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Abstract

Despite numerous therapeutic advances in pulmonary arterial
hypertension, patients continue to suffer high morbidity and
mortality, particularly considering a median age of 50 years. This
article explores whether early, robust reduction of right
ventricular afterload would facilitate substantial improvement in
right ventricular function and thus whether afterload reduction
should be a treatment goal for pulmonary arterial hypertension.
The earliest clinical studies of prostanoid treatment in pulmonary
arterial hypertension demonstrated an important link between
lowering mean pulmonary arterial pressure (or pulmonary
vascular resistance) and improved survival. Subsequent studies of
oral monotherapy or sequential combination therapy
demonstrated smaller reductions in mean pulmonary arterial
pressure and pulmonary vascular resistance. More recently,

retrospective reports of initial aggressive prostanoid treatment or
initial combination oral and parenteral therapy have shown
marked afterload reduction along with significant improvements
in right ventricular function. Some data suggest that reaching
threshold levels for pressure or resistance (components of right
ventricular afterload) may be key to interrupting the self-
perpetuating injury of pulmonary vascular disease in pulmonary
arterial hypertension and could translate into improved long-
term clinical outcomes. Based on these clues, the authors
postulate that improved clinical outcomes might be achieved by
targeting significant afterload reduction with initial oral
combination therapy and early parenteral prostanoids.
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Although there have been improvements in
the treatment of pulmonary arterial
hypertension (PAH), including initial
combination therapy (1), clinical progression
continues to occur. In addition, survival
rates are still unacceptable, with mortality
rates of 43% and 51% at 5 and 7 years,
respectively, in the United States and 41% at
5 years in France (2). This is particularly
alarming, considering the median age in
registries is�50 years.

For this reason, the sixthWorld
Symposium on Pulmonary Hypertension
recommended early achievement of a low-
risk status as a key clinical priority for
patients with PAH (3). This goal clearly
requires formal risk assessment at each visit
using one of three contemporary
stratification approaches (3). Interestingly,
expert consensus has not settled on afterload
reduction as an explicit treatment goal.

To address these and related
management issues, we reviewed 1) the
pathophysiology of right ventricular (RV)
dysfunction in PAH and the likely
importance of significant afterload reduction;
2) the range of RV afterload reduction
achieved with the current therapeutic
approaches; 3) therapeutic strategies that
have achieved a significant reduction in RV
afterload, as well as the potential importance
of reaching threshold amounts; and 4) the

impact of robust RV afterload reduction on
RV function and, ultimately, clinical
prognosis.

The Pathophysiology of RV
Dysfunction in Pulmonary
Hypertension

In PAH, RV dysfunction develops mainly
because of uncoupling of the RV
function from the pulmonary arterial
afterload (i.e., afterload mismatch) (4, 5).
The vascular pathology increases afterload to
such an extent that the compensatory
increase in RV contractility (homeometric
adaptation) is not sufficient to support
normal systolic function. Progressive
vascular disease intensifies the afterload
mismatch, causing RV dilatation
(heterometric adaptation); increased wall
stress impairs RV coronary blood flow, with
a downward spiral of systemic congestion
cardiorenal syndrome, further RV failure,
and eventual death (Figure 1).

The concept of afterload mismatch
can be described mathematically by
RV–pulmonary arterial coupling, calculated
as the ratio between RV contractility (end-
systolic elastance) and RV afterload (arterial
elastance). Normal end-systolic elastance-to-

arterial elastance ratio is 1.5–2; a simplified
approach to estimating this ratio from
ordinary hemodynamic measurements is
maximum RV pressure/mean pulmonary
arterial pressure (mPAP)2 1 (6). This
simplified approach highlights that reducing
mPAP is usually necessary to move the
RV–pulmonary arterial coupling toward
normal. Thus, in the absence of intrinsic
myocardial damage, one should expect that a
reduction in mPAP would result in recovery
of RV function.

It is possible that, especially when PAH
is associated with systemic disease, RV
dysfunction could be aggravated by direct
myocardial damage, as has been observed in
PAH associated with connective tissue
disease or HIV infection (7–9).

