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Review Article

Advances in balloon pulmonary angioplasty for chronic
thromboembolic pulmonary hypertension

Ehtisham Mahmud1 , Mitul Patel1, Lawrence Ang1 and David Poch2
1Division of Cardiovascular Medicine, University of California San Diego, La Jolla, CA, USA; 2Division of Pulmonary Critical Care Medicine, University of California

San Diego, La Jolla, CA, USA

Abstract

Balloon pulmonary angioplasty (BPA) is an emerging treatment option for patients with chronic thromboembolic pulmonary

hypertension (CTEPH) who have inoperable, segmental/subsegmental disease, or residual disease after pulmonary endarterecto-

my. In the past decade, advances in the techniques for BPA have led to better clinical outcomes with improvements in hemody-

namics, pulmonary perfusion, exercise tolerance, functional capacity, and quality of life. We present the experience with BPA at

our university, the largest CTEPH center in the world, followed by reviewing the published data regarding the efficacy and safety of

BPA in patients with CTEPH. There is increasing evidence to support that the initial hemodynamic improvement is sustained for

�3 years after the procedure. Although infrequent, complications observed with BPA are associated with pulmonary vascular

injury or rarely reperfusion pulmonary edema. As the technique for percutaneous pulmonary artery revascularization has

improved, the procedural risk and complications have continued to decrease. This promising technique continues to develop,

and future research is required to demonstrate the long-term benefits of BPA, standardize the technique, and define a uniform

institutional infrastructure for providing BPA as a part of the treatment of CTEPH.
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Introduction

Balloon pulmonary angioplasty (BPA) is an emerging per-
cutaneous treatment option for patients with chronic
thromboembolic pulmonary hypertension (CTEPH). The
procedure uses angioplasty techniques to widen narrowed
or occluded pulmonary arteries, with the aim of disrupting
organized, flow-limiting obstructions, improving pulmo-
nary vascular blood flow, and ultimately leading to revas-
cularization of diseased areas in the lung.1 Although
pulmonary endarterectomy (PEA) surgery is the treatment
of choice for eligible patients with CTEPH,2 guidelines rec-
ommend that BPA may be considered in patients who are
technically inoperable, have an unfavorable surgical risk–
benefit ratio, or have persistent/recurrent pulmonary hyper-
tension (PH) after PEA.3 It is recommended that eligibility
for BPA should be assessed by a multidisciplinary team and
the procedure be performed in experienced, high-volume,
expert CTEPH centers.2,3

The first case report of BPA in a patient with CTEPH
was published in 1988, with a subsequent case series pub-
lished in 2001.4,5 Since then, BPA techniques have been
progressively refined, leading to improved clinical outcomes
and fewer complications.6–13 In particular, data have been
published from several Japanese and European centers that
have been instrumental in demonstrating the efficacy and
safety of BPA.9,13–17 Mizoguchi et al.15 published an obser-
vational study of 68 Japanese patients with inoperable
CTEPH who underwent 255 BPA sessions resulting in a
reduction in mean pulmonary arterial pressure (mPAP)
from 45.4� 9.6 to 24.0� 6.4mmHg, an improved 6-min
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walking distance (6MWD) from 296� 108 m to 368� 83m,
and a reduced World Health Organization functional class
(WHO FC) from III to II (all P< 0.01). However, after
BPA, 60% of patients developed a reperfusion injury, of
which 6% of patients required mechanical ventilation, and
the overall mortality rate was 1.5%.

Our university BPA experience

We introduced the BPA procedure at our university, the
largest CTEPH center in the world, in early 2015. Having
been introduced to the technique by colleagues in Japan, we
sought to further refine and standardize the technique,
equipment, and treatment strategy.18 During our university
CTEPH Symposium, a BPA procedure was demonstrated
live by Dr. Ehtisham Mahmud (the first author of this
article).

Equipment

The equipment used for BPA procedures at our university is
shown in Table 1. Target vessels are evaluated before and
during BPA by selective segmental pulmonary artery angi-
ography to assess vessel size, lesion size and characteristics,
and pulmonary artery flow.18 Venous access is gained with a
9-French sheath, preferably via the femoral vein or alterna-
tively via the internal jugular vein, and a 6-French 90 cm
sheath is telescoped through the access sheath toward the
target pulmonary artery segment over a 0.035-inch wire. A
6-French 110 cm guiding catheter (Judkins Right 4,
Multipurpose, Extra Backup, or Hockeystick, depending
on the location of the target lesion) is then inserted through
the sheath to the target pulmonary artery.

