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Introduction
Since the 1980s, pulmonary thromboendarterectomy (PTE) has 

been recognized as an effective treatment for selected patients with 
chronic thromboembolic pulmonary hypertension (CTEPH). When 
the surgery was performed at an experienced center, there was a 
decline in perioperative mortality rates, and long-term pulmonary 
hemodynamic and functional status benefits were realized; as 
a result, the procedure was regarded as a potential cure for this 
form of pulmonary hypertension.1-3 However, it has also become 
evident that there are identifiable CTEPH patients for whom PTE 
surgery is not an option—notably, those with technically inop-
erable chronic thromboembolic disease and those whose comor-
bidities preclude a reasonable expectation that surgery will have 
short- or long-term benefits. This observation was underscored in 
the results of the International Prospective CTEPH registry, where 
36.6% of enrolled patients were deemed inoperable. The most com-
mon reasons included surgical inaccessibility of disease (47.8%), 
comorbidities (13.4%), and an “imbalance” between the degree of 
pulmonary vascular resistance (PVR) and the amount of accessi-
ble chronic thromboembolic disease (10.1%).4 Additional patient 
groups that present unique problems include those with symptom-
atic, residual pulmonary hypertension (PH) following PTE surgery 
as well as CTEPH patients with operable disease awaiting surgery 
with severe pulmonary hypertension and right heart dysfunc-
tion. It is in these patients that a role for PH-targeted medications 
and possibly balloon pulmonary angioplasty exists. In published 
recommendations from both the 2013 World Symposium of Pul-
monary Hypertension in Nice5 and the 2016 ERS/ESC Pulmonary 

Hypertension Guidelines,6 these therapies should be considered 
for CTEPH patients when a surgical option has been excluded.

Pulmonary Hypertension Targeted Medical Therapy
Inoperable Chronic Thromboembolic Pulmonary 
Hypertension 

Several clinical trials have examined the efficacy of PH-targeted 
medical therapy in CTEPH patients with inoperable disease and 
in those with residual PH following endarterectomy surgery. Early 
investigations involved cohort, case-controlled trials that were typ-
ically small in size. A summary of seminal trials and cohort studies 
of PH-targeted medical therapy is presented in Table 1. 

Intravenous epoprostenol and subcutaneous treprostinil have 
both been evaluated in retrospective cohort studies. Cabrol and 
colleagues retrospectively analyzed 27 patients with inoperable 
CTEPH who were treated with epoprostenol. After 3 months of 
therapy, there was a decrease in mean pulmonary artery (PA) pres-
sure (mPAP) (56 + 9 mm Hg to 51 + 8 mm Hg), total pulmonary 
resistance (29.3 + 7.0 U/m2 to 23.0 + 5.0 U/m2), and an increase 
in the 6-minute walk test (6MWT) of 66 m. NYHA functional sta-
tus improved by one class in 11 of 23 patients.7 In a single-center 
uncontrolled observational study, 28 patients with severe inoper-
able CTEPH were treated with subcutaneous treprostinil. Right 
heart catheterization was repeated in 19 patients after 19 + 6.3 
months of treatment. Treprostinil therapy was associated not only 
with a significant reduction in PVR but also an improvement in 
the 6MWT (59 m), World Health Organization (WHO) functional 
class, brain natriuretic peptide (BNP) levels, and cardiac output. 
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Abstract
Chronic thromboembolic pulmonary hypertension (CTEPH) is a potentially curable disease when treated with pulmonary 
thromboendarterectomy (PTE). However, even at experienced surgical centers, nearly one-third of patients with CTEPH will be 
deemed inoperable for reasons including distal disease, comorbidities, or out-of-proportion pulmonary hypertension. It is in these 
patients with inoperable CTEPH that pulmonary hypertension (PH)-targeted medical therapy and balloon pulmonary angioplasty 
have potential therapeutic value.  
	 Previous unblinded cohort trials have assessed PH-targeted medical therapy in various subpopulations of CTEPH patients 
using epoprostenol, treprostinil, sildenafil, bosentan, and iloprost, each demonstrating measurable pulmonary hemodynamic 
effects. However, riociguat, a soluble guanylate cyclase stimulator, is the first FDA-approved therapy for inoperable CTEPH to 
demonstrate both an improvement in functional capabilities (6-minute walk time) as well as significant gains in secondary pulmo-
nary hemodynamic end points in a large placebo-controlled trial.  
	 Balloon pulmonary angioplasty is an interventional procedure using telescoping catheters placed in the pulmonary arteries, 
through which wires and balloons are used to mechanically disrupt chronic clot material and relieve pulmonary vascular obstruc-
tion. Contemporary case series from multiple centers worldwide have demonstrated pulmonary hemodynamic improvement with 
this approach.  
	 As a result of these advances, patients with inoperable CTEPH who had few options as recently as 5 years ago now have al-
ternatives with emerging evidence of therapeutic efficacy.