Clinical Importance of RV
Afterload Reduction in
Pulmonary Hypertension

Lessons from Pulmonary
Endarterectomy and Balloon
Pulmonary Angioplasty in Chronic
Thromboembolic Pulmonary
Hypertension
Although the pathogenesis of the increased
afterload in chronic thromboembolic
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pulmonary hypertension (CTEPH) is not
identical to that of PAH, the mechanisms
that cause RV dysfunction are similar.
In CTEPH, mortality is directly correlated
with mPAP (10). After successful pulmonary
endarterectomy, near-normalization of
mPAP and pulmonary vascular resistance
(PVR) is associated with a large reduction in
RV size and improvement in RV systolic
function (11); these hemodynamic and RV
changes are associated with excellent
survival compared with patients who
did not undergo pulmonary
endarterectomy (12).

Similar hemodynamic results were
obtained with balloon pulmonary
angioplasty in a Japanese registry (13). In a
retrospective study, substantial
improvements in RV end-diastolic and
end-systolic volume index, RV ejection
fraction (RVEF), and mass by cardiac
magnetic resonance imaging were
seen (14).

Lessons from Lung Transplantation in
PAH: Reverse Pulmonary Vascular
Remodeling under Conditions of
Hemodynamic Normalization
Lung transplantation was the only
therapeutic option for PAH before the
advent of specific medical treatment.
Pasque and colleagues first described a
uniform, early post-transplant
normalization of mPAP, PVR, and
RVEF that persisted throughout the 4-year
follow-up period in patients with
idiopathic PAH after lung transplantation
(15); other series described similar and
dramatic right heart reverse remodeling
(RHRR) (16–18). Of note, the right
ventricle recovers within a few weeks after
transplantation regardless of the degree of
pretransplant dilatation, dysfunction, and
preoperative tricuspid regurgitation (19).
An intriguing observation in some patients
with PAH who have undergone single-lung
transplantation is that accompanying the

near normalization of mPAP, there is
regression of microvasculopathy in the
remaining (native) lung (20).

Lessons from Calcium
Channel Responders
In patients with idiopathic PAH who are
acute responders to vasodilator challenge,
high-dosage calcium channel blockers
can achieve an impressive reduction in
mPAP (239%) and PVR (250%) with very
good long-term survival (21). Consequently,
near normalization of RV function can be
seen in those with an acute vasodilator
response (22).

Key Point 1
Collectively, these data highlight that the
right ventricle can recover completely
upon substantial reduction or near
normalization of RV afterload in CTEPH
and PAH.

Concentric
Hypertrophy

Normal

Ees/Ea = 1.5–2Ees/Ea = 1Ees/Ea = 0.5

Reduced RVEF

RV Dilatation

Tricuspid
Regurgitation

Afterload (Ea) Contractility (Ees)

Normal
RVEF

• Vascular Resistance

• Pulsatile Load

• Inotropic State

• Myocardial Hypertrophy

Eccentric
Hypertrophy

Figure 1. Diagram depicting the interplay among afterload, contractility, and right ventricular (RV) remodeling. On the left, if the increase in
afterload (determined by vascular resistance and pulsatile load) is not balanced by an increase in contractility (determined by inotropic status
and compensatory hypertrophy), RV–pulmonary arterial coupling decreases, with a reduction in systolic function and RV dilation. Ventricular
dilatation causes enlargement of the tricuspid annulus and the appearance of functional tricuspid regurgitation. This starts a vicious cycle, with
progressive RV dilatation and reduction in RV ejection fraction (RVEF). In the absence of intrinsic myocardial damage, robust afterload reduction
using aggressive therapeutic interventions may restore RV–pulmonary arterial coupling close to normal values. As a result, RV dimensions and
systolic function may return to normal (reverse RV remodeling). On the right, the increased afterload is balanced by an enhanced inotropic
status and compensatory hypertrophy (like in congenital heart disease), and normal RV–pulmonary arterial coupling is maintained. Despite the
high afterload, RV function is largely preserved. Ea=arterial elastance; Ees=end-systolic elastance.
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Table 1. Mean Pulmonary Arterial Pressure and Pulmonary Vascular Resistance or Total Pulmonary Resistance Reduction with
Upfront Dual Combination Therapy and First-Line Parenteral Prostanoid Therapy in Pulmonary Arterial Hypertension

