@ E S C European Heart Journal (2023) 00, 1-13 SPECIAL ARTICLE

European Society  pttps://doi.org/10.1093/eurheartj/ehad413 - ici
of Cardiology P g j Vascular biology and medicine

Balloon pulmonary angioplasty for chronic
thromboembolic pulmonary hypertension:
a clinical consensus statement of the ESC
working group on pulmonary circulation
and right ventricular function

Irene M. Lang 1*, Arne K. Andreassen 2, Asger Andersen 3,
7

Helene Bouvaist ® 4, Gerry Coghlan ®, Pilar Escribano-Subias 6, Pavel Jansa ,
Grzegorz Kopec 8, Marcin Kurzyna 9, Hiromi Matsubara 1°,
Bernhard Christian Meyer ", Massimiliano Palazzini 12, Marco C. Post
Piotr Pruszczyk 15, Lorenz Riber "’, Marek Roik 15,

Stephan Rosenkranz ® '7, Christoph B. Wiedenroth ® '3,

Carlo Redlin-Werle', and Philippe Brenot ® *°

13,14
’

"Department of Internal Medicine I, Cardiology, and Comprehensive Center of Cardiovascular Medicine CCVM, Medical University of Vienna, Wahringer Giirtel 18-20, Vienna A-1090, Austria;
’Department of Cardiology, Oslo University Hospital Rikshospitalet, Pb 4950 Nydalen, 0424 Oslo, Norway; *Aarhus University Hospital, Palle Juul Jensens Boulevard 99 8200 Aarhus N Denmark;
4Cardiology Department, Grenoble - Alpes University Hospital, 38043 Grenoble, France; 5Royal Free Hospital, London, Pond Street, Middlesex, London, NW3 2QG; 6Hospital Universitario 12 de
octubre, Avda de Cordoba SN, 28041 Madrid, Spain; ’General University Hospital, U Nemocnice 2, 128 08 Prague 2, Czech Republic; ®Pulmonary Circulation Centre Jagiellonian University Medical
College, John Paul Il Hospital in Krakow, Pradnicka Str. 80, 31-202 Krakow; *Department of Pulmonary Circulation, Thromboembolic Diseases and Cardiology Centre of Postgraduate Medical
Education, EHC Otwock, Borowa 14/18, Otwock 05-400, Poland; *®Department of Cardiology, National Hospital Organization Okayama Medical Center, 1711-1 Tamasu, Kita-ku, Okayama 701—
1192, Japan; ""Medizinische Hochschule Hannover - Institut fiir Diagnostische und Interventionelle Radiologie Carl-Neuberg-Str. 1, 30625 Hannover; 12Dipar‘timento DIMEC (Dipartimento di
Scienze Mediche e Chirurgiche), Universita di Bologna, 40126 Bologna, ltaly; "*Department of Cardiology, St. Antonius Hospital, Koekoekslaan 1, 3435 CM, Nieuwegein, The Netherlands;
"Department of Cardiology, University Medical Center Utrecht, Heidelberglaan 100, 3584 CX, Utrecht, The Netherlands; "*Department of Internal Medicine and Cardiology, Medical University of
Warsaw, Zwirki | Wigury 61, 02-091 Warsaw, Poland; *®Department of Cardiology, Bern University Hospital, Inselspital, University of Bern Freiburgstrasse 18 3010 Bern, Switzerland; '"Dept. of
Cardiology and Cologne Cardiovascular Research Center, Heart Center at the University Hospital Cologne, Kerpener Str. 62, 50937 KéIn, Germany; 18Depar'tment of Thoracic Surgery, Kerckhoff
Heart and Thorax Centre, Benekestrasse 2-8, 61231 Bad Nauheim, Germany; and "’Interventional Radiology Department, Marie Lannelongue Hospital, Le Plessis Robinson 92350 France

Received 23 December 2022; revised 8 May 2023; accepted 12 June 2023

Abstract

The current treatment algorithm for chronic thromboembolic pulmonary hypertension (CTEPH) as depicted in the 2022 European Society of Cardiology
(ESC)/European Respiratory Society (ERS) guidelines on the diagnosis and treatment of pulmonary hypertension (PH) includes a multimodal approach of
combinations of pulmonary endarterectomy (PEA), balloon pulmonary angioplasty (BPA) and medical therapies to target major vessel pulmonary vascular
lesions, and microvasculopathy. Today, BPA of >1700 patients has been reported in the literature from centers in Asia, the US, and also Europe; many more
patients have been treated outside literature reports. As BPA becomes part of routine care of patients with CTEPH, benchmarks for safe and effective care
delivery become increasingly important. In light of this development, the ESC Working Group on Pulmonary Circulation and Right Ventricular Function has
decided to publish a document that helps standardize BPA to meet the need of uniformity in patient selection, procedural planning, technical approach, ma-
terials and devices, treatment goals, complications including their management, and patient follow-up, thus complementing the guidelines. Delphi methodology
was utilized for statements that were not evidence based. First, an anatomical nomenclature and a description of vascular lesions are provided. Second, treat-
ment goals and definitions of complete BPA are outlined. Third, definitions of complications are presented which may be the basis for a standardized reporting
in studies involving BPA. The document is intended to serve as a companion to the official ESC/ERS guidelines.
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Graphical Abstract