MDCVJ  |  XII (4) 2016206 houstonmethodist.org/debakey-journal

The 5-year survival rate was 53% compared with 16% in untreated 
historical controls.8 Early work in this patient group with inhaled 
iloprost, another prostacyclin analogue, demonstrated some effi-
cacy, although less so than in idiopathic pulmonary arterial hyper-
tension (PAH).9 Although the long-term benefit of inhaled iloprost 
in patients with inoperable CTEPH was not examined by Krug 
and colleagues, an acute pulmonary hemodynamic benefit was 
observed. With the administration of 5 ug of inhaled iloprost to 20 
CTEPH patients (12 with distal chronic thromboembolic lesions), 
these investigators were able to show a decline in PVR from 1057 
+ 404.3 to 821.3 + 294.3 dynes·sec·cm-5 and a reduction in mean PA 
pressure from 50.55 + 8.43 to 45.75 + 8.09 mm Hg. This was accom-
panied by an increase in cardiac output from 3.66 + 1.05 to 4.05 + 
0.91 L/min. Of note, 16 of the 20 patients were already receiving 
one or more PAH-specific medical therapies at the time.10 

Other early studies examining the efficacy of other classes of 
PH-targeted medical therapy for patient with inoperable CTEPH 
were similarly limited. Sildenafil, a phosphodiesterase-5 inhib-
itor, was evaluated in a small, single-center, randomized place-
bo-controlled trial.11 In a 12-week pilot study, Suntharalingam and 
colleagues enrolled 19 patients with inoperable CTEPH to assess 
the benefit of sildenafil (9 patients receiving drug) in this group. 
Though there was no significant difference detected in the 6MWT 
(the primary end point), there was an improvement in WHO func-
tional class and an average 197 dynes·sec·cm-5 difference in PVR 
between treatment groups. Control subjects were then transitioned 
to open-label sildenafil use and reassessed at 12 months. Signif-
icant improvement in 6-minute walk distance (6MWD), activity 

and symptom scores (CAMPHOR), cardiac index, PVR, and 
N-terminal (NT)-proBNP values (1000 to 811 pg/mL) were noted.11 
In a larger patient group, Reichenberger and colleagues conducted 
an open-label study of sildenafil (50 mg 3x/d) in 104 patients with 
inoperable CTEPH. After 3 months of therapy, there was a modest 
decrease in pulmonary vascular resistance (863 + 38 dynes·sec·cm-5 
to 759 + 62 dynes·sec·cm-5), with an increase in 6MWT from 310 + 
11 m to 361 + 15 m; this distance further improved to 366 + 18 m 
after 12 months of sildenafil.12 

An endothelin receptor antagonist (bosentan) was evaluated 
in the first randomized controlled trial in patients with inoperable 
CTEPH. In the Bosentan Effects in Inoperable Forms of Chronic 
Thromboembolic Pulmonary Hypertension (BENEFiT) trial, 157 
patients (116 of whom were deemed inoperable) were randomized 
to either bosentan or placebo.13 There were two coprimary end 
points investigated: improvement in 6MWT and percent change 
from baseline in PVR. After 16 weeks of treatment, bosentan did not 
improve 6MWT (+ 2.2 m; 95% CI -22.5 to +26.8 m) but did reduce 
PVR 24% from baseline. A meta-analysis of the effects of bosentan 
on the 6MWT that included the BENEFiT study as well as eight 
uncontrolled cohort studies using bosentan demonstrated a signifi-
cant weighted mean improvement of 35.9 m in the 6MWT.14 A new 
endothelin receptor antagonist, macitentan, is currently being eval-
uated in inoperable CTEPH in the ongoing MERIT-1 trial.15

Riociguat, a soluble guanylate cyclase stimulator and the first 
agent in this pharmaceutical class, was the first PH-targeted med-
ical therapy to achieve a statistically significant improvement in 
6MWD in a large, randomized, controlled trial. This resulted in 

