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Abstract

Chronic thromboembolic pulmonary hypertension (CTEPH) is a complex chronic
disease in which pulmonary artery stenosis or obstruction caused by organized
thrombus can lead to increased pulmonary artery pressure and pulmonary
vascular resistance, ultimately triggering progressive right heart failure and
death. Currently, its exact mechanism is not fully understood. Pulmonary
endarterectomy (PEA) has immediate effects with low perioperative mortality and
satisfactory prognosis in experienced expert centers for CTEPH patients with
proximal lesions. Nevertheless, 37% of patients are deemed unsuitable for PEA
surgery due to comorbidities and other factors, and nearly half of the operated
patients have residual or recurrent pulmonary hypertension. Riociguat is the only
approved drug for CTEPH, although its effect is limited. Balloon pulmonary
angioplasty (BPA) is a promising alternative treatment for patients with CTEPH.
After more than 30 years of development and refinements, emerging evidence has
confirmed its role in patients with inoperable CTEPH or residual/recurrent
pulmonary hypertension, with acceptable complications and comparable long-
term prognosis to PEA. This review summarizes the pathophysiology of CTEPH,
BPA history and development, therapeutic principles, indications and
contraindications, interventional procedures, imaging modalities, efficacy and
prognosis, complications and management, bridging and hybrid therapies,
ongoing clinical trials and future prospects.

Key words: Chronic thromboembolic pulmonary hypertension; Pulmonary endarterectomy;
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Core tip: Chronic thromboembolic pulmonary hypertension (CTEPH) is a serious chronic
disease with a poor prognosis if left untreated. Pulmonary endarterectomy (PEA) is the
only curable treatment of choice for certain CTEPH patients with proximal vessel lesions.
Balloon pulmonary angioplasty (BPA) is a promising alternative interventional option for
patients with CTEPH, especially those with distal lesions or residual/recurrent pulmonary
hypertension after PEA. Herein, we summarize the pathophysiology of CTEPH, the
history and development of BPA, therapeutic principles, indications and contraindications,
interventional procedures, imaging modalities, efficacy and prognosis, complications and
management, bridging and hybrid therapies, ongoing clinical trials and future prospects.

Citation: Jin Q, Zhao ZH, Luo Q, Zhao Q, Yan L, Zhang Y, Li X, Yang T, Zeng QX, Xiong
CM, Liu ZH. Balloon pulmonary angioplasty for chronic thromboembolic pulmonary
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INTRODUCTION

Chronic thromboembolic pulmonary hypertension (CTEPH) is characterized by
precapillary pulmonary hypertension (PH) hemodynamically defined as mean
pulmonary arterial pressure (mPAP) > 25 mmHg and a normal pulmonary artery
wedge pressure < 15 mmHg during resting right heart catheterization (RHC), with
thromboembolic evidence showing mismatched perfusion defects in pulmonary
arteries on computed tomographic pulmonary angiography (CTPA), lung perfusion
scintigraphy or pulmonary angiography despite effective anticoagulation therapy for
at least three months. If left untreated, CTEPH will rapidly progress and seriously
threaten people’s lives!l, and CTEPH patients with mPAP > 30 mmHg have a
relatively poor prognosis’, with a 5-year survival rate of 30% for those with mPAP >
40 mmHg and 10% for those with mPAP > 50 mmHg"*.

Pulmonary endarterectomy (PEA) remains the potentially curative treatment of
choice with an in-hospital mortality rate of 2.2% for all eligible CTEPH patients at
experienced centers and should be considered whenever possible’”. In most CTEPH
patients, their postoperative hemodynamics return to normal or near normal, yet due
to surgical inaccessibility and severe comorbidities, only around 63% are eligible for
PEA, and 17%-31% of CTEPH patients experience persistent or recurrent PH after
surgery™, likely as a result of residual thrombi, concomitant pulmonary micro-
vasculopathy, and recurrent thrombotic lesions”'"l. In addition, some patients do
decline invasive thoracotomy, which requires a meticulous technique and can only be
performed by an interdisciplinary team at limited expert centers worldwide.

Currently, inoperable candidates have more options to receive medical and/or
interventional therapies at specialized centers. With the great advances in pulmonary
arterial hypertension (PAH) targeted drugs, including endothelin receptor antagonists,
phosphodiesterase type 5 inhibitors, soluble guanylate cyclase stimulators,
prostacyclin and its analogues, and selective prostacyclin receptor agonists, the clinical
condition and hemodynamic status among symptomatic PAH patients have been
dramatically improved in recent years!"'l; however, high-level evidence on the efficacy
and safety of PAH targeted therapy for CTEPH patients remains far from enough
worldwidel”"l. Riociguat, a stimulator of soluble guanylate cyclase, is the first and
only officially approved drug with an indication for inoperable or persistent/recurrent
CTEPH. Nevertheless, it has limited effects on reducing mPAP despite improvements
in pulmonary vascular resistance (PVR) and exercise tolerance!"”. Riociguat was
marketed in China in June 2018 and was partially covered by the national health
insurance in November 2019. Even so, most PH patients cannot benefit from this
promising drug due to high costs.

Balloon pulmonary angioplasty (BPA), also known as percutaneous transluminal
pulmonary angioplasty, is a catheter-based interventional technique which uses
appropriately sized balloons to dilate and open up stenotic or occluded pulmonary
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vessels under angiography guidance. Accumulating evidence suggests that it can
strikingly improve hemodynamics, cardiac function and exercise tolerance with an
acceptable incidence of complications, and the long-term prognosis is encouragingly
comparable to PEA surgery!”'?l. After more than 30 years of development and
refinements (Figure 1), BPA is emerging as a promising alternative treatment option
for CTEPH patients. However, there are still many issues worth exploring for BPA,
such as the selection of patients, the establishment of a standardized operation process
and the reduction of complications, and this review aims to elaborate the latest
progress of BPA from multiple perspectives.

