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Abstract

Pulmonary endarterectomy is the treatment of choice for patients with operable chronic thromboembolic pulmonary hyperten-

sion (CTEPH) as it is potentially curative. In expert centers that conduct> 50 pulmonary endarterectomy procedures per year,

peri- and post-surgical mortality rates are very low and long-term outcomes are excellent, with three-year post-operative survival

of> 80%. Therapeutic decisions in CTEPH are based largely on the location of the arterial obstruction, with pulmonary endar-

terectomy for obstructions in main, lobar, and segmental vessels, and balloon pulmonary angioplasty and medical therapy for small-

vessel disease. Medical therapy is also an option for patients with persistent/recurrent pulmonary hypertension after pulmonary

endarterectomy or balloon pulmonary angioplasty. With increasing surgical experience and improvements in instruments and

procedures, an increasing number of patients are now considered operable who would previously have been inoperable, including

some patients with subsegmental disease. At our University (University of California San Diego), around 200 pulmonary endar-

terectomy procedures are performed every year and several advances have been developed, including resection of more distal

disease, availability of pulmonary endarterectomy to patients previously considered to be at too high risk for surgery, improved

management of post-pulmonary endarterectomy complications, and minimally invasive pulmonary endarterectomy. Pulmonary

endarterectomy can be combined with other treatment modalities, including balloon pulmonary angioplasty, medical therapy for

persistent/recurrent pulmonary hypertension after pulmonary endarterectomy, and medical therapy or balloon pulmonary angio-

plasty as bridging therapy before surgery. Data on these combinations are, however, limited. Combination treatment should

therefore be considered on an individual patient basis. In the future, however, multimodal therapy with pulmonary endarterec-

tomy, balloon pulmonary angioplasty, and/or medical therapy is likely to be an important treatment option for many patients.
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Introduction

There are now several treatment options available for
patients with chronic thromboembolic pulmonary hyperten-
sion (CTEPH).1,2 For patients with surgically accessible dis-
ease, pulmonary endarterectomy (PEA) is the standard of
care as it is potentially curative. For patients with inopera-
ble CTEPH, percutaneous treatment with balloon pulmo-
nary angioplasty (BPA) is an emerging option, and the
soluble guanylate cyclase stimulator riociguat is licensed
for the treatment of patients with inoperable CTEPH and
those with persistent/recurrent CTEPH after PEA. In addi-
tion, other pulmonary arterial hypertension-specific medical

therapies (endothelin receptor antagonists, phosphodiester-
ase type 5 inhibitors, and prostanoids) are widely used off-
label to treat CTEPH. Regardless of operability status and
choice of therapy, all patients with CTEPH should receive
lifelong anticoagulation.
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Around 0.9 PEA procedures per million population are
performed annually in the USA, and around 1.7 per million
population in Europe,3 representing a steady increase over
the past decade as surgical expertise has improved and the
number of expert centers has increased worldwide. Here we
discuss the role of PEA in the management of CTEPH, with
a focus on our experience at the University of California San
Diego (UCSD) and describe the available literature on com-
binations of PEA with other CTEPH treatment modalities.

Role of PEA in current CTEPH management

PEA is the treatment of choice for CTEPH, and surgical
mortality rates are low, particularly in centers that conduct
a large number of such procedures.4 The proportion of
patients with CTEPH considered inoperable has varied
from 10% to 50%.5–7 Reasons for inoperability include
the presence of distal pulmonary artery obstructions not
accessible to surgery, imbalance between increased pulmo-
nary vascular resistance (PVR), and the number of accessi-
ble occlusions (which suggests the presence of microvascular
disease), and old age and comorbid conditions that make
the patient unsuitable for surgery.6–8 Elevated PVR
(>1500 dyn�s�cm�5) alone is not a contraindication to sur-
gery; in fact there is no higher limit of PVR which may
make a patient inoperable, as long as there is a correspond-
ing degree of obstructive disease. In some patients, severely
elevated PVR in combination with other risk factors may
render a patient inoperable. Furthermore, some patients
with operable disease choose not to undergo surgery.
Experience suggests that the number of patients considered
inoperable may be overestimated due to some patients being
incorrectly diagnosed as having CTEPH.5