Immediate and long-term effects of balloon pulmonary angioplasty for the

treatment of chronic thromboembolic pulmonary hypertension

Effect of BPA on PVR in recent RCTs
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Immediate and long-term effect of balloon pulmonary angioplasty for the treatment of chronic thromboembolic pulmonary hypertension.! The
anterior—posterior projection radiographs on the left show a patient example where left A8 was crossed with a wire (panel A), dilated with a
2.0-mm balloon (panel B), and reopened, with immediate filling of a second, bifurcating pulmonary artery (panel C). The bar graph on the right shows
PVR at baseline and at 6 months in the absence of concomitant medication with pulmonary vasodilators in two recent randomized controlled trials
(MR BPA? and RACE?). BPA, balloon pulmonary angioplasty; PVR, pulmonary vascular resistance; RCT, randomized controlled trial; FUP, follow-up.

Keywords Chronic thromboembolic pulmonary hypertension * Balloon pulmonary angioplasty * Chronic thromboembolic
pulmonary disease
Introduction Our Clinical Consensus Statement is focused on technical, structural, and

The 2022 European Society of Cardiology (ESC) guidelines on the diagnosis
and treatment of pulmonary hypertension (PH), developed together with
the European Respiratory Society (ERS), provide recommendations on
the optimal management of group 4.1 PH, labelled as chronic thrombo-
embolic pulmonary disease (CTEPD) with [chronic thromboembolic pul-
monary hypertension (CTEPH)] or without PH.* CTEPH is thought to
result from pulmonary thromboembolism and is characterized by organized
vascular occlusions of the pulmonary arteries. While pulmonary endarterec-
tomy (PEA) is guideline recommended as the treatment of choice for suit-
able patients with CTEPH, interventional treatment by balloon pulmonary
angioplasty (BPA) is now also guideline recommended in the therapeutic al-
gorithm of CTEPH.* Guidelines recommend BPA where PEA is not feasible
and medical therapy does not ameliorate symptoms,* meaning inoperable
CTEPH and PH after PEA*"? While existing data suggest prognostic
benefit, this has yet to be formally demonstrated."*™"> On the other hand,
this is true also for medical treatments that are used together with BPA
today.

logistic requirements for performing BPA, patient selection and preparation,
treatment goals, procedural details, complications and their management,
BPA outcomes and patient follow-up, cost of BPA, and patient needs. It fo-
cusses mainly on CTEPH, with less evidence for CTEPD without PH, and
not on other pathologies of the pulmonary arteries.'® While the best available
current evidence is summarized in this document, questionnaires were utilized
for statements that were not evidence based to arrive at a group opinion by
surveying the panel of participating experts. Responses were aggregated and
shared with the group who incorporated the results in their individual paragraphs.

The present document serves as a practical guide to performing BPA
in Europe, according to the refinement of the technique by Japanese
interventionists.

Clinical consensus statement
methods

We systematically searched PubMed, OVID, and EBSCO to identify
randomized controlled trials and prospective controlled or
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Balloon pulmonary angioplasty for chronic thromboembolic pulmonary hypertension 3

retrospective observational studies that reported on the efficacy and
safety of BPA without any language restrictions. The last search was
performed on 21 December 2022, without any publication date limita-
tions. The search string was created for PubMed and modified accord-
ingly for the other databases and is included in the Supplementary data
online, Materials. The additional search of reference lists of newly iden-
tified studies or discussions in the authors’ group did not identify other
studies that met the eligibility criteria. Non-original studies (reviews,
editorials, and commentaries), conference abstracts, meta-analyses,
and case reports were excluded. The literature search criteria under-
lying this document can be found in the Supplementary data online,
Materials. Furthermore, ClinicalTrials.gov was manually searched to
find ongoing or unpublished clinical trials.

For questions without high-quality evidence, a survey was prepared.
The survey was distributed to the authors to prepare consensus-based
text. The minimum threshold for consensus was 60% because BPA is an
emerging procedure, and at the time of the writing process, individual
practices, particularly at the technical level and choice of materials, have
varied depending on local availability and conditions of reimbursement.
We have added filled questionnaires in the Supplementary data online,
Materials. Some questions were discussed during online meetings and
the answers were formulated together, e.g. the etiology of lung injury
(LI). Areas of knowledge gaps were identified.

History of BPA

After the first published BPA case report in 1988 of a 30-year-old man
with PH after pulmonary embolism,"” Feinstein et al.'® described 18 pa-
tients in 2001 with inaccessible or ‘nonsurgical’ CTEPH who underwent
BPA. Reperfusion pulmonary edema occurred in 11 patients, and
30-day mortality was 5.5%. Because safety issues were compromising
efficacy outcomes at these early treatment days, Japanese intervention-
ists refined BPA to bring it to today’s standards,” mainly by a more cau-
tious approach with multiple sessions, use of smaller balloons in the
beginning, and coronary equipment.