Study Medication Study Design Participants Primary End Point Conclusions
CHEST-116 Riociguat Randomized, 

placebo-controlled 
trial

261 patients (functional 
class II-III; 72 with re-
sidual PH post-PTE)

Change in 6MWD at 16 
weeks

Significant placebo-adjusted mean 
change 46 m; improvement in sec-
ondary end points including PVR and 
cardiac index

BENEFiT13 Bosentan Randomized, 
placebo-controlled 
trial

157 patients with 
CTEPH (functional class 
II-VI; 41 with residual 
PH post-PTE)

Co-primary end points 
at 16 weeks: change 
in 6MWD; percent 
reduction in PVR from 
baseline

No significant improvement in 6MWT 
(2.2 m); significant 24% reduction in 
PVR from baseline

Suntharalingam 
et al.11

Sildenafil Randomized, 
placebo-controlled 
trial

19 patients, all with 
inoperable CTEPH

Change in 6MWD at 16 
weeks

No significant improvement in 
6MWT (+17.5 m); PVR reduced 197 
dynes·sec·cm-5

Becattini et al.14 Bosentan Meta-analysis 208 patients in 9 cohort 
studies and 1 RCT 
(BENEFiT)

Improvements in NYHA 
class, 6MWT, or hemo-
dynamics

25% improved NYHA class at 3-6 
months; 35.9-m weighted mean in-
crease in 6MWT; improvement in PVR 
and CI

Cabrol et al.7 Epoprostenol Retrospective  
cohort study

27 patients with inoper-
able CTEPH

Improvements in NYHA 
class, 6MWT, or hemo-
dynamics

At 3 months, 48% improved NYHA 
class; 6MWT increased by 66 m; 
mPAP reduced 5 mm Hg

Skoro-Sajer et 
al.8

Subcutaneous 
treprostinil

Retrospective  
cohort study

25 patients with inoper-
able CTEPH

Improvements in NYHA 
class, 6MWT, or hemo-
dynamics; compared 
against 31 historical 
controls

Mean increase in 6MWT by 59 m; car-
diac output increased 0.7 L/min with 
no significant improvement in mPAP; 
significant improvement in 5-year sur-
vival (53% vs 16%)

AIR trial9 Inhaled iloprost Randomized, 
placebo-controlled 
trial

203 patients with pul-
monary hypertension 
(57 with inoperable 
CTEPH)

Improvement in 
NYHA class and 10% 
improvement in 6MWT

16.8% of iloprost patients achieved 
the combined end point compared 
to 4.9% in placebo group; effects in 
CTEPH subgroup not presented

Table 1. Selected trials of pulmonary hypertension-directed medical therapy in inoperable chronic thromboembolic pulmonary hypertension. 
PTE: pulmonary thromboendarterectomy; CTEPH: chronic thromboembolic pulmonary hypertension; PVR: pulmonary vascular resistance; PH: pulmonary hy-
pertension; 6MWT: 6-minute walk test; 6MWD: 6-minute walk distance; mPAP: mean pulmonary arterial pressure; CI: cardiac index.
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FDA approval for use in CTEPH patients with inoperable dis-
ease and in those with residual PH following endarterectomy 
surgery. In the Chronic Thromboembolic Pulmonary Hyperten-
sion Soluble Guanylate Cyclase-Stimulator Trial 1 (CHEST-1) 
study, 261 patients with CTEPH (189 of whom were deemed 
inoperable) were randomized to 16 weeks of either riociguat 
(starting at 1 mg and titrated to 2.5 mg or the maximum tolerated 
dose) or placebo.16 In the riociguat-treated group, there was a 
placebo-adjusted mean change of 46 m (P < .001). Additionally, 
there were positive hemodynamic benefits in the treated group, 
with a mean reduction in PVR of 246 dynes·sec·cm-5 as well as 
a reduction in NT-proBNP with a placebo-adjusted least square 
mean difference of -444 pg/mL. Long-term follow-up of patients 
treated with riociguat was reported in 237 patients who contin-
ued on in the open-label CHEST-2 trial. At 2 years of riociguat 
use, overall survival was 93% (95% CI: 89%-96%) and clinical 
worsening-free survival was 82% (95% CI: 84%-92%) without 
additional safety concerns. After 12 weeks of open-label use of 
riociguat, the patients previously receiving placebo in CHEST-1 
achieved a similar improvement in 6MWD to those in the 
extended riociguat treatment arm.17

