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Abstract
Purpose of Review Chronic thromboembolic pulmonary hypertension (CTEPH), included in group 4 PH, is an uncommon
complication of acute pulmonary embolism (PE), in which emboli in the pulmonary vasculature do not resolve but rather form
into an organized scar-like obstruction which can result in right ventricular (RV) failure. Here we provide an overview of current
diagnosis and management of CTEPH.
Recent Findings CTEPH management is complex with treatments that range from surgery, percutaneous interventions, to
medical therapies. Current CTEPHmedical therapies have largely been repurposed from pulmonary arterial hypertension (PAH).
Summary The diagnosis of CTEPH can be challenging, requiring a multimodality approach to differentiate from disease mimics.
While these treatments improve symptoms, they may not reverse the underlying pathology of CTEPH.

Keywords Chronic thromboembolic pulmonary hypertension . Pulmonary embolism . Pulmonary hypertension . Pulmonary
endarterectomy . Balloon pulmonary angioplasty

Introduction

The estimated prevalence of acute pulmonary embolism (PE)
in the USA is about 112 cases per 100,000 [1].With treatment,

most cases of acute PE resolve with minimal abnormalities
and normal hemodynamics [2, 3]. However, approximately
0.57–18.1% of patients develop “post-PE syndrome,” defined
as persistent functional, exercise tolerance, and quality of life
impairments [4–12]. These persistently symptomatic patients
who have residual pulmonary vascular obstruction fall into
two main groups: chronic thromboembolic disease (CTED)
and chronic thromboembolic pulmonary hypertension
(CTEPH). CTED is defined as having imaging evidence
chronic pulmonary thromboembolism, exercise limitation,
but normal resting cardiopulmonary hemodynamics [13].
CTEPH (0.79–3% of all PE survivors) is characterized by
persistent obstruction of the pulmonary vasculature by orga-
nized fibrotic thrombi and associated pulmonary vascular re-
modeling, leading to pulmonary hypertension (PH) and in-
creased right ventricular (RV) afterload, and ultimately to
RV failure [14–16].

Risk Factors

Thrombophilia CTEPH patients have higher frequency of
elevated factor VIII and antiphospholipid antibodies, where
beta-2 glycoprotein, lupus anticoagulant or anticardiolipin an-
tibodies are reported to be 10 to 24% [17–20]. They also have
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decreased ADAMTS13 and increased von Willebrand factor
levels, persisting even after pulmonary endarterectomy (PEA)
[21]. However, there is no alteration in antithrombin, protein
C or protein S, factor V Leiden levels, or activated protein C
resistance [22].

Intravascular Device Indwelling venous catheters, especially
with recurrent placement, pacemaker and defibrillator leads,
and ventriculoatrial shunts increase risk of CTEPH.

Acute PE Characteristics and Clinical Factors CTEPH devel-
opment is correlated with a systolic pulmonary artery (PA)
pressure >50 mmHg at the time of acute PE diagnosis and
hospital discharge, larger clot burden, recurrent PE, and diag-
nostic delay [5, 7, 23–27].

Miscellaneous Factors These include non-O blood types [17,
23, 28], splenectomy [29], inflammatory conditions [30], hy-
pothyroidism, thyroid replacement [23, 31], and malignancies
[23, 31].

Clinical Presentation of CTEPH

Symptoms CTEPH patients can present similarly to pulmo-
nary arterial hypertension (PAH). Thus, it is incumbent to rule
out CTEPH in all patients with PH. Typical symptoms include
dyspnea on effort and impaired effort tolerance. Other symp-
toms include fatigue, exercise-induced chest discomfort,
exercise-induced dizziness, or even syncope. Untreated,
symptoms can progress. Delayed diagnosis is associated with
advanced symptoms consistent with RV failure [32]. While
there is often an antecedent history diagnostic or suggestive of
a thromboembolic event, the absence of such a history should
not rule out the possibility of CTEPH [33]. Indeed, at least
25% of patients with CTEPH had no prior history of venous
thromboembolism [34].

Physical Examination In early disease, the physical examina-
tion may be normal. More often, signs of PH on cardiac ex-
amination are present, including accentuated P2, right-sided
3rd and 4th heart sounds, tricuspid valve regurgitation (TR)
(pansystolic, blowing, louder on inspiration), and pulmonic
valve regurgitation (PR) (decrescendo diastolic murmur best
heard over the pulmonic valve area), and RV lift. The pres-
ence of PR, and RV lift are suggestive of severe PH.With TR,
the jugular venous pulse (JVP) exhibits prominent CV waves,
and the liver may be pulsatile. An RV lift is suggestive of RV
enlargement and can be appreciated by placing the heel of the
hand over the left parasternal border. In advanced cases, signs
of RV failure may be present (elevated JVP, dependent edema
with or without ascites, and congestive hepatomegaly). Of
note, a flow bruit over the lung fields due to turbulent flow

through partially obstructed and/or recanalized pulmonary ar-
teries may be heard in about 30% of cases, a finding
that can be seen in other rare conditions such as pul-
monary arteriovenous malformations and peripheral pul-
monic stenosis [35].

