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ABSTRACT

Chronic thromboembolic pulmonary hypertension (CTEPH) is a chronic, progressive, debilitating, and life-threa-
tening complication of pulmonary embolism (PE). Recent technological advances have permitted various treat-
ment options for the treatment of CTEPH, including surgery, angioplasty, and medical treatment, depending
on the location and characteristics of lesions. Pulmonary endarterectomy (PEA) is the treatment of choice for
CTEPH, as it offers excellent long-term outcomes and a high probability of recovery. Moreover, various medical
and interventional therapies are currently being developed for patients with inoperable CTEPH. This review
mainly summarizes the current treatment approaches of CTEPH, offering more options for specialist physicians
to, thus, better manage chronic thromboembolic syndromes.
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Nomenclature

PE Pulmonary embolism

PH Pulmonary hypertension

RHC Right heart catheter

mPAP Mean pulmonary artery pressure
PAWP Pulmonary artery wedge pressure
PVR Pulmonary vascular resistance
V/iQ Ventilation/perfusion

CTPA Computed tomography pulmonary angiography
DOXT Domiciliary oxygen therapy
VKAs Vitamin K antagonists

NOACs Novel oral anticoagulants
6MWD 6-min walking distance
ECMO Extracorporeal membrane oxygenation
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1 Introduction

Chronic thromboembolic pulmonary hypertension (CTEPH) is a long-term and life-threatening
complication of pulmonary embolism (PE), which is classified in the fourth group of the European
Society of Cardiology (ESC) Pulmonary Hypertension Guidelines. According to the ESC Guidelines for
diagnosing and treating PH in 2022, CTEPH was defined as pulmonary hypertension (PH) following at
least 3 months of effective anticoagulation treatment of PE. The haemodynamic characteristics are as
follows: the mean pulmonary artery pressure (mPAP) measured by the right heart catheter (RHC) at rest
is >20 mmHg (1 mmHg = 0.1333 kPa), the pulmonary artery wedge pressure (PAWP) <15 mmHg and
pulmonary vascular resistance (PVR) >2 WU (Wood units) [1].

As a complication of acute PE, CTEPH is rare and potentially life-threatening. Its mortality rate is
decided by timely diagnosis and subsequently appropriate treatment. CTEPH is characterized by
unspecific symptoms involving multiple systems, and Multi-Disciplinary Treatment (MDT) including the
respiratory department, interventional department, thoracic surgery department, and cardiovascular
department is vital in clinical practice. Therefore, the prognosis varies greatly. In recent years, diagnostic
methods and multiple therapies have made CTEPH potentially treatable, leading to increased interest.
These therapeutic methods include pulmonary endarterectomy (PEA), balloon pulmonary angioplasty
(BPA), medical therapy, and multimodal therapy. To ensure the best outcomes, surgical candidates should
be carefully selected by a multidisciplinary team in an expert center [2]. This review aims to comprise the
novel diagnostic and therapeutic methods of CTEPH.

2 Epidemiology and Risk Factors of CTEPH

2.1 Epidemiology of CTEPH

Systematic follow-up of PE can improve the diagnosis rate of CTEPH. When obvious transient major
risk factors are absent, the CT characteristics of PH and chronic thromboembolic may serve as subsequent
risk factors in diagnosing CTEPH in cases of acute PE [3]. According to recent studies, the incidence and
prevalence rates of CTEPH are 2-6 and 26-38 cases per million adults, respectively [4—6]. Some
prospective observational studies have shown that the cumulative incidence rate of CTEPH varies from
0.1% to 11.8% in the first 2 years before symptomatic PE [7—11]. The wide variation of incidence rate
may be attributed to significant differences in the selection of the study populations, study design, and
diagnostic standards used, i.e., RHC [12]. Ende-Verhaar published a systematic review involving
16 studies that included 4,047 PE patients [11]. The incidence rate varies from 0.56% to 3.2% in the
three predefined subpopulations. The RHC might provide a higher incidence rate of CTEPH [11].

With the coronavirus disease 2019 (COVID-19) pandemic in full swing, it is expected that a higher
incidence rate of CTEPH will occur and that a delayed diagnosis will result in the progression of this
disease to more advanced stages. A brief report from the United Kingdom denoted that the number of
patients had contracted by 32% from the 3 years before the onset of the COVID-19 pandemic in
2020 [13]. This decrease can be attributed to unprecedented pressure on the healthcare system, the lack of
a more extended follow-up period, and a reduction in the prevalence rate of classical predisposing factors
for thromboembolism [14]. However, in a multicenter cross-sectional study, no higher incidence of
CTEPH was found in relation to COVID-19-related PE [15].

