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ABSTRACT

Chronic thromboembolic pulmonary disease
(CTEPD) is characterized by unresolved clot
burden in large pulmonary arteries, obstructive
disease in smaller arteries, and increased
downstream clot burden. This occurs in the
setting of abnormal fibrinolysis or hematologi-
cal disorders. Up to 50% of patients in some
studies are unaware of a self-history of a deep
venous thrombosis or pulmonary embolism.
Ultimately, they present with symptoms of
pulmonary hypertension (PH), which can result
in right heart failure (RHF). Pulmonary
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endarterectomy (PEA) is curative, though many
patients have prohibitive surgical risk or surgi-
cally inaccessible disease, warranting other
interventions such as balloon pulmonary
angioplasty (BPA) and medical therapy. Rarely,
other treatment options may be implemented.
We focus this review on PEA and BPA, with an
overview of the history of CTEPD and the evo-
lution of these procedures. We will briefly dis-
cuss other treatment modalities.
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Key Summary Points

Chronic thromboembolic disease (CTEPD)
is due to unresolved pulmonary emboli
and can lead to devastating right heart
failure.

Advances in the surgical and medical fields
have led to a more sophisticated approach
in the treatment of chronic
thromboembolic pulmonary
hypertension (CTEPH).

Pulmonary endarterectomy (PEA) is a
complex procedure that can lead to
complete resolution of CTEPH, and
balloon pulmonary angioplasty (BPA) is
reserved for those with either surgically
inaccessible disease or with residual PH
post PEA.

Pharmacological options for the treatment
of CTEPH are available and indicated in
those with residual PH post PEA, or in
conjunction with BPA. Some studies
indicate a possible role for pre-BPA
treatment with drugs, emphasizing the
importance of a hybrid approach in those
with surgically inaccessible disease or
prohibitive risk.

Alternative procedures such as Potts Shunt
and pulmonary artery denervation are
potential options in patients with distal
disease but warrant further exploration.

INTRODUCTION

Pulmonary hypertension (PH) is a chronic dis-
ease process that can result in devastating right
heart failure (RHF), and is categorized into five
groups based on the primary cause, as deter-
mined by the World Health Organization
(WHO) classification system [1]. Chronic
thromboembolic  pulmonary hypertension
(CTEPH), or WHO group IV PH, is a disease
process that results from the pathological

sequelae of thromboembolic events, and results
in RHF and limiting dyspnea on exertion. Case
reports of CTEPH were initially published in the
first half of the twentieth century, and the dis-
ease was felt to be due to unresolved thrombosis
in situ [2-8]. At the time, there was a newly
developing understanding of the impact that
thromboemboli and fibrin formation could
have on the pulmonary vasculature [3, 9, 10].
These cases were consistent with pathology
demonstrated during autopsy or animal speci-
mens [3, 9, 10]. However, the lack of more
sophisticated technology and pharmacological
options limited the frequency of successful
recognition and treatment.

The medical community has significantly
evolved since that time, with various interven-
tions made possible by the tenacity, research,
and serendipity of another era. We have come
to find that CTEPH impacts a higher percentage
of patients than was previously reported
(11, 12].

The pathophysiology of CTEPH is such that
surgical  intervention  with  pulmonary
endarterectomy (PEA) is mostly curative. How-
ever, for inoperable patients, other procedures
and medical interventions, primarily balloon
pulmonary angioplasty (BPA), were developed
and are safe and successful options [11, 13, 14].

We will review the history, definition, diag-
nosis, and pathology of CTEPH, and explore the
nature of surgical and nonsurgical interven-
tions, with a focus on PEA and BPA. We will
briefly review unconventional procedures that
may impact the vasoreactivity of the pulmonary
vasculature.

HISTORY

Chronic thrombotic disease resulting in cor
pulmonale was first described in the medical
literature in the 1920s, and this was thought to
be a rare cause of PH and RHF [2, 15].
Hypotheses regarding the underlying etiology
included the development of thrombosis in situ
at areas of damaged endothelium, and the
inability to dissolve the clot. Physicians were
resigned to the fact that it was a pathological
diagnosis on autopsy.
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The increasing association between these
cases and a history of peripheral thrombosis
prompted further investigation. Barnard
described animal experiments inducing patho-
logical changes in pulmonary arterial intima,
with injection of fibrin emboli prepared in vitro
from the animal’s own blood, confirming that
emboli may be the primary cause of chronic
thrombotic disease, at which point the term
chronic thromboembolic disease (CTED)
appears in the literature [9, 10].