Study Treatment Group

mPAP (mm Hg) PVR (dyne�s�cm25)

RV Function/SurvivalBaseline EOS (Reduction) Baseline EOS (Reduction)

Oral combination therapy
Sitbon et al. 2016 (26) ERA1PDE-5i 54.26 11.1 47.46 13.3

(212.5%)
1,0216 357 5656 252

(244.7%)
—

Van de Veerdonk
et al. 2017 (27)

ERA1PDE-5i 566 17 436 12
(223.2%)

950 393 (258.6%) RVEF " 34%6 12% to
47%6 13%; RVEDV #
by 56 16 ml/m2

ERA or PDE-5i 546 11 536 18
(21.9%)

705 574 (218.6%) RVEF " 36%6 11% to 40%
6 14% (between-group
P, 0.001); RVEDV
" by 36 16 mL/m2

(between-group
P= 0.038)

D’Alto et al. 2018 (28) Ambrisentan1 tadalafil 506 13 456 15
(210.0%)

8806 480 6406 320
(227.3%)

—

Sitbon et al. 2019 (29) Macitentan1 tadalafil — — — 247% —

Chin et al. 2021 (30) Selexipag1macitentan1
tadalafil

— — — 254% —

Macitentan1 tadalafil — — — 252% —

First-line parenteral prostanoid
therapy

Rubin et al. 1990 (31) i.v. epoprostenol 58.6 49.3 (215.9%) 1,728* 1,112* (235.6%) —

Barst et al. 1996 (32) i.v. epoprostenol 61 56.2 (27.9%) — 221% —

Simonneau
et al. 2002 (33)

s.c. treprostinil — # 2.3 vs. " 0.7 with
PBO (23.7%)

— # 3.5† vs. " 1.2† with
PBO (213.5%)

—

Sadushi-Koliçi
et al. 2012 (34)

s.c. treprostinil — # by 5.2 — # by 220 1-, 5-, 9-yr survival of 96%,
78%, and 57%,
respectively

McLaughlin
et al. 2002 (35)

i.v. epoprostenol 616 13 536 13
(213.1%)

1,3366 512 8166 432
(238.9%)

1-, 2-, and 3-yr survival of
87.8%, 76.3%,
and 62.8%, respectively

Sitbon et al. 2002 (36) i.v. epoprostenol 686 14 606 12
(211.8%)

37.36 10.5‡ 25.06 6.9‡

(233.0%)
1-, 2-, 3-, and 5-yr survival

of 85%, 70%, 63%, and
55%, respectively

First-line dual combination
therapy including parenteral
prostanoids

Humbert et al. 2004 (37) i.v. epoprostenol1 bosentan — Median, 29.0% — Median, 235.2% —

i.v. epoprostenol — Median, 22.2% — Median, 225.7%
Kemp et al. 2012 (38) i.v. epoprostenol1 bosentan 656 12 556 15 (215.4%) 1,4936 398 7846 364

(247.5%)
—

Bergot et al. 2014 (39) i.v. epoprostenol1 oral therapy — # by 29.26 13.9 — # by 28226 482 —

i.v. epoprostenol — # by 211.96 17.1
(225.0%)

— # by 25216 392
(236.3%)

—

Badagliacca
et al. 2018 (40)
(matched cohorts
of 4 different treatment
strategies)

Parenteral prostanoid1
oral therapy

54.46 11 38.46 8.9
(228.7%)

1,0726 336 4966 192
(250.7%)

Significant improvement in
RVEDA and RVFAC

First-line triple combination
therapy including parenteral
prostanoids

Sitbon et al. 2014 (41) i.v. epoprostenol1 bosentan1
sildenafil

65.86 13.7 44.46 13.4
(232.5%)

1,7186 627 4926 209
(271.2%)

3-yr survival 100%

D’Alto et al. 2020 (42) s.c. treprostinil1 ambrisentan1
tadalafil

606 9 426 5
(230.0%)

1,3126 352 4406 104
(269%)

# Right-sided atrial
area and RVEDA,
improved left ventricular
eccentricity index,
" RVFAC; right heart
reverse remodeling
achieved in
all patients; 2-yr
survival 100%