Treatment guidelines recommend that patients with sus-
pected CTEPH are referred to expert centers for confirma-
tion of diagnosis and treatment, including PEA.4 An expert
center is defined as one with a high annual volume of PEA
procedures (>50/year) and surgical mortality< 5%, and the
ability to perform segmental endarterectomy.9 In addition,
expert centers should be capable of evaluating the need for
other established treatment modalities by individual
patients and offering any that are deemed necessary.2 All
expert centers must be able to call on a multidisciplinary
team for evaluation and management of CTEPH, including
a surgeon experienced with PEA, a pulmonary hypertension
(PH) specialist, a BPA interventionist, and a CTEPH-
trained radiologist.2 It should be noted that some patients
initially considered inoperable go on to have surgery after a
second opinion at an expert center.1

Patients with CTEPH who undergo PEA generally expe-
rience immediate improvement in CTEPH symptoms,
right ventricular function, and exercise capacity, with nor-
malization or near-normalization of hemodynamic param-
eters.6,9–11 As noted above, in-hospital mortality rates are
low (<5%) when surgery is conducted in high-volume
expert centers (Fig. 1),6,9,12 with mortality rates of 3%

and 7% reported at 3 and 12 months, respectively.6,10

Even in patients with distal disease, in whom surgery is

more challenging, in-hospital mortality rates of <10% are

reported.11 Long-term results of PEA are also excellent,

with improvements in both survival and quality of life com-

pared with patients who do not undergo PEA,13–15 and no

negative impact of circulatory arrest on cognitive func-

tion.16 Indeed, registries have reported 3-year post-

operative survival in CTEPH of 83–89%,8,13–15 compared

with �70% in patients who do not undergo PEA.8,13,15

After PEA, however, up to 51% of patients develop persis-

tent PH,6,10,14,17 although definitions of persistent/recurrent

PH varied between registries. For example, some used an

mPAP-based definition (> 25 mmHg or � 25 mmHg),6,14

while others used a combination of mPAP > 25 mmHg

and PVR> 240 dyn�s�cm�5.10,17 Importantly, the prevalence

of persistent/recurrent PH after PEA is underestimated,5

highlighting the importance of long-term follow-up after

PEA. Some patients with persistent/recurrent CTEPH,

however, will remain asymptomatic despite having elevated

pulmonary pressures, and may not require treatment. It

should also be noted that recurrent PH after successful

PEA is a distinct but rare condition caused by a further

thrombotic episode.9

Ultimately, therapeutic decisions in CTEPH are made

according to the location of the arterial obstruction, with

PEA for obstructions in larger vessels, BPA when the

obstruction is in smaller vessels inaccessible to PEA, and

medical therapy for obstructions not amenable to either

intervention (Fig. 2). As surgeons gain more experience

with PEA, and instruments and procedures improve, the

distal limits of operability are becoming refined, leading to

a greater percentage of patients being considered opera-

ble.3,11 For example, data from> 300 PEA operations at

an Italian expert center show similar in-hospital mortality

in patients with distal disease as in those with more proxi-

mal disease, with significant, sustained improvements in

hemodynamic, echocardiographic, and functional

Fig. 1. Survival rates after PEA increase with the experience of the
surgical center. Data from 26 European centers and one Canadian
center.6 PEA: pulmonary endarterectomy.
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parameters.11 PEA also plays a role in the management of
chronic thromboembolic disease (CTED), a condition in

which pulmonary thromboembolic occlusions are present
without PH at rest, but with similar symptoms to

CTEPH. Data on PEA in patients with CTED are limited,

although small-scale studies (n¼ 23–42) showed hemody-
namic and clinical improvements, with one-year survival

of 95% and improvement in quality of life.18–20

The UCSD PEA experience

Around 200 PEA procedures per year are conducted at
UCSD, where multidisciplinary teams for management of

CTEPH consist of a PEA surgeon, a pulmonary vascular

medicine specialist, an intervention cardiologist, and an
imaging specialist. All CTEPH diagnoses are confirmed

using ventilation�perfusion scan and computed tomogra-
phy pulmonary angiography,4 and patient selection for

PEA is typically based on: severity of CTEPH symptoms,
PH, and right heart dysfunction; extent and level of obstruc-
tion based on high-quality imaging techniques; correlation
of PH severity with degree of obstruction; comorbidities;
technical challenges for the procedure; and the risk:benefit
ratio, based on the patient’s expectations of surgery and
acceptance of risk.3 Surgical procedures and techniques
used at UCSD include median sternotomy, cardiopulmo-
nary bypass, circulatory arrest, plane identification, and
complete bilateral endarterectomy.3 A live PEA procedure
during the UCSD CTEPH Symposium, November 15–16
2019, highlighted aspects such as perfusion to the right
heart, cross-clamping, and vessel inspection to ensure no
residual disease as the goal.

