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Abstract

Although surgical and interventional therapy has emerged as the primary
treatment for patients with chronic thromboembolic pulmonary hypertension
(CTEPH), there remains a subset of patients who need medication therapy.
This study aimed to evaluate the efficacy and safety outcomes of prostacyclin
pathway vasodilators, providing further insight for clinical decision-making. A
literature search was conducted in PubMed, Embase, and CENTRAL data-
bases from inception to December 2023. Literature screening and quality
assessment were carried out with the Cochrane Risk of Bias Tool. Data
analysis was conducted using RevMan 5.4 software. We included 6 random-
ized controlled trials with 387 patients. Prostacyclin pathway vasodilators
demonstrated a significant improvement in PVR (—125.26 dynes-sec-cm >,
95%CI: —219.29 to —31.23, Z=2.61, and p < 0.009), RAP (—0.78 mmHg, 95%
CIL: —1.52 to —0.04, Z = 2.06, and p = 0.04), cardiac index (0.62, 95%CI: 0.54 to
0.69, Z=16.13, and p<0.00001), and the number of patients showing
improvement in WHO functional class (3.86, 95%CI: 1,92 to 7.77, Z = 3.79, and
p =0.0002) compared to controls, moreover, a trend towards improvement
was observed in mPAP, 6MWD, and NT-proBNP. Regarding the safety end-
points, no significant difference was found in both groups in terms of serious
adverse events and all-cause deaths. The prostacyclin pathway vasodilators
present therapeutic potential for CTEPH patients with inoperable or

Abbreviations: 6MWD, 6-min walk distance; BNP, Brain natriuretic peptide; BPA, Balloon pulmonary angioplasty; CTEPH, Chronic
thromboembolic pulmonary hypertension; NTproBNP, N-terminal pro-B-type natriuretic peptide; PAP, Mean pulmonary artery pressure; PEA,
Pulmonary endarterectomy; PH, Pulmonary hypertension; PH, Pulmonary hypertension; PVR, Pulmonary vascular resistance; RCTs, Randomized

controlled trials.
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INTRODUCTION

Chronic thromboembolic pulmonary hypertension
(CTEPH) is a potentially lethal disease caused by non-
resolving organized thrombi obstructing the single or
multiple pulmonary arteries, resulting in a progressive
increase in pulmonary arterial pressure (PAP) and pul-
monary vascular resistance (PVR), ultimately developing
right ventricular failure." It is currently classified under
group IV of the clinical classification of pulmonary
hypertension(PH).” The incidence of CTEPH ranges from
0.1% to 9.1% within the first 2 years following a symp-
tomatic PE event and up to 10% among patients with a
history of recurrent PE.?

The treatment in the CTEPH algorithm includes a
multimodal approach of combinations of pulmonary
endarterectomy (PEA), balloon pulmonary angioplasty
(BPA), and medical therapies, targeting the mixed ana-
tomical lesions: proximal, distal, and microvascular vas-
culopathy, respectively. In contrast to medication-based
therapy for PAH, surgical PEA is the current first-choice
treatment for patients with chronic thromboembolic
pulmonary hypertension (CTEPH). Additionally, BPA is
suitable for patients with inoperable CTEPH or persist-
ent/recurrent PH after PEA, improving hemodynamics,
right heart function, and exercise capacity. Overall, PEA
and/or BPA are the main therapeutic efforts in
CTEPH targeting mechanical vascular obstructions in
vessels with a cross-sectional diameter of ~0.5-10 mm.*

However, a subset of patients with CTEPH remains
unsuitable for PEA or BPA due to concerns about
inaccessible vascular obstruction, significant prohibitive
comorbidities, and microvascular vasculopathy. Fur-
thermore, some patients present symptomatic persistent
or recurrent PH following BPA/PEA.>® Thus, an unmet
need exists for these specific CTEPH patients, and med-
ication therapy also plays a crucial role in their treat-
ment. Histopathological studies have revealed that
CTEPH is characterized by small-vessel vasculopathy
similar to that observed in pulmonary arterial hyper-
tension (PAH).” The pathogenesis of PH is associated
with excessive vasoconstriction, an imbalance between
vascular cell proliferation and apoptosis, an influx of

persistent/recurrent PH after PEA/BPA primarily characterized by distal
small-vessel and microvasculopathy. However, the current clinical evidence
remains insufficient and controversial, necessitating further validation.