By the 1950s, larger case series confirmed
that pulmonary emboli are more common than
thrombosis in situ [3, 4, 7]. In one case series, up
to 50% of patients who died of RHF due to what
was felt to be thrombotic pulmonary disease, in
fact had a reported embolic event or deep
venous thrombosis (DVT) as part of their med-
ical history [3].

The idea of earlier detection of DVTs, and
prevention of RHF and death, launched studies
evaluating the best modalities for earlier diagnosis
of thromboses, more aggressive anticoagulation
with heparin, and expedited consideration of
surgical intervention with PEA [3]. Eventually,
diagnostic criteria was standardized, but not until
the third World Health Organization symposium
on pulmonary arterial hypertension, and again
with the change in hemodynamic definition of
PH [1, 16]. This article is based on previously
conducted studies and does not contain any new
studies with human participants or animals per-
formed by any of the authors.

DEFINITION

The accepted terminology is chronic throm-
boembolic pulmonary disease, or CTEPD, with
the term CTEPH applied to anybody with rest-
ing pulmonary hypertension due to CTEPD
[13, 14]. The diagnosis of CTEPH is made with
the clinical combination of pulmonary arterial
hypertension on right heart catheterization
(RHC), along with imaging findings consistent
with chronic embolic disease on ventilation/
perfusion (VQ) scan and pulmonary angiogra-
phy, after 3 months or more of treatment with
oral anticoagulation to ensure resolution of any
acute or subacute disease [17, 18].

Pulmonary arterial hypertension has been
redefined as a mean pulmonary arterial pressure
of above 20 mmHg, and with a pulmonary
vascular resistance (PVR) above 2 Woods Units
according to the new European Society of Car-
diology definition of pulmonary hypertension

[1].

DIAGNOSIS

In patients with suspected PH, it is important to
identify the possibility of CTEPD and determine
if it is the primary cause of the PH. It is rec-
ommended that all patients being investigated
for PH, undergo a radionuclide VQ scan as the
initial screening test to identify CTEPD [19]. As
a screening modality, it is inexpensive, limits
exposure to intravenous contrast agents as well
as radiation, and does not require advanced
training to interpret the probability of having a
pulmonary embolism (PE) [20].

If there is a probability of PE, then pul-
monary angiography is done to better classify
the anatomy and distinguish between main,
lobar, segmental, and subsegmental disease; this
is the gold standard for determining the oper-
ability of CTEPH [19, 21]. Typically this is done
with a right heart catheterization and direct
injection of contrast dye to the main and sub-
segmental pulmonary arteries, with the use of
digital extraction angiography [19] Fig. 1.

Alternatively, computed tomography pul-
monary angiogram (CTPA) can be done but
only at a certified CTEPH center, as there are
nuances to these modalities than can result in
false-positive diagnoses, or false-negative diag-
nosis with a failure to recognize subtle patho-
physiological changes resulting from CTEPD
[19].

A multidisciplinary team including cardiac
surgery, cardiology and pulmonary specialists,
and radiology determine the severity of the
disease, the patient’s surgical candidacy, other
potential treatment options including BPA and
oral pulmonary vasodilators, and the impact
these interventions will have on the PH.

Risk factors for CTEPH include a history of
pulmonary embolism in about 40%, deep
venous thrombosis, antiphospholipid antibody
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Fig. 1 Pulmonary angiogram by right heart catheteriza-
tion with digital extraction angiography. A Selective right
pulmonary angiography. The main pulmonary artery and
the proximal lobar arteries are significantly dilated. There
is decreased perfusion noted in all the lobes. Proximal webs
or bands are noted with distal pruning of the segmental

syndrome, miscarriages, inflammatory bowel
disease, permanent intravascular devices, and
any other state promoting hypercoagulability
and thrombus formation [13]. Differential
diagnosis includes any tumors obstructing an
artery that demonstrate similar mismatched
defects on VQ imaging and findings with pul-
monary angiography. Pulmonary hypertension
due to other causes must be ruled out.