The CHEST-2 mortality results can be contrasted with those of 
Scholzel et al. in an observational study of patients with inoper-
able CTEPH treated with PDE-5 inhibitors, endothelin receptor 
antagonists, prostacyclin analogs, or a combination of these.18 In 
this study, 32 patients were followed over a mean time period of 
3.4 years. Even with advancement of non-riociguat medical ther-
apies, the 1- and 3-year rates of freedom from clinical worsening 
(a composite that included death, need for IV prostacyclin, wors-
ening functional class, or 15% drop in 6MWT) were 74% and 60%, 
respectively. Mortality during this time period was 34% (11 of 32 
patients).18 Whether a mortality benefit will be seen in clinical prac-
tice with riociguat has not been determined.

Interpretation of survival benefit with PH-targeted therapy is 
difficult given the potential confounders affecting both survival 
and access to medical therapy. Therefore, clinical follow-up of 
patients with inoperable CTEPH should further focus on func-
tional improvement as evidenced by 6MWD. Additionally, unlike 
numerous investigations in WHO group I PAH patients, there are 
no data on the use of combined multiple classes of PH-targeted 
medical therapy in inoperable CTEPH patients. 

Right Heart Dysfunction and Residual Pulmonary 
Hypertension after Thromboendarterectomy Surgery

Following PTE, right ventricular dysfunction and residual 
pulmonary hypertension can be a significant cause of morbidity 
and mortality in the immediate postoperative period. A retro-
spective analysis from a single center revealed that in a group of 
500 CTEPH patients undergoing PTE between 2006 and 2010, a 
postoperative mortality of 10.3% was observed in those patients 
with a postoperative PVR > 500 dynes·sec·cm-5; this compared 
to a 0.9% mortality rate in patients with a PVR below this level.1 
Theoretically, initiation of PH-targeted medical therapies in these 
patients immediately after surgery may worsen hypoxemia due 
to nonspecific loss of hypoxemic vasoconstriction. Therefore, 
short-acting agents such as inhaled vasodilators and iloprost 
have been studied in this setting. In a small, single-center study, 
patients with residual PH at ICU admission following PTE who 
were treated with inhaled iloprost had significantly lower PVR 
for 60 minutes following treatment compared to placebo.19 Alter-
natively, inhaled nitric oxide (NO) may be considered in patients 
with postoperative right ventricular failure since inhaled NO has 

been demonstrated to lower PVR and helps improve oxygenation 
after PTE.20,21

After the immediate perioperative period, however, the pres-
ence of residual PH carries potential adverse consequences. 
Depending on definitions, up to 35% of patients undergoing PTE 
surgery will have residual PH.22-24 Freed et al. found that patients 
with a postoperative mean pulmonary arterial pressure over 30 
mm Hg remained limited in exercise capacity and were more 
symptomatic compared to those with a mean pulmonary arterial 
pressure less than 30 mm Hg.23 Furthermore, an mPAP > 38 mm 
Hg and a PVR > 425 dynes·sec·cm-5 measured 3 to 6 months after 
PTE correlated with long-term mortality due to CTEPH.24 

Patients with residual PH were included in both the BENEFiT 
and CHEST-1 studies. In the BENEFiT trial, bosentan-treated 
patients with residual PH actually saw an 11.9-m loss in the 6MWT 
compared to placebo-treated patients despite a 34% reduction in 
PVR compared to baseline.13 In CHEST-1, those with residual PH 
treated with riociguat experienced a 27-m improvement in the 
6MWT compared to a 1.8-m improvement in the placebo-treated 
patients; they also experienced improvements in secondary end 
points including reduction in PVR (-154 ± 127 dyn.sec.cm-5 with 
riociguat compared to -11 ± 205 dyn.sec.cm-5 with placebo) and 
improvement in functional class (38% with riociguat vs 16% with 
placebo).16 For this reason, riociguat is considered a first-line oral 
therapy for patients with residual PH after PTE.