Diagnosis and Workup

Similar to PAH, the diagnosis of CTEPH is often delayed and is
commonly overlooked in the evaluation of patients with exer-
tional dyspnea. In the case of CTEPH, further diagnostic testing
is needed to determine whether patients fulfill criteria for surgical
management or other treatment modalities [36, 37]. A general
approach for the diagnosis of CTEPH is shown in Figure 1.

Chest Radiograph This can show enlarged main and central
pulmonary arteries, which can exhibit regional differences in
size, as well as RV enlargement. Hypolucent areas suggestive
of diminished regional vascularity may be evident [38].

Ventilation/Perfusion (V/Q) Scan The V/Q scan is integral to
the screening and workup of CTEPH [39]. A normal V/Q scan
essentially rules out CTEPH with a negative predictive value
of 100% [40]. In IPAH, the V/Q scan can be normal, have a
“mottled” appearance, or subsegmental defects [41]. With
CTEPH, the V/Q scan shows segmental or larger mismatched
perfusion defects (Figure 2A). A positive V/Q scan is insuffi-
cient for diagnosis or estimation of the disease burden. Due to
recanalization or remodeling of occluded vessels allowing for
the penetration of radioisotope into the periphery with distal
perfusion, the V/Q scan can underestimate the extent of dis-
ease [43]. Thus, a single segmental mismatch should raise
suspicion for possible CTEPH. Additionally, other conditions
can produce abnormal V/Q scans similar to that seen in
CTEPH, including pulmonary venoocclusive disease, pulmo-
nary artery sarcoma, pulmonary vasculitis, fibrosing
mediastinitis, and sarcoidosis (see Conditions Simulating
CTEPH below). Additional modalities are needed to confirm
the diagnosis and evaluate the disease burden [44].

Computed Tomographic (CT) Pulmonary Angiography (CTPA)
CTPA is an important adjunct to the V/Q scan for eval-
uating disease burden and identifying parenchymal
changes and potential disease mimics [45]. Compared
to central defects noted in acute PE, CTPA findings of
CTEPH include enlargement of central pulmonary arter-
ies, as well as eccentric thrombus in the central, lobar,
and segmental pulmonary arteries. Sensitivity and spec-
ificity for modern CT technology are 89–100% and 95–
100% for main and lobar pulmonary arteries, respective-
ly, and 84–100% and 92–99% for segmental pulmonary
arteries, respectively [46–48]. The CTPA can reveal
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lesions such as webs, abrupt reduction in vessel diame-
ter, pulmonary artery stenosis, bronchial artery collat-
erals, vascular mosaicism (Figure 2B), and linear scars
suggestive of old pulmonary infarcts [49–52]. However,
modern CTPA is limited in characterizing distal vessels
and subsegmental disease. A normal CTPA does not
exclude CTEPH. CTPA is sufficient for diagnosing
proximal CTEPH, determining disease burden and oper-
ability. If distal disease is suspected, additional imaging
modalities may be required.

Digital Subtraction Angiography (DSA) DSA is the gold
standard for CTEPH diagnosis and commonly used to
d e t e r m i n e o p e r a b i l i t y f o r p u l m o n a r y
thromboendarterectomy (PEA). Even in severe PH, risk
of contrast-induced vasodilation and hemodynamic con-
sequences are not increased [53]. Different angiographic
patterns have been described: pouch defects, webs,
bands or strictures, intimal irregularities, abrupt PA
narrowing, and obstruction of lobar (proximal) and seg-
mental (proximal/distal) vessels at their origin [54]

Figure 1. Approach to CTEPH
diagnosis. Patients with suspected
CTEPH should first undergo a
VQ scan, which can effectively
rule out the disease due to its high
sensitivity. Due to the low
specificity of VQ scan, the next
step is a CTPA, which confirms
the diagnosis of CTEPH in
patients with proximal disease.
For patients with distal disease,
pulmonary angiography aids in
the planning of PTE or BPA at
expert centers. *Some patients
may have findings on CTPA
consistent with alternative
diagnoses, such as sarcoidosis or
mediastinal fibrosis, in the
absence of other typical CTEPH
findings, such as mosaicism and
bronchial collaterals.