CTEPH PATHOPHYSIOLOGY

Pathologic examinations disclosed massive hypertensive lesions in small pulmonary
arteries characterized by microvascular remodeling, irregular intimal thickening and
fibromuscular hyperplasia, eccentric intimal fibrosis, and plexiform lesions that shared
some similarities to those seen in idiopathic PAH!", likely as a result of endothelial
cell proliferation/apoptosis dysregulation, endothelial to mesenchymal transition,
abnormal proliferation and migration of fibroblasts and smooth muscle cells, and
inflammatory cells infiltration®”]. Our previous proteomic analyses of
endarterectomized tissues from CTEPH patients revealed that the detected proteins
were mainly involved in immune and defense responses, inflammatory responses, and
the complement and coagulation cascadel*]. The exact mechanisms of CTEPH remain
poorly understood, genetic susceptibility and epigenetic modification, risk factors for
thrombosis, imbalanced coagulation and fibrinolysis, inflammation and immune
dysfunction, impaired angiogenesis, and vascular remodeling might collectively
contribute to the onset and progression of CTEPH!"*2"#],

Unresolved organized thromboembolic material triggers narrowing or obliteration
of pulmonary arteries, resulting in secondary redistribution of pulmonary blood flow
between occluded and non-occluded vessels. Hemodynamic changes such as increased
intravascular pressures and endothelial shear stress trigger microvascular endothelial
dysfunction and vascular remodeling of pulmonary vasculaturel®. Increased vascular
resistance causes elevated pulmonary arterial pressure, which ultimately leads to
increased right heart afterload and even right heart failure. As the tension of the right
ventricular (RV) wall increases, the interventricular septum shifts to the left, affecting
left ventricle filling and cardiac output. In addition, organized thrombi block the blood
flow path through the lungs, resulting in less blood entering the lungs for oxygenation
and a severe mismatch of ventilation and perfusion, which in turn results in
hypoxemia.

BPA HISTORY AND DEVELOPMENT

Balloon angioplasty was firstly described to treat peripheral pulmonary artery stenosis
in 19801 Soon afterwards, Lock et al*) surgically created experimental bilateral
branch pulmonary artery stenosis in newborn lambs, and validated the feasibility of
balloon dilation in relieving acquired pulmonary artery narrowing, which directly
impelled their initial clinical extension of balloon dilation angioplasty to similar
lesions. Later in 1983, they demonstrated balloon dilation angioplasty could
substantially decrease RV pressure and gradient across the lesion, and increase
pulmonary blood flow among children with either hypoplastic or stenotic pulmonary
arteries™. Since then, several studies focusing on the successful use of balloon
angioplasty in peripheral pulmonary stenosis were reported” ], indicating the highly
reasonable therapeutic possibility in pulmonary vascular diseases.

Balloon angioplasty was initially attempted in 1988 to treat acute pulmonary
thromboembolism in the right descending branch of the pulmonary artery in a patient
who had poor response to anticoagulant and thrombolytic therapy™, but for CTEPH
patients, the first BPA case was published in the same year by Voorburg et al!. In
2001, Feinstein etal®! described the first case series certifying remarkable
improvements in pulmonary hemodynamics, cardiac function and exercise tolerance
in eighteen CTEPH patients treated with BPA. However, eleven patients developed
reperfusion pulmonary edema (RPE), three patients required mechanical ventilation,
one died of right heart failure 1 wk after BPA, and one died of aspiration pneumonia
after 16 mo of follow-up. Due to potentially lethal complications, high mortality rates
and non-superiority to PEA, BPA was not widely adopted and used for CTEPH
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patients. The progress of this interventional technique was almost stagnant for more
than a decade, with only sporadic cases reported during this period**.

In 2012, three reports from Japanese centers reignited the spark for the booming
development of BPA", Japanese investigators have refined the BPA technique and
established safer and more effective strategies by using smaller balloons and
intravascular imaging, and by limiting the number of vessel segments per session.
Compared to the initial report from 2001, BPA has been reported to provide
encouraging improvements in hemodynamics, RV function and exercise capacity, with
lower rates of fatal complications. After years of unremitting efforts, the 2015
European Society of Cardiology/European Respiratory Society (ESC/ERS) guidelines
recommended that BPA only be performed in experienced CTEPH expert center where
medical therapy could be concurrently initiated"**’. PAH targeted therapy with or
without BPA has been proposed in the newly updated treatment algorithm for
inoperable CTEPH patients”™”, and BPA is now enthusiastically pursued by numerous
hospitals and institutions around the world.

BPA PRINCIPLE

PEA immediately lowers and even normalizes pulmonary vascular hemodynamics by
removing the accessible organized thrombus in culprit pulmonary arteries within one
procedure (Figure 2). Nevertheless, BPA cannot handle most of the lesions at once due
to the highly possible occurrence of lethal complications such as RPE and vascular
injuries. Staged BPA ameliorated hemodynamics by eliminating stenosis and
obstruction in the peripheral pulmonary arteries without physically removing
intravascular organized thrombi. However, how stenotic or occlusive pulmonary
arteries are enlarged and how hemodynamics are improved by BPA remain poorly
explored” 1.

Pathological findings of the dilated lesions revealed that dissections occurred in the
medial vessel wall near the internal lamina elastica after BPA which exactly resembled
what the expert surgeons performed during PEA, and the organized clots were
compressed toward one side, shaping an enlarged pseudo-vascular space on the inner
surface of which new intima was formed. It was speculated that web lesions were
treated by dissection in the media and compression of existed microchannels, while
band lesions were dilated through enlargement of a preexisting lumen without
dissection. Dissection and compression of organized thrombi enlarged the vessel
lumen, increased blood flow, and eventually improved pulmonary vascular
hemodynamics“?. Optical coherence tomography (OCT) also confirmed that the
obstructive material was destroyed and eccentrically compressed to vessel walls
immediately after BPA***l Intravenous ultrasound (IVUS) images indicated the
immediate enlargement of the vessel lumen after BPA was mainly due to overall
vessel stretching and slight compression of fibrous thrombus. The amount of fibrous
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Figure 2 Endarterectomized tissues from a chronic thromboembolic pulmonary hypertension patient whose mean pulmonary arterial
pressure decreased from 43 to 23 mmHg after endarterectomy.
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tissue varied among different vessel lesion types, with the least fibrous tissue in band
lesions, the most in subtotal occlusion lesions and intermediate in web lesions. The
enlarged lumen area of the band-shaped lesion was caused by arterial wall stretching;
however, in addition to vascular stretching, the web lesion was also compressed to one
side of the vascular lumen, forming new microchannels. The mechanism of lumen
enlargement at the site of subtotal occlusion was similar to that of the web lesion, but
the organized thrombus was only mildly compressed owing to a large amount of
fibrous tissues, indicating limited efficacy might be achieved in lesions rich in fibrous
tissuel*°l,

INDICATIONS AND CONTRAINDICATIONS

The conventional University of California, San Diego selection criteria for PEA include:
(1) World Health Organization functional class (WHO-FC) III or IV; (2) mPAP > 30
mmHg and PVR 2 3.75 Wood units; (3) Surgically accessible thrombus in the main,
lobar or proximal segmental pulmonary arteries; (4) No severe comorbidities; and (5)
Patients who understand possible risks or complications, and signed written informed
consent before procedures” . PEA indications have been gradually broadened during
these years, and the 2015 ESC/ERS general criteria include: (1) Preoperative WHO-FC
II-IV; and (2) Surgically accessible lesions located in the main, lobar or segmental
pulmonary arteries!l.