Definition of abbreviations: EOS=end of study; ERA=endothelin receptor antagonist; i.v. = intravenous; mPAP=mean pulmonary arterial
pressure; PBO=placebo; PDE-5i = phosphodiesterase type-5 inhibitor; PVR=pulmonary vascular resistance; RV= right ventricular;
RVEDA= right ventricular end-diastolic area; RVEDF= right ventricular end-diastolic volume; RVEF= right ventricular ejection fraction;
RVFAC= right ventricular fractional area change; s.c. = subcutaneous; WU=Wood units.
*The values provided for this study are for total pulmonary resistance.
†The values provided for this study are in PVR index, WU/m2, representing PVR/body surface area.
‡The values provided for this study are for total pulmonary resistance and reported in U/m2.
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Effect of PAH Therapies on
RV Afterload Reduction

Oral Monotherapy
The effect of PAHmonotherapy on afterload
reduction is mild. After 3 to 6 months of
treatment, an average reduction in PVR of
only22.7Wood units (2216 dyne�s�cm25)
and a very mild decrease in mPAP (23.1
mmHg) occur (23). Similarly, the effect
on RV function after 16 weeks of
monotherapy with bosentan achieves only
trivial changes in RV areas by
echocardiography (24).

Initial Oral Combination Therapy
in PAH
The widespread and guideline-
recommended use of initial oral combination
therapy after the publication of the First-Line
Ambrisentan and Tadalafil Combination
Therapy in Subjects With Pulmonary
Arterial Hypertension (AMBITION) trial
(25) is supported by the impressive clinical
outcomes. There have been smaller, mostly
open-label studies that address the
hemodynamic effect of this approach (Table
1) (26–42). The summary of these
observations suggests that initial oral
combination therapy can significantly
improve hemodynamic status, with PVR
reduction of 27–59% and mPAP reduction
of 10–23% (from baseline). It appears clear
that initial oral combination therapy
produces a more pronounced hemodynamic
improvement than monotherapy, with a
larger impact on RVmorphology/function.
Nonetheless, a recent multicenter
retrospective study showed that despite a
median PVR decrease of 37%, approximately
50% of patients with PAHwho received first-
line oral combination therapy did not
achieve low-risk status and needed additional
treatment (43).

Initial Triple Oral
Combination Therapy
Preliminary findings from the Efficacy and
Safety of Initial Triple Versus Initial Dual
Oral Combination Therapy in Patients
With Newly Diagnosed Pulmonary
Arterial Hypertension (TRITON) study
revealed similar reductions in PVR with
upfront triple combination (macitentan,
tadalafil, and selexipag) as with dual
combination (macitentan and tadalafil)
therapy after 26 weeks of treatment
(254% vs.252%, respectively) (30). The

effects on 6-minute walking distance and
N-terminal pro brain natriuretic peptide
were similar (30).

Initial or Early Parenteral Prostanoids
Parenteral prostanoids were the first drugs
approved for the treatment of PAH.
Historically, treatment with parenteral
prostanoids improved hemodynamic
status, with mPAP reduction of 8–16%
and PVR reduction of 14–39%, both from
baseline (Table 1) (26–42). Contemporary
treatment with parenteral treprostinil
(sometimes as sequential combination)
uses considerably higher doses, with
additional gains in all relevant
hemodynamic measures (34, 40, 44).

Initial Dual Combination Therapy with
Parenteral Prostanoids
Initial dual combination therapy
including a parenteral prostanoid (one
oral plus parenteral) can significantly
improve hemodynamic status, with
mPAP reduction of 9–29% and PVR
reduction of 35–56% (37–39). In a recent
study, authors analyzed matched cohorts
of four different treatment strategies, and
the numerically largest improvement in
hemodynamics was achieved when
patients took an initial combination of
parenteral prostanoid plus single oral
therapy (Table 1) (26–42).