“Bridging Therapy” Prior to Pulmonary 
Thromboendarterectomy

A subgroup of CTEPH patients in whom PH-targeted medical 
therapy is increasingly used includes operable patients awaiting 
surgery. Whereas this approach might seem logical for hemody-
namically unstable patients, the indication for “bridging therapy” 
in the majority of operable CTEPH patients remains controver-
sial. Previous reports have suggested that a preoperative PVR 
> 1000 dynes·sec·cm-5 carries with it higher postoperative mortality 
and morbidity risks.1,25,26 The presumption, therefore, has been 
that if PH and right heart function can be positively affected in 
these high-risk patients, an improvement in postoperative out-
comes might be realized. Nagaya and colleagues, one of the first 
groups to investigate this hypothesis, administered intravenous 
prostacyclin at a mean dose of 6 + 1 ng/kg/min for a duration 
of 46 + 12 days prior to PTE surgery in 12 patients with operable 
CTEPH, each with a PVR > 1200 dynes·sec·cm-5. This resulted in 
a significant preoperative reduction in PVR (1,510 + 53 to 1,088 
+ 58 dynes·sec·cm-5) and a decline in plasma BNP levels. While 
one patient in the treatment group died during the first 30 post-
operative days, no one died in the group of 21 patients with a 
preoperative PVR < 1200 dynes·sec·cm-5. Pulmonary hemodynamic 
outcome in both patient groups was comparable.27 

In another study, Reesink and colleagues conducted a 16-week, 
randomized, single-blind study using bosentan as a bridge to 
PTE surgery in 25 patients with operable CTEPH. Out of the 25 
enrolled patients, 13 received bosentan. The mean differences 
in change from baseline between those receiving bosentan and 
those not receiving the drug  were as follows: total pulmonary 
resistance decrease of 299 dynes/cm5 (P = .004), 6MWD increase 
of 33 m (P = .014), mean pulmonary artery pressure decrease of 
11 mm Hg (P = .005), and increase in cardiac index 0.3 L/min/
m2 (P = .08). Though postoperative mean PA pressure and total 
pulmonary resistance were lower in the bosentan group, this did 
not achieve statistical significance. Three patients died postop-
eratively in the no-bosentan group compared to no deaths in the 
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bosentan-treated patients. Otherwise, for those who survived 
surgery, the short-term postoperative clinical course (ICU days, 
ventilator days, occurrence of lung injury) between groups was 
comparable.28 

In a more recent study, Surie and colleagues conducted a pilot 
study of 15 patients with operable CTEPH to assess the effect of 
the preoperative use of bosentan, with a focus on right ventricular 
(RV) function.29 Eight of these 15 patients were randomly assigned 
to receive bosentan in addition to “best standard of care” for 16 
weeks, with pre- and post-treatment evaluation of right heart 
function and remodeling using cardiac magnetic resonance imag-
ing. Discernible improvement in RV stroke volume index (6 vs 
1 mL/m-2, P = .037), RV ejection fraction (8% vs 4%, P = .028), RV 
mass (-3 vs 2 g/m-2, P = .001), RV isovolumic relaxation time (-0.03 
vs 0.01 msec, 0.041), and LV ejection fraction (8% vs -2%, P = .037) 
were noted. This was accompanied by a change in mPAP (-11 vs 
5 mm Hg in the non-bosentan group, P = .011) and an increase in 
6MWD (20 vs -4 m in the non-bosentan group).29 Though the above 
studies may have demonstrated some pulmonary hemodynamic 
benefits with the use of selected PH-targeted therapies in patients 
with operable disease, the effects on postsurgical outcomes remain 
unproven.

Uncertainties regarding the use of PH-targeted medical therapy 
in this group are further fueled by two recent reports. In a retro-
spective analysis of patients referred for PTE surgery between 2005 
and 2007, Jensen and colleagues revealed that the use of PAH-spe-
cific medical therapy in patients with surgical CTEPH increased 
from 19.9% of patients in 2005 to 31.9% in 2006 and to 37% in 2007. 
They also observed that this practice was associated with a signif-
icant delay in time to referral without having a discernible benefit 
on measured postoperative outcomes.30 The report of the long-
term outcomes from the International Prospective CTEPH Registry 
reinforced these observations. Although patients receiving bridg-
ing therapy were more likely to have a more compromised hemo-
dynamic profile preoperatively—with higher right atrial pressure, 
higher PVR, and lower cardiac index—the postoperative PVR was 
similar between groups; furthermore, postoperative complications 
(including the presence of postoperative PH and the incidence of 
reperfusion lung injury) were not significantly different whether 
or not PH-targeted medical therapy was prescribed before the end-
arterectomy. However, multivariate analysis in operated patients 
disclosed that bridging therapy with PH-targeted medications 
increased the risk of death. Possible explanations included a delay 
in surgical referral resulting from the use of medical therapies, a 
more difficult operation due to the effect of medications on the 
thrombus being endarterectomized, and a greater use of medica-
tions in the more hemodynamically compromised patients, or it 
may just be a marker of more extensive disease preoperatively.31