The use of several BPA tools has been optimized at our
university to improve outcomes and minimize vascular
injury.18 During BPA, 0.014-inch guidewires with soft, atrau-
matic tips are used to cross lesions, while polymer-jacketed
wires are generally avoided, to reduce the risk of perfora-
tions. Balloon inflation is performed using compliant and
noncompliant balloons with a diameter of 2–5mm.

Sculpting or scoring balloons are used for recalcitrant lesions,
but use of cutting balloons is avoided due to the risk of vessel
injury. Measurement of pressure distal to the target lesion
can characterize the hemodynamic significance of angio-
graphic abnormalities and provide information on potential
for reperfusion pulmonary edema (RPE),19 although this is
not routinely performed at our university. At many centers,
pressure wires are used to make this measurement, but a
pressure-measuring catheter Navvus (ACIST, Eden Prairie,
MN) that can be used with any commercially available wire
is used more frequently at our institution. Intravascular
imaging modalities, such as intravascular ultrasound and
optical coherence tomography, can also be used for lesion
characterization and BPA guidance. However, these technol-
ogies are rarely used for BPA at our university due to
increased cost, risk of potential complications, case prolon-
gation, and lack of evidence for improved outcomes.

Approach

Anticoagulation is provided during the procedure using hep-
arin, administered to achieve an activated clotting time of
200–250 s. After injection of a 50/50 contrast/saline solution,
single-plane pulmonary angiography is performed (biplane
angiography is used for diagnostic purposes only). Typical
lesions observed with angiography include fibrous webs,
bands, intimal irregularities, occlusions, and pouches.
Balloon sizing is largely based on angiographic assessment
with very low complication rates; however, intravascular
imaging modalities may be of value to accurately determine
optimal balloon size and reduce the risk of BPA complica-
tions.15,20 Data from a small study (n¼ 9) suggest that optical
coherence tomography may be superior to intravascular
ultrasound in measuring luminal diameters for balloon size
determination due to the improved resolution of the tech-
nique.20 However, the forceful injection of contrast required
for optical coherence tomography may increase the perfusion
pressure, resulting in pulmonary injury.13

To determine the initial region of treatment, angiograph-
ic and perfusion (ventilation–perfusion (V/Q) scanning or
perfusion-mapped computed tomography) assessment can
help to determine which lung areas are amenable to BPA
or which under-perfused lung areas should be prioritized.
Bilateral lower lobes can be differentially affected; there-
fore, perfusion defects on nuclear imaging can help guide
which areas to treat initially. Typically, the patients require
2–6 BPA sessions, with one or two pulmonary lobes (2–5
segments) treated per session. The number of vessels treated
in each session is limited by the total fluoroscopy time and
contrast volume.18 Treatment is limited to a single lung in
each session to facilitate management of complications
should they occur (Fig. 1). Two sessions, treating one lung
at a time, are performed during a 3- to 7-day period, and
patients return within 1–3 months for subsequent treatment
sessions. Patients receive moderate sedation during the pro-
cedure but must not be deeply sedated as deep breath holds

Table 1. Equipment used for BPA at our university.

Routine BPA equipment

� 9-French outer sheath, 12 cm length

� Swan–Ganz catheter (baseline hemodynamics)

� Wedge catheter (0.03500 lumen)

� 0.03500 J-tipped wire, exchange length

� 6-French Brite-tip inner sheath, 90 cm length

� 6-French FR4 guiding catheter, 110 cm length

� Stiff angled Glidewire, 150 cm length

� 0.01400 workhorse guidewire (BMW, Runthrough,

SION blue), 180 cm length

� 2.0–4.0� 15–20 mm rapid-exchange semi-compliant balloon

Specialized BPA equipment

� Navvus microcatheter (distal pressure measurement)

� Noncompliant, sculpting, or scoring balloons (recalcitrant

lesions)
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are imperative for technical success of the procedure.21 In
cases of severe PH (mPAP> 50mmHg), simpler lesions are
addressed initially, to reduce the mPAP sufficiently to min-
imize the risk of procedural complications which are asso-
ciated with higher degrees of PH. Smaller-diameter balloons
may also be used in such instances to limit the risk of reper-
fusion injury. After each procedure, patients are admitted
for monitoring, typically for 24 h, and are started on an
intravenous heparin infusion to provide a bridge to outpa-
tient oral anticoagulation. Baseline and interval assessments
to measure clinical response to BPA therapy include V/Q
scanning, echocardiography, 6MWD, hemodynamics, and
N-terminal prohormone of brain natriuretic peptide levels.