chronic thromboembolic pulmonary hypertension, prostacyclin, pulmonary hypertension

cellular inflammation, and secondary thrombosis, which
contribute to the narrowing of the pulmonary
arteriolar lumen and increased pulmonary vascular
afterload in CTEPH.® Vasoconstrictor endothelin-1 and
deficiencies of vasodilators, including nitric oxide and
prostacyclin (prostaglandin I?), appear to play a role in
the pathogenetic progress. Riociguat, a vasodilator used
for the treatment of PAH, is currently approved as a
medication treatment for inoperable CTEPH or persist-
ent/recurrent PH after PEA based on the CHEST trials.”
It specifically targets the nitric oxide (NO) pathway,
which plays a crucial role in the management of distal
vessels and microvascular vasculopathy.

Prostacyclin exhibits a unique pharmacological
mechanism including potent vasodilatory, antithrombo-
tic, anti-inflammatory, and antiproliferative effects. Var-
ious types of prostacyclin analogs, such as epoprostenol,
iloprost, and beraprost, have been observed through
these uncontrolled studies in CTEPH patients, revealing
specific therapeutic benefits.' % Recently, subcutaneous
treprostinil has been approved by the European Medical
Agency for treatment in CTEPH patients. Given the
inconsistent findings from recently published RCTs
assessing the efficacy of prostacyclin pathway vasodila-
tors for CTEPH, there remains uncertainty with the
overall benefits in the treatment of this class of drug in
CTEPH, thereby we have conducted a comprehensive
meta-analysis of RCTs to date, focusing on
CTEPH patients treated with prostacyclin pathway va-
sodilators, aiming to assess both efficacy and safety out-
comes crucial for clinical decision-making.

METHOD
Search strategy

We carried out a literature search on EMBASE, Cochrane
Central Register of Controlled Trials (CENTRAL), and
PubMed from inception to December 1, 2023, according
to the Preferred Reporting Items for Systematic Reviews
and Meta-Analyses (PRISMA) guidelines."” The main
search terms were “chronic thromboembolic pulmonary
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hypertension”, “prostacyclin”, “epoprostenol”, “trepros-
tinil”, “beraprost”, “iloprost”, and “selexipag”.

The specific literature strategy is presented in Table 1.
Our literature search encompassed not only full-text ar-
ticles but also included meeting abstracts, moreover, we
did not preset language limitations during the literature
screening process. To avoid duplication with our study,
we searched PROSPERO for similar systematic reviews
in progress and ClinicalTrials. gov for any ongoing
studies. Additionally, we reached out to investigators or
study sponsors for which only the abstract was available
and tried to obtain the full text.

Literature inclusion and exclusion criteria

The eligible randomized controlled trials (RCTs) met the
following inclusive criteria: (1) adult patients diagnosed
with chronic thromboembolic pulmonary hypertension,
(2) comparison of efficacy and safety between the group
with prostacyclin pathway vasodilators and controls, (3)

TABLE 1 Research strategy.

chronic thromboembolic

Pulmonary Circulation
-
reporting of numerical data at baseline and the end of the
study was carried out in both intervention and control
groups, and (4) inclusion of a non-placebo control group.

The following exclusion criteria were: (1) studies with
single-arm design, case reports, letters, retrospective
studies, and cross-sectional studies, (2) RCTs without
assessment of therapeutic efficacy for prostacyclin path-
way drugs, and (3) a study with crossover design to assess
clinical effects.

Data extraction and outcome measure

Two reviewers independently screened articles according
to the inclusion criteria. All included studies were
imported into a reference manager software program
(EndNote x8.1, Thomson Reuters, Stanford, Connecticut,
USA) and duplicate studies were excluded using the
software. We designed and utilized a data collection form
to extract data on study characteristics and outcomes.
After duplicate removal, two investigators reviewed the