Balloon Pulmonary Angioplasty
Balloon pulmonary angioplasty (BPA), sometimes referred to 

as percutaneous transluminal pulmonary angioplasty, is a percu-
taneous approach for the treatment of CTEPH. It relies on the use 
of telescoping catheters placed in a central vein, through which 
wires and balloons are guided to mechanically disrupt chronic clot 
material and relieve pulmonary vascular obstruction. Despite first 
being described in 1988,32 it is only in recent years that BPA has 
emerged as a viable treatment option for CTEPH. In 2001, a case 
series described 18 patients who underwent BPA with unaccept-
ably high (61%) complication rates.33 As a result, BPA was not a 
widely accepted approach in the treatment of CTEPH until 2012, 
when several publications from medical centers in Japan and Nor-

way demonstrated the safety and efficacy of a refined approach.34-37 
Since then, interest in BPA has rapidly expanded with an accompa-
nying proliferation in the number of BPA-related publications. BPA 
now carries a class IIb recommendation for the treatment of inop-
erable CTEPH in the most recent European guidelines and may be 
considered in patients who are technically inoperable or carry an 
unfavorable risk:benefit ratio for PTE surgery (Figure 1). 

While there is considerable variation in the technical approach 
and patient selection among BPA centers, particularly as it relates 
to determination of operability, there are some common guiding 
principles of the procedure. First, to achieve hemodynamic and 
clinical end points, BPA requires more than one interventional 
session. During each BPA session, attempts are made to maxi-
mize the number of segments treated while minimizing the risks 
of BPA-associated lung injury. The improvement in mPAP does 
not occur immediately following BPA.35,38 Completely occluded 
vessels and pouch defects without angiographically visible runoff 
are less suited for BPA and are associated with higher complica-
tion and lower success rates. Patients with higher mPAP (> 35 
mm Hg) prior to BPA and more severe PH may be at higher risk 
of BPA-associated lung injury.33,35 Finally, the use of intravascular 
imaging techniques and measurement of pressure gradients are 
useful tools to maximize efficacy, efficiency, and safety of BPA.39

Although histological examination of vessels after BPA is limited, 
two patterns have been described in post-mortem examination. The 
first demonstrated enlargement of the pulmonary arterial lumen 
by incision and compression of the thrombi without dissection of 
the vessel wall. In the second, the media of the PA was dissected by 
angioplasty and the organized thrombi were forced to one side, leav-
ing a larger pseudo-lumen with formation of a new intimal layer.40 

Outcomes
Despite differences in patient selection, differences in back-

ground use of PH-targeted therapies, and variations in the technical 
approach to BPA, all of the published series since 2012 have demon-
strated substantial improvements in hemodynamics, functional class, 
and markers of heart failure such as BNP or NT-proBNP (Table 2).41 
Many of the large BPA series have included patients who may have 
been surgical candidates had they been evaluated at an experienced 
PTE center. This observation does not necessarily detract from 
reported BPA results but rather highlights the ongoing subjectivity in 
determining which intervention might be best for any given patient. 
The mPAP across the series improved from a range of 40 to 47 mm 
Hg pre-BPA to a range of 24 to 34 mm Hg following BPA. The major-
ity of patients also achieved NYHA/WHO functional class II status 
following this intervention. Some of the series also report decreased 
requirements for supplemental oxygen with BPA.

Perhaps more importantly, safety of BPA has improved dra-
matically from the first series reported in 2001. The rates of severe 
BPA-associated lung injury that required major interventions such 
as noninvasive ventilation and mechanical ventilation declined 
from 16.7% in the initial series by Feinstein et al. in 2001 to 6% in 
the large series by Matsubara et al. in 2012. In subsequent reports, 
the rate of severe BPA-associated lung injury has declined even 
further, in the range of 0% to 3.5%, while the incidence of mild 
BPA-associated lung injury has declined to less than 40%.42-45

The improved safety of BPA owes to a steep technical learning 
curve incorporating improved operator skill, the use of intravas-
cular imaging modalities such as intravascular ultrasound and 
optical coherence tomography,46,47 the use of intravascular pres-
sure gradient measurements,42,48 the characterization of specific 
lesion types,49 and the adaptation of interventional technique to 
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the severity of PH. However, BPA requires significant quantities 
of iodinated contrast and radiation exposure under fluoroscopy. 
While there are currently no reports of complications related to 
either of these exposures, the length of each BPA session is often 
limited to the maximum safe levels of radiation and contrast.