Initial Triple Combination Therapy
Including Parenteral Prostanoids
Although reports of this approach are
limited, several recent observations highlight
the therapeutic potential of this strategy
(Table 1) (26–42). These studies suggest that
upfront triple combination therapy that
includes a parenteral prostanoid reduces
PVR by around 70% andmPAP by around
30%. In one of these studies, upfront triple
combination therapy with subcutaneous
treprostinil, ambrisentan, and tadalafil
was also associated with RHRR in all
patients. A recent analysis supports the
hypothesis that triple combination therapy
including a parenteral prostanoid is the only
approach that reduces mortality in PAH
compared with other strategies (45). In the
absence of rigorous data for lower-risk
disease, this approach should be considered
with caution, as the potential risk (infection)
and side effects may outweigh the benefit.
Similar hemodynamic and clinical results
were not observed with selexipag, an oral

nonprostanoid agonist of the prostacyclin
receptor (30).

Initial Parenteral Prostanoid Therapy
Guided by Hemodynamic Follow-Up
In Japan, Matsubara and Ogawa developed a
treatment approach for early initiation and
rapid uptitration of parenteral prostanoids in
all patients with hemodynamically severe
PAH (mPAP. 50 mmHg) (46). Their goal
was to rapidly titrate epoprostenol to an
approximate dose of 40–60 ng/kg/min in
combination with an endothelin receptor
antagonist and/or phosphodiesterase type-5
inhibitor to normalize mPAP. Using this
titration scheme in 56 patients with
idiopathic/heritable PAH, mPAP decreased
from 636 15 mmHg to 356 10 mmHg
(mean reduction,244%; P, 0.01) and PVR
decreased from 1,4736 600 dyne�s�cm25 to
4816 421 dyne�s�cm25 (mean reduction
267.3%; P, 0.01). The hemodynamic
results in this retrospective cohort were
associated with excellent long-term survival
rates of 98%, 96%, 96%, and 78% at 1, 3, 5,
and 10 years, respectively (47). Importantly,
the authors also found that the mPAP
achieved after treatment was an important
predictor of prognosis. Patients who
achieved mPAP, 42.5 mmHg had the best
survival during the study period (46). This
study suggests that 40 mmHgmay be a
biological threshold, as seen in patients with
CTEPH undergoing balloon pulmonary
angioplasty (13), a pressure at which
prognosis is improved with fewer
complications.

More recently, using an implantable
CardioMEMS sensor to monitor pulmonary
pressure at home, Benza and colleagues
tailored PAH therapy (mostly parenteral
prostacyclin therapies) using trends in
PAP-based metrics to improve stroke
volume index and RV efficiency while
reducing total peripheral resistance and
elastance (48). After 1 month, they observed
a significant reduction in mPAP
(426 13 mmHg to 346 14 mmHg;
P, 0.05) and an improvement in cardiac
output (5.86 1.5 L/min to 6.86 1.8 L/min;
P, 0.05) (48). Patients were aggressively
managed, with serial changes in parenteral
prostacyclin therapies within the first
4 months based on continuous monitoring.
In this pilot study, the authors concluded
that close monitoring of cardiopulmonary
hemodynamics enabled targeted uptitration
of parenteral prostanoids in patients with
PAH.
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Figure 2 summarizes the reductions in
mPAP and PVR by study for the different
combinations and prostanoid therapy
options (26–42, 47, 48).

Late Add-On of Parenteral
Prostanoids
Studies have consistently shown that the late
use of parenteral prostanoids in patients with
advanced disease may have little clinical
benefit. Adding epoprostenol to bosentan
was associated with clinical and survival
benefits in patients withWorld Health
Organization Functional Class (WHO FC)
III symptoms but not for those withWHO
FC IV disease (49). Similar results supporting
earlier prostacyclin use were noted in an
Italian observational study, which included
late referrals for the initiation of parenteral
prostanoids. The authors noted in this
retrospective study that the late initiation of
parenteral drug was associated with poor
prognosis compared with those referred
earlier. They hypothesized that this poor
prognosis was related to the advanced
clinical and hemodynamic status of the
patients who had been maintained on oral
drugs despite evidence of clinical
deterioration (50). Similarly, in a study in
which intravenous treprostinil was added
after detection of an insufficient response
(6–12 mo) to oral combination therapy, only
a mild mPAP reduction from 55mmHg
to 51 mmHg and a PVR reduction from
936 dyne�s�cm25 to 696 dyne�s�cm25 was
observed. In addition, only 19% of patients
achieved low-risk status at follow-up.
Although long-term survival of patients who
sufficiently responded to treatment
escalation with treprostinil was excellent,
median survival of patients who did not
achieve low-risk status after the initiation of
treprostinil therapy was only 2.1 years (51).

