. 2b; Table 2) after 3, 6, 9, and 12 months
compared to baseline. The RV area (Fig. 2c; Table 2)
significantly decreased at 3 and 6 months after baseline,
and also tended to be lower after 9 months and 12
months. TAPSE/sPAP ratio significantly improved after
3, 6, 9, and 12 months of treprostinil treatment (Table 2;
Fig. 2d). The RA area also tended to be lower at 3, 6, 9, and
12 months after baseline, with a statistically significant
difference being found only at the 3-month follow-up.
SPAP and NT-proBNP also tended to improve from
baseline toward the 12-month follow-up, but only the
measurements after 12 months were significantly differ-
ent from baseline (Table 2).

When looking at the course of subjects with sc
treprostinil, the abovementioned clinical parameters
also improved during therapy. Improvements of
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most clinical parameters (6MWD, RA area, TAPSE)
were observed mainly at the 3- and 6-month follow-up,
while RV area was significantly improved after 3, 9, and
12 months compared to baseline. TAPSE/sPAP ratio
significantly improved after 3, 6, and 12 months of sc
treprostinil treatment. NT-proBNP was significantly
different from baseline only after 12 months. The
improvement of sPAP in sc treprostinil patients was
not significantly different at the respective follow-ups.
After switching to iv treprostinil, echocardiographic
parameters, 6MWD, and NT-proBNP remained largely
stable during the following 12 months observation
period, except for sPAP at 9 months after onset of iv
administration (Table 2).

Survival Analysis
During a mean follow-up period of 2.82 ± 1.95 years,

12 patients died (2 patients died after quitting the sc
treatment after treatment initiation, five under iv trepros-
tinil, and 5 patients under sc treprostinil during the study
period). Four patients received lung transplantation (one
had developed PVOD). Survival rates after 1, 2, and
3 years were 85.7%, 77.9%, and 73.6%. Transplant-free
survival after 1 year was 85.7%, after 2 years 69.2%, and
after 3 years 65.3% (Fig. 3).

Risk stratification by the COMPERA approach signifi-
cantly predicted survival of the study cohort at baseline
(p = 0.003) and showed a trend for first (p = 0.093) and
second follow-up (p = 0.059, data not shown). When
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Fig. 1. Study flow chart. The figure depicts the course of the patients including adverse events (AEs). In total,
37 patients received treprostinil treatment, and 24 of these patients received an implantable pump system.
During follow-up, 12 patients died, and 4 received lung transplantation.
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using the French approach, risk stratification showed a
trend to predict survival for values at first follow-up (p =
0.054) but not for baseline (data not shown). REVEAL 2.1
risk stratification did not predict survival in this patient
cohort (data not shown). Patients who improved in risk
criteria (2–3) after initiation of treprostinil treatment
within 3–9 months of treatment showed a tendency
toward improved overall survival compared to patients
remaining at high risk (0–1) (p = 0.059; Fig. 4).

After 3 months, 3 patients showed a treatment response
or remained stable in both TAPSE/sPAP and NT-proBNP
risk categories, while 10 patients showed a worsening in
both risk groups. Treatment response inNT-proBNP from
baseline to 3 months of follow-up significantly predicted
survival (p = 0.001), while treatment response in TAPSE/
sPAP was not able to predict survival in this patient cohort
(p = 0.216). When analyzing the impact of risk status at

baseline and responder status after 3 months of NT-
proBNP and TAPSE/sPAP on survival, risk group of
TAPSE/sPAP at baseline and NT-proBNP response
from baseline to 3 months (change of risk groups) were
identified as independent prognostic predictors (p =
0.033). The result remained robust when the analysis
was adapted to age. TAPSE/sPAP treatment response after
3 months (risk category) did not significantly predict
survival in this patient cohort (data not shown).

Discussion

This is the first long-term study showing the course of
advanced PAH patients with sequential sc and iv tre-
prostinil treatment using different pump systems after
clinical deterioration under double oral combination
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a b

c d

Fig. 2. Changes of clinical parameters during treprostinil treatment.
a 6MWD. Patients showed a significant increase in 6MWD after 3,
6, 9, and 12 months of treprostinil (including sc and iv) treatment
compared to baseline. b TAPSE. Right heart function, assessed by
tricuspid annular plane systolic excursion (TAPSE) showed persis-
tent improvement after 3, 6, 9, and 12 months of treprostinil

(including sc and iv) treatment compared to baseline. c Right
ventricular area. Right ventricular area significantly decreased after
3 and 6 months compared to baseline, and also tended to be lower
after 9 and 12months under treprostinil treatment (including sc and
iv). d TAPSE/sPAP. TAPSE/sPAP significantly changed at all time-
points compared to baseline before treprostinil treatment.
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therapy. Patients were severely affected at baseline with
poor hemodynamics and mainly attributed with WHO
FC III or IV. Moreover, most patients in our cohort were
actively listed for lung transplantation.

