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shear stress in the pulmonary vasculature. If left 
untreated, CTEPH has a dismal prognosis due to 
right heart and secondary multiorgan failure.10,11

Chronic thromboembolic pulmonary hyper-
tension is the main representative of group 4 of 
the Nice classification of PH and is defined by 
symptomatic precapillary PH at rest with mis-
matched perfusion defects and pulmonary arte-
rial lesions after effective anticoagulation last-
ing at least 3 months.12‑15 If all criteria are ful-
filled, but the patient has no PH at rest, chronic 
thromboembolic disease (CTED) is diagnosed.14 
The incidence of CTED following pulmonary em-
bolism remains unknown.

Introduction  Up to 4% of all survivors of 
acute pulmonary embolism will develop chron-
ic thromboembolic pulmonary hypertension 
(CTEPH).1‑3 In these patients, incomplete reso-
lution with fibrotic alteration of the thrombotic 
material may be caused by inflammation, infec-
tion, thyroid dysfunction, irregular angiogene-
sis, and abnormal circulating phospholipids or 
fibrinogen.4‑9 Obstruction of at least 40% to 60% 
of the pulmonary arteries leads to the develop-
ment of pulmonary hypertension (PH) with sub-
sequent right heart impairment.1 In addition, ag-
gravating microvasculopathy may develop, which 
is currently explained by hyperperfusion and 
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Abstract
Chronic thromboembolic pulmonary hypertension constitutes a significant late sequela of pulmonary 
embolism. It is defined by precapillary pulmonary hypertension with mismatched perfusion defects 
and pulmonary arterial lesions after at least 3 months of effective anticoagulation. Symptomatic patients 
who do not have pulmonary hypertension yet fulfill all other criteria are diagnosed with chronic 
thromboembolic disease. The treatment of chronic thromboembolic pulmonary hypertension is based 
on 3 pillars: pulmonary endarterectomy, pulmonary arterial hypertension–targeted medication, and 
balloon pulmonary angioplasty. Surgical pulmonary endarterectomy is the standard of care and can 
be performed in 2/3 of all patients. Targeted medication with or without balloon pulmonary angioplasty 
is reserved for inoperable patients or those with residual pulmonary hypertension after surgical treatment. 
Despite the lack of profound evidence, the treatment of chronic thromboembolic disease is similar to 
that of patients with pulmonary hypertension: pulmonary endarterectomy is offered to operable 
individuals, whereas balloon pulmonary angioplasty is considered in inoperable patients. Since therapeutic 
strategies are complex, and diagnostic and therapeutic procedures—demanding, treatment in 
a specialized, experienced center is mandatory.
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concept:31 Balloon pulmonary angioplasty was 
performed as a staged procedure with a limit-
ed number of treated pulmonary segments per 
session. This led to a distinct decrease in com-
plications and mortality. The outcome was also 
very promising: several case series from Japan 
showed a significant improvement of pulmo-
nary hemodynamics with a decrease in pul-
monary vascular resistance of up to 65%.32,33 
Meanwhile, various centers around the world 
have published their initial results.34 ‑39 In Table 1, 
we summarized initial experiences beginning 
with the United States group in 2001, then pre-
senting the Japanese registry (7 centers) and 
the first European groups. It becomes obvi-
ous that especially the hemodynamic improve-
ment is usually less pronounced than in Jap-
anese studies. This issue has been discussed 
earlier,35 and possible explanations may be re-
lated to differences in experience levels, indi-
cations—due to various levels of expertise in 
PEA surgery and BPA, intervals between diag-
nosis and the first intervention, and character-
istics of patient populations.

The therapeutic algorithm in CTEPH cannot 
be directly transferred to patients with CTED. 
Thorough evaluation and careful decision mak-
ing are crucial in this specific group of patients; 
other explanations for patients’ symptoms need 
to be ruled out by echocardiography and cardio-
pulmonary exercise testing.14,17 Recently, exer-
cise right heart catheterization was proposed as 
a method to detect irregular changes in exercise 
hemodynamics.17 If CTED is diagnosed, surgical 
PEA may be offered, but the level of evidence is 
significantly lower than that of CTEPH.18,40‑42 
The rate of inoperability in CTED remains un-
clear, and there are no studies available regard-
ing the use of targeted medication. However, 
there has been some experience in the inter-
ventional treatment of inoperable patients with 
CTED: BPA was clinically beneficial,43,44 and pul-
monary hemodynamics showed an improvement 
in pulmonary arterial compliance,43 which is as-
sumed to be a relevant prognostic marker in pa-
tients with pulmonary arterial hypertension.45

Balloon pulmonary angioplasty  Technical-
ly, the BPA intervention is similar in patients 
with CTEPH and those with CTED31,35,43: using 
a femoral or jugular venous access, a 6- to 8‑Fr 
sheath is inserted into the central pulmonary 
artery, and the target segmental branch is intu-
bated using differently angled guiding catheters. 
A guidewire crosses the lesion and balloon dila-
tation is subsequently performed. To avoid com-
plications like reperfusion edema, the number 
of targeted pulmonary segments is attuned to 
the degree of PH. Nowadays, it is acknowledged 
that the most frequent (and clinically most rele-
vant) complication is parenchymal hemorrhage, 
mostly caused by wire perforation. Therefore, 