Key Point 2
Aggressive treatment approaches, especially
those which include an early parenteral
prostanoid, seem to improve
cardiopulmonary hemodynamics in PAH
more efficiently than more moderate early or
delayed sequential approaches, especially for
higher-risk patients. An aggressive approach
correlates with good patient outcomes and
more robust reductions in mPAP and PVR,
which seems to be key in reversing adverse
pulmonary arterial and right heart
remodeling.

RV Morphology, Function,
and Afterload

RV dysfunction in PAH is mainly caused by
afterload mismatch; however, few studies
have addressed the effect of afterload
reduction on RV function after PAH-specific
medication. One series of 110 patients with
PAHwho were primarily treated with
monotherapy found an inverse correlation
between changes in PVR and cardiac
magnetic resonance imaging–measured
RVEF after an average of 1 year of treatment
(52). More recently, a multicenter
prospective study addressed the frequency
of RHRR, defined as a decrease in RV end-
diastolic area (RVEDA), right atrial area,
and left ventricular systolic eccentricity
index, in 102 treatment-naive patients with
idiopathic PAH. After 1 year of therapy, the
likelihood of RHRR was related to a
reduction in PVR of.50%. RHRR was an
independent predictor of prognosis in PAH
and a good predictor of patients’ risk
stratification using the Registry to EValuate
Early And Long-term pulmonary arterial
hypertension disease management
(REVEAL) risk score (40).

Studies of RHRR have only recently
started, and thus we lack a robust definition.
It seems clinically sound to have a composite
assessment of multiple morphological
parameters; we propose that RVEDA, RV
fractional area change (RVFAC), right atrial
area, and left ventricular eccentricity index
would be reasonable components, some of
which have been shown to have prognostic
relevance in the evaluation of treatment
response (57, 58).

Another recent study highlights the
importance of improving RVEDA by
reducing mPAP to achieve beneficial effects
on the patient’s risk profile (53). These
results are similar to those from a different
study evaluating the utility of stroke volume
index after initial management of PAH (54);
this important study demonstrated that
intermediate-risk patients are a diverse group
poorly characterized by risk stratification
alone. In fact, after initial therapy, about 25%
of those patients had progressive RV
dilatation, whereas about 40% experienced
reductions in mPAP and RVEDA; stroke
volume index was a useful differentiator in
separating those with good and poor clinical
prognosis. An aggressive afterload reduction
strategy may be particularly important in
men with PAH (55) and patients with

intrinsic RV disease (e.g., an “at-risk”
ventricle from systemic sclerosis) (56).

The optimal therapeutic strategy to
reverse RV and right atrial remodeling in
severe PAH remains to be defined, but a
recent retrospective study suggests the
importance of early and aggressive
combination therapy that includes
parenteral prostanoids. In this study,
intermediate-risk patients (defined according
to the European Society of Cardiology/
European Respiratory Society risk table)
were treated with various therapeutic
approaches: initial parenteral prostanoid
with single oral, initial oral combination,
upfront oral combination, oral monotherapy,
or parenteral prostanoid monotherapy. After
an average of 6 months, the largest reduction
in mPAP and PVR occurred with initial
parenteral prostanoid and single oral. The
authors found a clear relationship between
PVR and both RVEDA and RV fractional
area change. Significant improvement in
RVEDA and RV fractional area change was
seen only with a large reduction in PVR
(.40%) (40). Similarly, a recent analysis of a
monocentric cohort shows that the
likelihood of normalizing RVEDA is a
sigmoid function of PVR changes. In that
cohort, RVEDA normalization required a
drop in PVR of.50% with treatment (57).

Key Point 3
Robust hemodynamic improvements
(afterload reduction) are required to reverse
pathologic remodeling of the right
ventricle and restore RV function to normal
in PAH.