While BPA of total occlusions has been associated with
higher complications and lower success rates, successful
revascularization can be achieved, as demonstrated in this
manuscript (Fig. 1) and others.1,11,18 Such lesions are com-
monly treated by PEA, but opportunities for BPA arise in
patients ineligible for PEA due to surgical comorbidities,
inoperable distal disease, or patient preference. For these
lesions, prudent BPA treatment strategies are used to miti-
gate complications. First, initial treatment of simpler non-
occlusive lesions is prioritized to optimize hemodynamics in
the context of severe PH. Second, atraumatic workhorse
wires supported by balloon catheters, rather than jacketed
or higher tip-load specialty wires that may be related to
vessel perforation,11,13 are used to traverse each occlusion.
Last, techniques to confirm safe wire positioning, such as
lesion Dottering, serial angiography, and low-pressure ini-
tial balloon inflations, are employed. In general, BPA of
total occlusions can be performed using these techniques
along with a detail-oriented and cautious approach.

Patient selection for BPA

Selection of patients with CTEPH for BPA is not well stan-
dardized, and the assessment of operability depends on sur-
gical expertise, patient comorbidities, disease distribution,

severity of vascular occlusion, lesion types, hemodynamic
impairment, and patient preference.1,18 A multidisciplinary
expert team is needed to assess the objective data and risk–
benefit profile for patients who are ineligible for PEA,
technically operable for PEA but with an unacceptable
risk–benefit ratio, or who have residual symptomatic PH
following PEA (Fig. 2).1 The surgical classification for
level of disease in patients with CTEPH is based on the
location of the chronic thromboembolism.3 Patients with
level III chronic thromboembolism (starting at the level of
the segmental arteries) or level IV chronic thromboembo-
lism (starting at the level of the subsegmental arteries)
are best suited for BPA; however, this classification
system has not been optimized for BPA as it is determined
during surgery.

BPA complications

The types of complications with BPA have recently been
classified as those occurring during the procedure and
those occurring after the procedure.3 The complications
that can arise during BPA include vascular injury (wire per-
foration, balloon over-dilatation, high-pressure contrast
injection) with or without hemoptysis, vascular dissection,
allergic reaction to contrast, and adverse reaction to con-
scious sedation or local anesthesia. Post-BPA complications
include lung injury (radiographic opacity, with or without
hemoptysis and with or without hypoxemia), acute kidney
injury, and access-site complications. Of these, the most
common complications are various forms of procedural pul-
monary vascular injury and, rarely, RPE, a form of lung
injury (Fig. 3).18

Management of hemoptysis during BPA involves imme-
diate balloon tamponade of the injured vessel.18

Oxygenation management is also provided, including oro-
pharyngeal suctioning and supplemental oxygen, cessation
or reversal of anticoagulation, and repeat balloon tampo-
nade as necessary. For persistent pulmonary hemorrhage,

Fig. 1. Balloon pulmonary angioplasty of right pulmonary artery pouch occlusion. A small fenestration emanating from the baseline interlobar
pouch occlusion (a) is crossed using a workhorse wire and dilated using a 2-mm-diameter balloon (b). Serial dilatation using noncompliant
balloons up to a 5-mm diameter (c) restores perfusion to branches of the A9 and A10 lower lobe segments (d). The patient was ineligible for
pulmonary endarterectomy due to numerous prohibitive surgical comorbidities.
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mechanical ventilation and extracorporeal membrane oxy-

genation may be required, as well as bailout transcatheter

coil embolization, covered stent implantation, and/or gel-
foam/adipose injection.

