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ABSTRACT  Chronic thromboembolic pulmonary hypertension (CTEPH) is thought to result from
incomplete resolution of pulmonary thromboemboli that undergo organisation into fibrous tissue within
pulmonary arterial branches, filling pulmonary arterial lumina with collagenous obstructions. The treatment
of choice is pulmonary endarterectomy (PEA) in CTEPH centres, which has low post-operative mortality
and good long-term survival. For patients ineligible for PEA or who have recurrent or persistent pulmonary
hypertension after surgery, medical treatment with riociguat is beneficial. In addition, percutaneous balloon
pulmonary angioplasty (BPA) is an emerging option, and promises haemodynamic and functional benefits
for inoperable patients. In contrast to conventional angioplasty, BPA with undersized balloons over guide
wires exclusively breaks intraluminal webs and bands, without dissecting medial vessel layers, and repeat
sessions are generally required. Observational studies report that BPA improves haemodynamics, symptoms
and functional capacity in patients with CTEPH, but controlled trials with long-term follow-up are needed.
Complications include haemoptysis, wire injury, vessel dissection, vessel rupture, reperfusion pulmonary
oedema, pulmonary parenchymal bleeding and haemorrhagic pleural effusions. This review summarises the
available evidence for BPA, patient selection, recent technical refinements and periprocedural imaging, and
discusses the potential future role of BPA in the management of CTEPH.
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Introduction
Chronic thromboembolic pulmonary hypertension (CTEPH), a rare, potentially life-threatening disease of
the pulmonary vasculature, is a distinct entity (group 4) in the classification of pulmonary hypertension [1].

CTEPH is believed to develop when a pulmonary embolism does not resolve and transforms into fibrous
tissue that occludes the pulmonary artery [2-6]. Dysfunction and remodelling of the pulmonary
microvasculature similar to the arteriopathy of pulmonary arterial hypertension (PAH) are thought to
contribute significantly to the pathology of CTEPH.

Patients with untreated CTEPH are at high risk of progressive pulmonary hypertension, right heart failure
and death [7]. Early diagnosis and treatment by a multidisciplinary team are essential [8, 9]. Pulmonary
endarterectomy (PEA) is the gold-standard treatment. PEA is a potentially curative intervention, which in
expert centres carries an in-hospital mortality rate <5% and confers haemodynamic and functional
improvement with good long-term survival [10, 11]. However, <60% of patients with CTEPH can undergo
PEA, and pulmonary hypertension persists or recurs after the procedure in 17-31% of patients [12, 13].

For patients who are ineligible for surgery or who have persistent or recurrent pulmonary hypertension
following PEA, targeted medical therapies developed for PAH can be given [1]. The soluble guanylate
cyclase stimulator riociguat is currently the only medical therapy licensed for the treatment of CTEPH and
has been shown to improve haemodynamics and exercise capacity (class I recommendation, level of
evidence B) [1, 14]. Phosphodiesterase (PDE)-5 inhibitors, endothelin receptor antagonists (ERAs) and
prostanoids are not approved for this indication, because of a lack of positive randomised study evidence
(class IIb recommendation, level of evidence B) [1]. The results of a randomised trial of macitentan
10 mg-day ' compared with placebo are expected soon.

Percutaneous balloon pulmonary angioplasty (BPA) is an emerging option for patients with CTEPH who
are not eligible for surgery or who have recurrent or persistent pulmonary hypertension following PEA.
This review summarises the available evidence for BPA, recent technical refinements, patient selection and
periprocedural imaging.

History, evolution and evidence for BPA

Published studies of BPA are discussed below and summarised in table 1 [9, 15-32, 43]. The first full
report was published in 2001 by FEINSTEIN et al. [15] in the USA, describing 18 patients with inaccessible
or “nonsurgical” CTEPH. Reperfusion pulmonary oedema (RPO) occurred in 11 patients and 30-day
mortality was 5.5%. Follow-up (mean 36 months) reported improvements in mean pulmonary arterial
pressure (mPAP), New York Heart Association (NYHA) functional class and 6-min walking distance
(6MWD), and all vessels previously dilated were patent at angiographic reassessment.

Following FEINSTEIN et al’s report, BPA was abandoned for some years, mainly because of high
complication rates. However, more recent reports, mainly from Japan, have revived interest. SUGIMURA et al.
[17] performed BPA in 12 patients with distal-type CTEPH stabilised for 1-3 months with prostanoids,
sildenafil and/or bosentan. Pulmonary haemodynamics were improved, and survival was better than for
historical controls. Kataoka et al. [16] performed BPA in 29 patients with inoperable CTEPH, most of
whom had previously been treated with an ERA, PDE-5 inhibitor or prostanoid. Functional class, brain
natriuretic peptide (BNP) levels and haemodynamics were improved at follow-up; medication was
unchanged in most patients. Notably, haemodynamic effects took time to develop after BPA.

Shortly after these studies were published, ANDREASSEN et al. [18] reported results with BPA for segmental
and subsegmental pulmonary arteries in 20 patients in Norway with inoperable disease or persistent
pulmonary hypertension after PEA. NYHA functional class and haemodynamic values were significantly
improved, but periprocedural mortality was 10% and RPO occurred in seven patients. After 51 months’
follow-up, 85% of patients were still alive. Three further publications from European centres, one in 37
patients [9] and two others, each in nine patients [24, 25], described improvements in mPAP, exercise
capacity and functional class after BPA, with low rates of complications.

Most studies of BPA to date have been conducted in patients with a baseline mPAP >30 mmHg, and
predictors of treatment success have been identified as duration from symptom onset, baseline diastolic
PAP and diastolic pressure gradient [33].