BPA indications include: (1) Ineligible for PEA (surgically accessible but inoperable
CTEPH due to comorbidities, inoperable CTEPH with inaccessible lesions, residual or
recurrent PH after PEA); (2) Symptomatic CTEPH with WHO-FC III-IV despite
optimal medication; (3) Without serious complications, multi-organ failure, or iodine
allergy; and (4) Individuals who understand the purpose, process, risks and benefits,
alternative options and voluntarily give informed consent™ . Theoretically, BPA
treatment can be considered as long as mPAP > 25 mmHg with angiographically
accessible lesionsll. The effects of BPA on inoperable CTEPH with surgically
inaccessible lesions and residual/recurrent PH after PEA have been well
documented**”], yet the roles of BPA for operable CTEPH with technically accessible
lesions but deemed unsuitable for surgery (due to comorbidities, subjective self-
determination or informed refusal) and chronic thromboembolic disease (CTED) have
not been well established and need further exploration and observation®l. If surgical
PEA is not possible for central-type lesions, BPA may be alternatively considered but
not recommended because proximal thrombi cannot be perfectly removed as in PEA.
Cases with proximal thrombi were reported to be successfully treated with staged BPA
sessions, with rapid increases in pulmonary blood flow indicating perfect
revascularization!**l.

BPA contraindications include iodine allergy because of inevitable use of contrast
agents®, and gadolinium contrast media may be considered as an alternativel*l.
Additionally, patients who are unable to undergo RHC should always be excluded.
Relative contraindications for BPA procedures were older age, and serious
comorbidities such as active infectious diseases”], severe hepatic or renal
dysfunction®”"], severe chronic obstructive pulmonary disease, bleeding or clotting
tendency!], poorly controlled or uncontrolled diabetes and hypertension®], careful
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consideration and caution must be taken when the above conditions exist. In-hospital
mortality and overall survival rates after PEA were comparable in patients aged > 70
years and < 70 years’. Similarly, hemodynamic improvements, length of intensive
care unit and hospital stay, BPA-associated complications, and all-cause mortality
were all comparable between younger and elderly patients receiving BPAP*>7,
suggesting older age is actually not a contraindication for PEA or BPA.

LESION SELECTION AND INTERVENTIONAL PROCEDURE

Thromboembolic lesions are classified into five types based on lesion location and
angiographic morphology: Ring-like stenosis lesion (band lesion), web lesion, subtotal
occlusion lesion, total occlusion lesion (pouch defect), and tortuous lesion (Figure 3)
>7¢1, Priority selection of target lesions is as follows: right lung > left lung, inferior lobe
> superior or middle lobes, webs or bands > subtotal occlusion > chronic total
occlusion > tortuous lesions!. Compared to the left, the right lung is given priority
owing to easier manipulation, and more blood flow and lesion distribution™”>”"1. Due
to the effect of gravity, the blood flow in the inferior lobe is physiologically larger than
in the superior and middle lungs, thus targeting lesions in the lower lobes may enable
more prevalent improvements in pulmonary hemodynamics!’. Chronic subtotal/ total
occlusion and tortuous lesions have high complication rates (nearly 2% for webs or
bands; 15.5% for subtotal occlusion, 6% for total occlusion, and 43.2% for tortuous
lesions) and low success rates (nearly 100% for webs or bands, 86.5% for subtotal
occlusion, and 52.2% for total occlusion, and 63.6% for tortuous lesions) 7, and
therefore should be eluded during initial session or when the patient is generally
unstable with poor pulmonary hemodynamics (e.g., high mPAP or low cardiac output)
1, Furthermore, high mPAP before BPA is an independent predictor of the need for
mechanical ventilation once lung injury occurs after BPAL.

In our center, warfarin is stopped on admission and replaced by low molecular
weight heparin to maintain activated clotting time at 250-300 s prior to the procedure.
Before RHC and BPA, comprehensive management to stabilize and maintain
cardiovascular hemodynamics, right heart function, and nutrition status with
necessary pulmonary vasodilators, diuretics and inotropic agents is of great
significance for inoperable CTEPH patients. RHC is routinely and preferably
approached through the right femoral vein which allows easy manipulation and
relatively low radiation exposure. In a few cases, the right jugular vein is an alternative
option for those with local infection at the femoral puncture site, inferior vena cava
thrombosis or filter implantation. For unilateral pulmonary angiography, 25 mL
iodinated contrast media is automatically administered using a power injector through
a 6 Fr pigtail angiographic catheter at a rate of 12 mL/s in anterior-posterior and 45-
60°C lateral projections (Figure 4), in combination with previous lung perfusion
scintigraphy and CTPA to obtain a comprehensive view of the targeted vessel location,
lesion types and stenosis degree (Figure 5).

The above pigtail catheter is then replaced by a 260 cm stiff guidewire before
insertion of a 70 cm (80 cm for tall or overweight patients) 7 Fr long sheath into the
main pulmonary artery tract. A 6 Fr guiding catheter (Multipurpose, Amplatz Left or
Judkins Right) is advanced to the lobar pulmonary artery along with the long sheath.
Unfractionated heparin (2000 U) is administered after introducing the guiding
catheter, with an additional supply (500 U) per hour to maintain an activated clotting
time of 200 to 300 s. During the BPA procedure, mask oxygen inhalation is given at a
flow rate of 5-10 L/min.

A 0.014-inch wire is crossed to the target lesion, then an appropriate balloon
catheter (1.2-6.0 mm) is passed over the selected lesion and inflated with a 1:1 mixture
of saline and iodinated contrast agents to 2-14 atmospheres by hand for 5-30 s until
fully expanded. To avoid severe complications, a 2.0 mm % 20 mm balloon is
positioned over the targeted lesions at initial dilation, and even smaller balloons may
be chosen to cross subtotal or total occluded lesions. Inflation pressures are
dynamically altered according to balloon and vessel size, and selective angiography
with contrast agents is performed with deep breath holds in real time to confirm the
effect and to visualize possible vascular perforation or dissection manifested as
extravasation or retention of contrast media. Repeated dilations with unchanged or
stepwise increased balloon size are performed in case of unresponsive or poorly
responsive targeted angiographic vessel (< 50% increase in vessel size). It is worth
noting that a single vessel should not be dilated too aggressively to avoid any
complications, the effect of dilatation may not be immediately apparent, and the
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Figure 3 Angiographic classification of vessel lesions. A: Ring-like stenosis lesion (band lesion); B: Web lesion; C: Subtotal occlusion lesion; D: Total

occlusion lesion (pouch defect).