Future Directions
With the rapid evolution of BPA, clinical practice is outpacing 

what is represented in the published literature. To date, no sin-
gle technical approach has become dominant; instead, multiple 
high-volume centers are refining the technique in parallel. 

The use of PH-targeted medical therapy is common in patients 
who undergo BPA. In some reports, this approach has been initi-
ated to “stabilize” patients or lower mPAP prior to BPA. The ben-
efit of this approach on outcomes is unknown, but an obvious det-
rimental effect has not been observed. How PH-targeted medical 
therapies compare to BPA for the treatment of inoperable CTEPH 
is also unknown and currently under investigation. In the small 
series by Sugimura, patients with inoperable CTEPH were treated 
aggressively with medical therapy prior to BPA, which resulted 
in improved cardiac output/index, PVR, and functional status 
but little change in mPAP.36 The patients then underwent BPA and 
had significant further reductions in mPAP and PVR and further 
improvement in WHO functional class and 6MWT. This suggests 
that BPA combined with medical therapy may have an advantage 
over medical therapy alone, although larger prospective studies 
are necessary to substantiate this finding.

The use of BPA in conjunction with PTE surgery is another 
approach currently being explored. A recent publication describes 

a combined approach in three patients with high PVR, each with 
operable CTEPH in one lung and inoperable disease in the other 
lung. The patients underwent PTE on the operable lung and BPA 
on the inoperable lung during the rewarming phase of surgery.50 
Ultimately, the number of patients with clot distribution likely to 
benefit from this approach is small, and as already demonstrated 
in a previously published series,42 BPA may emerge as a reliable 
tool for the treatment of residual PH after PTE. As the collective 
BPA experience grows, there will assuredly be an interest in com-
paring BPA directly to PTE in select patient populations. 

Conclusion
As has been the case for PTE surgery, proper patient selection 

for management with PH-targeted medical therapies or BPA is 
paramount in achieving favorable outcomes. Although these treat-
ment options are currently indicated only for patients who are 
deemed inoperable, the diagnostician should appreciate that oper-
ability assessment is subjective and depends largely on the level of 
surgical experience at any given center.4 Though progress achieved 
in this area has been remarkable over the past several years, refine-
ments of the treatment algorithm for CTEPH will likely evolve as 
operable CTEPH is better defined, and the optimal application of 
medical therapies and BPA will achieve greater clarity once appro-
priate clinical trials become available.

Key Points: 
•	 Even at experienced surgical centers, nearly one-third of 

patients with CTEPH will be deemed inoperable for reasons 
including distal disease, comorbidities, or out-of-proportion 

Figure 1. Treatment algorithm for chronic thromboembolic pulmonary hypertension.6
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Authors Country Yr No. Sessions Outcomes Complications Impact
Feinstein J.33 USA 2001 18 47 mPAP 43.0 ± 12.1 to 33.7 ± 

10.2 mm Hg (P < .007) 
NYHA class improved from 
3.3 preoperatively to 1.8 
after BPA; 
92% required supplemen-
tal pre-BPA; no patients 
required oxygen after BPA 
latest follow-up.

61% of patients developed 
RPE; 
16.7% required mechanical 
ventilation;
5.6% mortality

First series of BPA demon-
strated improvement in 
hemodynamics, functional 
status, and supplemental 
O2 requirements. Compli-
cation rate considered too 
high for widespread imple-
mentation.

Mizoguchi H.34 Japan 2012 68 255 mPAP from 45.4 ± 9.6 to 24 
± 6.4 mm Hg (P < .01)
All were WHO class III/IV 
prior to BPA and 96% were 
WHO class I/II after BPA.

60% of patients developed 
RPE; 
6% of patients required 
mechanical ventilation.

First large series in current 
era to demonstrate safety 
and efficacy of BPA in inop-
erable CTEPH. Significantly 
reduced complication rate 
in last 127 BPA sessions.

Sugimura K.36 Japan 2012 12 52 mPAP 47.8 ± 11.6 to 24.8 ± 
4.9 mm Hg
50% were WHO class III/IV 
prior to BPA and 100% were 
WHO class II after BPA.