Technical, structural, and logistic
requirements for performing BPA

BPA is performed in a catheter laboratory, or in a hybrid room, preferably
with biplane cineangiography.® BPA is a complex procedure requiring a
detailed understanding of three-dimensional pulmonary vascular anatomy
(Figure 1). Segment labels employ the letter A and numbers, in accordance
with labeling of the bronchial tree.® Operators need to be aware of ana-
tomical variability. The left upper lobe is particularly prone to variation
with between two and seven pulmonary arterial branches, the most con-
stant is the left lower lobe with only four described variants.”' Left A7 ap-
pears variable, and may come off A8 (Figure 7). In addition, characteristics
of lesion types must be emphasized. CTEPH lesions tend to be close to ves-
sel bifurcations. Type A ring-like stenosis lesions result in a concentric sten-
osis, as if a ring was put on the vessel. Type B web lesions are hazy or
abrupt narrowing opacities of the vessel that may appear in various con-
figurations, for example as complex webs or slits. Type C and D lesions
represent occlusions with tapered subtotal lesions (type C) that appear
almost completely occluded but have continuous or discontinuous subtle
and slow blood flow distal to the obstruction. Type D total occlusion le-
sions appear as pouches or ostial occlusions. Type E tortuous lesions re-
present web lesions or occlusions in highly tortuous small vessels distal to
subsegmental arteries, surrounded by cotton wool-like stains of capillary

arteries (Figure 2). The principle of BPA (Figure 3) is to dilate intraluminal
fibrotic obstructions and to open occlusions by penetrating proximal fi-
brous intimal caps with wires, stretching the vessel with balloons and com-
pressing organized thrombi.*>** Once flow is established, distal vascular
territories are reperfused and gain cross sectional diameter over the fol-
lowing 4-6 weeks. No restenosis has been observed to date.

The 2022 ESC/ERS guidelines recommend that all patients with
CTEPH are reviewed by a multidisciplinary CTEPH team capable of multi-
modality management,* to decide the initial treatment after review of
all relevant data (Figure 4). A CTEPH team should consist of a PEA sur-
geon, a BPA interventionist, a PH specialist, a radiologist experienced in
thoracic imaging, an intensive care specialist, a nurse specialist, and a
data manager. The team should meet regularly to review new referrals,
follow-up cases, and complications.”

Centers should have BPA activities at a minimum of 100 procedures/
year as described in the guidelines, ideally concentrating care and expert-
ise in high-volume centers.* Centers should be able to demonstrate ex-
cellent safety outcomes such as a 30-day mortality of <2% and serious
adverse event (SAE) rates of <5% per session. According to a recent dis-
cussion of the RACE® and MRBPA” studies, a BPA-SAE is defined as an
event that results in death, is life-threatening, requires hospitalization®* or
extended hospitalization for treatment, causes permanent or marked im-
pairment or dysfunction, and/or requires medical or surgical intervention
to prevent one of the above. All task force members believed it was im-
portant that any center planning to set up a BPA service be proctored by
an expert center. All BPA centers should seek an annual audit to review
the achievement of BPA goals and survival.*'®*>2¢ The task force mem-
bers agreed that onsite cardiothoracic surgery, extra-corporeal mem-
brane oxygenation (ECMO), coils/gelfoam, and covered stents must be
available as bail-out options when performing BPA.

Patient selection and preparation
Patient-related factors influencing patient selection are as follows:

(1) To be eligible for BPA, patients must have New York Heart Association
(NYHA) class Il or greater symptoms, most likely due to CTEPD.*

(2) Patient cooperation during BPA should be ascertained, because lying
flat for the duration of the intervention and the ability for a proper
breath hold are mandatory.

(3) Contrast allergy, renal, and thyroid dysfunction are handled according
to general guideline recommendations.?”*3

(4) Patients who reject PEA despite the recommendation of a CTEPH
team have a poor prognosis and are advised to be evaluated for
BPA.*’ There are now reports to support BPA as a treatment op-
tion in patients with operable disease. Darocha et al® reported the
same efficacy and safety of BPA in technically operable patients;
however, they excluded patients with large central clots and com-
plete proximal main or lobar branch occlusions. Nishihara et al.’s’
report is including these lesions.

(5) Only case reports exist on rescue BPA in patients who are in right
heart failure.

(6) Sex differences in the treatment of CTEPH have been evaluated in
few studies.**33 PEA was performed more frequently in men
while more females were classified as inoperable.>* Women
have more frequently distal technically inaccessible disease
and tend to reject PEA,*® although mortality was similar between
both sexes.**3*37 In Japan, female CTEPH patients are elderly
with less deep vein thrombosis, less acute embolic episodes, low-
er arterial oxygen tension, and more peripheral thrombi, and
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LAO60

Figure 1 Anatomical classification of the pulmonary vascular tree, and segment names. Anatomy is in accordance with a computed tomogram of a
healthy Danish volunteer. Segments are color coded. Panel A: anterior—posterior projection. Panel B: left anterior oblique (LAO) 60° projection.
Segment A7 on the left side is variable; if present, it typically occurs in a common branch with A8.
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Figure 2 Vascular lesions of CTEPH. Lesions are common at bifurcations. Except for tortuous lesions that affect vessels <2 mm in diameter and
pouches that are predominantly proximal, all lesions may occur at any level of vessel size.

female Japanese CTEPH patients derive less improvement
through PEA.>®

(7) Advanced age, frailty,*® and comorbidities remain important causes of
non-operability. BPA in elderly patients improves functional class,
hemodynamics, and biomarkers, and the rate of procedural compli-
cations and peri-procedural mortality is low.>**° Treatment goals
should be individualized in patients with multiple co-morbidities
where standard risk—benefit assessments may not hold.