CLINICAL PATHOLOGY

It was postulated early on that fibrin deposits,
formed by thromboemboli, result in neointimal
remodeling and arteriopathy and this is well
documented [3]. Subsequent studies have since
confirmed that the difference between those
patients with resolution of acute PE versus those
who fail to consume the entire clot, is a dis-
ruption in endogenous fibrolysis [11]. When
comparing the pathology of chronic PE with
that of an acute PE, there is a noticeable absence
of red cells and platelets, and instead an abun-
dance of collagen, elastin, and sometimes cal-
cification that results in a yellow plaque
adherent to the vessel walls [17, 22]. A CTPA is
highly sensitive for the visualization of bands

R W71
Wi 141

vessels. B Selective left pulmonary angiography. The left
main PA is significantly dilated. The left lower lobar artery
was also dilated. There is decreased perfusion noted in the
left lower lobe

and webs, which are the result of organization
of this residual thrombotic material [11].

DEMOGRAPHICS
AND EPIDEMIOLOGY

There is a reported incidence of about five cases
per million people per year but it is thought
that the true prevalence in the USA and Europe
ranges between 30 and 50 cases per million
[13, 23]. It has been observed in prospective
studies, that at least 3.4% of patients with acute
PE eventually develop CTEPH [17]. Based on the
number of acute PE diagnoses, the incidence of
CTEPH is likely three times more than is diag-
nosed, as reported in large European registries
[17].

The US Registry includes about 50% female
patients, a median age of 59 years, a median
body mass index of 29.7 kg/m? mostly WHO
functional class III symptoms, and a median
time from symptom onset to suspicion of
CTEPH of 10.1 months [24]. There is a higher
enrollment of Whites (65.6%) versus non-
Whites (non-Hispanic Blacks 22.24%, Hispanics
5.9%, other 6.1%) in the US Registry. The rates
of PEA in operable CTEPH are overall similar
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among the groups (Whites 75.8%; non-Hispanic
Blacks 71.4%; Hispanics 90.9%; other 71.7%).

The European CTEPH Registry includes
nearly 50% women, similar median ages when
compared with men [62 versus 63 years], and
less cardiovascular risk factors among women
[25]. Women underwent PEA and other cardio-
vascular interventions such as coronary artery
bypass grafting less often than men. The rate of
refusal or surgically inaccessible disease was not
statistically different between the sexes, imply-
ing a potential sex disparity in treatment.
However, women have better long-term
survival.

Several other registries, including the Pul-
monary Hypertension Association Registry,
which includes WHO group IV PH patients,
exist with varying demographics depending on
the country [26-34].

OVERVIEW OF THERAPY

Over the last three decades, there have been
about 100 clinical trials attempting to treat
CTEPH, including various drug studies, pul-
monary endarterectomy, and balloon angio-
plasty. The first comparative study was
published in 2003, reporting the surgical expe-
rience and outcomes of PEA at the University of
California at San Diego, demonstrating that PEA
can be curative [21]. The first drug studies were
published in the early 2000s [35-38].

Currently, guidelines recommend the use of
riociguat, an oral guanylate cyclase inhibitor,
and treprostinil, a prostanoid, for inoperable
CTEPH or residual CTEPH following PEA [13].
Subcutaneous prostanoids are preferred over
intravenous as the indwelling catheters are felt
to be thrombogenic, and may contribute to
CTEPD. Other studies evaluating the efficacy of
endothelin receptor antagonists and combina-
tion therapy are promising [39] Table 1. Addi-
tionally, all patients with CTEPH need lifelong
anticoagulation with warfarin or non-vitamin K
oral anticoagulants (NOAC) [13]. The standard
of care for right heart failure includes the use of
oral diuretics, and patients may require supple-
mental oxygen for hypoxemia.

Notably, with resolution of CTEPH, patients
may no longer require diuretics or PH specific
therapies. Discontinuation of these medications
can be considered, though registry data is still
unavailable for patients whose medications
were discontinued following successful PEA or
BPA [13].

Generally, all patients should be considered
for surgical intervention with PEA, in addition
to postsurgical BPA and medical management
for residual CTEPD. Several factors influence the
surgical candidacy of patients including their
anatomy, surgical risks, and co-morbidities,
thus guiding management of CTEPH.