#1 chronic thromboembolic pulmonary hypertension [Title/

PUBMED pulmonary hypertension Abstract] 3206
#2 Filters applied: Clinical Trial 106
#3 (((((beraprost[Title/Abstract]) OR (iloprost|[Title/Abstract])) OR 17523
(treprostinil|[ Title/Abstract])) OR (epoprostenol[Title/Abstract])) OR
(selexipag[Title/Abstract])) OR (prostacyclin[Title/Abstract])
#4 Filters applied: Clinical Trial 1109
(chronic thromboembolic pulmonary hypertension[Title/Abstract] AND 13
(clinicaltrial[Filter])) AND ((((((beraprost[Title/Abstract]) OR (iloprost
[ Title/Abstract])) OR (treprostinil[ Title/Abstract])) OR (epoprostenol
[Title/Abstract])) OR (selexipag[Title/Abstract])) OR (prostacyclin|[Title/
Abstract]) AND (clinicaltrial[Filter]))
EMBASE chronic thromboembolic #1 ‘chronic thromboembolic pulmonary hypertension’/exp OR ‘chronic 6756
pulmonary hypertension thromboembolic pulmonary hypertension’
#2 ‘prostacyclin’/exp OR prostacyclin OR beraprost:ti, ab, kw OR 38417
epoprostenol:ti, ab, kw OR iloprost:ti, ab, kw OR treprostinil:ti, ab, kw
OR selexipag:ti, ab, kw
#3 #1AND#2 612
CENTRAL chronic thromboembolic #1 (“chronic thromboembolic pulmonary hypertension”):ti, ab, kw; in 292
pulmonary hypertension Trials (Word variations have been searched)
#2 (“prostacyclin”):ti, ab, kw OR (“epoprostenol”):ti, ab, kw OR 1977
(“beraprost”):ti, ab, kw OR (“iloprost”):ti, ab, kw OR (“treprostinil”):ti,
ab, kw; in Trials (Word variations have been searched)
#3 (selexipag):ti, ab, kw; in Trials (Word variations have been searched) 139
#4 #2 OR #3 2039
#5 #1AND #4 33
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full text and extracted the following data: (1) General
information: study name (author, year), study design,
duration of prostacyclin pathway therapy, and allocation
concealment; (2) Participants information: mean age and
age range, gender, inclusion criteria, number of partici-
pants; (3) Interventional information: drug names,
administration route, dosage of administration; (4)
Hemodynamic parameters include the change in mean
pulmonary artery pressure (mPAP), pulmonary vascular
resistance (PVR), cardiac index (CI) or cardiac output
(CO), and right atrial pressure (RAP) measured by right
heart catheterization (RHC) both at baseline and the end
of this study’; exercise capacity included 6-min walk
distance (6MWD), WHO functional class.” N-terminal
prohormone of brain natriuretic peptide (NT-proBNP),

Quality assessment

We conducted the quality assessment with the Cochrane
Handbook for Systematic Review of Intervention-version
5.1.0 recommended risk assessment tool for bias in
RCTs."? The assessment content included the following 7
items: (I) which random method to use (II) whether to
perform allocation concealment; (IIT) the implementa-
tion of blinding between patients and investigators; (IV)
the effect of blinding; (V) whether the results were
complete; (VI) whether the survey results were credible;
and (VII) other biases.

Sensitivity analysis

Sensitivity analysis aimed to identify the stability of the
overall results of the pooled data set, which would have
implications in various scenarios: when a study was
deleted, the result would be significantly different, it
indicated the high sensitivity of this study and the pooled
results showed low stability. Conversely, if there was
little difference in the overall results when a study was
deleted, it indicated the low sensitivity of the combined
results, and the results obtained were stable.

Statistical analysis

The meta-analysis was performed using the RevMan 5.4
software. continuous variables were presented by the
mean difference (MD) when the outcomes of the
included studies were measured using the same meth-
odology; otherwise, the standardized mean difference
(SMD) was applied when studies assessed the same

outcome with different methodologies. The odds ratio
(OR) was used as the effect size for dichotomous vari-
ables, both of which were reported along with 95%
CL'*' The included studies were first tested for het-
erogeneity, with a = 0.1 as the test level. If there was no
significant heterogeneity between the studies (p > 0.1,
I? < 50%), the fixed-effects model (FEM) was used; if
there was significant heterogeneity between studies
(I*>50%), the random-effects model (REM) was
selected. p < 0.05 indicated that the difference was sta-
tistically significant.

RESULTS
Search results

Our search identified a total of 671 records, out of which
the full texts and abstracts of 537 records were reviewed.
Subsequently, 6 RCTs including 387 patients, comprising
5 full-text articles and 1 meeting abstract, met the elig-
ibility criteria for inclusion in this review.>'>'* Further
details and reasons for exclusion were present in the
Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) diagram (Figure 1 and
Table 2). Among these included studies, prostacyclin
pathway drugs including iloprost (2 articles), treprostinil
(1 article), and selexipag (3 articles) were used in the
treatment of CTEPH.