Forms of Treprostinil Administration
While initial sc treatment is regarded as a flexible ap-

proach for rapid up-titration and evaluation of individual
tolerability and efficacy of the drug in daily life (outpatient
setting) over an adequate time span [6], continuous central
venous administration via implantable pump systems is
regarded as the ideal approach to treprostinil delivery in
patients on the long term, ensuring constant sufficient
bioavailability and improved compliance, especially in pa-
tients with severe disease. In this context, iv treatment
provides patients with higher ability to perform daily activ-
ities while lacking local irritations of sc administration [17].

Subcutaneous Treprostinil Treatment
Initiation of treprostinil treatment was based on the sc

application approach which successfully allowed identi-
fication non-responders and subjects with drug intoler-
ance before undergoing the much more invasive iv
approach based on implanted pump systems. Regular
adjustments of the application rate of the (easily acces-
sible) external pumps enabled rapid up-titration of sc
treprostinil dose.

In this context, nonresponse to treatment was found in
only 2 out of 37 patients, and an individual dose of 38 ±
18.3 ng/kg/min was successfully reached in 78% of subjects

after only 3 months of sc treprostinil. Interestingly, this is
the first study documenting cases of nonresponse to paren-
teral treprostinil. While achieving and maintaining a low-
risk profile on optimized medical therapy is recommended
as a treatment goal in patients with PAH [2], the two non-
responders not only failed to achieve intermediate-low or
low-risk profile under treprostinil treatment but also missed
any improvement in the parameters with strongest prog-
nostic value, namely, WHO FC, 6MWD, and NT-proBNP
as well as hemodynamics.

By analogy to our study, as already shown in the
RAPID trial, rapid up-titration using sc treprostinil ad-
ministration via external pump systems is highly valuable
in evaluating tolerability, safety, and efficacy of this
medication in the individual patient [6]. However, dis-
tinct side effects were found under sc treprostinil admin-
istration with increasing dose, especially local tissue in-
flammation (8%), severe injection site pain (11%), in-
fection (3%), and skin necrosis (3%). sc abscesses or
necrosis requiring special treatment were only observed
at sc treprostinil doses exceeding 80 ± 15 ng/kg/min. In
agreement with our data, local side effects of sc trepros-
tinil administration were previously reported to represent
a possible source of treatment discontinuation or limiting
dose increases, thus hampering long-term therapy [6–8,
18–20]. In this context, abrupt discontinuation of tre-
prostinil represents a serious AE, inevitably leading to
clinical worsening requiring hospitalization. This was
observed in 19% of patients, mainly due to local AEs
(10%), similar to previously published results [8, 21].
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Fig. 3. Survival and transplant-free survival.
During the observation period, 12 patients
died and four received lung transplanta-
tion. Overall survival was 85.7%, 77.9%,
and 73.6% after 1, 2, and 3 years.
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Intravenous Treprostinil Treatment
In consequence, further escalation of treprostinil dose

or continuous high-dose treprostinil treatment lacking
local complications could only be achieved via iv admin-
istration based on implantable pump systems, ensuring
optimal bioavailability and high patient compliance in the
long term. Hence, it is recommended to immediately
switch from sc to iv treprostinil treatment as soon as
patients have reached a reasonable effective dose (de-
pending on individual drug tolerability), especially if the
required doses are rather high [6]. In contrast to the sc
approach, dose escalation in outpatient setting with the
available implantable pumps was only possible every
3–5 weeks by changing the concentration of the drug
in the pump’s reservoir during routine refill procedures.
Importantly, most patients (80%) were successfully kept
on long-term iv therapy, thus maintaining improved right
heart function and exercise capacity over the entire
follow-up period.

As expected, only very few patients insisted to or were
obliged to continue sc treatment after severe complica-
tions related to the iv pump system. By analogy to data
from Bourge et al. [22] and Richter et al. [10], a sub-
stantial complication rate (54%) was observed in pa-
tients with iv treprostinil treatment, mostly issues re-
lated to the catheter (dislocation, rupture, occlusion) or
pump pocket (infection), which were treated

successfully (Fig. 1). Pump-related complications
(pump defect, excessive flow rate variability) or peri-
procedural complications (pneumothorax) were infre-
quent in our cohort. Ultimately, complication-related
discontinuation of iv treatment with explantation of the
LENUS Pro® pump was required in only four cases
(16%), of which three switched to sc treatment and one
underwent lung transplantation. Interestingly, the ex-
tent of flow rate variability over the technical lifetime of
the LENUS Pro® pump obviously has the potential to
cause life-threatening events, as observed in 1 patient
who suffered from severe rebound after the pump’s
reservoir had been emptied before the scheduled refill.
In this context, a recent multicenter study showed that in
the initial phase, the pump’s flow rate was significantly
lower than the expected rate (as specified by the man-
ufacturer) and increased slowly but steadily with long-
term use, significantly exceeding the expected rate in the
end [23]. Hence, frequent assessments of the flow rate
and compensatory adjustments of the treprostinil dose
are considered mandatory and should be performed by
experts. Besides, product information provided by OMT
GmbH recommends to exchange the pump after 4 years
or after 500 refills (LENUS Pro® instruction for use,
Tricumed Medizintechnik GmbH 05/2019). In conse-
quence, fully implantable treprostinil pump systems
may need further technical advances.
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Fig. 4. Overall survival depending on risk
stratification. Patients with a higher num-
ber of low risk criteria (2–3) after initiation
of treprostinil treatment during first follow-
up after 3–9 months of treatment showed a
tendency toward better survival compared
to subjects with fewer low-risk criteria
(0–1) (p = 0.054).
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Compared to other studies [10, 24], none of our
patients died from periprocedural or pump-related com-
plications. Nevertheless, the substantial complication rate
resulting from implanted pump systems underlines the
need to test drug efficacy in individual patients using the
sc administration approach before proceeding to pump
implantation.