SURGICAL PULMONARY
ENDARTERECTOMY

History Pathologically, PEA is the only curative
intervention and includes the removal of
fibrous and obstructive tissue from the arterial
tree. The first case series reporting pulmonary
endarterectomies was published in 1965 [40].
Mortality following PEA for CTEPH was up to
50%, with significant rates of postoperative
reperfusion edema and pulmonary hemorrhage,
though not always associated with death
[40, 41]. Since that time, technical advances and
earlier identification has resulted in signifi-
cantly improved outcomes, and has broadened
patient selection to include those who may
have once been inoperable due to the location
of their obstructions or due to co-morbid dis-
eases [21].

Indications Generally, in patients with surgi-
cally accessible disease, the gold standard
treatment is PEA, with the use of BPA and oral
medications for residual postoperative CTEPH.
Surgically accessibly disease includes lesions in
main, lobar, segmental, and subsegmental
arteries. Depending on surgeon experience,
more distal disease may be amenable to
endarterectomy.

Every patient undergoing evaluation for
CTEPH should be considered for potential PEA,
even those with isolated distal disease, as some
experienced centers may achieve further reso-
lution of the disease depending on the pul-
monary arterial anatomy. Importantly, a
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Table 1 Drug trials

References Date Name of N Study type Inclusion Primary endpoints

trial

Jais etal. 2008 BENEFIT 157 Double-blind, Inoperable Change in PVR, change in WHO FC,
[62] randomized, CTEPH or PVR, CI, 6 MWD

placebo-controlled PH post
study PEA*

Ghofrani 2013 CHEST-1 261 Randomized, double- Inoperable Change in 6 MWD, PVR, NT-proBNP,
et al. blind, placebo- CTEPH or WHO FC, time to clinical worsening,
[63] controlled study PH post Borg dyspnea score, QOL, safety

PEAY

Ghofrani 2017 MERIT-1 80  Phase 2 double-blind, Inoperable Change in PVR
et al. randomized, CTEPH
(39] placebo-controlled

study

Sadushi- 2019 CTREPH 105 Randomized, double- Inoperable Change in 6 MWD
Kolici blind, controlled CTEPH or
etal study PH post
[64] PEAY

Ogo etal. 2022 JAPIC 78  Randomized, double- Inoperable Change in PVR, CI, Borg dyspnea scale
[65] Clinical blind, placebo- CTEPH or score, 6 MWD and WHO FC

Trials controlled study PH post
Study PEA*
Group

CTEPH chronic thromboembolic pulmonary hypertension, PEA pulmonary endarterectomy, PH pulmonary hypertension,
PVR pulmonary vascular resistance, CI cardiac index, WHO FC World Health Organization functional class, QOL quality
of life, 6 MWD 6-min walk distance, NT-proBNP NT-pro-brain natriuretic peptide, BPA balloon pulmonary angioplasty

*No resolution of PH > 6 months post PEA

multidisciplinary team must determine the
impact of the obstructive lesions on pulmonary
hypertension, and in turn, the impact PEA will
have on decreasing pulmonary pressures.
Contraindications Patients with contraindica-
tions or relative contraindications for car-
diopulmonary bypass should be carefully
considered for PEA since it requires cardiopul-
monary bypass. Higher risk individuals, or those
with neurological disease, recent stroke, recent
myocardial infarction, bleeding diathesis, sev-
ere left heart failure, active infection, other
parenchymal lung diseases, malignancy, recent

trauma, and unrelated multiorgan failure may
not benefit from PEA [42].

Preoperative care The goal of preoperative
management in pulmonary hypertension
patients is to complete surgery as quickly as
possible, and to optimize RV function and fluid
balance [43]. If a patient has diuretic resistance
or needs inotropic support, this can be achieved
with a few days of dopamine and intravenous
diuretics. Interestingly, severe PH, with PVR
approaching > 18 Woods Units, is associated
with increased postoperative mortality, as is
severe RV dysfunction. However, intravenous or
inhaled prostacyclins to reduce RV afterload are
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not routinely used given the obstructive nature
of the CTEPD [43]. Preoperative management
with PH specific therapies can potentially delay
the benefits offered by PEA, and there have been
no studies to date that demonstrate a reduction
in the potential surgical risks [43].