Figure 2. Imaging and thrombus in CTEPH. A V/Q scan in the same
patient showing multiple bilateral mismatched defects. B CT scan
showing clear vascular mosaicism. C The white arrow highlights an
angiographic “pouch” occlusion of the right interlobar vessel. The
presence of organized thromboembolic disease is also evident by “web”
narrowing of the proximal anterior upper lobe artery (green arrow). D
The lateral right pulmonary arteriogram in the same patient shows another
“web” narrowing (white arrow) of the proximal posterior upper lobe
vessel not appreciated on the AP films. (The figure was published in

Fedullo PF, Auger WR. “Medical Management of the Thoracic Surgery
Patient”, 2010 pp: 477-482, copyright Elsevier [2010]) [37]. E
University of California San Diego classification of PEA disease levels
with illustrative figures for each level (Reprinted with permission of the
American Thoracic Society. Copyright © 2021 American Thoracic
Society. All rights reserved. Madani M, M. E. Ann Am Thorac Soc,
2016, 13 Suppl 3, S240-S247. Annuals of the American Thoracic
Society is an official journal of the American Thoracic Society.) [42].
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(Figure 2 C and D). While CTPA studies are generally
sufficient for determining operability, DSA can help de-
termine surgical accessibility and suitability for balloon
pulmonary angioplasty (BPA).

Echocardiography Transthoracic echocardiography (TTE) is
utilized to evaluate RV morphology and function and
is a primary screening tool for PH [39]. RV hypertro-
phy with evidence of pressure-volume overload, left-
ward displacement of the interventricular septum, de-
pressed tricuspid annular plane systolic excursion
(TAPSE), and elevated PA systolic pressure are all
common findings in PH [55], but do not differentiate
CTEPH from other forms of PH.

Heart Catheterization Right heart catheterization (RHC) is
imperative for accurate assessment of cardiopulmonary
hemodynamic and diagnosis of PH. CTEPH is defined
as persistent organized thrombi after 3 months of
anticoagulation and evidence of precapillary PH on
RHC [13, 30, 32, 56, 57] with mPAP > 20 mmHg,
pulmonary capillary wedge pressure (PCWP) ≤ 15
mmHg, and PVR > 3 wood units [58]. In patients with
significant symptoms but normal resting hemodynamics,
RHC can be accompanied by exercise to determine the
presence of exercise PH (ePH) which may reflect early
CTEPH [59–61]. In patients over the age of 50 years,
coronary angiography or coronary CT angiography to
exclude underlying coronary artery disease is often per-
formed (as concomitant bypass surgery could be per-
formed at the time of PEA). In patients younger than
50 undergoing PEA, significant coronary artery disease
(CAD) was found only in those individuals with ≥ 3
risk factors of diabetes, hypertension, hyperlipidemia,
obesity, tobacco use, or a family history of CAD [62].

CTED vs CTEPH

While patients with CTED may share similar symptoms and
perfusion defects to patients with CTEPH, they do not dem-
onstrate evidence of PH at rest on RHC [63, 64]. The reasons
for effort dyspnea and exercise capacity limitation in CTED
are not fully understood. ePH [60, 61] can account for limita-
tions in some patients. On cardiopulmonary exercise tests,
parameters suggesting increase in dead space fraction may
be evident (e.g., increased slope of VE to VCO2). The
natural history of CTED is not known or whether some
patients with CTED progress to CTEPH. Selected re-
ports suggest that PEA in highly symptomatic CTED
patients leads to good outcomes [60, 63, 65]. Such
treatment decisions need to be individualized.

Conditions Mimicking CTEPH

Pulmonary artery sarcoma is a very rare tumor that can sim-
ulate CTEPH [66, 67] and can be associated with hemop-
tysis, significant weight loss, fever, marked elevation in
sedimentation rate, and anemia. Up to 75% arise from the
pulmonary trunk and are mostly at the supravalvular level.
Clues on imaging include hyperdense non-homogenous
lesions that can distend the pulmonary vasculature, gado-
linium enhancement on MRA, and fluorodeoxyglucose-
av id on pos i t ron emiss ion tomography (PET) .
Extravascular spread can also be seen in patients with
advanced disease. Pulmonary artery in situ thrombosis
has been well-described in Eisenmenger’s syndrome, in
advanced parenchymal and airway disease with dilated
pulmonary arteries, and even in severe PAH. In situ
thrombosis is often nonobstructive, occurs in proximal
and distal vessels, and appears as a smooth lining throm-
bus in a dilated vessel. In longstanding cases, calcification
can be seen. In sarcoidosis, abnormal V/Q scans can be
noted as well as some CT angiographic features associat-
ed with CTEPH (webs, intimal irregularities, abrupt vessel
cut-off, and post-stenotic dilation) [68]. Fibrosing
mediastinitis can cause compression and obstruction of
the pulmonary vasculature (arteries and veins) [69] and
with longstanding compression can result in pulmonary
hypertension [70] resulting in large segmental mismatches
on V/Q scan. Large vessel pulmonary vasculitis, such as
Takayasu’s arteritis, giant cell arteritis, and Behçet's dis-
ease, can mimic CTEPH [71]. The presence of bruits over
large systemic arteries and clinical features such as con-
stitutional symptoms and evidence of other systemic vas-
cular involvement can be seen. Some features on angiog-
raphy which suggest vasculitis include a beaded appear-
ance of the pulmonary arteries and circumferential con-
centric thickening with post-contrast enhancement [72].