2.2 Risk Factors

Numerous studies have investigated many risk factors for the development of CTEPH after PE. It has
been found that age, unprovoked PE, recurrent PE, significant defect in pulmonary perfusion, proximal PE,
initial pulmonary arterial systolic pressure, and a history of combined lower limb varicose veins are risk
factors for CTEPH [9,16,17]. Meanwhile, the risk factors for CTEPH may be associated with many
clinical conditions, including permanent intravascular devices (pacemakers, long-term central lines, and
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ventriculoatrial shunts), inflammatory bowel diseases, essential thrombocythaemia, polycythaemia vera,
splenectomy, antiphospholipid syndrome, high-dose thyroid hormone replacement, and cancer [5,18,19].
Investigating these risk factors and baseline clinical conditions can promote the detection of CTEPH and
provide effective treatments [4,5,20].

3 Clinical Presentation and Diagnosis

3.1 Signs and Symptoms

CTEPH is detected among participants of an average age of 63 years old, with no significant gender
difference [19]. Symptoms of CTEPH are nonspecific until severe right heart failure. The period between
symptom onset and diagnosis is 14 months on average [21]. CTEPH is characterized by dyspnea after
exercise, accompanied by progressive aggravation or reduced tolerance to exercise. In addition,
hemoptysis and syncope may occur [9,19,22,23]. Symptoms of PH and right heart failure may emerge as
CTEPH progresses, including cyanosis of lips, distention of jugular vein, increased P,, edema in lower
limbs, and even pleural and abdominal effusions [24].

3.2 Ventilation/Perfusion (V/Q) Lung Scan

Ventilation/perfusion (V/Q) lung scan, computed tomography pulmonary angiography (CTPA), RHC,
and digital subtraction angiography (DSA) are important means for detecting CTEPH [18,25]. The V/Q
test can detect pulmonary artery stenosis or occlusive illness (including embolic disease) in PH patients
(Fig. 1). V/Q scans have high sensitivity (90%—-100%) and specificity (94%—99%) in excluding CTEPH
[26,27]. When pulmonary segmental perfusion does not match its ventilation and there is a perfusion
defect, pulmonary artery stenosis or obstruction should be considered [12,25]. Furthermore, other causes
of perfusion deficits can also occur in cases of pulmonary artery obstruction, such as pulmonary artery
sarcomas, fibrinous mediastinitis, etc., which must be differentiated based on clinical and imaging findings.

3.3 Computed Tomography Pulmonary Angiography (CTPA)

CTPA is a crucial diagnostic tool for pulmonary vascular disorders (Fig. 2). It is employed to diagnose
CTEPH by detecting both direct and indirect symptoms, such as filling defects (which may include thrombus
adhering to the vascular wall), webs or bands in the pulmonary arteries, PA retraction/dilatation, mosaic
perfusion, and enlarged bronchial arteries [28,29]. A recent meta-analysis encompassed 10 single-center
studies involving a total of 734 patients. The combined sensitivity, specificity, positive predictive value
(PPV), negative predictive value (NPV), accuracy, and diagnostic odds ratio (DOR) of CTPA for CTEPH
were found to be 0.98, 0.99, 0.94, 1.00, 0.96, and 292, respectively [28]. However, a basic limitation is
that a negative CTPA test cannot rule out CTEPH because small vessel defects may be not found [27].
Nevertheless, CTPA can provide vital image guides for PEA to treat CTEPH [30].

3.4 RHC and Digital Subtraction Angiography (DSA)

RHC is the gold method for diagnosing and categorizing PH (especially PAH or CTEPH) and may
support treatment decisions [12]. RHC provides hemodynamic data, including right atrial pressure, right
ventricular pressure (systolic, diastolic and mean), pulmonary artery pressure, PAWP, cardiac output,
mixed venous oxygen saturation (SvO,), and PVR, which are important predictors of long-term outcome
for PH [31].