Disease-related factors influencing patient selection are as follows:

(1) Screening and imaging for other causes of PH must have been done

for patients undergoing BPA, according to guidelines,* including a
coronary angiogram in patients at risk for coronary artery dis-
ease.*"*? After confirming the diagnosis, imaging is performed for
the assessment of lesion distribution and lesion characteristics
(Figure 2). Computed tomography pulmonary angiography (CT-PA)

€202 AInp 0z U Josn uiag 3oyloNqigsIaelsIoniun Aq L 22922 ./€ L ¥PeYs/Mueayina/e60L 0L/10p/alole-20UBApE/fluEayINa W00 dno dlwapes.//:Sd)y Wolj PaPEojUMOQ



Balloon pulmonary angioplasty for chronic thromboembolic pulmonary hypertension 5

BEFORE BPA

BALLOON INFLATION

AFTER BPA

Figure 3 The principle of BPA. The top of the figure shows the setting of BPA, with a guiding catheter telescoped through an 80 or 90 cm sheath. The
bottom of the figure shows cross sections of a vessel before BPA with the obstructing webs (left), with the balloon inflated (middle), and the final result
(right). In contrast to coronary intervention, the balloon tears and compresses intraluminal webs and bands without injuring the medial layer of the
vessel wall.

)

©)

with multiplanar reconstruction is most commonly used for this
purpose today. With a higher spatial resolution and transarterial
contrast enhancement, cone beam CT of the pulmonary arteries
shows peripheral lesions in more detail than CT-PA and can be
used instead.*? In addition to cross-sectional imaging, most centers
perform diagnostic and planning digital subtraction angiography of
the pulmonary arteries (DSA-PA) during deep inspiratory breath
holds in orthogonal projections.** DSA-PA supplements the
CT-PA with dynamic information of the parenchymal perfusion
and allows for assessment of lobar, segmental, or subpleural perfu-
sion defects. Direct segment-by-segment invasive PA contrast in-
jection including intravascular imaging with intravascular
ultrasound (IVUS) and/or optical coherence tomography (OCT)
may be appropriate in cases of diagnostic uncertainty, or in special
instances.

The severity of baseline hemodynamics predicts BPA—related compli-
cations.”>*> Roughly 40% of patients have significant pulmonary mi-
crovasculopathy that can be assessed by the PA occlusion
technique.*®

BPA after PEA has been found more difficult and less safe. Residual PH
after PEA has been reported in 17%-31%.*"* Clinically relevant re-
sidual PH conferring worse long-term survival after PEA mainly occurs
when the mean pulmonary arterial pressure is >38 mmHg*
Selection of candidates for BPA dfter PEA includes a complete re-
assessment of the patient with symptomatic PH 3—6 months after
PEA using high-quality imaging techniques such as CT-PA, DSA-PA,
and right heart catheterization. Recently, single-center series with
small numbers of patients have reported hemodynamics and func-
tional class improved at follow-up, suggesting BPA as a

complementary therapeutic strategy for residual or recurrent PH
after PEA’"* However, less hemodynamic improvement than
that in primary BPA occurred.*? Polish authors describe very hard oc-
clusions after PEA, challenging to dilate,"" potentially resulting in hem-
optysis,* requiring embolization.”’

(4) Patients with typical CTEPH vascular lesions but without PH at rest

have been labeled as CTEPD without PH* and are unfortunately
less commonly referred to CTEPH centers.>> Two series have
been published: Wiedenroth et al.>* report improved functional
and hemodynamic status in 9/10 treated patients with one to five
BPA sessions (average four sessions/patient), and Inami et al.>*
found improved functional status in all 15 patients after BPA, and
less need for nasal oxygen after four BPA sessions (see
Supplementary data online, Table S7). Few complications and no
periprocedural deaths were reported. Systematic data regarding
prognostic impact and therapeutic goals are lacking. According to
the 2022 ESC/ERS guidelines,” both PEA or BPA should be consid-
ered in selected symptomatic patients with CTEPD without PH.
For the identification of these patients, results of echocardiography,
lung function testing, BNP/NT-proBNP, chest radiography, and
cardiopulmonary exercise testing are considered in a multipara-
metric approach.**®

Patient preparation for BPA is as follows:

(1) Pretreatment with vasodilator drugs targets peripheral vascular re-

modeling, improves hemodynamics, and has been reported to re-
duce BPA-related complica\tions,3 which has led to the guideline
lla recommendation of medical therapy prior to BPA’
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Balloon Pulmonary Angioplasty Program

Involvement in clinical and translational research; teaching courses on
local, national, or international basis, proctoring on site and virtual

Clear, verbal and written information for patients that describes diagnostic procedures
and treatment options; shared decision making; collaboration with advocacy group

Data collection/registration, monitoring of quality indicators, annual audits

egular, to discuss multidisciplinary aspects of individual patient care

R

Screening, diagnosis to follow-up, including advanced disease, interventional expertise

Figure 4 Building blocks of a BPA program.

Prospective studies investigating efficacy and safety of medical
treatment before BPA are needed, and ongoing (ClinicalTrials.gov
Identifier NCT04780932).