50% of patients developed 
hemoptysis; 
no deaths in BPA group 
after 12 months follow-up

BPA improved survival 
when compared to histor-
ical controls and medical 
therapy.

Kataoka M.35 Japan 2012 29 51 mPAP 45.39 ± 9.8 to 31.8 ± 
10 mm Hg
BPA decreased BNP from 
306 ± 271 to 98 ± 197 pg/
mL.

53% of BPA sessions com-
plicated by RPE;
3.4% mortality

Patients all had operable 
disease but declined sur-
gery or were declined due 
to comorbid conditions.

Andreassen A.37 Norway 2013 20 73 mPAP 45 ± 11 to 33 ± 10 
mm Hg
NYHA class 3 ± 0.5 vs 2 ± 
0.5; P < .001 after BPA; 
CPET 13.6 ± 5.6 mL/kg/
min vs 17 ± 6.5 mL/kg/min; 
P < .001 after BPA

9.6% of BPA sessions 
complicated by RPE;
10% periprocedural mor-
tality

First large series describing 
BPA outside of Japan.

Inami T.45 Japan 2013 54 140 mPAP 43 to 25 mm Hg 
after BPA;
BNP decreased after BPA 
(median: 94.5 vs 33.7 pg/
mL, P < .0001)
6MWT improved from 360 
m to 420 m after BPA.

5% angiographic compli-
cations; 
38% with RPE; 
6.4% with severe RPE;
1.9% mortality

Developed PEPSI scoring 
index to limit RPE during 
BPA.

Taniguchi Y.44 Japan 2014 29 86 mPAP 39.4 ± 6.9 to 21.3 ± 
5.6 mm Hg after BPA
Patients in WHO class I/II/
III/IV before BPA (0/3/18/8) 
to after BPA (11/14/3/0);
BNP (pg/mL) 210 ± 240 to 
41 ± 37; P < .010

3.5% sessions severe he-
moptysis; 
27.9% sessions minor he-
moptysis or desaturation; 
32.6% sessions asymp-
tomatic radiographic find-
ings of injury; 
3.4% mortality in BPA group

Compared results of BPA 
in 29 inoperable patients to 
24 patients who underwent 
PTE.

Shimura N.43 Japan 2015 9 44 mPAP 43 to 26 mm Hg 
after BPA;
Patients in WHO class I/II/
III/IV before BPA (0/3/5/1) 
to after BPA (7/2/0/0)

2.3% incidence of RPE in 
44 sessions; 
0.6% incident of vessel in-
jury in 160 treated vessels

Series showed successful 
BPA in patients with residu-
al pulmonary hypertension 
following PTE.

Roik M.42 Poland 2016 9 27 mPAP 40 to 34.5 mm Hg 
after BPA
6MWD increased from 304 
m to 384 m (P = .03) after 
BPA.
NT-proBNP from 1248 pg/
mL to 730 pg/mL (P < .001) 
after BPA.

0% mortality;
7.4% mild RPE;
0% severe RPE

Mortality and complication 
rates comparable to those 
currently experienced in 
most high-volume BPA 
centers.

Table 2. Balloon pulmonary angioplasty results. 
PTE: pulmonary thromboendarterectomy; CTEPH: Chronic thromboembolic pulmonary hypertension; 6MWT: 6-minute walk test; 6MWD: 6-minute walk dis-
tance; mPAP: mean pulmonary arterial pressure; BPA: balloon pulmonary angioplasty; RPE: reperfusion pulmonary edema; PEPSI: pulmonary edema predictive 
scoring index.
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pulmonary hypertension (PH). It is in these patients with 
inoperable CTEPH that PH-targeted medical therapy and 
balloon pulmonary angioplasty have potential therapeutic 
value. 

•	 Though many PAH-targeted medications (including 
sildenafil, bosentan, iloprost, and epoprostenol) have 
demonstrated hemodynamic improvement in inoperable 
CTEPH, riociguat is the only FDA-approved therapy for 
both inoperable CTEPH and residual PH after surgery based 
on the demonstrated improvements in both 6MWD and 
pulmonary hemodynamics in a placebo-controlled trial.

•	 Balloon pulmonary angioplasty is an interventional 
procedure using telescoping catheters placed in the 
pulmonary arteries, through which wires and balloons 
are used to mechanically disrupt chronic clot material and 
relieve pulmonary vascular obstruction. Contemporary case 
series from multiple centers worldwide have demonstrated 
pulmonary hemodynamic improvement with this approach.
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