Quality assessment

We conducted a risk of bias analysis of all included
studies to evaluate the overall quality of the studies. For
all included RCTs, there was a lower risk of bias. There
was an increased risk of bias in the SELECT study'’ due
to the early termination of the trial (Figure 2).

HEMODYNAMIC METRICS
Pulmonary vascular resistance

The PVR was reported in five studies,®'®'® which
showed a significant improvement in the prostacyclin
pathway vasodilator treatment compared to controls.
However, the results showed a significant heterogeneity,
Chi® =15.69, I = 74%, and p = 0.003. The REM was then
used for analysis which showed that the mean difference
(MD) was —125.26 dynes-s-cm™>, 95%CI: —219.29 to
—31.23, Z=12.61, and p < 0.009 (Figure 3).
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Mean pulmonary arterial pressure

The mPAP was reported in four studies,'®'®'® which
showed a trend improvement in the prostacyclin path-
way vasodilator treatment compared to controls. There
was no significant heterogeneity with Chi*=2.57,
I’ =0%, and p = 0.46. The REM was then used for anal-
ysis which showed that the mean difference (MD) was
—0.99 mmHg, 95%CI: —2.45 to 047, Z=1.33, and
p =0.18 (Figure 3).

Right atrial pressure

The mRAP was reported in four studies,'®'®'® which
showed a significant improvement in the prostacyclin
pathway vasodilator treatment compared to controls.
There was no significant heterogeneity with Chi” = 2.46,
’=0%, and p=0.48. The FEM was then used for
analysis which showed that the mean difference (MD)

was —0.78 mmHg, 95%CI: —1.52 to —0.04, Z = 2.06, and
p =0.04 (Figure 3).

Cardiac index

The cardiac index was reported in four studies,>'®'*' which
showed a significant improvement in the prostacyclin path-
way vasodilator treatment compared to controls. There was
no significant heterogeneity with Chi*=1.91, I = 0%, and
p =0.59. The FEM was then used for analysis which showed
that the mean difference (MD) was 0.62, 95%CI: 0.54 to 0.69,
Z=16.13, and p < 0.00001 (Figure 3).

6 min walking distance
The 6MWD was reported in four studies,>'>'®'® which

showed a trend improvement in the prostacyclin pathway
vasodilator treatment compared to controls. There was no
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FIGURE 2 Risk of bias assessment of
included studies.
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significant heterogeneity with Chi®=6.33, I’=53%, and
p =0.10. The REM was then used for analysis, showing that
the mean difference (MD) was 18.95m, 95%CL: —7.37 to
45.27, Z=141, and p =0.16 (Figure 4).

The improvement of WHO functional class

The improvement of WHO functional class was reported
in four studies,*">'®'® which showed a significant
increase in patient numbers in the prostacyclin pathway
vasodilator treatment group compared to controls. There
was no significant heterogeneity with Chi*=5.2,
P=42%, and p=0.16. The FEM was then used for
analysis which showed that the odds ratio (OR) was 3.86,
95%CI: 1,92 to 7.77, Z=3.79, and p = 0.0002 (Figure 4).

NT-proBNP

The change of NT-proBNP from baseline was reported in
four studies,*">'®'® which showed a significant
improvement of NT-proBNP in the prostacyclin pathway
vasodilator treatment compared to controls. There was

no significant heterogeneity with Chi2 = 3.0, I* = 0%, and
p=0.39. The FEM was then used for analysis which
showed that the mean difference (MD) was
—209.55 pg/ml, 95%CI: —439.67 to 20.57, Z=1.78, and
p =0.07 (Figure 4).

SAFETY
Serious adverse events

Six articles reported the number of serious adverse
events,®1>1 which was a small number overall, and two
studies reported zero occurrence in both groups. The
number of serious adverse events was not significantly
different in the prostacyclin pathway vasodilator group
compared to controls (OR: 0.94, 95% CI: 0.39 to 2.29;
Z =0.13, and p =0.90) (Figure 5).

All-cause deaths

Six articles reported the number of patients with all-
cause deaths,®'>'° which occurred in a small number
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FIGURE 3

Favours [control] Favours [experimental]

Forest plot illustrating a comparison of effects in prostacyclin pathway vasodilators on hemodynamic metrics with controls

(a) Change of PVR from baseline. (b) Change of mPAP from baseline. (c) Change of cardiac index from baseline. (d) Change of RAP from

baseline.

overall, and two studies reported zero deaths in both
groups. The number of deaths was not significantly dif-
ferent in the prostacyclin pathway vasodilator group
compared to controls (OR: 1.01, 95% CI: 0.21 to 4.88;
Z =10.02, and p =0.99) (Figure 5).