Figure 4 Non-selective pulmonary angiography of bilateral pulmonary arteries.
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targeted vessel will be spontaneously dilated as blood flows (Figure 6)¥*'. When to
terminate dilatation can be roundly judged from the following points: (1) Increased
angiographic diameter of the targeted vessel to near normal size”; (2) A grade three
angiographic pulmonary flow or visible venous return’®-%%; (3) Marked lumen
enlargement indicated by OCT or IVUS®™; or (4) The distal to proximal pressure ratio
across the targeted lesion > 0.8l Catheterization hemodynamics ought to be
measured again at the end of each BPA session, but pulmonary angiography is not
necessarily performed for the sake of possible impairment of renal function caused by
contrast agents. A typical BPA session lasts for 1-2 h, and should never exceed 2000
mGy X-ray exposure, 60 min fluoroscopy time, and 300 mL contrast agents.
Complications such as RPE, wire perforation and hemoptysis adjudicated by two or
more interventional cardiologists should be well recorded. Low molecular weight
heparin is restarted 6 h after BPA and replaced on the second day.

After BPA, the patients should be intensively cared for 48 h in case of possible
complications or deterioration. Additional BPA with appropriate balloon size
depending on vessel diameters is repeated until mPAP < 25 mmHg. The BPA
procedure interval varies from one week to several months in different centerst*>*,
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Figure 5 Computed tomographic pulmonary angiography and pulmonary perfusion scintigraphy. A and B: Thrombi in the left and right
pulmonary arteries by computed tomographic pulmonary angiography; C: Normal lung perfusion; D: Abnormal lung perfusion indicating multiple perfusion defects.
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we tend to perform 1-2 mo later to avoid possible pulmonary edema due to acute
revascularization, and excessive X-ray and contrast media exposure. Although
controversies exist, the current therapeutic goal of the BPA procedure is to achieve
normalization of hemodynamics (mPAP < 25 mmHg) and oxygen saturation > 95%
without using any vasodilators or oxygen supplementation, at least in our center and
Okayama Medical Center, the world largest BPA center™". With staged BPA therapy,
it is expected to reduce mPAP and PVR and improve oxygen saturation, thereby
improving exercise tolerance, quality of life, and long-term prognosis of CTEPH
patients.

PROMISING IMAGING MODALITIES

In addition to conventional pulmonary angiography, there are many potential imaging
methods that can assist us to accurately assess the lesion location, shape and type,
provide real-time dynamic images and videos, and also help guide BPA procedures.
However, the cost and time consumed as well as their feasibility, utility, and safety
must be considered when using these imaging methods.

OCT is a new imaging modality, which produces optically scattered 2-dimensional
(2-D) images showing high-resolution internal tissue microstructure!”l. OCT-guided
BPA allows us to precisely assess lesion type and vessel diameter, and facilitate the
selection of appropriate balloon size and length, and can also be utilized to evaluate
the effectiveness of BPA; however, it may result in potential volume overload and
right heart failurel***l. Based on morphological features detected by OCT, vessel
lesions are categorized into septum, multi-hole with thin wall, multi-hole with thick
wall, and mono-hole (Table 1), most of the septum and multi-hole with thin wall types
can be easily dilated to achieve a distal to proximal pressure ratio value > 0.8;
however, it is quite hard to reach that goal when handling multi-hole with thick wall
and mono-hole types, which account for 70% of band lesions. This OCT-based
morphological classification helps to differ lesions with good therapeutic responses to
BPA and guide a safe and efficient BPA procedure®l. IVUS is an endovascular imaging
technique that uses a miniaturized ultrasound probe to generate sound waves and
produce real-time intravascular images, and due to relatively lower resolution
compared with OCT, IVUS has limited ability to assess thin organized thrombi, and is
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Table 1 Types of organized thrombus assessed by different imaging modalities

Imaging modalities

Types

Description

Pulmonary angiography

Cone beam computed
tomography

Optical coherence
tomography

Angioscopy

Ring-like stenosis lesion
(band lesion)

Web lesion
Subtotal occlusion lesion

Total occlusion lesion
(pouch defect)

Tortuous lesion

Webs

Web and slits

Slits

Narrowing or complete
occlusion

Septum

Multi-hole with thin wall
Multi-hole with thick wall
Mono-hole

Mesh thrombus

Slit thrombus

Flap thrombus

Mass-like thrombus

Localized lesions with concentric stenosis, as if a ring were put on the vessel

Slit, hazy, or abrupt narrowing opacity of the vessel
Tapered and almost completely occluded, but with subtle and slow flow distal to the obstruction

Concaved obstructions with invisible distal vessel

Highly tortuous small vessels distal to subsegmental arteries

Thrombi frequently observed at the bifurcation of branches appear in diverse forms of fenestrated
membranes or thick eccentrically situated branching mass

Concurrence of proximal web at a bifurcation of branches and distal intravascular fibrous septa
(flap-like thin membrane)

Intravascular fibrous septa alone

Narrowing or complete occlusion

Vessel lumen is separated by a partition into less than 4 components

Vessel lumen is separated into more than 5 channels by thin mesh-like flaps
Occupied thrombus with more than 5 channels and thick partition walls
Occupied thrombus with a single small channel in the lumen

Organized white thrombus

Filamentous thrombi

Thrombi that almost completely occupy the vessel lumen and block blood flow

Thrombi that form a solid mass

mainly applied to determine vessel diameter so as to select the appropriate balloon. In
addition, virtual histology IVUS is capable of identifying vascular lesions vulnerable to
balloon compression and helps us decide which organized thrombus can be treated to
avoid potential pulmonary artery rupturell. Angioscopy is a useful modality to
visually evaluate various forms of organized thrombus such as white and red
thrombus, and may facilitate treatment decision-making and interventional device
selection”*?. Cone beam computed tomography (CBCT) can provide high-resolution
3-D views of intraluminal organized thrombus in segmental or subsegmental
vessels!”l. Representative forms of organized thrombus can be classified into four
types according to reconstructed images of CBCT during pulmonary angiography, i.e.,
type 1: Webs, type 2: Web and slits, type 3: Slits, and type 4: Narrowing or complete
occlusion (Table 1). Slit lesions in type 2 and 3 may be easily pushed laterally with
dilated balloons, while webs in type 1 and 2 are composed of fibroelastic tissues which
are hard to treat with BPAM1. Moreover, CBCT has been reported to be superior to
CTPA in precisely detecting subsegmental webs and/or slits”l. 2-D parametric
parenchymal blood flow, 3-D single-photon emission CT/CT fusion imaging and 4-D
flow magnetic resonance imaging can help visualize the blood flow of pulmonary
arteries, guide the BPA procedure and assess the effects of BPAP-1.