Anesthesia and technical overview After suc-
cessful institution of cardiopulmonary bypass,
the patients undergo hypothermic protocols in
anticipation of circulatory arrest [21]. Following
aortic cross-clamping, the first incision is made
in the right pulmonary artery. Circulatory arrest
is warranted due to bronchial back bleeding,
which obscures visualization of the pulmonary
arteries. A precise incision and the position of
the patient are important for adequate visibility
of the entire vascular tree. Gentle traction with
forceps, while brushing away the outer vessel
wall with a long miniature sucker, usually
results in progressive withdrawal of the
endarterectomy specimen [21].

Specimens are removed until a vessel branch
is reached, at which point endarterectomy
ensues on the next diseased branch. Proceeding
in this order removes any potential obscuring
lesions and more distal lesions remain accessi-
ble Fig. 2.

Deep hypothermic circulatory arrest is lim-
ited to 20-min intervals, with anticipation that
unilateral endarterectomies are finished within
this time period. Temporary neurological com-
plications may occur with episodes of circula-
tory arrest lasting longer than 20 min [42].

Reperfusion can be initiated while the arte-
riotomy is closed, and surgery proceeds with

any left-sided disease. During the rewarming
period, other surgeries such as coronary artery
bypass, are completed. Right ventricular
remodeling occurs immediately postopera-
tively, with improvement in pulmonary pres-
sures; therefore, tricuspid surgeries for tricuspid
regurgitation are not routinely necessary [21].

Major adverse events These include sinus
bradycardia and junctional rhythms, postoper-
ative RV failure due to residual disease and
persistent PH, reperfusion edema and lung
injury, ongoing hypoxemia, and massive
hemoptysis [43] Table 2. Patients have epicar-
dial pacer wires placed intraoperatively to mit-
igate any postoperative arrhythmias.
Reperfusion edema is described as a highly
permeable pulmonary edema that occurs in the
vascular territories that are being reperfused
post PEA [43]. The incidence is as high as 30%,
and typically occurs within the first 48 h. Pre-
operative pulmonary hypertension and the
existence of post PEA residual disease are the
two biggest risk factors in developing reperfu-
sion edema. Avoiding higher cardiac outputs
and aggressive intravenous diuresis are the
mainstays of prevention and therapy for reper-
fusion edema [43].

Use of ECMO Veno-venous or veno-arterial
extracorporeal membrane oxygenation (V-V or
V-A ECMO) can be employed in instances of
severe reperfusion edema and hemoptysis.
Right ventricular failure and severe pulmonary
hypertension postoperatively is associated with
higher use of VA ECMO, and there are higher
mortality rates in these patients when

Fig. 2 Pulmonary endarterectomy specimen from a patient who underwent successful surgery demonstrated by the size of

the specimen, tail length, and resolution of pulmonary hypertension
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Table 2 Major adverse events following pulmonary endarterectomy [21, 43]

Reperfusion edema
Postoperative RVFY
Hemoptysis

Sinus bradycardia and junctional rhythm, usually treated with epicardial wires placed at the time of surgery

Hypoxcmiai

Pulmonary edema

RVF right ventricular failure
YDue to residual disease and PH

+ .
Due to reperfusion edema

compared with those requiring VV ECMO sup-
port for reperfusion edema or hemoptysis in the
absence of hemodynamically significant RVF
[43].

Following successful PEA surgery, there are
dramatic improvements in pulmonary vascular
resistance, 6-min walk tests and functional sta-
tus. Registry data reveals that at 1-year postop-
eratively there is a > 50% reduction in PVR,
and > 20% improvement in walk distances [42].
Nevertheless, 30-50% of patients who undergo
PEA, have residual pulmonary hypertension
requiring possible BPA, and oral pulmonary
vasodilators such as soluble guanylate cyclase
stimulators [42].

If the endarterectomy was successful, post-
operative pulmonary hypertension is attributed
to secondary damage at the arteriolar and cap-
illary levels, small vessel arteriopathy, or rever-
sible factors such as hypercarbia and hypoxemia
[21, 43]. If there was residual disease, then this
too contributes to any remaining pulmonary
hypertension warranting oral medical therapy
[21, 43].

Recently published, single-center data ana-
lyzing the impact of socioeconomic status, race,
and sex on PEA concluded that these did not
adversely affect PEA outcomes and had no
impact on postoperative mortality [44].

BPA Post PEA Patients may have anatomi-
cally mixed lesions, warranting both PEA and
BPA. Case series have demonstrated an
improvement in functional capacity and
hemodynamics in those patients who

underwent BPA in the post PEA time period
including years later [13]. Most patients with
residual CTEPH following PEA are treated with
PH specific therapies in addition to possible
BPA.