Recent advances in management of CTEPH at UCSD
include resection of more distal disease, availability of
PEA to patients previously considered to be at too high
risk for surgery, improved management of post-PEA

Fig. 2. The management options for CTEPH target pathogenic manifestations in different parts of the pulmonary vascular bed. (a) Computed
tomography scan of a pulmonary artery. (b) Organized fibrotic material removed during PEA. (c) Selective pulmonary angiogram of segmental and
subsegmental pulmonary arteries, showing irregular vessel contour and occlusion, typical of CTEPH. (d) Microscopic examination showing a
luminal filling defect with recanalized chronic thrombus (web lesion) and no evidence of vasculopathy in the subsegmental artery. (e) Intimal
fibromuscular proliferation. (f) Plexiform lesion and vessel occlusion due to vasculopathy and proliferation. Adapted from Madani et al.5 [part (e)
from Moser and Bloor33] and Madani.3 A schematic representation of a pulmonary artery is shown (note that vessel diameter is not to scale).
PEA is used to remove thromboembolic lesions primarily in the proximal main artery (diameter of �1–3 cm), and lobar and segmental
arteries;9,34 in expert surgical centers, lesions in distally located mid-segmental and subsegmental branches can be targeted by PEA,9 down
to vessels of 2 mm in diameter. BPA mainly targets distal lesions in the segmental and subsegmental vasculature, down to small pulmonary
arteries of 2–5 mm in diameter. Medical therapy targets microvasculopathy, including intimal thickening and fibromuscular proliferation, in vessels
of 0.1–0.5 mm in diameter.35 Typical surgical specimens based on the most proximal level of obstruction are shown. The scale is in cm.
BPA: balloon pulmonary angioplasty; CTEPH: chronic thromboembolic pulmonary hypertension; PEA: pulmonary endarterectomy.
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complications, and minimally invasive PEA. To assist with

treatment decisions, the UCSD team have developed an

intraoperative classification of CTEPH based on the loca-

tion of the fibrotic thromboembolic material (Fig. 2):1,5

• Level 0: no evidence of CTEPH
• Level I: in the main arteries
• Level II: starting in the lobar branches
• Level III: starting in the segmental branches
• Level IV: only in subsegmental branches.

Level IC signifies complete occlusion of one lung with

total obstruction of the main right or left pulmonary

artery. Clinical experience has shown that PEA in patients

with Level III or IV disease is feasible and results in

hemodynamic and clinical improvement. With improve-

ments in surgical techniques, perioperative mortality has

fallen from almost 20% in the early years to <2% at

UCSD.1

The UCSD experience includes 42 patients who under-

went repeat PEA, with an average time between surgeries of

7.2 years. Patients experienced significant hemodynamic

improvement, with acceptable surgical mortality (2.3%).21

The following causes for recurrent PEA were identified in 39

of the 42 patients: anticoagulant treatment failure (n¼ 14

[warfarin, n¼ 9; direct oral anticoagulants, n¼ 4; low-

molecular-weight heparins, n¼ 1]); anticoagulation non-

compliance (n¼ 10); incomplete initial endarterectomy

(n¼ 9); and discontinuation of anticoagulation for medical

indications or bleeding (n¼ 6).
Based on advances in cardiac surgery, minimally inva-

sive techniques for PEA have been developed at UCSD,

with 15 patients having undergone the procedure to

date.22,23 The procedure is performed through bilateral

mini-anterior thoracotomies, with central or peripheral

cannulation and no cross-clamp. Importantly, however,

minimally invasive PEA is not appropriate for patients

with unsuitable chest anatomy, obesity, or distal disease,

or who are undergoing concomitant cardiac procedures.

Compared with patients who underwent conventional

PEA, those undergoing minimally invasive surgery were

younger, and both circulatory arrest and length of stay

were shorter with minimally invasive PEA. Furthermore,

PVR and lung perfusion were improved to a similar extent

with minimally invasive and conventional PEA, although

larger studies are needed to confirm the utility of this

novel technique.

Combining PEA with other treatment

modalities

Data on combination options are limited, and it is therefore

difficult to provide definitive guidelines. As a result, all

combination treatment should be considered on an individ-

ual basis.