Our university BPA outcomes

At the time of our university CTEPH Symposium, analysis

of the prospective BPA registry at our university

Fig. 2. Suggested CTEPH treatment algorithm by the multidisciplinary of our university CTEPH team. Once the diagnosis of CTEPH is
confirmed, patients are evaluated for PEA (also referred to as PTE) surgery. Targeted medical therapy and/or balloon pulmonary angioplasty
(BPA) is considered in cases deemed to be inoperable, with persistent symptomatic pulmonary hypertension after PEA/PTE surgery, or with an
unacceptable surgical risk/benefit ratio. Patients often undergo combined medical therapy and BPA for optimal hemodynamic and clinical results.
CTEPH: chronic thromboembolic pulmonary hypertension; PTE: pulmonary thromboendarterectomy; PH: pulmonary hypertension.

Fig. 3. Lung injury during a BPA procedure. Baseline appearance of a right A8 segment (a) is compared beside an angiogram following guidewire
insertion into the A8 medial branch, patient hemoptysis, and angiographically apparent distal vessel injury (b, arrow).
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(NCT03245268) revealed that 95 patients (59.4� 14.7 years;
34% male) had been treated at our institution since the
initiation of the program. Baseline characteristics revealed
that 57% were on chronic oxygen therapy, 81% had a prior
history of pulmonary embolism, 16% had a history of pul-
monary thromboendarterectomy, and 17% had a splenec-
tomy. The majority of patients (84%) had distal segmental/
subsegmental disease, while 17% had prohibitively high sur-
gical risk.

The 95 patients underwent a total of 402 treatment ses-
sions. The average number of BPA sessions per patient was
4.2, with 3.2 segments targeted per session. After BPA, sev-
eral hemodynamic parameters (right atrial pressure, systolic
pulmonary arterial pressure, diastolic pulmonary arterial
pressure, mPAP, pulmonary artery wedge pressure, cardiac
output, and pulmonary vascular resistance (PVR)) were sig-
nificantly improved, as were WHO FC and 6MWD. Modest
decreases in PH-targeted medical therapy were also
observed. In the 39 patients with a baseline
mPAP> 30mmHg who had completed all their treatment
sessions, there was a reduction in mPAP (42.7� 7.3 to
34.1� 7.9mmHg; P< 0.01) and a reduction in mean PVR
(6.1 to 3.9 Wood Units, P< 0.01). There was an improve-
ment in WHO FC (80% Class III/IV to 35% Class III/IV,
P< 0.01) and 6MWD (368 m to 421 m, P< 0.01). Analysis
of our university BPA registry showed hemoptysis in 8% of
procedures, lung vascular injury in 1.5% without any mor-
tality or patient requiring intubation.

Literature review of BPA outcomes

Short-term improvements in hemodynamics, pulmonary
perfusion, exercise tolerance, functional capacity, and qual-
ity of life have been demonstrated after BPA from multiple
international centers.13–16,22–25 A meta-analysis of 17 obser-
vational studies that included 670 patients who received
BPA (median of four BPA sessions per patient across stud-
ies) found that: mPAP decreased by 14.2 mmHg (95% con-
fidence interval (CI): –18.9, –9.5; P< 0.00001), PVR
decreased by 303.5 dyn�s/cm5 (95% CI: –377.6, –229.4;
P¼ 0.0001), mean right atrial pressure decreased by
2.7 mmHg (95% CI: –4.1, –1.3; P¼ 0.02), and cardiac
output increased by 0.2 L/min (95% CI: 0.0, 0.3;
P< 0.00001).24 Additionally, there was a significant
increase in 6MWD (þ67.3 m (95% CI: 53.8, 80.8);
P< 0.0001) after BPA.

These data include the largest multicenter registry of all
patients undergoing BPA in Japan between November 2004
and March 2013 (n¼ 308; 1408 BPA sessions) where the
mPAP decreased from 43.2� 11.0 to 24.3� 6.4mmHg
after the final BPA procedure (n¼ 249; P< 0.001) with a
significant reduction in the use of pulmonary arterial
hypertension-targeted medical therapies (P< 0.001).9

Complications after BPA occurred during 36% of sessions
and 4% of patients died during follow-up. Several
European studies have also been published demonstrating

improved outcomes after BPA.7,8,12,16 Most recently, in a

retrospective study of 154 French patients with CTEPH
(1006 BPA sessions), significant improvements were

observed in WHO FC, 6MWD (mean change þ45m),
mPAP (–26%), and PVR (–43%) (all P< 0.001), with com-

plications reported in 11% of sessions.17

Significant improvements in functional status after BPA
have been reported in several studies16,25 including an obser-

vational study in Norway in which 73 BPA sessions were
performed in 20 patients with CTEPH, leading to an

improvement in WHO FC from 3.0� 0.5 to 2.0� 0.5
(P< 0.001).16 Similarly, a retrospective analysis of 24