DSA is used to diagnose CTEPH and evaluate therapeutic indications for pulmonary vascular surgeries,
such as PEA or BPA (Fig. 3). In light of the development of CT technology, C-arm CT (CACT) of the
pulmonary artery DSA may improve diagnostic work-up for patients with CTEPH by providing
additional information through identifying more vessels as prospective BPA targets and giving guidance,
especially before surgery or intervention [32,33].
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Figure 1: Perfusion images: multiple areas of sparse radiological distribution of defects are seen in both
lungs, with the left lung and right lung’s upper lobe being the most prominent

3.5 Diagnostic Strategy

It is recommended that any patient with PH should be carefully evaluated for the possibility of CTEPH,
regardless of whether an acute embolism has been documented [1]. For better screening and detecting
CTEPH, patients with persistent or new-onset dyspnea or exercise limitation following PE should
undergo a further diagnostic evaluation to assess for CTEPH/CTEPD according to the 2022 ESC/ERC
Guidelines (Fig. 4). In addition, after 3 months of anticoagulation for acute PE, symptomatic patients
with mismatched perfusion lung defects are recommended for referral to a PH/CTEPH center.

4 Therapy

The treatment of CTEPH involves a multimodal approach that combines PEA, BPA, and pharmacologic
therapy to target a diverse anatomical pattern of lesions, including proximal, distal, and microvascular
involvement (Fig. 5).
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Figure 2: CTPA images from chronic thromboembolic disease (CTEPH) patient. (A) Axial view
demonstrates the occlusion in the pulmonary trunk, (B) Multiplanar reformation visualizes this occlusion,
(C) Axial representation shows the occlusion in the left inferior pulmonary artery branch, (D) The
occlusion in the said branch is further depicted via multiplanar reformation

Figure 3: A patient with chronic thromboembolic pulmonary hypertension underwent balloon pulmonary
angioplasty (BPA). (A) DSA of the pulmonary artery prior to BPA procedure, (B) DSA of the pulmonary
artery post-BPA procedure
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Figure 4: Diagnostic strategy in chronic thrombo-embolic pulmonary hypertension. CPET,
cardiopulmonary exercise test; CTEPD, chronic thrombo-embolic pulmonary disease; CTEPH, chronic
thrombo-embolic pulmonary hypertension; CTPA, computed tomography pulmonary angiography;
DECT, dual-energy computed tomography; DSA, digital subtraction angiography; MDT,
multidisciplinary team; MRI, magnetic resonance imaging; N, no; PE, pulmonary embolism; PETCO2,
end-tidal partial pressure of carbon dioxide; PH, pulmonary hypertension; ReCo, recommendation;
RHC, right heart catheterization; sPAP, systolic pulmonary arterial pressure; V/Q, ventilation/perfusion;
VE/VCO?2, ventilatory equivalents for carbon dioxide; VO2/HR, oxygen pulse; VO2, oxygen uptake;
Y, yes. “*CTEPH suspected from history of PE, including elevated sPAP on echocardiography and signs
suggesting CTEPH on CTPA performed at the time of the acute PE. °Alternative perfusion imaging
techniques—such as iodine subtraction mapping, DECT, and MRI perfusion—are currently under
evaluation. “Typical pattern, including low PETCO2, high VE/VCO2, low VO2/HR, and low peak
VO2. ‘Comprehensive work-up after 3 months of therapeutic anticoagulation or sooner in unstable or
rapidly deteriorating patients. Ideally, CTPA, DSA, and RHC are performed in CTEPH centres, but
they are sometimes performed in PH centres, depending on the country and organization. Reproduced
with permission of the © European Society of Cardiology & European Respiratory Society
2023: European Respiratory Journal 61(1) 2200879; DOI: 10.1183/13993003.00879-2022 Published
06 January 2023
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Figure S5: Management strategy in chronic thrombo-embolic pulmonary hypertension. BPA, balloon
pulmonary angioplasty; CTEPD, chronic thrombo-embolic pulmonary disease; CTEPH, chronic thrombo-
embolic pulmonary hypertension; MDT, multidisciplinary team; N, no; PAH, Pulmonary arterial
hypertension; PEA, pulmonary endarterectomy; PH, pulmonary hypertension; PVR, pulmonary vascular
resistance; ReCo, recommendation; WU, Wood units; Y, yes. *Selected symptomatic patients with
CTEPD without PH can also be treated by PEA and BPA. "MDT meeting can be virtual. “Treatment
assessment may differ, depending on the level of expertise in PEA and BPA. “For inoperable patients
with PVR > 4 WU, medical therapy should be considered prior to BPA; there are limited data on BPA as
first-line therapy. Reproduced with permission of the © European Society of Cardiology & European
Respiratory Society 2023: European Respiratory Journal 61(1) 2200879; DOI: 10.1183/13993003.00879-
2022 Published 06 January 2023

4.1 Basic Therapy
For patients with confirmed CTEPH, treatment should be implemented. Basic treatment involves long-
term anticoagulation, diuretics, domiciliary oxygen therapy (DOXT), and rehabilitation [18].