(2) The use of non-vitamin K antagonist oral anticoagulants (NOACs) vs.
vitamin K antagonists in CTEPH may be associated with more clot-
ting, but those data are not from a randomized study.>® Because
bridging anticoagulation is associated with increased bleeding,>’
the writing group members agreed on continuing vitamin K antago-
nists and titration to an INR of <3.0 prior to BPA.

Treatment goals

The gold standard of mechanical treatments of CTEPH is PEA, where
the goal is to remove the obstructing material from the PA lumen as
completely as possible in a single session. In contrast, BPA is delivered
as multiple staged interventions, and obstructing material remains in
place.z’s‘ss’59 Within the writing group, there was universal agreement
that an ideal BPA treatment should result in symptom relief at rest
and during exercise, treating all lesions whenever possible. Further goals
are to improve quality of life, normalize pulmonary hemodynamics®
and exchange gas with a normal resting oxygen saturation. To assess in-
dividual treatments goals, a multiparametric approach utilizing exercise
capacity, hemodynamics including pulmonary vascular resistance (PVR),
biomarkers, World Health Organization classification, cardiopulmon-
ary exercise testing, and quality of life assessments is practical.
Because of the prognostic threshold of a mean pulmonary artery pres-
sure (MPAP) of 30 mmHg,®" the minimum hemodynamic goal of BPA is
a final mMPAP < 30 mmHg. Technical aspects (type, localization, and
number of accessible lesions), advanced age, comorbidities, and

patient’s expectations may influence individual treatment goals. The
writing group rejected a prespecified timeframe to complete BPA out-
side a study protocol but agreed that the interventional schedule should
be adapted to patient and logistics. For example, two initial sessions are
done within 1-3 days in a single hospital stay, and subsequent sessions
planned after 1-3 months each.

Procedural details

BPA is performed in conscious patients under local anesthesia.

(1) Aright heart catheterization is useful before each BPA session, including
thermodilution or Fick cardiac output (CO) and pressure assessments
(right atrial pressure, PA pressure, and PA wedge pressure), off sup-
plemental oxygen, and predominantly via the femoral vein with gen-
erous availability of ultrasound-guided venous puncture. Arterial
pressure and saturation may be measured noninvasively.

(2) Standard angiographic projections are anterior—posterior (AP) and
left anterior oblique (LAO) 60° (Figure 1).

(3) Contrast media are lodixanol 320 or lomeprol 50/50 mixed with sa-
line, hand injected.

(4) Two strategies of anticoagulation during BPA are practiced: 2000
5000 IU of unfractionated heparin, or full anticoagulation at an ac-
tivated clotting time of 250 s as in coronary intervention.

(5) Patients receive supplemental oxygen to maintain a saturation > 92%
during BPA. Oxygen can selectively dilate pulmonary arteries.®>

(6) Each procedure is typically performed by two interventionists working
together, with the goal to spend 30—60 min radiation time in one
session.
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Balloon pulmonary angioplasty for chronic thromboembolic pulmonary hypertension 7

(7) Sheath size is 7F-9F with a telescoped 6F guiding catheter (mother
and child technique, Figure 3); some prefer 8F/6F or 6F/6F or 8F/8F.
Standard access to the lung segments is by multipurpose guiding
catheter (MPA-1) or Judkins right (JR). Many different 0.014" wires
are used, usually hydrophilic wires, but some prefer hydrophobic
silicone—coated wires (Miracle-3) that are shaped according to
the need. In contrast to Japan (B-pahm), there are no dedicated
BPA wires in Europe.

(8) Semi-compliant balloons are used at 6 atm on average, clearly below
rated burst pressures, including large sizes of 8-10 mm diameter
over-the-wire balloons via 0.035" guidewires.

(9) Microcatheters and guide extension catheters are commonly used,
while covered stents, coils, and gelfoam need to be available to
manage complications. Occasionally, implantation of a stent is re-
quired to maintain the patency of a dilated lesion in a vessel with
large intimal flaps.®*¢*

Initially, ring and web lesions are addressed, with a preference for the
right basal artery, and CTOs are addressed when hemodynamics have
improved. Immediate BPA success is suspected when brisk venous re-
turn post BPA is observed. If mPAP > 40 mmHg and PVR > 7 WU, only
2-2.5 mm balloons are safe. Only a minority practices pressure wire—
guided angioplasty.®® Routine endovascular imaging with IVUS or
OCT is not standard of care.

Complications and their
management

Complications decrease with operator experience.” It is essential to
establish consensus on a classification of complications and on the re-
porting (Table 1). Complications should be reported both by procedure
and by patient.

(1) Definition of complications

Non-specific complications such as allergic reaction, access-site compli-
cations, kidney injury, and infections do not exceed 1% in the literature.®”

Specific complications or ‘thoracic complications’ are those related to
the properties of the BPA substrate, the pulmonary arteries, and the
underlying pathology (Table 7). Grades of injury after BPA are depicted
in Figure 5. BPA—related vascular injury was shown to be an independent
predictor of LI after BPA (odds ratio, 20.1)"° but does not influence the
overall outcome of BPA.”" Reperfusion edema usually develops several
hours after the procedure, with clinical signs of desaturation and foamy
sputum. The group agreed that LI predominantly originates from vascular
injury70 and that LI as pure reperfusion injury may be rare.