Japanese patients with inoperable CTEPH who underwent
1–6 BPA sessions per patient showed a numerical improvement

in WHO FC I/II/III/IV from 0/3/18/8% to 11/14/3/0%.25

Improvements in ventilatory parameters such as peak work-

load, peak oxygen consumption, pulse oximetry, ventilatory

response to carbon dioxide production,23 and indices of right
ventricular function26 have also been reported after BPA in

patients with CTEPH. Furthermore, improvements in qual-
ity of life after BPA have been observed in 25 patients

with inoperable or persistent CTEPH who underwent a
total of 96 sessions.22

Studies have demonstrated that the improvements

observed immediately after BPA are maintained in the
long term (�3 years of follow-up), although the data are

more limited than those demonstrating short-term improve-
ments.9,27 In a Japanese center where 649 BPA sessions were

performed in 170 patients with CTEPH between 2009 and
2016, the 1-, 3-, and 5-year overall survival rates were 99%

(95% CI: 95, 100), 98% (95% CI: 94, 99), and 96% (95%
CI: 86, 99), respectively.27 Initial improvements in mPAP

and PVR, though not cardiac index, were maintained for
>3.5 years. The percentage of patients not requiring pulmo-

nary arterial hypertension-targeted drugs increased from

9% at baseline to 72% (95% CI: 65, 78) at long-term
follow-up (>3.5 years) after BPA. Freedom from home

oxygen therapy also increased numerically, from 15% at
baseline to 39% (95% CI: 25, 52) at long-term follow-up.

Long-term improvements were also seen in a multicenter
registry that assessed 308 patients who underwent 1408 pro-

cedures at seven institutions in Japan.9 Overall survival was
97% (95% CI: 94, 98) at 1 and 2 years and 95% (95% CI:

89, 97) at 3 years after the initial BPA procedure. At a mean

of 425.5� 280.9 days after the final procedures (n¼ 196),
initial improvements in hemodynamic parameters were

maintained, with a decrease in mPAP from 43.2� 11.0 to
24.3� 6.4mmHg after final BPA and 22.5� 5.4mmHg at

follow-up (both P< 0.001). Significant reductions in the
concomitant use of pulmonary arterial hypertension-

targeted therapy and oxygen supplementation were also
observed during long-term follow-up in this study.

While technical and clinical success rates are often cited

by BPA centers, the occurrence of BPA “nonresponse” is
not as commonly reported or well appreciated for multiple
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reasons. First, there is no universal definition of BPA tech-

nical or clinical response (e.g. by procedural steps, angiog-
raphy, hemodynamic measurements, walking distance,

functional classification, or perfusion imaging). Second,
BPA treatments are not uniform; complete treatment for

different patients is achieved by a different number of treat-
ment sessions, and each BPA session addresses a different

vascular territory with variable burden of disease. Third,
detectable response to each treatment can be delayed by

days to weeks, and there is no universal time frame or
number of sessions within which definitive treatment

response must be determined. Last, the most common meas-
ures of BPA response (including right heart catheterization

hemodynamics, functional classification, 6MWD, and med-
ical regimen surveillance) may not be sensitive enough to

detect response to every BPA treatment. Despite these lim-
itations, and to avoid treatment failures, an approach to

treat all vessels and lesions as completely and safely as pos-
sible is prudent.