DISCUSSION

We first presented the findings of a meta-analysis on
all RCTs evaluating the benefits of prostacyclin
pathway vasodilators in the treatment of CTEPH. The

six eligible studies included three drugs of prostacy-
clin pathway vasodilators: subcutaneous treprostinil,
oral selexipag, and inhaled iloprost, respectively. The
majority of participants included were inoperable or
persistent/recurrent PH after EPA/BPA, with a few
patients in the perioperative stage of PEA. PVR,
mRAP, cardiac index, and WHO functional class were
significantly improved in CTEPH patients treated
with the prostacyclin pathway vasodilators compared
to the controls, additionally, there was an observed
trend towards improvement in mPAP, 6MWD, and
NT-proBNP.
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FIGURE 4 Forest plot illustrating a comparison of effects in prostacyclin pathway vasodilators on exercise capacity with controls in
CTEPH. (a) Change of 6MWD from baseline (b) patients’ number in improvement of WHO functional class (c) Change of NT-proBNP from

baseline.

Our finding demonstrated that the hemodynamic
metrics were significantly improved among patients with
CTEPH treated with the prostacyclin pathway vasodila-
tors. The PVR, which reflects the fundamental hemo-
dynamic condition of pulmonary hypertension(PH), is
closely associated with long-term prognosis in patients
with PAH.?° A decrease in PVR has been linked to im-
proved prognosis after PEA in CTEPH patients.”!
Therefore, PVR holds clinical relevance and serves as a
valuable measure for assessing treatment efficacy in PH.
Additionally, PVR improvement was accompanied by an
improvement in other hemodynamic characteristics such
as cardiac index, and RAP, although mPAP only ex-
hibited a trend towards improvement.

Riociguat exhibits a dual mode of action, directly
stimulating soluble guanylate cyclase independently of
nitric oxide, and increasing the sensitivity of soluble
guanylate cyclase to nitric oxide. Its pharmacological
action addresses one of the pathogenesis of PH which
involves the impairment of nitric oxide synthesis and
signaling through the nitric oxide-soluble guanylate

cyclase-cyclic guanosine monophosphate pathway.****

Riociguat, increases cyclic guanosine monophosphate
(cGMP) levels, leading to vasorelaxation and exhibiting
antiproliferative and antifibrotic effects, effectively man-
ages the distal vessel and microvascular component of
CTEPH.” The impairment of the prostacyclin-cyclic
adenosine monophosphate(cAMP) pathway is another
pathogenesis of PH. Prostacyclin pathway vasodilators
act as vasodilative, antiproliferative, and antithrombotic
effects through binding to prostacyclin receptors and
elevating intracellular cyclic adenosine monophosphate
(cAMP) levels leading to relaxation of vascular smooth
muscle.”>® Previous uncontrolled studies assessing the
efficacy of epoprostenol, iloprost, and beraprost in pa-
tients with CTEPH have demonstrated promising bene-
fits,'"*>** however these results require further confir-
mation through RCTs.

Iloprost, a stable analog of prostacyclin, can be ad-
ministered via inhalation due to its unique characteristics
that differ from other administration routes, such as oral
administration or subcutaneous injection. Notably, it
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FIGURE 5 Forest plot illustrating a comparison of safety endpoints in prostacyclin pathway vasodilators with controls in CTEPH. (a)

Patients’ number of serious adverse events (b) Patients’ number of all-cause deaths.

does not affect systemic hemodynamics and largely
selective vasodilation of well-ventilated regions of the
lung (intrapulmonary selectivity) was achieved, ensuring
optimal gas exchange.”” Inhalation of iloprost aerosol in
short-term perioperative treatment with CTEPH patients
improved pulmonary hemodynamics and decreased right
ventricular afterload'®; Additionally, a recent RCT dem-
onstrated that long-term intermittent inhalation of ilo-
prost aerosol for inoperable CTEPH still resulted in
improvement of pulmonary hemodynamics and gas ex-
change, further significant pulmonary vasodilatation,
which was accompanied by an increase in exercise
capacity.'’