In those patients with surgically inaccessible
disease, options for BPA and medical therapy
should be offered to improve pulmonary
hypertension, though there are not many
studies evaluating the effects of BPA post PEA.

BALLOON PULMONARY
ANGIOPLASTY

History While PEA is the definitive curative
therapy for CTEPH, there are up to 40% of
patients with surgically inaccessible and thus
inoperable disease, or who may be poor surgical
candidates due to co-morbid illnesses [23]. First
reported for the treatment of chronic pul-
monary emboli in 1988, balloon pulmonary
angioplasty developed as an alternative strategy
for these patients [45]. Technical experiences
gained in the congenital heart disease arena
with dilatation of pulmonary stenosis, and
improved guidewires and catheterization tech-
niques allowed further refinement (Table 3)
[46].

Indications Balloon pulmonary angioplasty is
indicated in any patient with obstructions in
the subsegmental arteries, primarily third-order
branches, and with no lesions in the proximal
pulmonary arteries [46]. Some subsegmental
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arteries are accessible with PEA so there is
anatomical overlap [13]. Additionally, BPA is
indicated in those patients who have a high
surgical risk [46]. Pulmonary arteries are iden-
tified for BPA based on the presence of the fol-
lowing three features: filling defects, complete
occlusions, or intravascular webs demonstrated
on angiography.

Contraindications  Patients who cannot
undergo a RHC for any reason should be
excluded. A relative contraindication is iodine
contrast allergy, which would require pretreat-
ment prior to each BPA session. Active infec-
tions, severe chronic obstructive lung disease,
hypoxemia, hematological disorders prone to
bleeding or clotting, and uncontrolled systemic
hypertension, should all be taken into consid-
eration prior to proceeding with a BPA.

Preoperative care Full anticoagulation must be
maintained prior to the procedure as frequent
interruption of anticoagulation can potentially
provoke the development of pulmonary emboli.
Ideally, euvolemic state for patient comfort and
to optimize right ventricular hemodynamics is
recommended. There is also emerging evidence
for premedication with oral pulmonary
vasodilators, with more significant reductions
in PVR with a combination therapy versus BPA
alone; see below [47, 48].

Technical overview Right internal jugular or
right femoral venous access is obtained, and
flexible soft tipped guidewires are directed into
the pulmonary vasculature. Pig tail catheters
placed into the region of interest allows for the
direct delivery of contrast dye into the diseased
vessel. Low-profile balloons are deployed at <

100% of the vessel diameter and < 50% of the
stenotic lumen, for 1-5 s until the balloon fully
expanded or until a fluoroscopic waist disap-
pears [46, 49].

Lower lobe vessels are dilated initially, and in
a sequential order, addition pulmonary arteries
extending proximally, to ensure even distribu-
tion of reperfused territories. A high rate of
reperfusion edema has prompted serial BPA
protocols, to minimize the severity of edema,
hemorrhage, and hypoxemia [46, 49-51].There
is evidence that wire manipulation and balloon
over dilatation are likely the main causes for
lung injury and reperfusion edema [13]. The

only clinical characteristic that is highly asso-
ciated with reperfusion edema is a mean pul-
monary arterial pressure of > 35 mmHg, and it
is not associated with the size of the vessel, age,
or baseline cardiac index [46].

Other adverse events include pulmonary
artery perforation, venous access site complica-
tions, and bleeding Table 3. The safety and
efficacy of BPA improves over time with center
and operator experience, underscoring the
learning curve associated with technical and
anatomical aspects of the procedure [52].

Balloon angioplasty improves pulmonary
blood flow distribution and pulmonary vascular
capacitance, and decreases right ventricular
afterload [46]. Further, when compared with a
control group of patients with distal CTEPH,
Sugimura et al. demonstrated that mortality is
significantly decreased following BPA when
compared with those with distal CTEPH who
did not undergo BPA [49] Table 4.