BPA for chronic thromboembolic disease

without PH

Patients who have dyspnea on exertion and chronic throm-
boembolic occlusions of the pulmonary vasculature, but

who do not meet the hemodynamic definition of PH at
rest, are described as having chronic thromboembolic dis-

ease (CTED).3 Patients with CTED demonstrate an abnor-
mal pulmonary hypertensive response during exercise right

heart catheterization, gas exchange inefficiency during car-
diopulmonary exercise testing, or both.28 It is not clear

whether these are different phenotypes of the condition.28

Furthermore, a proposed change to the PH definition from

mPAP> 25mmHg to >20mmHg would lead to more
patients being diagnosed with CTEPH rather than

CTED.28 A prospective study of 34 patients with CTED
in the UK reported that up to 56% had mPAP

�20mmHg.29

BPA has been performed in small numbers of patients

with CTED. Preliminary data have shown improvements in
functional parameters and hemodynamics after BPA in

patients with symptomatic CTED,30–32 although larger pro-
spective studies are required to further investigate these

findings. An observational study in Germany assessing 10
patients with CTED judged to be inoperable for PEA

reported a significant reduction in PVR (234� 68 to
167� 40 dyn�s/cm5; P¼ 0.004) and an improvement in

WHO FC (I/II/III/IV: 0/10/90/0% to 40/50/10/0;
P¼ 0.004).30 In a Japanese study of 15 patients with

CTED who underwent BPA, 6MWD and hemodynamics
were significantly improved, and the use of home oxygen

therapy was reduced from 53% to 7% (P¼ 0.01).31 Another
Japanese study of patients with CTED (n¼ 23) also

demonstrated a reduction in mPAP (21.6� 2.3 to
17.1� 2.6mmHg; P< 0.01) and PVR (278� 80 to

198� 63 dyn�s/cm5; P< 0.01) and an improvement in both
peak oxygen consumption (14.6� 4.4 to 17.4� 4.2 mL/min/
kg; P< 0.01) and WHO FC (I/II/III/IV; 0/10/12/1 to 9/12/
2/0; P< 0.01) after BPA.32

It should be noted, however, that the data showing the
effects of BPA in CTED are limited; there are several CTED
phenotypes, and our understanding of the pathophysiology
of CTED is incomplete.3,28 Careful selection of patients
with CTED based on their individual risk–benefit profile
is therefore needed. Importantly, there is no evidence yet
to suggest that CTED can progress to CTEPH.3 CTEPH
treatment guidelines should therefore not be applied to
patients with CTED without sufficient safety and efficacy
data specific to CTED for individual treatment modalities.

BPA complications

Pulmonary injury has been reported in 0–26% of BPA ses-
sions with hemoptysis, a sign of several possible complica-
tions, also reported in 0–50% of sessions.6,13 Signs of
vascular injury include hypoxemia, a new cough, tachycar-
dia, increased PAP, and hemoptysis,3 as well as extravasa-
tion of contrast, and new localized and dense lung opacities
on computed tomography scans (Fig. 4). In a study of pul-
monary artery injuries in 540 BPA sessions performed in
143 patients with CTEPH,33 four categories of pulmonary
artery injuries were identified: wire perforation (8%); pul-
monary artery dissection (1%); pulmonary artery rupture,
including oozing rupture after balloon over-dilation (0.6%);
and high-pressure perfusion injury (0.3%). BPA-related
vascular injury is predictive of lung injury after BPA, and
its severity is exacerbated by a high mPAP.34 Post-
procedure lung injury results from vascular injury that is
much greater than reperfusion lung injury.3 Lung injury,
with or without hemoptysis, can occur immediately or a
few hours after BPA with varying severity.

The reported incidence of RPE per BPA in the literature
ranges from 0 to 61%, with RPE usually developing 24–72 h
after BPA.6,13 We believe that many of the initial reports of
RPE miscategorized patients as having RPE. Many of these
episodes were more likely related to vascular injury. Risk
factors for developing RPE include severe baseline PH
(mPAP> 40mmHg and/or PVR> 7 Wood Units) and
underdeveloped bronchial arteries.13,18 The use of under-
sized balloons and reducing the number of vessels treated
per session may help to reduce the incidence of RPE.18

The risks associated with BPA can vary depending on the
level of expertise and experience of the care team. As tech-
niques for BPA have been refined over the past 10 years, the
overall risks of complications and mortality have
decreased.7,13 For example, lower incidences of complica-
tions were observed in the most recent 21-month observa-
tion period compared with the initial 21-month observation
period in a French study assessing 184 patients with inop-
erable CTEPH who underwent 1006 BPA sessions between
2014 and 2017.7 Overall complications per session reduced

6 | Advances in balloon pulmonary angioplasty Mahmud et al.