Treprostinil, a prostacyclin analog, exhibits acute
hemodynamic effects similar to epoprostenol. It has a
longer half-life (3-4h), permitting continuous sub-
cutaneous infusion rather than continuous intravenous
infusion, thereby mitigating the risks associated with
severe infection and thrombosis.”® A previous uncon-
trolled study has demonstrated the efficacy, safety, and
tolerability of percutaneous treprostinil in the treatment
of CTEPH.”” The CTREPH study compared sub-
cutaneous treprostinil at a high-dose group (30ng/kg
per min) to a low-dose group (3 ng/kg per min), with a
change in 6-min walking distance as the primary

endpoint. The results demonstrated subcutaneous tre-
prostinil was safe and improved exercise capacity in pa-
tients with severe CTEPH,'® leading to its approval for
adult individuals in WHO FC III-IV, who were
inoperable or persistent/recurrent PH after PEA/BPA in
2020.® A post-hoc study showed that standard-dose SC
treprostinil therapy exhibited a favorable impact on the
risk profile, measured by REVEAL risk score (RRS), in
these patients. Thus, a high dose of subcutaneous tre-
prostinil was recommended.*

Selexipag is an oral selective prostacyclin receptor (IP
receptor) agonist with a non-prostanoid structure. Fol-
lowing oral administration, its active metabolite, MRE-
269, exhibits a high selectivity for the prostacyclin
receptor.”?®  Selexipag  demonstrated  significant
improvement in PVR and other hemodynamic variables
in Japanese patients with CTEPH; however, exercise
capacity did not show significant improvement.® Never-
theless, not all included studies reported positive results
regarding the beneficial effects of prostacyclin pathway
vasodilators for CTEPH patients. The SELECT study
aimed to assess the efficacy of selexipag as an add-on to
standard-of-care(SoC) therapy in patients with
inoperable or persistent/recurrent CTEPH after surgery
and/or interventional treatment, but it was terminated
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early due to a lack of statistically significant treatment
effect on PVR at an interim analysis."” Ogo et al. reported
approximately 60% of the included CTEPH patients
defined as “PEA not indicated because of distal organized
thrombus”,® and it was consistent with the recommen-
dation from the 2022 ESC guideline which emphasized
targeting medication therapy towards distal small-vessel
and microvascular vasculopathy. However, a similar de-
tailed description of vessel condition and etiological
classification was not reported in the SELECT study,"’
which may account for the divergent findings observed in
these two studies involving selexipag.®'’

Despite controversy over 6 MWD as a study's primary
endpoint, the measure has been used as a primary out-
come measure in many pulmonary arterial hypertension
studies. Our findings revealed a trend towards improve-
ment in 6MWD following treatment with prostacyclin
pathway vasodilators compared to controls. Further-
more, a significant improvement in NT-ProBNP and
WHO functional class was observed, which also was
consistent with hemodynamic characteristics.

Regarding safety, our study revealed that serious
adverse events and all-cause deaths were few in the
prostacyclin pathway vasodilator group and it was simi-
lar to those in controls. However, the different adminis-
tration routes still resulted in a certain proportion of
adverse events, but most of them were mild. The reported
side effects were mild and generally typical for prosta-
cyclin pathway vasodilator therapy (flushing and jaw
pain).*® In the CTREPH study, although 90 (86%) of pa-
tients experienced local adverse reactions including
infusion site pain and infusion site reaction, they were
manageable, with only four (4%) dropouts.'® Sub-
cutaneous treprostinil for CTEPH obviates the necessity
for intravenous lines that could be sources of thrombo-
embolism, additionally, intravenous catheter-related
infections are rare but potentially fatal complications of
intravenous prostacyclin administration.*® While sub-
cutaneous administration usually results in manageable
painful infusion site reactions in the vast majority of
patients,>** which are generally well-tolerated.

Concerning real-world clinical practice, these
CTEPH patients with inoperable or persistent/recurrent
PH after PEA/BPA primarily characterized by distal
small-vessel and microvascular vasculopathy may repre-
sent a potential target population for prostacyclin path-
way vasodilators. The low mortality rates reported in the
included studies may be related to the limited treatment
duration, and it is imperative to obtain results from
future real-world studies to confirm the impact of long-
term treatment. Future research should aim to accurately
identify patients with small-vessel and microvascular
vasculopathy and investigate whether these individuals

Pulmonary Circulation
-_—,
also derive long-term benefits from prostacyclin pathway
vasodilators.