Kawakami etal. demonstrated that mean
pulmonary arterial pressures significantly
improved when compared with riociguat alone
in inoperable CTEPH [47]. Similarly, the RACE
trial randomized patients to medical therapy
with riociguat versus BPA, and there were sig-
nificant reductions in the BPA group compared
with the medical therapy group, though adverse
events were higher in those undergoing BPA
[48]. In a 26-week ancillary follow-up, patients
who remained symptomatic and with elevated
PVR, underwent either BPA or medical therapy
[48]. Those who were pretreated with riociguat
and subsequently underwent BPA, compared
with those who underwent BPA as first-line
therapy, had statistically significant reductions
in BPA-related complications, emphasizing the
importance of a hybrid approach [48] Table 5.

Ultimately, the goal is to complete enough
BPA procedures safely and effectively to achieve
hemodynamic improvement and clinical
improvement consistent with study data
(Table 4). Additionally, BPA has resulted in the
improvement in metabolic and systemic
derangements associated with molecular
pathophysiological cascades associated with RV
dysfunction, mostly based on laboratory analy-
sis preceding and following BPA [51, S53].
Patients who undergo BPA, in addition to a
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Table 3 Balloon pulmonary angioplasty technical experience [13, 46, 49]

Complications of balloon pulmonary angioplasty

Technical advances resulting in fewer complications

Lung injury due to vascular damage with or without hemoptysis
Need for mechanical ventilation

Pulmonary hemorrhage

Hemoptysis

Pulmonary artery perforation or dissection

Reperfusion edema

Femoral artery pseudo aneurysm (when arterial surveillance access

is required)
Renal dysfunction including contrast induced nephropathy

Venous access site complications such as bleeding, infection, pain,

Soft tipped, flexible, guidewires

Modified pigtail catheters permitting angiography in
direct position

Low-profile balloons

Improved nonionic contrast agents

Heparin anticoagulation peri-procedurally

Right internal jugular venous access

nerve damage

course of cardiac rehabilitation following their
last BPA session, have statistically significant
improvements in peak VO2, peak workload,
quadriceps strength, and WHO functional class,
and a tendency toward improved mental
health-related quality of life (QOL) [54].

PULMONARY ARTERY
DENERVATION

Pulmonary artery denervation (PADN) has been
proposed as a potential treatment option in
patients with residual pulmonary hypertension
following PEA. Pulmonary arterial hypertension
is characterized by vasoconstriction, and vas-
cular remodeling modulated by baroreflexes [1].
Denervation occurs via radiofrequency ablation
of the stretch receptors located at the bifurca-
tion of the pulmonary arteries [1].

The TROPHY1 trial demonstrated a reduc-
tion in PVR, and an increase in 6 MWD and
functional capacity in patients with WHO
group 1 PAH on guideline-directed therapy [55].
Zhang etal. recently demonstrated similar
results in both WHO groups 1 and 2 PH, with
improvement in 6 MWD, reductions in PVR,
improved RV metrics on transthoracic imaging,

and decreased pro-brain natriuretic peptide
(proBNP) [56, 57].

Before 2020, PADN had not been applied to
CTEPH with residual disease. Romanov et al.
demonstrated hemodynamic improvement fol-
lowing PADN in CTEPH patients. Twenty-five
patients underwent PADN and another 25 were
randomized to the SHAM MED group [58]. In
the PADN group versus the MED SHAM group,
there was a mean PVR reduction of 258 + 135
dynes/cm®/s versus 149 + 73 dynes/cm®/s, and
6 MWD was 470 + 84 m versus 399 + 116 m,
respectively [58].

POTTS SHUNT IN CTEPH

Similar to advancements made with BPA in the
congenital heart arena, advancements have
been made with the Potts procedure, a left
pulmonary artery to descending aorta shunt
that is now rarely implemented in the adult PH
population, though increasingly recognized as a
potential therapeutic option for PH [59-61].
Modified Potts Shunt is typically considered
in patients with retractable idiopathic PAH, but
has been applied to other forms of PH [61].
Patients with severe, refractory PH despite
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Table 4 Balloon pulmonary angioplasty trials