from 16% to 8%, lung injury from 13% to 6%, hemoptysis
from 8% to 6%, and pulmonary artery perforation from
4% to 2%. The strongest predictors of lung injury were

the period of BPA procedure and baseline mPAP,7 although
recent data suggest that lesion morphology (specifically the
presence of occlusive lesions), rather than hemodynamics, is

predictive of complications.35 A study of 19 patients with
CTEPH found that higher right, left, and main pulmonary
artery diameter indices were significant predictors for lung

injury after BPA.36 Where BPA is conducted on total occlu-
sions, microcatheters and wires with higher tip loads and
small-diameter balloons are used.13,37

Overall, periprocedural mortality rates during BPA
range from 0 to 10% across several BPA studies1,18 with
the latest French BPA study reporting periprocedural

deaths related to severe lung injury in 2% of patients.7

Medical therapy and/or BPA

The use of medical (“bridging”) therapy before BPA, to
improve hemodynamics and potentially reduce the risk of
complications, or after BPA, in patients who had an inad-

equate response to the procedure, may be promising thera-
peutic options.13,38 Indeed, several studies have used
pulmonary arterial hypertension-targeted drugs prior to

BPA with favorable outcomes.13–15,19,39 However, robust
data are lacking regarding this therapeutic hybrid approach,
and prospective studies are required to understand the role

of this option in the treatment pathway.
To further understand the role of BPA and medical

therapy in management of CTEPH, the multicenter open-
label, randomized, parallel-group riociguat versus balloon
pulmonary angioplasty in non-operable chronic thrombo

embolic pulmonary hypertension (RACE) study
(ClinicalTrials.gov: NCT02634203) investigated the efficacy
and safety of riociguat versus BPA in newly diagnosed and

treatment-naive patients with CTEPH and PVR> 4 Wood
Units.17 All patients had inoperable CTEPH, confirmed by
multidisciplinary team assessment in the French reference

center for PH. For the initial 16-week part of the study,

patients were randomized to riociguat or BPA. The primary

endpoint in RACE was PVR at rest at Week 26, and sec-

ondary endpoints included changes from baseline in

6MWD, WHO FC, N-terminal prohormone of brain natri-

uretic peptide, time to clinical worsening, and safety.

Publication of the results is awaited.

Future perspectives

Although the techniques for BPA have improved over the

past 10 years, a consensus-based approach toward an opti-

mal strategy for the use of BPA in the CTEPH treatment

algorithm is required. Specifically, the role of medical ther-

apy and BPA in combination needs to be defined, and stan-

dardization of the BPA procedure and endpoints between

institutions is required. There is a need for objectively adju-

dicated data obtained from both prospectively designed

randomized controlled trials and registries. In particular,

follow-up is required to determine the long-term patency

and clinical success achieved with BPA. Finally, the optimal

patient population who can derive the greatest benefit from

BPA remains to be defined.

Conclusions

Recent advances in BPA for CTEPH are wide ranging and

led by the adoption of a multidisciplinary approach toward

patient evaluation and treatment. Radiation exposure to

both patients and operators is decreased by using routine

single-plane angiography and femoral vein access, rather

than biplane angiography and neck vein access. BPA treat-

ment strategy is now routinely enhanced by perfusion imag-

ing guidance. Finally, the treatment technique is optimized

for efficacy and safety by targeting multiple disease seg-

ments and a lower activated coagulation time therapeutic

goal per treatment session.
Such advancements, along with marked improvements in

BPA technique and multicenter experience, have resulted in

Fig. 4. Computed tomography (CT) images after BPA. BPA of an occluded left A10 posterior basal segment is performed using a workhorse
wire and 2-mm-diameter balloon low-pressure inflation without angiographic evidence of vessel injury (a). Contrast chest CT images in coronal
(b) and sagittal (c) views identify the source of vessel injury (arrows) associated with patient hemoptysis during overnight observation after BPA.
Occult bleeding was considered to be due to wire-induced side branch injury in the context of mPAP 50 mmHg and PVR> 8 Wood Units.
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BPA becoming a feasible treatment option for patients with

CTEPH with inoperable, segmental/subsegmental disease

or post-PEA residual disease. In particular, patients with

segmental/subsegmental chronic thromboembolism might

be well suited for a randomized clinical trial of BPA

versus PEA. Additionally, further data are required to dem-

onstrate the long-term benefits of the procedure and to

guide improvements in the institutional infrastructure for

providing BPA.
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