Clinical Outcomes
Under parenteral treprostinil therapy, substantial im-

provement in clinical parameters such as right heart
function and exercise capacity was observed from
3 months after baseline until 12 months of follow-up.
Afterward, the clinical condition remained fairly stable,
with reasonable transplant-free survival over 3 years
(65.3%), despite severe disease. The reasonable overall
survival observed in our study is comparable to previ-
ously reported outcomes in patients receiving parenteral
prostacyclins [13, 25–28]. Transplant-free survival after
3 years (65.3%) was in line with data of Bartolome et al.
[21]. In this context, the assessment of prognosis is
increasingly important to optimize treatment and thus
improve patient survival [16]. As already shown in
patients who do not achieve low-risk status during reg-
ularly performed follow-up assessments under PAH
medication, further treatment escalation should be con-
sidered to improve survival [16].

While patients with advanced PAH were subjected to
sc and iv treprostinil treatment in the present study, it was
already shown that further escalation toward parenteral
prostacyclin treatment may also be required in
intermediate-risk PAH patients where current PAH treat-
ment is unsuccessful to reach low-risk status [29]. There-
fore, initiation of prostacyclin treatment for patients with
intermediate risk and its impact on survival should be
further investigated in future studies. Due to the extent of
complexity, further standardization of procedures con-
cerning the evaluation (of safety, tolerability, efficacy, and
eligibility) for parenteral treprostinil treatment, the im-
plantation of the LENUS Pro® pump, periprocedural
monitoring, and regular assessments of severely impaired
PAH patients are needed. Besides, such treatments should
be performed in highly experienced PH centers only,
offering all available treatment modalities for the systemic
iv and sc application of prostanoids, especially in patients
with advanced right heart failure.

In our cohort, treprostinil treatment was associated
with an improvement in RV function (TAPSE) and
exercise capacity (6MWD). In this context, vasodilative
effects of prostanoids are known to play a key role, but
little is known about the direct effects of prostanoids on

RV contractility. Studies of the acute effects of inhaled
iloprost on the right side of the heart in patients with
pulmonary hypertension showed significant improve-
ments from baseline in RA function and RV dyssyn-
chrony measured by echocardiography [30], and RV
ejection fraction measured by cardiac MRI [31]. Another
study indicates an improvement of RV arterial coupling
and slight increase in contractility caused by prostanoid
administration which leads to acute reduction of afterload
[32]. In an animal model, a positive inotropic effect of
iloprost on the right ventricle of chronic PAH rats has
been shown [33], induced by a dose-dependent increase
in cAMP in isolated RV cardiac myocytes. Further studies
are necessary to investigate the mechanisms of action of
treprostinil treatment on the right ventricle.

Patients showed a significant treatment response in
TAPSE/sPAP and NT-proBNP during the course of
follow-up. When the ESC/ERS risk stratification thresholds
were applied, TAPSE/sPAP at baseline and NT-proBNP
treatment response from baseline to 3 months of follow-up
presented as independent prognostic parameters, though
TAPSE/sPAP also showed improvement after 3 months and
was not able to predict survival. These data are in agreement
with a previous study highlighting the prognostic relevance
of TAPSE/PASP ratio in PAH [34]. Other echocardio-
graphic parameters reflecting RV function in PH patients
are currently being evaluated [35]. Future studies with larger
sample sizes are needed to determine the optimal parameters
of treatment response and their meaning for survival.

Limitations
The retrospective nature and the small sample size

represent limitations of the present study. However, only
few patients receive this treatment option since treatment
escalation with iv and sc prostacyclins has mainly been
regarded as a rescue therapy in end-stage PAH patients
receiving double or triple non-parenteral combination
treatment. Besides, randomization of the study using a
control group would have been desirable for scientific
interpretation, but it would have been highly unethical to
withhold treatment from severely affected PAH patients.
Data on responder status, determining factors of treat-
ment response as well as impact of treprostinil treatment
on quality of life should be focused on in future studies.

Conclusion

This study presents data on long-term safety, outcome, and
clinical effects of sequential sc and iv treprostinil treatment in
patients with advanced PAH. Hence, sequential sc and iv
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application regimen help ensure the safety, tolerability, and
convenience of long-term prostacyclin therapy and poten-
tially may lead to a broader and earlier use in patients with
PAH. Due to the high complexity, parenteral treprostinil
treatment in PAH should be reserved for specialized PH
centers capable of identifying eligible patients, adequate
patientmonitoring,minimizing complications, andmanaging
severe complications to improve survival in the long term.
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