EFFICACY AND PROGNOSIS EVALUATION

The initial exploration of the BPA procedure faced key issues compared with PEA, and
BPA was not widely accepted due to relatively few improvements in hemodynamics
and a higher incidence of lethal complications and mortality risks!*). With continuous
refinements in BPA techniques by Japanese scholars since 2004, compelling evidence
has demonstrated the definitely beneficial roles of BPA in safely improving clinical
symptoms and pulmonary hemodynamics among inoperable CTEPH patients, which
have been comprehensively and excellently summarized in several
meta-analyses!'”*. BPA may also be a new treatment option for selected inoperable
symptomatic CTED patients, a group presenting with clinical and diagnostic features
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Figure 6 Representative angiographic images in the right lower lobe. A: Subtotal occlusion lesion before the first balloon pulmonary angioplasty (BPA);
B: Improved blood flow with visible venous return after the first BPA; C: Spontaneously dilated vessels with increased blood flow before the second BPA; D: Increased

blood flow after the second BPA.
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of CTEPH but without PH, and small-size observational studies have demonstrated a
safe and feasible profile in reducing supplementary oxygen requirement and
improving pulmonary hemodynamics, WHO-FC and exercise capacity, but further
large studies are needed to confirm these results!***!,

Hemodynamic effects and exercise tolerability

The first and largest multicenter registry included 308 CTEPH patients who
underwent 1408 BPA procedures between November 2004 and March 2013 at 7
institutions in Japan. BPA conferred favorable effects on hemodynamics [mPAP: 43.2 +
11.0 mmHg vs 24.3 + 6.4 mmHg; PVR: 853.7 + 450.7 dyne s cm™vs 359.5 + 222.6
dyne s cm™; cardiac index: 2.6 + 0.8 L/ (min-m?vs 2.9 + 0.7 L/ (min-m?), all P < 0.001],
B-type natriuretic peptide (BNP: 239.5 + 334.2 pg/mL vs 43.3 + 76.4 pg/mL, P < 0.001),
and exercise tolerance assessed by the 6-min walk distance (6MWD: 318.1 +122.1 m vs
401.3 £104.8 m, P < 0.001) with maintained efficacy at follow-up and less requirements
for PAH-targeted therapy and oxygen supplementation!'”l. A more recent study
reported the largest monocentric experience of BPA outside Japan, a total of 184
inoperable CTEPH patients underwent 1006 BPA sessions from February 2014 to July
2017, and short-term exercise capacity (6MWD: 396 + 120 m vs 441 + 104 m, P < 0.001)
and hemodynamics [mPAP: 43.9 £ 9.5 mmHg vs 31.6 £ 9.0 mmHg; PVR: 604 + 226
dyne s cm™vs 329 + 177 dyne s cm™; cardiac index: 2.68 + 0.6 L/ (min-m?)vs 3.07 + 0.75
L/(min-m?), all P < 0.001] were all significantly improved by refined BPA, and the
safety and efficacy of BPA improved over time, indicating an inevitable learning curve
for this complex technique!"l. Taniguchi et all'™! retrospectively evaluated the efficacy
and safety of BPA and PEA, and found that 29 inoperable patients who received BPA
had mPAP improved from 39.4 £ 6.9 mmHg to 21.3 £ 5.6 mmHg (P < 0.001), PVR from
9.54 to 3.55 Wood units (P < 0.001), and cardiac output from 3.47 + 0.80 to 4.26 + 1.15
L/min (P < 0.001), while 24 operable cases who underwent PEA had similar effects
with decreased mPAP (44.4 +11.0 mmHg vs 21.6 + 6.7 mmHg, P < 0.001), reduced PVR
(9.76 Wood units vs 3.23 Wood units, P < 0.001), and elevated cardiac output (3.35
1.11 L/min vs 4.44 £ 1.58 L/min, P = 0.007). BPA significantly improved
hemodynamics and clinical status to a similar extent as PEA.
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Cardiac function and myocardial injury

Non-invasive biomarker N-terminal pro-brain natriuretic peptide (NT-proBNP) and
troponin T (cTnT) are independent predictors of survival in precapillary PH!''7,
Previous studies observed a significant reduction in plasma NT-proBNP and cTnT
several months after the last BPA among patients with inoperable or persistent
CTEPH, suggesting improved RV strain after BPAI'*'"l. Moreover, NT-proBNP
reduction was significantly associated with a decline in mPAP and PVR, and dynamic
monitoring might facilitate the identification of BPA non-responders!l. High-
sensitivity cTnT and NT-proBNP significantly and steadily decreased after each BPA
session, and baseline cTnT markedly correlated with mPAP, PVR and NT-proBNP,
which presumably reflected the alleviation of myocardial injury induced by improved
RV afterload after BPA intervention!'.

Cardiopulmonary function

Cardiopulmonary exercise testing is a reliable pathophysiological tool that can be used
to objectively and safely evaluate comprehensive cardiopulmonary function. Impaired
exercise capacity and ventilatory efficiency are important poor prognostic factors for
CTEPH patients!'". It was shown that peak oxygen consumption decreased and the
minute ventilation/carbon dioxide production slope (VE/VCO, slope) enhanced as
baseline PVR increased. The VE/VCO, slope diminished significantly early after PEA
surgery and was significantly associated with the reduction in PVRI"“l. Andreassen
et all””'" evaluated cardiopulmonary function before and 3 mo after BPA in patients
with inoperable or persistent CTEPH and found remarkable improvements in
cardiopulmonary exercise testing parameters such as peak oxygen consumption (13.6
+ 5.6 mL/(kg-min) vs 17.0 + 6.5 mL/ (kg-min), P < 0.001) and VE/VCO, slope (41 £ 9 vs
34 £ 8, P = 0.002) after BPA. Importantly, rapid recovery from exercise intolerance and
ventilatory inefficiency can be observed as early as one week after BPA">'"], and
CTEPH patients even feel much better, and breathe more deeper and easier during
BPA procedures. Supervised home-based pulmonary rehabilitation was reported to
substantially improve exercise capacity, leg muscle strength, general physical activity
and health-related quality of life with a favorable safety profile, and may be
considered to accelerate the recovery of patients with inoperable CTEPH or residual
PH after PEA or BPA despite optimal medical therapy!"'..

Inflammatory markers

Cytokines such as monocyte chemoattractant protein-1, macrophage inflammatory
protein 1la, interleukin-6 (IL-6) and interferon-y-induced protein-10 were all
significantly upregulated in PEA specimens and serum samples of CTEPH patients,
moreover, elevated circulating IL-6 and interferon-y-induced protein-10 correlated
well with poor catheter-measured hemodynamics in CTEPH patients!"'"l. There was a
short-term increase in the systemic inflammatory response 24 h after a single BPA
session, as evidenced by increased serum levels of IL-6 and high sensitivity C-reactive
protein, which significantly decreased 6 mo later!""’l. The proinflammatory cytokine
high-mobility group box 1 was involved in inflammatory diseases via binding to the
receptor for advanced glycation end products (RAGE) and toll-like receptors, plasma
levels of soluble and endogenous secretory RAGE were significantly increased in
CTEPH patients compared with controls, and soluble RAGE was positively correlated
with the tricuspid valvular regurgitation pressure gradient evaluated by
echocardiography and decreased immediately after BPAI'2'!1.