Multimodal treatment is a crucial issue for CTEPH,
particularly for severe patients who may have compli-
cated mixed anatomical lesions.” One scenario involves
using PAH-targeted drugs in patients with higher pre-
operative PVR to improve pulmonary hemodynamics
before PEA, due to hemodynamic severity leading to a
higher rate of BPA-related lung injury. Despite being a
common practice, there is still controversy over it. Piliero
N et al.** recently reported three patients with upfront
triple therapy involved parenteral prostacyclin as a
bridge to BPA in severe chronic thromboembolic pul-
monary hypertension. Another scenario is for these pa-
tients with inoperable CTEPH or persistent/recurrent
PH after PEA. whether sequential combination or
upfront combination therapy is needed when mono-
therapy fails to significantly improve pulmonary hemo-
dynamics and exercise capacity. In fact, a certain pro-
portion of patients in the included studies were taking
prostacyclin pathway vasodilators in combination with
other PAH-targeted drugs. Considering oral formulation
for better patient compliance, the combination of selex-
ipag and riociguat in efficacy and safety compared to
monotherapy should be prioritized for exploration in
future randomized controlled trials. Both subcutaneous
treprostinil and riociguat have been approved for the
treatment of CTEPH, so the combination of these two
drugs should also be prioritized for exploration. In
addition, when to start treatment, such as the perio-
perative stage, to benefit patients the most also needs to
be further clarified.

The advances of PEA, BPA, and medical therapy have
constituted the era of the multimodal CTEPH treatment,
surgical and interventional treatment are preferred
treatments, but medical therapy still plays a crucial
irreplaceable role. However, some relatively unanswered
questions require further identification through addi-
tional RCTs, such as optimal sequencing of medication
and perioperative management, including the combina-
tion of prostacyclin pathway vasodilators.

LIMITATION

Our study has several potential limitations that should be
considered. First, the inclusion of a small number of
RCTs and a limited sample size for this class of drug may
introduce the risk of bias and limit the reliability of the
results. Second, the CTREPH study'® used low-dose
subcutaneous treprostinil (approximately 3 ng/kg
per min) as a control to allow complete double-blinding
for the drug that causes local infusion site reactions
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acting as a control. Therefore, it may lead to an under-
estimation of the efficacy of treprostinil. Third, some
differences were present in study design, administration
of study drugs, and treatment duration, which may
introduce the risk of bias. In one of the included stud-
ies,'® it was observed that the effect of inhalation of ilo-
prost aerosol controlled residual pulmonary hyper-
tension following PEA in hospitalization, however, the
effects of midterm or long-term treatment were absent in
this study. After excluding hemodynamic data from this
study, significant improvement in hemodynamic metrics
including PVR, mPAP, RAP, and CI was still observed
across the remaining 5 RCTs, which is consistent with
the overall included population. Fourth, due to a limited
number of studies and multiple background-targeted
therapeutic options of the six studies, subgroup analysis
could not be conducted to assess the impact of prosta-
cyclin pathway vasodilator background-targeted thera-
pies. The inclusion of a conference abstract'” without
undergoing peer-review introduces a potential source of
bias in this study. Furthermore, we used the exclusion
method for sensitivity analysis to identify the source of
the significant heterogeneity observed in PVR. After ex-
cluding the data from the study with subcutaneous tre-
prostinil, there was mild heterogeneity in the other four
studies.'® The potential factors contributing to the high
heterogeneity may derive from low-dose subcutaneous
treprostinil as a control leading to an underestimation of
the efficacy of treprostinil. Because of the limited number
of included studies, we could not perform subgroup
analysis and meta-regression analysis. In brief, it should
be acknowledged that differences in RCT design, the
description of outcome measures, and study size may
influence our findings. To mitigate these concerns, we
adopted strict inclusion criteria.

CONCLUSION

In summary, our meta-analysis demonstrated that pros-
tacyclin pathway vasodilator treatment significantly im-
proved pulmonary hemodynamic metrics and exercise
capacity in patients with severe CTEPH, especially those
who present inoperable or persistent/recurrent PH after
PEA/BPA primarily characterized by distal small-vessel
and microvascular vasculopathy, furthermore, it was
relatively well-tolerated. In the era of multimodal
CTEPH treatment, prostacyclin pathway vasodilators
present therapeutic potential for the specific subgroup of
CTEPH patients, However, the current clinical evidence
remains insufficient and controversial, necessitating
further validation through larger-scale studies.
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