Sudden cough, drop in oxygen saturation and hemoptysis are the
most common symptoms of a complication during BPA. Most frequent-
ly mild to moderate, hemoptysis can resolve quickly, but it requires im-
mediate attention and search for a cause.

1.1. Vascular injury due to vascular complications is observed during the
procedure (Table 1 and Figure 5). Distal perforation by the angio-
plasty guidewire is commonly accompanied by hemoptysis with on-
set of bleeding with a few minutes of delay from the injury.
Management depends on its mechanism and how hypoxemia is
acutely tolerated by the patient.

(i) The first step in persistent hemoptysis is halting the procedure
(i) and starting an angiographic search for the injury
(i) Oxygen therapy must be adapted to desaturation, and

(iv) prolonged inflation of the balloon at the suspected angioplasty site, or
(v) immediate wedging of the guiding catheter, or if hemoptysis persists,
(vi) heparin anticoagulation is reversed with protamine.

(vii) Distal embolization can be performed, preferably using resorbable
material (absorbable gelatin sponges, e.g. Serescue; Astellas
Pharma Inc., Tokyo, Japan or CuraSpon®),

(viii) or a covered or uncovered stent can be placed as bailout in case of
rupture. In addition,

(ix) continuous positive airway pressure is useful, sometimes

(x) intubation
(xi) or ECMO may be needed.

PA dissection at the angioplasty site or by tip of the guide catheter is
benign in the majority of cases. In the large vessel segments, PA dissec-
tion may reflect contrast medium entering deep layers of thrombus.
Arterial rupture is uncommon, and thrombosis at the dilated site is
rarely reported.72

1.2. Llis the main severe complication (Table 1 and Figure 5). It is defined by
new ground-glass opacities, consolidation, and pleural effusion’® in the
territory of dilated vessels, with or without hemoptysis, with or with-
out hypoxemia.”® LI is commonly detected if routine chest scan is car-
ried out; however, clinical consequences are limited to relatively few
cases. lkeda et al.”* performed CT scanning within 15 min of comple-
tion of 119 BPA sessions, identifying signs of LI in 10% of simple lesion
BPA, and in 40% of occlusion lesion BPA. Most often, LI appears > 3 h
after BPA with deterioration of the respiratory state (Figure 5). This is
why at least one overnight stay after BPA is felt to be safe. In asymp-
tomatic patients, further imaging is not needed before leaving the hos-
pital. There are different degrees of severity: mild (with a need for
oxygen inhalation via prongs), moderate (with a need for high-flow
oxygen via face mask), and severe (requiring non-invasive positive pres-
sure ventilation or mechanical ventilation +/— ECMOQO) (Table 1).
Mortality rate varies from 0% to 10%, with an average of ~2% (see
Supplementary data online, Table S1). Deaths are directly attributable
to pulmonary injury in more than half of the cases; less commonly,
death occurs due to right heart failure or sepsis.

2. Predictors of specific complications

Lesion types (Figure 2)”> predict complications: Complication rates
are <3% for ring-like stenosis and web lesions, up to 15.5% for subtotal
occlusions, and up to 40% for tortuous lesions.”> As more chronic total
occlusions are addressed, new information on procedural complica-
tions will be observed, although it does not appear that CTO interven-
tions increase complication rates.*>’¢

Hemodynamic parameters such as a high mPAP before BPA consist-
ently represent independent risk factors of severe LI 2342707077 |y
the RACE study,’ piecewise logistic regression identified mean PAP
> 45 mmHg as predictive factor associated with BPA—related adverse
events and SAE in 88 patients who had BPA at any time. Therefore, a
threshold mPAP increasing the incidence of LI is around 45 mmHg.

There is a BPA learning curve, with experienced centers observing a
significant reduction in adverse event rates with more practice.”’ In
the French registry, complication rates fell from 11.2% per session in
the first 1006 sessions to 7.7% in the more recent 562 sessions.*®

3. How to avoid BPA complications

Refinements of the BPA technique have decreased complications. The
following practical rules have been developed based on the Japanese
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Table 1 Complications of BPA
Type of complication Symptom/severity Management How to avoid
Thoracic Hemoptysis during the * Mild (<50 mL/episode) [ No treatment Use of guide extension for better

complications

Non-thoracic
complications

procedure

Wire
perforation

Vascular
injury
Pulmonary

artery
rupture

Pulmonary
artery wall
dissection

Lung
injury

O Early<3h
O Late>3h

Others Pulmonary

artery
thrombosis

Pulmonary
infection

Contrast allergy

Associated with RHC

Contrast nephropathy®®

Access site

* Moderate (100-300 mL)
* Severe (more than 300 mL or
hemoptysis of any volume
leading to respiratory failure)®®

With or without hemoptysis

* Non occlusive
* Occlusive

* Asymptomatic
* Mild (nasal oxygen)
* Moderate (Non-invasive
ventilation)
* Severe (mechanical ventilation
+ VA ECMO)

* Mild (cutaneous)
* Moderate (bronchospasm)
+ Severe (anaphylactic shock)®”

* Conduction disturbance

* Supra-ventricular arrythmia
* Ventricular arrythmia

* Pericardial tamponade

* AKI
* AKD after AKI (staging based on
GFR)