Patients with CTEPH should receive anticoagulant therapy for the duration of their lives. CTEPD
patients without PH who are at intermediate or high risk of PE recurrence or who do not have a history
of VTE should receive long-term anticoagulation [1]. The most commonly used anticoagulants in clinical
practice are vitamin K antagonists (VKAs) and novel oral anticoagulants (NOACs). Recently, NOACs
(also known as direct oral anticoagulants, DOACs) have become increasingly popular as alternatives to
VKAs [34-36]. The DOAC: selectively inhibit the active sites of coagulation factors, such as dabigatran
targeting factor Ila and rivaroxaban and apixaban targeting factor Xa, thereby directly blocking key
components in the coagulation cascade to achieve an anticoagulant effect. A meta-analysis included a
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total of ten studies, which demonstrated that NOACs were non-inferior to VKAs in terms of all-cause
mortality, venous thromboembolism, and major bleeding. This meta-analysis provides support for the
utilization of NOACs in patients with CTEPH [37]. Although NOACs are increasingly used in the
treatment of CTEPH, they do not benefit patients with renal insufficiency or antiphospholipid syndrome
[38,39]. Before administering anticoagulants, individuals with CTEPH should undergo antiphospholipid
syndrome testing to guarantee a safe anticoagulant medication [1].

CTEPH patients benefit from long-term DOXT. It was uncovered in a randomized, placebo-controlled
trial conducted in patients with CTEPH who have exercise-induced hypoxemia that 5 weeks of DOXT
improves exercise performance, quality of life (QoL), and the New York Heart Association (NYHA)
functional class. Furthermore, DOXT can also serve as an adjunct to PH-targeted drug treatment for
CTEPH patients who suffer from mild hypoxemia at rest and exacerbated conditions during exercise [40].
CTEPH patients who develop right heart failure may experience hepatic stasis, plasma cavity effusion,
and other symptoms that can aggravate their overall health. Diuretics may be effective in improving
symptoms.

CTEPH patients can also benefit from the general measures recommended for PH, including supervised
exercise training, which is effective and safe for patients who are inoperable, and those who are still
recovering from PEA [41]. To date, the majority of exercise training studies in PH have adopted the
Heidelberg model [42], which entails an intensive inpatient induction phase lasting for 3 weeks, followed
by a 12-week outpatient monitoring period. Exercise is performed on a minimum of 5 days per week,
encompassing aerobic training, resistance training, and respiratory training. An extensive randomized,
controlled study has shown that exercise training is a feasible and safe adjunct to medical management in
treating PH and CTEPH [43]. Fukui et al. conducted a prospective randomized study to determine the
effects of rehabilitation following BPA [44]. Despite the small sample size, the results demonstrated that
the combination of BPA plus rehabilitation is more beneficial than BPA alone. A prospective cohort study
examined the effects of exercise training on patients with CTEPH who underwent PEA. The results
revealed that a significant improvement is seen in the cardiopulmonary output, mPAP, right heart size,
6-min walking distance (6MWD), QoL, and oxygen saturation within the first 3 weeks following PEA, as
well as during the following 19 weeks of exercise training [41]. Currently, the majority of programs are
still primarily situated within hospital settings, thereby limiting accessibility. A recent study has
demonstrated that a fully remote pulmonary hypertension (PH) and home-based (PHAHB) physical
activity program is both safe and feasible, while effectively enhancing functional capacity, promoting
levels of physical activity, and improving patients’ quality of life [45]. In conclusion, exercise training
can be practical as a supplement to CTEPH medication and perioperative care.

4.2 Surgical Therapy

CTEPH patients eligible for surgery may benefit from PEA, which involves removing thromboembolic
material from surgically accessible pulmonary arteries. The 2022 ESC/ERS Guidelines for the diagnosis and
treatment of PH recommend that CTEPH patients with fibrotic obstructions within pulmonary arteries
accessible by surgery should undergo PEA [1]. The procedure entails the excision of fibrous obstructive
tissue from the pulmonary artery during circulatory arrest under deep hypothermia. Complications
following PEA encompass infection (including ventilator-associated pneumonia, mediastinitis, catheter-
associated sepsis, etc.), persistent PH, neurological deficits, hemorrhage, reperfusion pulmonary edema,
pericardial effusion and the requirement for extracorporeal membrane oxygenation. Furthermore,
mortality is a significant complication post-surgery. It should be noted that the incidence and severity of
these complications may vary depending on individual differences and specific procedural circumstances
[46]. Some evidence indicates that PEA is effective in treating symptomatic CTEPD patients without PH,
with improvements in clinical and haemodynamic parameters at rest and during exercise [47,48].
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During PEA, the patient will be placed on a heart-lung machine, with deep hypothermia and circulatory
arrest (DHCA). The evaluation of surgical operability and the selection of the final treatment should be
performed by a multidisciplinary expert team consisting of experienced PEA surgeons (on-site or closely
collaborating) [25]. The feasibility of PEA is affected by several factors, including the team’s experience,
the accessibility to PA lesions, the correlation between the severity of PH and the degree of PA
obstructions, and comorbidities [49].