Right ventricular function

RV dysfunction is closely associated with the poor prognosis of CTEPH!'*’.. BPA can
not only ameliorate hemodynamics but also effectively restore RV remodeling and
systolic dysfunction as well as left ventricular (LV) function evaluated by cardiac
magnetic resonance in inoperable CTEPH patients, as evidenced by remarkable
improvements in RV end-diastolic and end-systolic volume index, RV ejection
fraction, RV hypertrophy mass and interventricular septal bowing, LV end-diastolic
volume index, and LV stroke volume index with concomitant restoration of
hemodynamics and exercise capacity®®'>'*1. Echocardiography assessment such as
speckle-tracking echocardiography and 3-D echocardiography indicated RV
dyssynchrony, 3-D RV volume, RV ejection fraction, and RV systolic peak strain were
all significantly improved, moreover, RV echocardiographic parameters were
significantly correlated with clinical characteristics including but not limited to RHC
hemodynamics, exercise capacity and BNP levell®2>!>-127,
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Renal function

Every attention must be paid to renal function when performing BPA procedures in
CTEPH patients, especially those with renal insufficiency, as the use of contrast agents
may cause contrast-induced nephropathy. Interestingly, previous studies investigated
the impact of BPA on renal function in CTEPH patients, assessed the changes in
creatinine and estimated glomerular filtration rate (eGFR) before and after BPA in
renally impaired patients with baseline eGFR < 57 mL/min per 1.73 m? and found
that the improvement in plasma creatinine levels reached a borderline significance and
eGFR was significantly increased, indicating that BPA could improve renal function in
patients with impaired renal function despite the administration of contrast medial'*,
and these results were validated by several recent studies!*l. BPA could even
restore hemodynamics to normal and improve renal function in patients with severe
right heart failure complicated with liver and renal failure”, suggesting that renal
insufficiency is not an absolute contraindication for BPA. The mechanisms of such
improved renal function may be attributed to remission of venous congestion
secondary to reduced right heart failure or revived prerenal failure mediated by
increased systemic circulation!'*!.

Long-term prognosis

An early small-scale study including 12 distal-type CTEPH patients showed 100%
survival at 2 years after BPA treatments. Another contemporaneous study at Okayama
Medical Center reported a mortality rate of 1.49% in 68 inoperable CTEPH patients
during 2.2 + 1.4 years of follow-up after the final BPA. A retrospective study compared
the clinical outcomes of CTEPH patients treated with medical therapy, PEA and BPA,
of which the 2-year survival rates were 82.0%, 97.4% and 98.5%, respectively, and the
5-year survival rate after diagnosis was much better in the PEA and BPA
interventional groups than in the medical therapy group (98% vs 64%)"".. However, the
small sample size is a common flaw in the above-mentioned studies. Outside Japan,
the largest monocentric experience from France involved 1006 BPA sessions, and 7
(3.8) deaths occurred among 184 inoperable CTEPH patients, of which 4 (2.2) died
perioperatively within 1 mo after BPA, and the 1- and 3-year survival rate was 97.3%
and 95.1%, respectively™. In 2017, Aoki et al'*” outlined a single-center experience
with 424 BPA sessions from Jul 2009 to Oct 2016, with a 5-year survival rate of 98.4%
without any periprocedural death, and only one case died of colon cancer at 13 mo
after last BPA. Almost simultaneously, the first and largest multicenter BPA registry
results involving 308 patients and 1408 procedures showed overall 1-, 2-, and 3-year
survival rates of 96.8%, 96.8%, and 94.5%, respectively!”l. Most recently, an oral
presentation by Prof. Hiromi Matsubara during the ESC Congress 2019 reported the
latest outcomes of BPA at Okayama Medical Center, the world largest BPA center,
from November 2014 to March 2019, and the overall survival rates at 1, 3, 5, and 10
years among 418 CTEPH patients followed up for 6.2 + 2.3 years were 98.6%, 94.0%,
92.5% and 89.5%, respectively, which seemed superior to PEA with overall survival
rates of 86%, 84%, 79%, and 72% at 1, 3, 5, and 10 years, respectively!*,

COMPLICATIONS AND MANAGEMENT

RPE was once considered a major and fatal complication after BPA in the early
stagel"*>*] indicating BPA should not be performed too aggressively. Therefore, the
pulmonary edema predictive scoring index (PEPSI), defined as total change of
pulmonary flow grade (PFG) scores in all targeted lesions multiplied by baseline PVR
(Wood units), was used to minimize the risk of RPE after BPA, and when using a
PEPSI score of 35.4 as the cut-off value, the negative predictive value of RPE was
92.3%!\. For instance, in cases with baseline PVR of 16 Wood units, the BPA procedure
must be discontinued immediately to avoid RPE under the following conditions: (1)
The PFG changed from grade 0 to grade 2 after the procedure when treating only one
vessel; or (2) Angiographic PFG of each vessel improved by one grade when treating
two vessels. Moreover, PEPSI with pressure-wire guided BPA strategy could greatly
reduce vessel complications and RPE, especially clinically critical RPE that required
ventilation therapy!®l. These strategies have largely helped to reduce RPE occurrence,
but seem too stringent and impractical for specialized centers where vessel lesions
from 4-10 sites are typically treated by experienced hands within one BPA session!™.
Furthermore, PEPSI with pressure-wire guidance to achieve distal mPAP < 35 mmHg
is too complex and requires extra time and money due to the use of pressure wires.
Patients with low cardiac output and high PAP at baseline may harbor a higher RPE

WJCC | https://www.wjgnet.com 2690 July 6,2020 | Volume8 | Issuel3 |



Jaishideng®

Jin Q et al. BPA for CTEPH

risk after BPA treatment!l. Diuretics and oxygen therapy are common approaches to
manage RPE, and high-flow nasal cannula therapy up to 50 L/min was reported to
relieve RPE after BPA in a patient with a central type lesion!*.