Treatment Approaches

Patients with untreated CTEPH likely progress in severity due
to the presence of small vessel disease both distal to but im-
portantly away from the culprit sites of obstruction [73].
Progressive disease can culminate in worsening RV function
and ultimately right heart failure. Before the advent of thera-
pies, the 5-year survival was 30% when mPAP >40 mmHg
and 10% when mPAP >50 mmHg [74]. This is in marked
contrast to outcomes after PEA, with current in-hospital mor-
tality rates <5%, and survival >90% at 1 year, and >70% at 10
years [75]. Thus, treatment should be carefully considered for
all patients [76]. A general algorithm for CTEPHmanagement
is shown in Figure 3.
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Treatment of CTEPH

Anticoagulation All patients with CTEPH should receive sys-
temic anticoagulation, as this prevents recurrence of thrombo-
embolic events and in situ PA thrombosis [3]. There are lim-
ited data comparing warfarin to DOACs in CTEPH. In one
retrospective analysis, there was an equivalent rate of bleeding
events and no statistical survival difference in patients receiv-
ing DOAC or warfarin [77•], but there was a higher rate of
recurrent thrombosis in patients receiving DOAC. There are
no data comparing indefinite anticoagulation compared to a
shorter length of therapy compared to no therapy in CTEPH.
Based on data extrapolated from acute PE literature, indefinite
anticoagulation is recommended to prevent recurrent throm-
boembolic disease [13].

Inferior Vena Cava (IVC) Filters There are no data supporting
routine IVC filter use for management of CTEPH, and registry
data show no differences in outcome for patient undergoing
PEA with or without an IVC filter [78]. The current standard-
of-care for most centers is to forego the insertion of an IVC
filter prior to PEA unless there is a contraindication to
anticoagulation [78].

Pulmonary Thromboendarterectomy (PEA)

PEA is the mainstay of treatment for CTEPH as it is the only
potentially curative treatment modality. Assessment of opera-
bility should be directed by a multidisciplinary team at high-
volume centers [79].

Determining Surgical Candidacy This is based on severity of
symptoms, surgical accessibility, severity of PH and RV dys-
function, correlation of severity of PH to the degree of

obstruction, anticipated technical challenges, comorbidities,
and patient preference [80]. Surgical accessibility is predom-
inantly determined by level of obstruction as defined by pul-
monary angiography or CTPA. Clot in the main, lobar, or
proximal segmental PAs is generally more amenable to inter-
vention, whereas distal segmental and subsegmental in-
volvement presents more surgical challenges. In the lat-
ter, other approaches, such as BPA, may be more ap-
propriate. In cases of vasculopathy with significant in-
accessible distal disease burden, resection of proximal
clot may not lead to a meaningful decrease in PVR.
Surgical outcomes are closely linked to PVR reduction,
and a persistently elevated postoperative PVR is associ-
ated with inability to wean from bypass, hemodynamic
instability, early death, and poor long-term outcomes
[42, 81]. Acceptable outcomes have been achieved in
patients in their 70s and 80s deemed good surgical can-
didates [80]. While most patients who undergo PEA
have a PVR in the range of 800–1200 C dynes/sec/cm5

(10–15 Wood units), there is no upper limit to the PVR or
severity of RV dysfunction. In the case of CTED patients
with significant dyspnea or ePH, PEA has had good results
in selected patients [60, 65, 79].