* Hematoma requiring transfusion
* False aneurysm
* AV fistulas

O Reversal of
anticoagulant

O Prolonged balloon
inflation

O Embolization
(e.g. injection of
solubilized gelatine)

O Others

O Same as for
hemoptysis

O No treatment

[0 Prolonged balloon
inflation

O Embolization
(e.g. injection of
solubilized gelatine)

O Covered stent

O No treatment

[ Prolonged Balloon
inflation

O Embolization (e.g.
injection of
solubilized gelatine)

[ Stenting

0O No treatment

[0 Nasal oxygen

O NIPPV

O Mechanical
ventilation + VA
ECMO

Adjust anticoagulation
Perform CDT

Treat according to
antibiogram

General management

O No dialysis
O Dialysis

[0 Manual compression

O Side branch
embolization

0O Covered stent

O Surgery

visualization

Careful manipulation of the
guidewire (knuckle technique)
Avoid over-dilatation

Careful manipulation of the
guidewire (knuckle technique)

Avoid over-dilatation and
vigorous contrast injection

Use of guide extension for better
visualization
Careful manipulation of the
guiding catheter
Avoid over-dilatation

Limited number of dilated sites
Under-sizing of BPA balloon
Pressure wire technique
Pre-treatment with medical
therapy in case of severe
hemodynamic compromise

Heparin per procedure

Pre-medication with cortisone
and antihistamines

Be careful in case of pre-existing
left bundle branch block

Use of diluted contrast media, use
the least possible amount of
contrast

Ultrasound-guided puncture
4F micro-puncture

NIPPV, non-invasive positive pressure ventilation; RHC, right heart catheterization; CDT, catheter-directed treatment for acute pulmonary thrombus; VA ECMO, veno-arterial ECMO;
AKI, acute kidney injury; AKD, acute kidney disease after AKI.
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Figure 5 Grades of injury after BPA. Time is displayed on the x-axis and clinical appearance, pathology, and imaging on the y-axis. Three hours after the
start of the BPA procedure (asterisk) is arbitrary to represent the peri-procedural time frame that may vary.

experience,” particularly in case of mMPAP > 40 mmHg: (ii) treat simple le-
sions, rings, and webs first; (ii) verify proper guidewire placement; (i)
undersize balloons (balloon:artery ratio 1:0.5-0.8, or 2-2.5 mm balloons
for the first session); and (iv) consider using the pressure wire technique
to assess distal pressure (should remain <30 mmHg).*"> IVUS and/or
OCT can be helpful to determine exact vessel diameter and identify dis-
sections, thrombus, and intraluminal calcification.

Given the data that complications are more severe among patients with
very high pulmonary pressures, there is a logic to optimize medical therapy
prior to BPA. In the RACE study,® less severe hemodynamic compromise
was recorded at the time of BPA in patients pretreated with riociguat than
in patients treated first with BPA. Consequently, the incidence of BPA-re-
lated SAEs was lower in patients who were pretreated with riociguat [ad-
verse events in 5 (14%) of 36 pretreated patients vs. 22 (42%) of 52
non-pretreated patients]. IMPACT-CTEPH is formally addressing this
question by assessing the efficacy of macitentan on top of standard rioci-
guat on pre-BPA PVR %baseline change in patients with inoperable
CTEPH (ClinicalTrials.gov Identifier NCT04780932).

Despite the relatively high contrast volume used during the entire BPA
treatment cycle, BPA can be safely performed in patients with chronic kidney
disease, and renal function may be improved with an increase in CO.”8”%
Radiation exposure (Air Kerma, effective dose, fluoroscopy time, and
Kerma area product) needs to be rigorously collected for each patient.

BPA outcomes and patient
follow-up
Long-term follow-up is guideline

recommended for CTEPH*

BPA leads to a significant decrease of right ventricular afterload (see
Supplementary data online, Table S1, and Graphical Abstract). The initial

case series from the US reported a 23% decrease in total PVR, a 21%
decrease in mPAP, and a 5% increase in CO after BPA."® BPA interven-
tionists from Europe and US reported an approximately 42%—45% de-
crease in PVR with a 18%-29% decrease in mPAP after refined
BPA.122>8085 More recent European series reported a decrease of
PVR by 34%—60% and of mPAP by 23%—44%3045768°1 The
Japanese registry reported a 66% decrease in PVR and a 48% decrease
in mPAP.2 The results obtained in Japan tend to be better than those in
other countries,”®> which may be due to the more extensive experi-
ence of operators, patient selection in light of less PEA activity, and
the different structure of vascular lesions with a less inflammatory
thrombotic phenotype.”® The most recent randomized controlled
trials in two expert BPA centers reported a 65% decrease of PVR, a
40% decrease of mPAP, and a 10% increase of CO after BPA2?
While vasodilators mainly increase CO, BPA decreases mPAP, resulting
in lower PVR. Therefore, BPA success has to be reported together with
ongoing vasodilator treatments. Hemodynamic improvement is more
pronounced when complete pulmonary revascularization is achieved,
including treatment of chronic total occlusions.*>” For patients with
central clots, the decrease in PVR that can be achieved with BPA may
be like in patients with distal lesions, but this needs to be confirmed
in larger prospective studies.*°