A well-established CTEPH center has a positive surgical outcome with a perioperative mortality rate of
2.5%, attributed to the improved management of cardiac and pulmonary complications and the use of
extracorporeal membrane oxygenation (ECMO) [50]. According to the CTEPH task force at the
2013 World Symposium on Pulmonary Hypertension (WSPH), PEA centers should have ECMO
available in case of unforeseen complications following surgery [17]. A retrospective analysis conducted
in the UK over a 17-year period revealed that patients who underwent PEA surgery and received ECMO
support had a 5-year survival rate of 73.9% (SE: 6.1%) and a 10-year survival rate of 58.2% (SE: 9.5%) [51].

Despite decades of progress, PEA continues to encounter a variety of obstacles. It leads to such
complications as neurological issues under DHCA, recurrent PH, and reperfusion pulmonary edema. For
instance, a meta-analysis showed that 25% of CTEPH patients have residual pulmonary hypertension
(RPH) after PEA [52]. However, long-term outcomes following PEA are excellent regarding survival (an
average 3-year survival of 90%) and QoL, even in patients suffering from distal PA obstructions [20,53—
55]. Even though the procedure is optimal, residual CTEPH persists in 10% to 40% of patients [46,56—
58]. According to a random study, pulmonary artery denervation (PADN) significantly reduces pulmonary
artery pressure (PAP) and PVR after PEA in patients with CTEPH. During the following 12 months, the
patients experience improved 6-min walking test (6MWT) results and reduced hospitalization needs [59].

It is essential to note that, despite the criteria for determining whether a patient is operable, the decision
on undergoing surgery is still influenced by the experience of the center responsible for the intervention.
Experience within a surgical or multidisciplinary team is crucial for evaluating which vascular lesions are
proximal and thus surgically accessible [2,52]. High PVR values, right heart dysfunction, and distal
pulmonary vascular obstruction combined with high PVR values are not absolute contraindications to
surgery [60]. Therefore, all CTEPH patients should undergo an evaluation in an expert center to
determine their eligibility for endarterectomy.

4.3 Interventional Therapy

After the reports from Japan in 2012, BPA has become a crucial part of the CTEPH therapy regimen [61—
63], which improves the distal blood supply to the stenosis by dilating the pulmonary artery stenosis through
mechanical methods. Patients who are technically inoperable or who have residual PH after PEA, as well as
those with distal blockages, are candidates for BPA. In addition, technically operable patients with a high
proportion of distal illness and an unfavorable risk-to-benefit ratio for PEA may also be candidates for
BPA [1]. It takes 4.8 sessions on average for a patient’s hemodynamic profile to improve [2]. A
multicenter study conducted in Japan revealed that 1,408 BPA operations have been performed on
308 participants. The following hemodynamic parameters are improved after BPA: mPAP and PVR,
whereas targeted therapy and oxygen therapy needs are reduced significantly [64].

According to studies, BPA improves haemodynamics, symptoms, exercise capacity, and right
ventricular function [65]. It is true that BPA is easier to perform than PEA and that it imposes fewer
restrictions on the patient. However, BPA is still associated with risks and complications, such as
hemoptysis, lung injury, pulmonary artery perforation, and pericardial effusion [25,66]. BPA-related lung
injury was previously described as a result of reperfusion pulmonary edema, but current consensus
indicates that mechanical vascular injuries are caused by wire manipulation or balloon over-dilation rather
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than reperfusion pulmonary edema [67]. To achieve the best outcomes, this treatment should be performed in
high-volume CTEPH-experienced centers. According to a randomized controlled experiment and an
auxiliary follow-up analysis, medical pretreatment can minimize the incidence rate of interventional
complications; therefore, patients with CTEPH should consider medical therapy before receiving BPA [68].