Combination PEA plus BPA

While most patients with CTEPH have bilateral disease,

some patients have heterogeneous CTEPH, with operable

disease on one side but distal, inoperable disease on the

opposite side.24 There is therefore a rationale for combining

unilateral PEA with BPA on the contralateral side. Case

studies have demonstrated the feasibility of this combina-

tion, with improved hemodynamic parameters and func-

tional class.24

BPA or riociguat after PEA for patients with persistent/

recurrent CTEPH

In patients with persistent PH after PEA, there may be a

role for BPA, and this was assessed in a pilot study (n¼ 20;

mean of 7 months after PEA).25 The results showed that

BPA was associated with improved exercise capacity and

hemodynamic parameters in patients with persistent PH

compared with patients who did not undergo BPA. More

recently, BPA for treatment of persistent PH (mean of 28

months after PEA) was evaluated in 15 patients, showing

improvement in exercise capacity and hemodynamic

parameters.26

Available data suggest PEA combined with riociguat

may also benefit patients. The CHEST-1 study of riociguat

in patients with CTEPH included a subgroup of 72 patients

who received riociguat for persistent/recurrent CTEPH

after PEA.27 In these patients, riociguat improved exercise

capacity, PVR, and other secondary endpoints, and the

treatment effect was consistent with that in patients with

inoperable CTEPH.27 The study was not, however, powered

to detect differences between the two subgroups.

PEA after BPA

PEA after BPA is also possible, but challenging. In some

patients, the plane of dissection can be distorted or obliter-

ated during the BPA procedure. PEA relies on a careful and

meticulous dissection of the intima and media, the correct

identification of which is a key principle of this challenging

operation. If, for any reason, this plane is disrupted during

BPA (e.g. aggressive ballooning, or use of large size bal-

loons), the two layers of the artery (intima and media)

heal and seal, and the appropriate plane scars over time

and disappears, making PEA in this plane impossible. In

these circumstances, the plane of dissection has to be devel-

oped further and deeper, well into the media, making vessel

wall injury, rupture, and/or disruption more likely. In rare

occasions, when there is evidence of complete vessel wall

disruption as a result of prior aggressive BPA, significant

scarring of the remaining thromboembolic material and

parenchymal lung tissue makes subsequent PEA extremely

challenging and, in some cases, impossible.
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Bridging therapy before PEA

Greater hemodynamic impairment, particularly increased
PVR, is significantly associated with higher post-operative
mortality after PEA,28 and as a result there is interest in
using medical therapy as a bridge to PEA. Preliminary stud-
ies of pre-PEA therapy with intravenous prostacyclin or
bosentan have shown that medical therapy can improve
hemodynamics compared with no pre-PEA treatment,
although there was no difference in post-PEA hemodynam-
ics compared with controls.29,30 There are, however, con-
flicting data on the effect of pre-PEA medical therapy,
and bridging therapy has not been evaluated in randomized
controlled trials. For example, a retrospective analysis of
data from UCSD showed only minimal benefit of pre-
PEA treatment on mean pulmonary artery pressure, with
no impact on post-PEA outcomes.31 Notably, pre-PEA
medical therapy was associated with a significant delay in
time to referral for PEA. In a pilot study, however, patients
with operable CTEPH were randomized to bosentan (n¼ 8)
or standard of care (n¼ 7) for 16 weeks: those who received
bosentan showed significant improvements in imaging
parameters of right ventricular function and remodeling
compared with those who did not.32 Data from the
European CTEPH registry have shown that 2% of operable
patients received pre-PEA medical therapy in real-world
practice, and a multivariate analysis found that use of bridg-
ing therapy was a significant independent predictor of mor-
tality.15 The authors note, however, that bridging therapy
was used in patients with the most severe hemodynamic
impairment and suggest that the results may also be related
to delays in carrying out PEA and possible effects of pul-
monary arterial hypertension-targeted therapies on the
properties of chronic thromboembolic material, increasing
the difficulty of surgery. The potential for increased fragility
of the vessel wall or thrombus in patients receiving medical
therapy is currently a subject of active debate. The PEA
Bridging Study (ClinicalTrials.gov: NCT03273257) was
intended to investigate riociguat versus placebo in operable
CTEPH with high PVR, but slow recruitment and limita-
tions imposed by the COVID-19 pandemic have meant that
the trial has been terminated.

Conclusions

PEA is the guideline-recommended treatment of choice for
CTEPH as it has excellent long-term outcomes, and advan-
ces in surgical techniques are leading to refinement of oper-
ability definitions and improved outcomes. As a result,
many previously inoperable patients with more distal dis-
ease or higher surgical risk can now be considered operable
at expert centers. Despite these improvements, however,
there will still be patients who are ineligible for PEA,
while others develop recurrent/persistent PH after surgery.
Long-term follow-up after PEA is therefore essential for all
patients. In the future, multimodal therapy with PEA, BPA,

and/or medical therapy is likely to be an important treat-

ment option for many patients.
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