BPA is now considered to rarely cause classical RPE, and the most common
complication is lung injury (46%) after BPA, possibly due to wire injury, balloon

overdilation, or high-pressure injection of contrast medium!”>”’l. The previously
reported incidence of so-called reperfusion lung injury was as high as 60%, far
exceeding the 16%-22% incidence of RPE after PEA surgery™ >l In addition,

pulmonary edema is often diffusely distributed, while lung injury is often localized,
and high-resolution multidetector CT confirmed that the so-called RPE during BPA
was only a focal infiltration at the targeted sitel”. Angiographic extravasation,
increased mPAP, and newly developed clinical symptoms such as cough, bloody
sputum or hemoptysis, tachycardia, and progressive hypoxia are likely to indicate the
occurrence of lung injury manifesting as ground-glass opacity, consolidation, and
pleural effusion on high-resolution CT". Minor hemoptysis can resolve
spontaneously, once moderate to massive hemoptysis or wire perforation occurs, the
bleeding is usually well controlled by neutralizing heparin with protamine or blocking
the proximal vessel with a balloon for about 15 min, and after close observation, it can
be decided whether to select other vessel lesions for balloon dilatation according to the
patient's condition. Preoperative epoprostenol and methylprednisolone, and
prophylactic noninvasive positive-pressure ventilation (NPPV) were previously
attempted to reduce lung injury occurrence but did not seem to work!*””.. Once lung
injury occurs, severe cases may require NPPV, invasive mechanical ventilation and
even extracorporeal membrane oxygenation support***. Vascular rupture caused
by an overlarge balloon or forceful catheter insertion is a lethal complication during
BPA, covered stent placement or coil embolization may be considered when it occurs,
but the latter is accompanied by blood flow loss in the embolized vesselt*'*'*],

BPA complications should be clearly defined and uniformly reported, as
complication rates are greatly influenced by the definition, thus a new guide to clearly
classify complications has been proposed for BPA centers (Table 2)P. A systematic
review summarized that the early mortality rate of BPA ranged from 0% to 14.3%, the
incidence rates of lung injury, hemoptysis and vascular perforation occurred in 7.0%-
31.4%, 5.6%-19.6% and 0%-8.0%, respectively!"”!. The world largest multicenter registry
from Japan described pulmonary injury (17.8%) and hemoptysis (14.0%) as the most
frequent complications, pulmonary artery perforation, dissection and rupture
accounted for 2.9%, 0.4%, and 0.1%, respectively, and allergic reactions to contrast
agents (0.1%) were rarely seen!"”. The recent French BPA experience revealed that lung
injury, hemoptysis, pulmonary artery perforation and dissection occurred in 9.1%,
7.1%, 2.8, and 1.9%, respectively, among 1006 BPA sessions, and the incidence of lung
injury decreased over time from initial 13.3% to recent 5.9%, clearly indicating that the
occurrence of BPA complications depends on center experiencel*l.

MEDICAL TREATMENTS, BRIDGING AND HYBRID THERAPIES

Great advances in targeted agents have largely enriched therapeutic options for PAH
patients and significantly improved their clinical outcomes!"**. CTEPH shares many
similarities with PAH in clinical features, hemodynamic status, as well as micro-
vasculopathy, thus PAH targeted therapies appear to be attractive for CTEPH
patients!>'*l. The beneficial effects of PAH-targeted therapies in inoperable CTEPH
have been widely demonstrated in many case series and uncontrolled studies!**'*’}, but
high-level randomized controlled trials (RCTs) are still lacking!"*'**l.

The BENEFIT trial (ClinicalTrials.gov Identifier: NCT00313222) was the first large,
double-blind RCT to assess the safety and efficacy of oral dual endothelin receptor
antagonist bosentan in either inoperable CTEPH or persistent/recurrent PH patients.
Satisfactory tolerability was observed with a significant 24.1% improvement in PVR
compared with placebo control, but a non-significant increase of only +2.2 m in 6MWD
after a 16-wk coursel”’l. Irrespective of background PAH-targeted therapy, the dual
endothelin-receptor antagonist macitentan significantly improved PVR (-16%), 6MWD
(+34 m), cardiac output and NT-proBNP at week 16 among inoperable CTEPH
patients!'l. The CHEST-1 trial (ClinicalTrials.gov Identifier: NCT00855465), a phase 3,
multicenter, double-blind RCT in 261 inoperable CTEPH or persistent/recurrent PH,
demonstrated a large benefit of the soluble guanylate cyclase stimulator riociguat
(titrated up to 2.5 mg tid) in improving 6 MWD (+46 m) and PVR (-31%) at the 16-wk
follow-up!?. The CTREPH trial (ClinicalTrials.gov Identifier: NCT01416636) was a
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Table 2 A proposed classification of balloon pulmonary angioplasty complications in the 6" World Symposium on Pulmonary

Hypertension

During the procedure

After the procedure

Vascular injury with/without hemoptysis

Wire perforation

Balloon over-dilatation

High-pressure contrast injection
Vascular dissection

Allergic reaction to contrast

Lung injury (radiographic opacity with/without hemoptysis, with/without
hypoxemia)

Renal dysfunction

Access site problems

Adverse reaction to conscious sedation/local anesthesia

Signs of vascular injury: Extravasation of contrast, hypoxemia, cough, tachycardia, increased pulmonary arterial pressure; Causes of lung injury: Vascular

injury much greater than reperfusion lung injury.
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multicenter, double-blind RCT aiming to evaluate the efficacy and tolerability of
subcutaneously administered treprostinil for severe non-operable or persistent
/recurrent CTEPH over a treatment period of 24 wk, 105 patients were 1:1 randomly
allocated to low-dose [3 ng/(kg-min) at week 12] and high-dose [30 ng/(kg-min) at
week 12] groups, and subcutaneous treprostinil treatment improved exercise capacity
(6MWD: +44.98 m in the high-dose group vs +4.29 m in the low-dose group), but
serious adverse events were observed in both the high-dose (17%) and low-dose (19%)
groups'“*l. To date, riociguat remains the only United States Food and Drug
Administration approved drug indicated for inoperable, persistent or recurrent
CTEPH.

Notably, the use of targeted therapy as a bridge to PEA is controversial and may
delay timely surgical referral, as medical therapy cannot remove intraluminal
thrombus in pulmonary arteries as PEA does and its therapeutic effect is limited™.
Preoperative targeted therapy to maintain high-risk CTEPH patients in a stable state
could reduce the risk of BPA and the occurrence of postoperative complications!"*'*l.
BPA has been reported to be safe and feasible as a bridging or one-stage procedure to
PEA in high surgical risk patients who have both proximal and distal lesions!"*"*l. A
hybrid approach of PEA with additional BPA is reasonably practical for patients with
residual or recurrent PH after PEA, and sequential hybrid therapy safely and
effectively lowered mPAP (18.7 + 1.7 mmHg vs 30.2 + 3.2 mmHg, P = 0.008), improved
residual symptoms and exercise capacity (429 £ 38 m vs 319 £ 22 m, P = 0.028)
compared with PEA surgery alone, and further large and prospective studies are
needed to confirm the long-term safety and efficacy of additional BPA and determine
the optimal timing of additional BPA after PEA*>"'>,