Treatment algorithm  Lifelong anticoagula-
tion is recommended for all patients with CTEPH 
or CTED. Additional treatments include diuret-
ics or long‑term oxygen therapy. The specific 
therapy of CTEPH is based on 3 methods: sur-
gical pulmonary endarterectomy (PEA), pul-
monary arterial hypertension–targeted medi-
cation, and interventional balloon pulmonary 
angioplasty (BPA). The therapeutic strategy has 
developed over the last 10 years in an interest-
ing way. The European guidelines from 2009 
recommended PEA as the standard treatment 
(level of evidence IC), while targeted medication 
might have been considered in inoperable pa-
tients (IIb/C), and BPA was not even mentioned.16 
In 2015, the European guidelines recommend-
ed PEA for operable CTEPH (IC), while targeted 
medication was recommended in inoperable pa-
tients or those with residual / recurrent PH af-
ter PEA (IB), and BPA might be considered in in-
operable patients (IIb/C).13 The most recent rec-
ommendation from 2019, derived from the “6th 
World Symposium on Pulmonary Hypertension,” 
shows a pragmatically simplified therapeutic al-
gorithm in comparison with the European guide-
lines from 2015, with PEA being the “treatment 
of choice” and targeted medication viewed as 
the first‑line therapy in inoperable CTEPH pa-
tients “with or without” BPA.17 It is undisputed 
that PEA is the only potentially curative treat-
ment option for patients with CTEPH: complete 
removal of the obstructing material leads to 
a significant clinical and hemodynamic improve-
ment and a distinct benefit for long‑term sur-
vival.18‑23 Knowledge about the level of hemody-
namic impairment and severe comorbidities as 
well as the availability of excellent imaging facil-
ities and surgical expertise are of importance in 
the therapy decision‑making process.19,24 If pul-
monary arterial lesions are located only in pe-
ripheral, subsegmental vessels, surgical treat-
ment may not be possible. When in doubt, a sec-
ond opinion should be considered.13,15 Altogether, 
1/3 of all patients with CTEPH are not amena-
ble to PEA.25 Specific medication is recommend-
ed in these inoperable patients, with secondary 
microvasculopathy being assumed to be the tar-
get and the rationale for medical therapy.25 Cur-
rently, riociguat and treprostinil are approved 
for inoperable patients with CTEPH.26,27 Resid-
ual or recurrent PH after PEA is another indi-
cation for targeted medication.

Balloon pulmonary angioplasty was devel-
oped to treat peripheral lesions in inoperable 
patients with CTEPH: the intervention was first 
described in 1988,28 and the first series of 18 pa-
tients treated in the United States was present-
ed in 2001.29 Shortly thereafter, another case 
series from Germany was published.30 Due to 
high complication and mortality rates, all pro-
grams were stopped and almost 10 years passed 
until the Japanese team demonstrated a refined 
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floppy‑tipped wires are mainly used with most 
cautious wire manipulation, especially in the pe-
riphery of the pulmonary vasculature.46,47 In-
terestingly, in our own cohort (more than 1300 
interventions), the use of short‑term noninva-
sive ventilation to avoid dystelectasis after pul-
monary hemorrhage significantly shortened 
hospital stay (median [interquartile range], 6 
[4–9] versus 4 [4–5] days; P = 0.015) (unpub-
lished data). Further, balloon size is slightly un-
derestimated to avoid pulmonary artery rupture. 
The intervention is performed under fluorosco-
py guidance, and numerous centers use digital 
subtraction angiography to document the pos-
tinterventional result 29‑40 (Figure 1). Meanwhile, 
various refinements have been suggested such 
as the use of optical coherence tomography,48 
dyna–computed tomography,49 as well as pres-
sure wires and intravascular ultrasound.50 Inter-
estingly, frequent administration of contrast me-
dium for BPA did not impair renal function.51,52 
Importantly, no data exist on the rate of reste-
nosis after BPA. However, according to our and 
other centers’ expertise, “there is no tendency 
towards restenosis [and] it is unnecessary to use 
stents.”53 Nevertheless, this specific issue nec-
essarily needs further investigation.

For the evaluation of mid‑term outcomes 
at 6 to 12 months after BPA, physical capacity 
(World Health Organization functional class, 
6‑minute walking distance), evaluation of qual-
ity of life, echocardiography, cardiopulmonary 
exercise test, oxygenation level, and pulmonary 
hemodynamics are usually used.29‑40,54 Addition-
ally, blood serum biomarkers such as N‑terminal 
fragment of the prohormone brain natriuretic 
peptide,55 high‑sensitivity cardiac troponin T,56 
growth differentiation factor 15, soluble suppres-
sion of tumorigenesis 2,57 pregnancy‑associated 
plasma protein A,58 cartilage intermediate lay-
er protein 1,59 as well as cardiac magnetic reso-
nance imaging60 and electrocardiography61 may 
be useful noninvasive diagnostic tools. The inva-
sive measurement of pulmonary hemodynamics, 
not only at rest but also during exercise, offers 
a differentiated insight into the hemodynam-
ic changes after BPA. Interestingly, even in pa-
tients without PH at rest after BPA, signs of ex-
ercise PH are detectable.62,63

Considering the promising short- to mid‑term 
outcomes as well as the reduced complication 
and mortality rates, BPA appears to be an im-
portant and established treatment method for 
inoperable patients with CTEPH. The key limi-
tation thus far is the lack of long‑term results: 
there have been very few studies that explored 
the effects of BPA after a longer time period (eg, 
at around 4 years).64,65 An international BPA reg-
istry is currently collecting data from approxi-
mately 500 patients (ClinicalTrials.gov identifi-
er, NCT03245268). Furthermore, a randomized, 
controlled trial comparing targeted medication Ta
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Figure 1  Balloon pulmonary angioplasty in segment 4 of the right lung. A complete occlusion of the ostium of both subsegmental branches was initially 
observed (A; circle). Guidewires crossed the lesions and were navigated to both subsegmental arteries. Subsequently, a “kissing balloon” maneuver was performed 
(B). Postinterventional angiography revealed that the whole pulmonary segment was reperfused with a quick venous return (C).
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