Open Questions and Issues

Which Afterload Parameter Should
We Use?
Afterload has twomain components:
vascular resistance to a continuous flow
(evaluated by PVR) and resistance to
pulsatile flow (assessed by pulmonary arterial
compliance [PAC]) (59). Given the inverse
curvilinear relationship between these
components (4–6), it is likely that PAC will
improve in patients with a larger reduction
in PVR. Few studies compare the prognostic
impact of these parameters, and the results
are not consistent. Some studies found
that PAC had a stronger prognostic impact
than PVR (60–62), whereas another study
determined PAC was not an important
prognostic factor (54). We focused on PVR
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because most studies of hemodynamics in
PAH documented PVR changes, not PAC.
Pulmonary arterial elastance is a parameter
that includes both components; it has the
potential of clinical application in its
simplified version as pulmonary arterial
effective elastance, but there is a
methodologic debate on the best way to
calculate it (63, 64).

mPAP May Not Be a Reliable Measure
of PAH Severity
mPAP reflects both PAC and PVR. In
extreme cases of PAH, the systolic function
of the right ventricle could deteriorate to the
point at which it is unable to generate
adequate PAP and flow. In such situations, a
reduction in mPAP could be misleading,
because it would not be a sign of
hemodynamic improvement. Therefore, as
discussed previously, the reduction in mPAP
or PVR should be associated with an
improvement in RV function and
morphology. Potential disagreements
between risk status and hemodynamics need
to be reconciled in prospective studies.

Oral Combination Therapy Could Be
Enough to Decrease Afterload
In treatment-naive patients, initial oral
combination therapy reduces morbidity and
is sometimes very effective at reducing PVR
(i.e., between 40% and 50% of baseline in
some studies) (26–30). Despite these
favorable results, only around 50% of 106
patients in one cohort maintained low-risk
status at 2 years (43). In a larger cohort
of 181 patients, although improvement in
risk status was related to PVR reduction,
only about 30% of patients had a moderate
PVR reduction (.25% after treatment) (65).
Considering the progressive nature of PAH,
these data suggest patients treated with initial
combination therapy should be monitored
closely with early treatment escalation if they
do not achieve low-risk status (or as soon as
they deteriorate from low-risk status at a later
time) (3). The Riociguat rEplacing PDE-5i
Therapy evaLuated Against Continued
PDE-5i thErapy (REPLACE) study results
suggest clinical improvement in about 40%
of patients when switching from a
phosphodiesterase type-5 inhibitor to

riociguat, and uncontrolled, open-label data
with riociguat suggest improvements in
hemodynamics for a similar population
(66, 67). Addition of selexipag, including
the subset of patients already on
combined phosphodiesterase type-5
inhibitor and endothelin receptor antagonist,
was shown to improve outcomes in the
Selexipag in Pulmonary Arterial
Hypertension (GRIPHON) study (68).
However, subsequent analysis of the overall
GRIPHON cohort found that for those at
highest risk based on N-terminal pro brain
natriuretic peptide values. 1,400 pg/ml,
morbidity remained high (69). Early parenteral
prostanoids are a rational, guideline-based
choice inmost patients who do not achieve
low-risk status at early follow-up and especially
for those who deteriorate from low-risk status
at a later time point.

Limitations of Treatment with
Parenteral Prostanoids
Limitations of treatment with parenteral
prostanoids include the burden and
management of continuous infusion, side
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Figure 2. Reductions in mean pulmonary arterial pressure (mPAP) and pulmonary vascular resistance (PVR) in the studies cited in the article (23–39,
44, 45). The beginning of each arrow aligns with the mean baseline value, and the tip of the arrow aligns with the mean value after treatment. Mean
percentage reduction from baseline is stated above the arrow. Note that the baseline values are different among the studies; on average, the studies
that used parenteral prostanoids in combination with other drugs included patients with higher mPAP and PVR values than those in the other
therapeutic strategies. *The values provided for this study are for total pulmonary resistance in Wood units (WU). †The values provided for this study
are in PVR index, WU/m2, representing PVR/body surface area. ERA=endothelin receptor antagonist; IP receptor=prostacyclin receptor;
PDE-5i=phosphodiesterase type-5 inhibitor.
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effects (myalgia, flushing, headache, nausea,
diarrhea, and perhaps thrombocytopenia),
risk of systemic infections with intravenous
administration, and local pain (sometimes
intense) from subcutaneous administration
(70). Given these limitations, patients are
often understandably reluctant to accept this
therapy. A patient support program with
qualified personnel is required for adherence
and to maintain quality of life (71).