Surgical Levels of Disease Surgical levels of disease for
CTEPH are classified according to those proposed by the
University of California San Diego (UCSD) CTEPH group
[80]. These are classified as follows (and depicted in
Figure 2E):

& Level 0: No evidence of thromboembolic disease in either
lung

& Level 1: Chronic thromboembolism (CTE) starting in the
main pulmonary arteries (level C: complete occlusion of
one main pulmonary artery with CTE)

Figure 3. Approach to CTEPH
management. For patients with
operable disease, PTE surgery is
the gold standard treatment. For
those with non-operable disease
(*must be confirmed at CTEPH
center), an approach of BPA and
medical therapy can be used.
Some patients who were not
initially operable candidates due
to medical illness may improve
with BPA and medical therapy to
the point where they can undergo
PTE surgery.
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& Level 2: CTE starting at the level of lobar arteries or in the
main descending pulmonary arteries

& Level 3: CTE starting at the level of the segmental arteries
& Level 4: CTE starting at the level of the subsegmental

arteries

PEA Surgical Procedure PEA is best performed at expert cen-
ters, defined by a volume of cases > 50/year, expertise to
perform segmental PEA, operative mortality < 5%, and
multi-specialty expertise with alternative treatment modalities.
An approach via median steronotomy is superior to a thora-
cotomy as it avoids entering the pericardium and collateral
vesse l s f rom the bronchia l s and othe r vesse l s .
Cardiopulmonary bypass facilitates hemodynamic stability
and assists with cooling the patient during periods of circula-
tory arrest. The PEA procedure is best carried out under a
bloodless field to allow optimal definition of the endarterec-
tomy plane and continue the dissection more distally. Thus,
the patient is cooled to 20°C for periods of 20 min to facilitate
optimal dissection. Identification of the correct endarterecto-
my plane is critical, as too superficial a plane results in an
inadequate result and a plane that is too deep can risk tearing
the artery with resultant uncontrollable bleeding and death.
Once the correct plane is established, the specimen is then
followed distally to the feathered tail end in each branch.
Incomplete resection can result in minimal or no hemodynam-
ic improvement in pulmonary pressures and PVR. In recent
years, a major advance is the ability to perform distal endar-
terectomy in carefully selected cases [75, 80, 82].

Postoperative Management Principles Postoperative manage-
ment principles are employed similar to post-bypass cardiac
surgery patients. With mechanical ventilation, the aim is to
keep plateau pressures below 30 cm of water pressure. With
prolonged periods of cardiopulmonary bypass, hypothermia
and circulatory arrest-inducedmetabolic acidosis may be pres-
ent in the early postoperative period. Fluid administration is
minimized as patients commonly have a significantly positive
postoperative fluid balance. DVT prophylaxis is begun on the
evening of surgery and is typically replaced by therapeutic
anticoagulation with heparin when the chest tube output is <
50 ml/h for 2 consecutive hours. Atrial arrhythmias occur in
about 20–30% of patients postoperatively [83, 84].

Postoperative Complications and Management Some of these
are common to other cardiac surgery procedures such as
pleural effusion, bleeding, arrhythmias, and wound infec-
tion. There are a number of potential PEA-specific com-
plications. A steal phenomenon can occur because of loss
of hypoxic vasoconstriction and diversion of blood to re-
gions of low vascular resistance that results in low V/Q
regions that contribute to hypoxemia. This generally

resolves over weeks to months which can facilitate
weaning patients off supplemental oxygen following hos-
pital discharge [85, 86]. Reperfusion pulmonary edema
(RPE) is a form of high permeability edema that results
from increased perfusion to endarterectomized vessels,
perioperative ischemia, inflammation, and ventilator-
associated lung injury. This can range in severity from
mild to profound alveolar hemorrhage. Initial rates of re-
perfusion pulmonary edema for PEA were approximately
30–40%. With improved techniques and experience, the
rate of reperfusion pulmonary edema has reduced to ap-
proximately 9.6% [79]. Most cases (60%) occur immedi-
ately following surgery, with 30% of cases presenting
within 48 h and 10% after 48 h [85]. The management
of RPE is generally supportive as in other forms of per-
meability edema. Rescue therapies such as inhaled nitric
oxide, inhaled epoprostenol, prone positioning, paralytics,
and, if necessary, venovenous extracorporeal membrane
oxygenation (ECMO) may be used [87–89]. Re-
thrombosis can be seen in patients with unilateral disease,
especially in the setting of surgery for complete occlusion
[80]. Pericardial effusion occurs more frequently than
following other cardiac surgery surgeries due to the pres-
ence of anticoagulation, possible lymphatic disruption,
and diminution in cardiac size. Placement of a posterior
pericardial drain or window may prevent pericardial mor-
bidity [37]. Residual postoperative PH is an important
contributor to perioperative mortality [90]. In these cases,
a wide pulmonary pulse pressure is commonly observed
[37]. This often resolves within 72 h [91, 92], and use of
inhaled nitric oxide or inhaled epoprostenol may be of
value. By contrast, irreversible PH likely reflects persis-
tent distal disease not adequately attended to and/or small
vessel remodeling away from areas of obstruction, i.e.,
small vessel vasculopathy of non-occluded vessels.