ONGOING CLINICAL TRIALS

The MR BPA study (UMIN Clinical Trials Registry ID: UMIN000019549) is a Japanese
multicenter, prospective, open-label RCT comparing the efficacy and safety of BPA
and riociguat for inoperable CTEPH patients enrolled from January 2016 to October
2019 whose primary endpoint is the change from baseline in mPAP over a 12-mo
treatment course, several clinical parameters such as 6MWD, PVR, pulmonary
function, and quality of life assessment are included as secondary endpoints,
furthermore, the costs of health insurance resource between the two groups will also
be discussed, the results of the study are expected to be available in the coming
months!™. A similar RCT named the RACE study (ClinicalTrials.gov Identifier:
NCT02634203) was initiated synchronously in France in January 2016, and 105
inoperable CTEPH patients with baseline PVR > 4 Wood units were randomized (52 to
BPA and 53 to riociguat) to 26 wk of intervention in 14 French centers between January
2016 and January 2019, with the primary endpoint being relative change from baseline
in PVRUL A preliminary report from ERS 2019 showed that BPA was superior to
riociguat in reducing PVR (59% vs 32%, P < 0.0001) and BNP (BPA vs riociguat: 67 %
reduction), however, the change in 6MWD was not significant (BPA 50 m vs riociguat
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44 m, P = 0.62), and the proportion of patients with treatment-related adverse events
was higher in the BPA group than in the riociguat group (42% vs 9%), the formal
results are soon to be published!*l.

The International BPA Registry (ClinicalTrials.gov Identifier: NCT03245268) is a
prospective, multicenter and observational study led by Professor Nick Kim to assess
the efficacy and safety of BPA intervention in CTEPH patients deemed ineligible for
PEA, which will last approximately 4 years from March 2018 with each patient
followed for a minimum of 2 years, and is expected to end by March 2022. The Japan
Multicenter Registry for CTEPH (CTEPH AC Registry, https:/ /cteph-registry.jp/en/),
beginning in November 2018, is in progress to create solid real-world evidence for
pulmonary vasodilators, PEA and BPA, with over 715 patients from 36 institutions
registered as of April 20, 2020. The hemodynamic effects of BPA at rest and during
exercise (EXPERT-BPA, ClinicalTrials.gov Identifier: NCT04052243) and its impact on
sleep disordered breathing (ClinicalTrials.gov Identifier: NCT03074539) are also being
investigated. Our center, with more than 2000 referrals of patients with pulmonary
vascular diseases and over 100 BPA sessions performed per year, launched the first
prospective, multicenter, long-term observational study in May 2018, and aimed to
evaluate the safety and efficacy of BPA in patients with inoperable CTEPH and
persistent/recurrent PH after PEA in China (ClinicalTrials.gov Identifier:
NCT04206852).

CONCLUSION

The true incidence of CTEPH remains unclear, with approximately 1%-5% of patients
progressing to CTEPH after acute pulmonary embolism*"**l. The pathophysiology of
CTEPH is not yet fully understood, and the lack of appropriate experimental animal
models is a major challenge, and in-depth exploration of the evolution of fresh thrombi
into organized thrombi and the development of pulmonary microangiopathy may
help to fundamentally prevent the occurrence and deterioration of CTEPH.

There are limited multicenter, prospective, randomized controlled studies on the
application of PAH-targeted agents in CTEPH. Numerous observational studies have
shown that targeted therapy is effective for CTEPH, but the effect of current approved
drug riociguat is extremely limited and non-curative with an extremely high price, at
least in China. Despite the lack of sufficient evidence, targeted therapies have been
routinely prescribed and commonly seen among CTEPH patients treated with PEA or
BPA. Intensive targeted therapy before and after BPA or PEA may contribute to safety
and efficacy implementation, as these treatments are not mutually exclusive and can
be used in combination or sequentially, but their timing and cost-effectiveness are
important factors to be considered and should be further analyzed. A multicenter,
prospective RCT (ClinicalTrials.gov Identifier: NCT03273257) assessing the efficacy of
riociguat as PEA bridging therapy compared to placebo in operable CTEPH patients
with high PVR is ongoing. The latest results from the RACE study suggested an
encouraging superiority of BPA over riociguat, yet the effects of prostacyclin receptor
agonists such as selexipag (ClinicalTrials.gov Identifier: NCT03689244) and ralinepag
in CTEPH patients remain unknown.

PEA remains the first choice for patients with accessible lesions, and all patients
should be managed in specialized centers due to the extremely high demands on
surgical skills and teams. For high-risk patients, preoperative intensive targeted
therapy or BPA bridging may stabilize the patient's overall condition at an optimal
level, which helps to reduce the risk of PEA surgery. Additional BPA as hybrid
therapy is a new option for patients with residual /recurrent PH after surgery. Indeed,
the order and optimal timing of BPA in relation to PEA are not clearly conclusive to
date.

There is an encouraging body of evidence demonstrating the efficacy and safety of
BPA, which can significantly improve hemodynamics, oxygen saturation, and exercise
capacity. BPA shows absolute advantages over PEA for distal lesions and
residual/recurrent PH, however, its efficacy in patients with proximal lesions and
CTED still needs further investigation. Therapeutic strategies, efficacy, and safety of
BPA vary greatly among institutions, and interventionist experience, technical skills,
and interventional instruments all greatly affect the short- and long-term effects of
BPA as well as the occurrence of complications, and there is an urgent need for
standardized BPA procedures and a unified definition of complications. Gentle
manipulation of the guiding wire and catheter and appropriate pressure of balloon
dilation are particularly vital to reduce the occurrence of complications. The safety and
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efficacy of measures such as stent implantation, coils and NPPV need to be addressed.
Imaging techniques such as OCT and IVUS facilitate the selection of vessel lesions and
the evaluation of BPA effects and help to reduce complications, but time and cost must
be considered. The exact restenosis rate as well as disease progression after BPA is
unknown, although current evidence suggests that restenosis rarely occursl. BPA is
performed in a staged manner, but the optimal BPA interval is unclear. After BPA, it is
undecided whether CTEPH patients need to continue targeted therapy while
achieving normal hemodynamics. Although PEA and BPA have different
requirements for lesion accessibility, there is no head-to-head comparison, and a recent
single-center experience from Okayama Medical Center suggests that BPA has
comparable long-term prognosis to PEA.

A multidisciplinary team involving radiologists, anesthesiologists, PEA surgeons,
BPA interventionists, and PH experts can provide precise individualized treatment
strategies for CTEPH patients!™'“l. PEA remains the preferred therapeutic approach
that should be offered to all eligible operable patients. After over 30 years of rapid
development and refinements, BPA has shown excellent efficacy with greatly reduced
incidence of complications, and has been widely accepted as a promising treatment
strategy for patients with inoperable CTEPH and residual/recurrent PH, but further
large-scale, prospective, multicenter, randomized controlled studies are needed to
further clarify the optimal selection of patients and lesions, therapeutic strategies,
management of complications and long-term prognosis.
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