Hemodynamic improvement after BPA correlates with significant
improvements in clinical status, right ventricular function,” and patient-
reported quality of life.”>® In Feinstein’s series, follow-up (mean, 36
months) mPAP, NYHA functional class, and 6-minute walking distance
(6MWD) had improved, and all vessels previously dilated were pa-
tented at angiographic reassessment.® Clinical benefit of BPA was de-
monstrated by improvements in functional class, 6MWD, and an
increase in peak oxygen consumption and a decrease in VE/VCO,,
and PETCO,.””"® A significant reduction in NT-proBNP levels oc-

39,41,53,80,85,88,90

curs, an improvement in right ventricular function by
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. . . . 9, .
echo,” and cardiac magnetic resonance |mag|ng,7 1007102 g ectrical re-

verse remodeling by ECG,'® and an increase in pulmonary vascular
compliance.>>'%* BPA in elderly patients is equally effective.**'%® 3-
and 5-year survival rates were reported as 92%-95%%*72
88%-90%,'>* respectively.

The efficacy of BPA procedures as an adjunctive treatment after PEA
has been evaluated in several small studies indicating that BPA is feas-
ible,"% but its effectiveness appears to be lower, and the risk of com-
plications is higher than in untreated patients.””' %" Significant
symptomatic improvement after BPA was demonstrated in CTEPD pa-
tients without PH at rest.>*'®” Perfusion scans or DSA perfusion is
helpful to identify residual lesions. Regardless of the result of BPA,
guidelines recommend that patients should be regularly followed-up
with functional class, NT-proBNP, echo, and 6MWD, including invasive
assessment with right heart catheterization 3—6 months after last BPA.*

and

Post BPA treatments

After BPA, oral anticoagulation is continued life-long. Existing informa-
tion on the type of anticoagulation does not suggest a clear advantage of
either NOACs or vitamin K antagonists.>® In antiphospholipid syn-
drome, vitamin K antagonists are prescribed.'®® 3-6 months after
BPA or at any time after BPA if symptoms recur, a right heart catheter-
ization is guideline recommended to assess the need for continuation
or termination or initiation of medical treatments approved for
CTEPH. For the decision to continue or terminate or initiate medical
treatments including riociguat, a multiparametric approach can be
used, taking into account patient needs and symptoms during their
regular life after BPA, the number of remaining lesions, exercise cap-
acity, hemodynamics, arterial saturation, and response to ongoing or
previous medical treatments.

Cost of BPA

No cost effectiveness studies have been done so far, and there are no
comparative studies with PEA. One study analyzed the treatment cost
in France.”®” Authors found that the first BPA session was performed
1.1 years (IQR 0.3-2.92) after the first PH hospitalization. A mean of
three stays per patient with BPA sessions was reported. The total hos-
pital cost attributable to BPA was €21 245 + 12 843 per patient.

Patient needs

BPA is a novel treatment and patients wish to hear about the concept,
the expected number of procedures, the speed of improvements, the
likelihood of an ongoing need for medical treatments, and the risk of
hemoptysis or a SAE during the procedures. While more severe hemo-
dynamics at baseline classify a higher risk category,zs'45 no systematic
BPA risk scores have yet been established.

What helps patients gain confidence is that they could watch the
procedure on a monitor and see the blood vessels opening up after
each step of the treatment. While physicians’ guidance during BPA is
valuable, a structured brochure or video informing the patient about
important details of BPA beforehand is desirable.

Patients report that they improve immediately after the first BPA
procedure and that they can breathe better and deeper. Further im-
provements thereafter were also noted to be significant.

Patients want to speak to their physician and set goals together. For
example, if the patient is an elderly lady, she may be content with less

procedures, compared with a young man who wants to compete in
sports and needs even the smallest pulmonary vessel open.

Conclusions and future steps

The 2022 ESC/ERS guidelines have upgraded their recommendation for
BPA from IIb-Cin 2015 to |-B. While this reflects increased understand-
ing of its role in CTEPH treatment over the past 10 years, many open
issues remain. For example, there is a need for appropriate training stan-
dards in high-volume centers, standardized technique to be globally
adopted, and development of dedicated interventional equipment.
Patient selection remains a significant challenge despite the use of multi-
disciplinary CTEPH teams, with eligibility for BPA decided on the basis
of a consensus among team members. With scarce information on
long-term survival, treatment goals need clarification, as it is uncertain
to which degree mPAP and PVR lowering leads to improved outcomes.
Many patients have mixed anatomical lesions with lobar, segmental, and
microvascular involvement, but presently, there is no standardized ap-
proach to combination therapy with PEA, BPA, and pharmacological therapy.
Future research should include whether PH-targeted medication prior to
BPA is beneficial, whether combination treatments are successful,
whether medication should be continued after completion of BPA and
whether PEA and BPA should be performed simultaneous,” or sequen-
tially. Unmet needs are risk scores for patients undergoing BPA, to deter-
mine critical target lesions and a hemodynamic threshold necessary to
normalize prognosis, to determine whether post PEA patients have
equivalent outcomes as primary BPA candidates. The International
BPA Registry (NCT03245268) and the Japan Multicenter Registry for
BPA will play important roles to answer some of the open questions.

Supplementary data

Supplementary data are available at European Heart Journal online.
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