Outcomes Following PEA The in-hospital mortality has steadi-
ly improved with rates down to 2.2% reported in 2012 [14].
The 3-year survival for CTEPH patients undergoing PEA
is 90% compared to 70% in those not having surgery [13,
78]. Functional class after 1 year was class I or II in 90% of
patients [93]. The 5-year and 10-year survival following
PEA is 82% and 75%, respectively [79] and is paralleled
by improvements in hemodynamics, 6MWD, functional
class (FC), and RV and left ventricle (LV) ejection frac-
tions [94, 95]. Among operable patients who did not un-
dergo surgery, 5-year survival is 53%, and among inoper-
able patients, it is 59% [96]. Residual PH (despite good
macroscopic endarterectomy results) following PEA is ap-
proximately 11–35%. Depending on the definition used,
residual PH is more often due to underlying small vessel
vasculopathy or remodeling and not a direct consequence
of residual or recurrent large vessel obstruction [97].
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Balloon Pulmonary Angioplasty (BPA)

IntroductionAlthough BPA in patients with CTEPH was first
described in 2001 [98], its use became more widespread after
several encouraging Japanese reports in 2012 [48, 99, 100].
With refinement of techniques, improved outcomes, and re-
duced complications, BPA has become an established proce-
dure in major centers.

Identification and Workup for Appropriate Cases BPA can be
considered in CTEPH patients deemed technically inoperable or
high risk for PEA [39] or in those with persistent or recurrent PH
post-PEA. Segmental pulmonary angiography is generally used to
identify lesions amendable to BPA, such as webs and slit-like
lesions in the distal vasculature [101]. In the case of obstructed
lesions, BPA may still be feasible provided there is antegrade or
collateral flow past the lesion [79, 101]. Intravascular ultrasound or
optical coherence tomography may have a role in reducing the
frequency and severity of complications while allowing for inter-
vention of more complex lesions [102, 103]. Generally, a staged
procedure is preferred, often requiring 3–10 sessions per patient.
Some centers prefer the use of smaller balloons for initial sessions
followed by sequential dilations with subsequent sessions [99,
104]. Webs and ring-like stenoses tend to be easier to dilate, total
occlusions have a low success rate but a low complication rate
(likely because the wire cannot be passed), while subtotal occlu-
sions have an intermediate success rate but a higher incidence of
complications [105]. It is rare for a stenosis to recur at a site of
successfully treated lesion; thus, stents are not employed.

Complications of BPA Initially the incidence of RPE was sig-
nificantly higher than with PEA in the range of 56–61%. With

more experience, the incidence has decreased to 10–30% [99, 100,
106, 107]. In experienced centers, reperfusion edema is now a rare
occurrence. Lung injury is now the most common complication
due to wire injury, balloon overdilation, or high-pressure injection
of contrast medium [108], with an incidence of 5.9–17.8%
[109–111].Minor hemoptysis likely reflects minor vascular injury
and generally resolves spontaneously and has an incidence of 7–
14% [110, 111]. Pulmonary artery perforation, dissection, and
rupture are rare but serious complications. Immediate intervention
with balloon tamponade, covered stent deployment, coil emboli-
zation, or gel foam instillation may be required to achieve hemo-
stasis. In the Japanese and French series, the incidence was of
perforation was 2.8–2.9%, dissection 0.4–1.9%, and rupture
0.1% [110, 111].

Outcomes of BPA BPA has been reported to improve short-
and long-term outcomes in multiple domains [13, 79, 106,
108, 110–113] (selected studies listed in Table 1). BPA has
been associated with improvements in hemodynamics [110],
6MWD [112], cardiopulmonary exercise testing [114], RV
systolic function [99, 100, 106, 107, 115, 116], and quality
of life [106]. In the Japanese and French series, the 3-year
survival following BPA was 94.5 and 95.1%, respectively
[110, 111].

Medical Management

Currently, those patients deemed non-operable would be con-
sidered for PH-targeted therapy with or without BPA [13]. Giving
PH-directed medical therapies pre-PEA in patients who are surgi-
cal candidates is highly controversial and generally thought to

Table 1 Selected studies of BPA with hemodynamic and other outcomes (since 2017)

Study N, population mPAP, mmHg PVR, WU CI, L/min/m2 6MWD, m WHO FC

Aoki (2017) (Japan) N=424, before and
6 months after
BPA

38 ± 10 to 25 ± 6 7.3 ± 3.2 to 3.8 ± 1 2.7 ± 0.1 to 2.5 ± 0.5 380 ± 138 to 486 ± 112 Pre-BPA 28%; not reported
post-BPA

Ogawa (2017) (Japan) N=308, before and
immediately after
BPA.