In a study published in 2018, Wasdenroth et al. demonstrated that BPA improves World Health
Organization functional class (WHO-FC), 6MWD, PVR, pulmonary artery compliance, and decreases
NT-proBNP concentrations in symptomatic CTEPD patients without PH [69]. While the text notes that
these results need to be confirmed by a more extensive, forward-looking international registry study. The
new guidelines clearly state that PEA or BPA should be considered for patients with selected symptoms
of CTEPD without PH [1].

A prospective pilot cohort research examined the efficacy and safety of bronchial artery embolization
(BAE) for the treatment of hemoptysis in patients with CTEPH [23]. The results uncovered that the
oxygenation index and right heart function are not significantly different between BAE-treated and non-
treated subjects. Compared to non-treated subjects, BAE-treated subjects have significantly reduced
hemoptysis relapse (20% vs. 80%; p = 0.025) and hemoptysis-related mortality rates (0% vs. 40%;
p = 0.032) and significantly increased overall survival (90% vs. 40%; p = 0.040) [23]. The findings of
this study might require further confirmation by prospective multicenter studies with a large sample size
in the future.

4.4 PH-Targeted Medical Therapy

The possibility of microvascular arteriopathy arising from CTEPH provides a rationale for adopting PH-
targeted therapy in treating CTEPH [70,71]. Phosphodiesterase-5 inhibitors (PDES5i), dual endothelin
receptor antagonists (ERA), prostacyclin analogs, and soluble guanylate cyclase stimulators (sGCs),
prostacyclin receptor agonist are some of the most common drugs used to treat CTEPH.

Riociguat, a stimulator of Guanylate Cyclase (an sGC), is the only drug approved by Food and Drug
Administration (FDA) for treating patients with inoperable CTEPH or persistent/recurrent PH after PEA
(Recommendation IB) [72]. Based on results from the CHEST-1 (Chronic Thromboembolic Pulmonary
Hypertension Soluble Guanylate Cyclase—Stimulator Trial 1), a phase III randomized controlled trial
(RCT), riociguat (targeting the nitric oxide pathway) significantly increases 6MWD and reduces PVR in
261 patients at 16 weeks after initiation of treatment compared to placebo. A bridging therapy trial
examining the efficacy and safety of riociguat is currently being conducted (NCT 03273257). Riociguat is
also being evaluated in comparison to BPA in patients with inoperable CTEPH [68].

In the CTREPH (Subcutaneous Treprostinil for Severe Non-operable Chronic Thromboembolic
Pulmonary Hypertension) trial, a comparison was made between low-dose (3 ng/kg/min) and high-dose
(30 ng/kg/min) treprostinil subcutaneous infusions in a mixed population of CTEPH patients. Treprostinil
(prostacyclin analog) treatment results in a 40-m improvement in 6MWD after 24 weeks [73].
Subcutaneous infusion of treprostinil may be considered for patients in WHO-FC III-IV who have
inoperable CTEPH or persistent/recurrent PH after PEA (Recommendation IIb B) [1].

The MERIT-1 (Macitentan in the Treatment of Inoperable Chronic Thromboembolic Pulmonary
Hypertension) trial is a phase II RCT study, and only patients with inoperable CTEPH were included.
Compared to the placebo, 10 mg macitentan (dual ERA) improves PVR and 6MWD at 16 and 24 weeks,
respectively [74]. Unlike previous studies, 61% of patients received PDESi or inhaled/oral prostanoid
therapies as background treatments. In an ongoing phase III RCT, the safety and efficacy of 75 mg
macitentan were evaluated in patients with inoperable, persistent, or recurrent CTEPH (NCT 04271475) [1].

In addition to the three large controlled trials described previously, several smaller studies have also been
published in the literature, see Table 1. As for other medical treatments, PDES5is (such as sildenafil) and ERAs
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(such as bosentan) have been used off-label because their efficacy in inoperable CTEPH has not been
validated by RCTs or registry studies [53,75,76]. Combination therapy with PDES5is and ERAs is
commonly prescribed in CTEPH patients with severe hemodynamic impairment [77]. The 2022 ESC/
ERC Guidelines revised the recommendation that off-label use of drugs approved for PAH may be
considered for symptomatic patients who have inoperable CTEPH (Recommendation IIb B). For patients
with inoperable CTEPH, combining sGCs/PDESis, ERA, or parenteral prostacyclin analogues may be
considered now (Recommendation IIb C) [1].