Excessive Dose Titration of Parenteral
Prostanoids and the Risk of High
Cardiac Output Syndrome
Titration of parenteral prostanoids remains
controversial. Most expert centers treat
patients with periodic, slow, and steady dose
escalation (every 1–2 wk) of prostanoid after
discharge from the hospital, until they reach
a maximally tolerated dose. According to
Rich and colleagues, this approach could
cause high cardiac output syndrome (72).
In a series of 55 patients, 12 patients
complained of flushing, bloating, and
fatigue and had a normal to hypercontractile
left ventricle. Those patients were treated
with very high epoprostenol doses (981 61
ng/kg/min) and had a significant reduction
in mPAP (225% from baseline) and PVR
(271%), an increase in cardiac output
(10.11 2.3 L/min), and a significant
improvement inWHO FC (75% in FC I and
25% in FC II). The authors were able to
reduce the epoprostenol dose by an average
of 39% without any significant immediate
change in mPAP, and all patients remained
inWHO FC I or II after an average of 13.6
months (72). This observation underscores
the need for careful follow-up of patients; it
also raises the possibility of continuous
ambulatory pulmonary pressure monitoring
in prostanoid treatment to achieve dose
optimization and avoid undesirable effects
and overdose (48).

Transition from Parenteral Prostanoid
to Inhaled Prostanoid, Oral
Prostanoid, or Selexipag
Inhaled prostanoids (iloprost, treprostinil),
oral prostanoids (treprostinil, beraprost),
and selexipag were developed to overcome
problems associated with parenteral

administration of prostanoids, but the
clinical efficacy seems lower (73). Currently
no controlled trials have addressed this
approach or the unmet medical need
represented by patients who experience
severe side effects from parenteral
administration. Results from several small
uncontrolled studies suggest that switching
from parenteral to inhaled or oral
prostanoids is an option in stable patients
with good clinical and hemodynamic
status (74).

Conclusions

The results of numerous studies suggest,
independently and collectively, that greater
reduction of RV afterload improves RV
function and clinical outcomes. Initial oral
combination and especially treatment
regimens using parenteral prostacyclin early
in the disease process provide greater
hemodynamic improvement in patients with
PAH. Based on published literature and a
strong body of clinical experience, rigorous
afterload reduction may enable profound
reverse remodeling of the right ventricle.
Thus, targeting afterload reduction using a
hemodynamics-guided strategy early in
treatment is likely to significantly improve
RV function. The timing of right
catheterization during the follow-up is an
open question, but it seems appropriate to
have an invasive assessment if the patients do
not reach a low-risk status despite maximal
oral therapy or when there is a discrepancy
between risk status and RVmorphology and
function. This treatment paradigm needs to
be tested prospectively in patients with PAH,
particularly those with an intermediate- or
high-risk status at early follow-up. We
understand that triple therapy including
parenteral prostacyclins may not be
universally available. However, from a policy
perspective, we note that monotherapy is
rarely sufficient to achieve meaningful goals,
whereas 40–50% of patients in the Italian
cohort achieved low-risk status and
substantial reduction in PVR on initial
combination therapy (43).

Optimizing Knowledge: Call
for Action

� Significant afterload reduction with
subsequent improvement in right
heart structure and function is feasible.

� Upfront combination therapy with
two or three drugs including
parenteral prostanoids results in
greater RV afterload reduction, which
leads to measurable improvements in
structure and function of right heart
cavities.

� Early use of parenteral prostanoids at
an adequate dosage reduces RV
afterload more effectively and
efficiently than late use.

� Guidance of treatment strategies by
hemodynamic monitoring might lead
to more substantial RV afterload
reduction and better clinical
outcomes.

� To validate these concepts:
� Information on RV function and RV

afterload should be collected in future
clinical trials and prospective
registries.

� Treatment strategies that substantially
improve or even normalize RV
afterload should be developed and
investigated in randomized controlled
clinical trials. Additional investigations
on the effect of upfront triple
combination, including a parenteral
prostacyclin versus dual upfront tablet
combination in intermediate-risk
patients, are needed.

� mPAP or PVR, as an independent
risk factor, should be assessed against
other independent risk factors that
inform the various risk stratification
schemes.�
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