43.2 ± 11 to 24.3 ±
6.4

10.6 ± 5.6 to 4.5 ±
2.8

2.6 ± 0.8 to 2.9 ± 0.7 318.1 ± 122.1 to 401.3 ±
104.8

Median FC: 3 to 2

Olsson (2017) (Germany) N=56, before and
24 weeks after
BPA

40 ± 12 to 33 ± 11 7.4 ± 3.6 to 5.5 ±
3.5

2.4 ± 0.6 to 2.5 ± 0.6 358 ± 108 to 391 ± 108 % of pts inWHO III/IV: 84% to
29%

Darocha (2017) (Poland) N=22, before and
immediately after
BPA

51.7 ± 10.6 to 35 ±
9.1

10.4 ± 3.9 to 5.5 ±
2.2

2.2 ± 0.5 to 2.5 ± 0.4 323 ± 135 to 410 ± 109 % of pts inWHO III/IV: 96% to
20%

Kriechbaum (2018)
(Germany)

N=51, before and 6
months after BPA

39.5 ± 12.1 to 32.6 ±
12.6

6.4 ± 2.7 to 5 ± 2.3 2.5 ± 0.6 to 2.5 ± 0.5* 375 to 308.5 % of pts inWHO III/IV: 96% to
12%

Brenot (2019) (France) N=79 from more
recent
period; before and
3-6 months after
BPA

43.6 ± 9.1 to 29.5 ±
7.7

7.5 ± 3 to 3.6 ± 2 2.73 ± 0.62 to 3.18 ±
0.68

407 ± 103 to 449 ± 86 % of pts in WHO III/IV: 55.1%
to 8%

Hoole (2020) (UK) N=30, before and 3
months after BPA

44.7 ± 11 to 34.4 ±
8.3

8.3 ± 3.5 to 5.5 ±
2.5

CO: 4.4 ± 1.1 to 4.8 ±
1.1

366 ± 107 to 440 ± 94 % of pts inWHO III/IV: 80% to
13%

*Not statistically significant. Abbreviations: mPAP mean pulmonary artery pressure, PVR pulmonary vascular resistance, WUWood units, CI cardiac
index, 6MWD 6-min walk distance, WHO World Health Organization, FC functional class, CO cardiac output
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merely delay the surgerywith no postoperative benefits [117]. The
medications that have been used to treat CTEPH are the same as
those used for WHO group 1 PH (selected randomized controlled
trials (RCTs) listed in Table 2).

Soluble Guanylate Cyclase Stimulator Riociguat, a guanylate
cyclase stimulator, is currently the only FDA-approved thera-
py for CTEPH. Riociguat was evaluated in the CHEST-1
study, a randomized controlled trial of 261 patients with inop-
erable CTEPH or persistent pulmonary hypertension follow-
ing PEA; the riociguat group demonstrated an increased
6MWD (+39 m vs −6 m in controls) and reduction in PVR.
There were no significant adverse events [118]. This data was
confirmed in the CHEST-2 long-term follow-up [119]. The
subsequent RIVER trial, which evaluated hemodynamic ben-
efits of riociguat in patients with PAH and CTEPH, found that
after 1 year of treatment, there was a significant reduction in
RA size, RV area, and RV thickness; an increase in TAPSE;
and an increase in RV fractional area change [120].

Endothelin Receptor Antagonists (ERA) The BENEFiT ran-
domized controlled trial showed that bosentan improved PVR
and CI but with no improvement in exercise capacity [121].
However, subsequent meta-analysis that included BENEFiT data
suggested that there may be an increase in 6MWD and a decrease
in mPAP [122]. The MERIT-1 randomized controlled trial evalu-
ated of macitentan in NYHA FC III/IV patients with inoperable
CTEPH demonstrated a significant 27% reduction of PVR with
macitentan vs 12.8% in placebo along with an improvement of
6MWD (35 m vs 1 m with placebo) [123]. The AMBER-1 study
was an RCT to evaluate ambrisentan for inoperable CTEPH. It
also showed an improvement in 6WMD in the treatment arm (28
m vs 7 m), a marked decrease in NT-proBNP (−29.4% vs
+14.1%), and a reduction in PVR. However, the trial was stopped
early for futility of enrollment [124].

Phosphodiesterase-5 Inhibitors (PDE5i) A small RCT exam-
ined sildenafil vs placebo for inoperable CTEPH and showed
improved FC and PVR reduction with no change in exercise
capacity [125]. Data for PDE5i are lacking in CTEPH and
such patients should be treated with riociguat, as concomitant
use of riociguat and PDE5i can cause profound hypotension
and is contraindicated.