Table 1: Major clinical trials using PH-targeted medicine for CTEPH treatment

Pharmaceutical Medicine Clinical trial Published Experimental conclusion or content
category year
PDESi Sildenafil Sildenafil [78] 2008 The improvement of PVR and WHO
classification of cardiac function.
Tadalafil Tadalafil [79] 2009 Improved exercise capacity, quality of life
measures, and reduced clinical worsening.
ERA Bosentan BENEFIT [75] 2008 The PVR and heart index showed

significant improvements, while other
endpoints like 6MWD did not exhibit
statistically significant differences.

Macitentan MERIT-1 [74] 2017 The improvements in PVR and 6MWD
were statistically significant, while no
significant differences were observed in
other endpoints.

NCT Ongoing  The safety and efficacy of 75 mg

04271475 [1] macitentan were evaluated in patients with
inoperable, persistent, or recurrent CTEPH

Ambrisentan Amber 1 [80] 2019 The 6MWD, NT-proBNP, and PVR
showed significant improvements.
sGCs Riociguat CHEST-1 [72] 2013 The 6MWD, PVR, NT-proBNP, and WHO

grade showed significant improvements.

CHEST-2 [81] 2015 After 1 year of treatment, all endpoints

continued to significantly improve
compared to the beginning, and the efficacy
of CHEST-1 remained consistent.
Additionally, no serious adverse events
related to the medication were observed.

CTEPH EAS 2017 In the real world, all patients demonstrated

[82] significant improvements in 6 MWD and
WHO cardiac function, consistent with
CHEST-1 and CHEST-2 trial findings. No
serious drug-related adverse events were
reported. The incidence of syncope did not
significantly differ from baseline
measurement for CTEPH.

(Continued)
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Table 1 (continued)

Pharmaceutical Medicine Clinical trial Published Experimental conclusion or content
category year
RIVER [83] 2018 The right heart size and function showed
significant improvements.
RACE [68] 2022 The occurrence of severe BPA-related

adverse events was reduced in patients who
underwent riociguat pretreatment.

NCT Ongoing Examining the efficacy and safety of
03273257 [5] riociguat.
Prostacyclin Iloprost Air trial [84] 2002 The 6MWD showed improvement, but the
analogs sample size in the study was considered
insufficient.
Treprostinil CTREPH [73] 2019 The 6MWD, WHO cardiac function, NT-

proBNP levels, cardiac index, cardiac
output, and PVR showed significant
improvements.

4.5 Multimodal Therapy

Anatomical lesions may be mixed with lobar, segmental, or microvascular lesions in many patients.
Multimodal therapy involves using PEA, BPA, and pharmaceutical therapy in conjunction with each
other to address proximal lesions, distal lesions, and microvascular alterations (Fig. 6). Patients with a
high preoperative PVR are often prescribed medication to improve their pulmonary hemodynamics prior
to PEA. This practice remains controversial because it is thought to delay the referral for surgery and
eventual treatment [85—87].

Recent research evaluated three groups of 418 CTEPH patients: those undergoing PEA alone, those
receiving PEA combined with targeted healing therapy induction, and those treated with PEA after BPA
induction. Regardless of the type of preoperative treatment received, PEA leads to a similar reduction in
mPAP. However, early survival and prognosis are worse in patients who had surgery following medical
induction. With the adoption of BPA, elderly patients can undergo shorter procedures with satisfactory
results. It was concluded that multimodal therapy used to treat CTEPH patients does not affect the
effectiveness of PEA. Medical therapy and BPA may serve as a synergistic treatment approach with
surgery in some more challenging cases [88].

Multimodal therapy should be considered for patients with persistent PH following PEA and those with
inoperable CTEPH, according to new suggestions in the guidelines [1].

5 What Is New

The term CTEPD with or without PH has been introduced in group 4 PH, acknowledging the presence of
similar symptoms, perfusion defects, and organized fibrotic obstructions in patients both with and without
resting PH.