References Date N  Total Total no. Ave change in mPAP”; cr 3 6 Reperfusion Death*
no. dilatations/ MWD; NYHA FC edema
BPA®/  Ave no.
ave # dilatations per
BPA*  pt
Feinstein 2001 18 47/2.6 107/6 43 + 12.1 to 33.7 + 10.2; 11 patients; 4 11%
et al. [46] 20+ 04 to 2.1 £ 0.6; 209 y to intraoperative;
497 y; 33 t0 1.8 7 within 48 h
Sugimura 2012 12 X/S+2 X/14+7 432 + 9.5 to 24.8 £+ 4.9; 6 patients with 0%
et al. [49] 2.66 £+ 047 to 2.79 £ 0.37; hemoptysis™
340 & 112 m to 441 & 76 m; 2.6
to 2®
Andreassen 2013 20 73/X X/18.6 £ 6.1 45 & 11to 33 £ 10; 249 4+ 1610 Following 7 15%
etal. [50] 5S4 4+19;X;3+05t02 =+ 05 procedures
Tatebe etal. 2016 35 X/3.5 35+ 9to24 £ 6;2.6 £ 0.6 to
[51] 2.7 £+ 0.6; 408 m + 181 m to
482 m &+ 146 m; 2.4 to 1.8
Aoki ecal. 2016 24 113/4.7 37 to 23; 2.38 to 2.39; 390 m to
[66] 490 m; 3.04 to 1.8
Brenot etal. 2018 154 1006/X 439 4+ 9.5 to 31.6 £ 9.0; 9.1% of all 4.9%
[52] 2.68 £ 0.6 to 3.07 £ 0.75; sessions; 34%
396 m =+ 120 m to of all patients

441 m + 104 m; ¥35.3%/64.7%
to 78.7% to 21.3%

BPA balloon pulmonary angioplasty, 7mPAP mean pulmonary arterial pressure, CI cardiac index, 6MWD 6-min walk
distance, NYHA FC New York Heart Association Functional Class

Ys are for yards indicating 6 minute walk distance

®Total BPA in the entire cohort

ﬂ:Averagc BPA per patient

"mmHg

PCardiac index in L/min/m>

*Death during the study follow up period, due to the procedure OR unrelated to the procedure
®Average changes following at least 6 months of medical therapy to improve mPAP before BPA
“No reperfusion edema reported, and cause for hemoptysis was not specified

2-Cardiac outputs and not indices reported

YNYHA FC LIV/ILIV

intensive management, RVF, and anatomic no trials comparing the effectiveness of oral
suitability, should be considered [59-61]. To our pulmonary vasodilators with palliative proce-
knowledge, there are no reports of Potts Shunt dures such as TPS in the CTEPH population.

as a palliative measure in patients with CTEPH,

though it would be a reasonable option in those

with surgically inaccessible disease or pro-

hibitive surgical risk. Notably, there have been
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Table 5 Riociguat versus balloon pulmonary angioplasty trials

References Date Name of trial N Study type Inclusion Primary endpoints
Jais et al. 2022 RACE trial; BPA 105 Randomized  Treatment naive Change in PVR at 26 weeks, and change
(48] versus riociguat controlled CTEPH in PVR during ancillary 26 week
trial patients follow-up
Kawakami 2022 MR BPA trial; 61 Randomized Inoperable Change in mean PAP
et al. BPA versus controlled CTEPH
[47] riociguat trial

CTEPH chronic thromboembolic pulmonary hypertension, BPA balloon pulmonary angioplasty, PH pulmonary hyper-

tension, PVR pulmonary vascular resistance, PAP pulmonary arterial pressure

CTEPH WITHOUT PH

Finally, we must discuss those patients with
known thromboembolic disease in the absence
of pulmonary hypertension. There are no long-
term data specifying the burden of disease that
ultimately leads to the development of pul-
monary hypertension, though some studies
suggest a lower risk of progression in those with
lower pulmonary pressures at the time of diag-
nosis [13]. In patients with CTEPD who have
undergone PEA for extensive disease, the
pathology was similar between those with and
without CTEPH [13]. These patients, similar to
those with CTEPH, should remain on lifelong
anticoagulation with non-vitamin K anticoag-
ulation or with warfarin.

CONCLUSIONS

Chronic thromboembolic pulmonary disease is
a condition resulting in severe pulmonary
hypertension, limiting symptoms, and can
progress to right ventricular failure and death.
Surgical PEA has been refined over the last sev-
eral decades and is now the standard of care for
surgically accessible disease in the right candi-
dates, but BPA has too evolved in the last couple
of decades as a nonsurgical strategy in addition
to oral therapies in patients who cannot
undergo surgery. Alternative procedures such as
Potts Shunt and pulmonary artery denervation
are potential options in patients with distal
disease but warrant further exploration.
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