Prostanoids In an RCT of treprostinil in 105 patients with
inoperable or persistent/recurrent CTEPH following PEA
and NYHA FC III/IV, patients were given high-dose vs low-
dose subcutaneous treprostinil; the 6MWD improved by 45 m
in the high-dose group and 4.3 m in the low-dose group, with
similar rates of adverse events [126•]. Other smaller cohort
and uncontrolled studies have shown hemodynamic benefit
and improvement in exercise capacity for epoprostenol
[127], survival (as compared to historical controls) and

hemodynamic benefit for treprostinil [128], and improvement
in exercise capacity, FC, symptoms, and quality of life in an
RCT for iloprost for PH (of which CTEPH patients comprised
28% of the population) [129].

Combination Therapy A retrospective study of dual upfront
combination therapy (ERA + PDE5i vs riociguat) for inoper-
able CTEPH demonstrated an improvement in FC and
6MWD and reduction in mPAP and PVR. The effect was
more pronounced with the combination of ERA + riociguat
and ERA + tadalafil than ERA + sildenafil [130].

Medical Therapy Versus BPA There have been two meta-
analyses of BPA vs CTEPH medical therapies. Compared to
placebo, both medical therapy and BPA showed a significant
improvement in 6MWD, mPAP, and PVR; but, BPA showed
more significant effects [131, 132]. The ongoing RACE trial is
evaluating riociguat vs BPA for inoperable CTEPH
(NCT02634203).

Combined Medical Therapy and BPA The strategy of riociguat
before BPA was evaluated in 36 patients in which riociguat
was administered for 3 months before BPA. There was a sig-
nificant initial improvement in FC and reduction in mPAP and
PVR on riociguat, which improved further after BPA [133]. In
a recently published study, BPA improved hemodynamics
with an additional improvement in CO and reduction in
PVR after 6 months of treatment with riociguat [134].

Conclusions

CTEPH remains a challenging and highly morbid con-
dition. All patients who are surgical candidates should
undergo PEA. Advances for non-operable patients, in-
cluding the use of BPA alone or with medical therapies,
have expanded with improved evaluation, techniques,
and outcomes with decreased complications. However,
many of these options have only been shown to im-
prove short-term endpoints with little data on long-
term outcomes. New approaches to prevent the develop-
ment of CTEPH after acute PE and novel therapies for
CTEPH are sorely needed.

Abbreviations 6MWD, 6-min walk distance; BNP, Brain natriuretic
peptide; BPA, Balloon pulmonary angioplasty; CAD, Coronary artery
disease; CEC, Circulating endothelial cells; CI, Cardiac index; CO,
Cardiac output; CRP, C-reactive protein; CT, Computed tomography;
CTED, Chronic thromboembolic disease; CTEPH, Chronic thromboem-
bolic pulmonary hypertension; CTPA, Computed tomographic pulmo-
nary angiography; DECT, Dual energy computed tomography; DOAC,
Direct oral Anticoagulant; DSA, Digital subtraction angiography; DVT,
Deep venous thrombosis; ECG, Electrocardiogram; ECMO,
Extracorporeal membrane oxygenation; ERA, Endothelin receptor
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antagonist; ETT, Endotracheal tube; FC, Functional class; GLS, Global
longitudinal strain; ICU, Intensive care unit; IPAH, Idiopathic pulmonary
arterial hypertension; IVC, Inferior vena cava; JVP, Jugular venous pres-
sure; LV, Left ventricle; mPAP, Mean pulmonary arterial pressure;
MMP-9, Matrix metalloproteinase-9; MRI, Magnetic resonance imaging;
MRA, Magnetic resonance angiography; NT-proBNP, N-terminal pro-
brain natriuretic peptide; PA, Pulmonary artery; PAH, Pulmonary arterial
hypertension; PDE5i, Phosphodiesterase 5 inhibitor; PE, Pulmonary em-
bolism; PEA, Pulmonary endarterectomy; PFG, Pulmonary flow grade;
PH, Pulmonary hypertension; PVR, Pulmonary vascular resistance; RA,
Right atrium; RCT, Randomized controlled trial; RHC, Right heart cath-
eterization; RPE, Reperfusion pulmonary edema; RV, Right ventricle;
TAPSE, Tricuspid annular plane systolic excursion; TR, Tricuspid regur-
gitation; UCSD, University of California, San Diego; V/Q, Ventilation/
perfusion; VO2, Peak oxygen consumption; VE, Minute ventilation;
WHO, World Health Organization
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