The guidelines advocate a multimodal, multidisciplinary approach (including surgery, intervention, and
medication) for patients diagnosed with confirmed CTEPH, see Table 2.
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Figure 6: Overlap in treatments/multimodality approaches in chronic thrombo-embolic pulmonary
hypertension. BPA, balloon pulmonary angioplasty; CTEPH, chronic thrombo-embolic pulmonary
hypertension; PA, pulmonary artery; PEA, pulmonary endarterectomy. Top panels: (A) Proximal PA
fibrotic obstructions (vessel diameter 10-40 mm). (B) Distal segmental and subsegmental PA fibrotic
obstruction is potentially suitable for both PEA and BPA interventions (vessel diameter 2—10 mm). (C)
Distal subsegmental PA fibrotic obstructions form a web-lesion in a subsegmental branch of the PA
suitable for BPA interventions (vessel diameter 0.5-5 mm). (D) Distal subsegmental PA fibrotic
obstructions form web-like lesions, which might be accompanied by microvasculopathy (vessel diameter
< 0.5 mm). (E) Microvasculopathy (vessel diameter < 0.05 mm) treated with medical therapy. Bottom
panels: (A) bottom left: PEA; vessel diameter (0.2-3 cm). The right PA is opened and the suction
dissector is introduced between the artery wall and fibrosis. Following the inside of the artery down to
segmental and subsegmental levels, the fibrotic material is subsequently freed from the wall and removed
with forceps. (A) bottom right: PEA specimen with ‘tails’ to subsegmental branches of the PA; cross-
section of partially organized and permeabilized thrombotic lesion of the large PA dissected during PEA.
(B-D) The wire is introduced between the fibrotic material (1), then the balloon is inflated, leading to a
rupture of the web (2). Fibrotic material is connected to the vessel wall (3). (E) Small muscular
PA displaying eccentric intimal fibrosis involving intimal thickening and proliferation—target for
medical therapies. Reproduced with permission of the © European Society of Cardiology & European
Respiratory Society 2023: European Respiratory Journal 61(1) 2200879; DOI: 10.1183/13993003.00879-
2022 Published 06 January 2023
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Table 2: Summary of updates of the CTEPH in 2022 ESC/ERC guidelines [1]

New or Recommendation in 2022 version Class®

revised

R Lifelong therapeutic doses of anticoagulation are recommended in all patients with I
CTEPH

N Antiphospholipid syndrome testing is recommended in patients with CTEPH I

N In patients with CTEPH and antiphospholipid syndrome, anticoagulation with I
VKAs is recommended

R It is recommended that all patients with CTEPH are reviewed by a CTEPH team for I
the assessment of multimodality management

R PEA is recommended as the treatment of choice for patients with CTEPH and I
fibrotic obstructions within pulmonary arteries accessible by surgery

R BPA is recommended in patients who are technically inoperable or have residual PH 1
after PEA and distal obstructions amenable to BPA

R Riociguat is recommended for symptomatic patients with inoperable CTEPH or 1
persistent/recurrent PH after PEA

N Long-term follow-up is recommended after PEA and BPA, as well as for patients 1
with CTEPH established on medical therapy

N A multimodality approach should be considered for patients with persistent PH after Ila
PEA and for patients with inoperable CTEPH

N In patients with CTEPD without PH, long-term anticoagulant therapy should be  Ila
considered on an individual basis

N PEA or BPA should be considered in selected symptomatic patients with CTEPD Ila
without PH

N Treprostinil s.c. may be considered in patients in WHO-FC III-IV who have b
inoperable CTEPH or persistent/recurrent PH after PEA

R Off-label use of drugs approved for PAH may be considered in symptomatic patients IIb
who have inoperable CTEPH

N In patients with inoperable CTEPH, a combination of sGC stimulator/PDESi, ERA, IIb

or parenteral prostacyclin analogues may be considered

N BPA may be considered for technically operable patients with a high proportion of IIb
distal disease and an unfavorable risk: benefit ratio for PEA
Note: *Class of recommendation.

6 Conclusion

In summary, PEA remains the gold standard treatment for patients with CTEPH. In suitable candidates,
PEA can significantly improve quality of life and exercise tolerance, reduce pulmonary vascular resistance,
and enhance long-term survival. However, some patients continue to have residual pulmonary hypertension
after surgery, while others are not candidates for PEA due to the location or extent of thromboembolic
lesions. For these patients, BPA has emerged as a promising treatment option. Available evidence
indicates BPA can effectively improve hemodynamics and functional capacity.

Additionally, medical therapy with soluble guanylate cyclase (sGC) stimulators has demonstrated
benefits in patients who are inoperable. A multimodality approach, combining PEA, BPA and
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pharmacotherapy, may provide comprehensive treatment tailored to each CTEPH patient’s lesion profile.
Importantly, most studies on BPA and medical therapy for CTEPH have been small non-randomized
trials. Large-scale randomized controlled trials are warranted to determine the long-term efficacy and
safety of these therapies. Further research is also needed to identify optimal patient selection criteria for
BPA and drug treatment.

In conclusion, while PEA remains the gold standard treatment, BPA and medical treatment offer new
hope for CTEPH patients who are not surgical candidates or have persistent pulmonary hypertension
despite surgery. Continued research to refine patient selection and treatment algorithms will be key to
maximizing outcomes in this complex patient population.
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