Several Japanese centres have described improvements in haemodynamics, symptoms and exercise capacity
after BPA, with generally low rates of major complications and post-procedural mortality [19, 21, 22, 26,
27, 29, 30, 32], with some follow-up over a year [21, 22, 30].

BPA has been described in nine patients who had undergone PEA but had gradually deteriorated after an
initially favourable response [20]. Haemodynamics and functional class were improved at follow-up. Those
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TABLE 1 Published results with balloon pulmonary angioplasty (BPA) in the management of patients with chronic thromboembolic pulmonary hypertension (CTEPH)

First author, Patients Procedures CTEPH medical Mean Reduction in FC improvement 6MWD Complications Acute mortality Long-term
year [ref.] (Location) therapy pre-BPA age years mPAP mmHg improvement (<30 days after BPA)  outcomes
FEINSTEIN, 18 (USA) 47 NR 52+12 43.0£12.1 to NYHA FC 3.3 to 1.8 209 to 497 yards 11/18 RPO 1 (5.6%) 16/18 (89%)
2001 [15] catheterisations 33.7¢10.2 (p<0.001) (p<0.0001) 3/18 MV RPO + RHF, day 7 alive at
107 dilations (p=0.007) 34.2 months
Mean 2.6
procedures per
patient
Mizosuchi, 2012 68 (Japan) 255 sessions; 68/68 62.2+11.9 45.419.6 to WHO FC 296 to 368 m 76/255 sessions 1 RHF, day 28 66/68 (97%)
[43] 2-8 sessions epoprostenol 2426.4 (p<0.01) 3.0 to 2.0 (p<0.01) (p<0.01) RPO alive at 2.2
per patient; 1-5 ng-kg~"-min" 4/68 patients MV +1.4 years
1-14 vessels for ~5 days
dilated pre-BPA
per session
KaTtaoka, 29 (Japan) 51 procedures 14/29 bosentan 62.3£11.5 45.3+9.8 to At 6 months NR 27/51 procedures 1 wire perforation NR
2012 [16] (mean 1.8 per  2/29 ambrisentan 31.8+10 (p<0.01) NYHA FC RPO of PA
patient) 24/29 PDE-5i (p<0.01)* 1/29 patients MV
Mean 3 vessels 15/29 beraprost
dilated per
session
Mean 6.5 vessels
per patient
SUGIMURA, 12 with Mean 5 1-3 months 58 Meantsem WHO FC Meantsem 6/12 haemoptysis 0 All alive at
2012 [17] distal webs procedures pre-BPA: 47.8+11.6 to II/NI/IV 33/42/25%  350+105 m to mean
39 controls 14 lesions 7/12 epoprostenol 24.8+4.9 (p<0.01)  at baseline; 100% 441276 m 12 months
(Japan) 5/12 beraprost FC Il at follow-up (p<0.05)
11/12 sildenafil
5/12 bosentan
ANDREASSEN, 20 73 2/20 sildenafil, 60210 45+11t0 33¢10  NYHA FC 3.020.5 NR 7/20 RPO 1 RVF, day 1 17/20 (85%)
2013 [18] [Norway)  catheterisations stopped before (p<0.001) to 2.0£0.5 1 acute PE, day 9 patients alive
Mean 3.7 BPA (p<0.001) at median
procedures and 51 months
18.6 BPAs per
patient
Fukul, 20 (Japan) Mean 3.2+0.9 5/20 ERA 67+9.0 39.4+7.6 to WHO FC 2.8 t0 2.0 361104 mto  No major events 0 NR (1-year
2014 [19] procedures per 13/20 PCA 27.38.5 (p<0.001) (p<0.001) 46376 m retrospective
patient 4/20 PDE-5i (p<0.001) study)
6/20
combination
therapy
SHIMURA, 110, 423 NR 55.1 (post-PEA 43 to 26 (p<0.05) NYHA FC NR 1 RPO 0 9/9 alive at
2015 [20] including 44 BPA sessions patients) I/1I/10/1IV 0/3/5/1 to median
9 post-PEA  in 9 post-PEA 7/2/0/0 (p<0.05) 1.97 years
(Japan) patients after BPA
Continued
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TABLE 1 Continued
First author, Patients Procedures CTEPH medical Mean Reduction in FC improvement 6MWD Complications Acute mortality Long-term
year [ref.] (Location) therapy pre-BPA age years mPAP mmHg improvement (<30 days after BPA)  outcomes
INAMI, 103 350 procedures; Bosentan, 65 In patients with NR In patients with 0 with PEPSI + 0 with PEPSI + PWG 0 at median
2014 [21] (Japan) 145 with PEPSI + ambrisentan, PEPSI + PWG, PEPSI + PWG, PWG 6.4 months
PWG sildenafil, tadalafil from 38 to ~247 from ~360 to with BPA +
or beraprost ~420 m1 PEPSI + PWG
INaAMI, 68 (Japan) 213 sessions For BPA and PEA 62 42.9 to 25.0 NYHA FC 349+130 m to RPO 7.0% 1.47% Mortality 1.5%
2014 [22] patients combined improved (p<0.05) 424111 m Haemosputum at 14.3
(n=107) (p<0.0001) 2.3% +10.4 months
prostanoids 60% Haemoptysis 3.3%
PDE-5i 66% Dissection 2.3%
ERAs 55% Perforation 0.9%
YANAGISAWA, <65 years: <65 years: Bosentan, <65 years: 54 <65 years: Improved in both <65 years: 1 wire perforation At 1 year
2014 [23] 39 mean 4 sessions ambrisentan, >65 years: 70 42 t0 26.0 groups (p<0.05) 380 to 441 m <65 years: 0%
>65years: >65years: mean 3 sildenafil, tadalafil >65 years: More in age >65 years: >65 years:
31 (Japan) sessions (p=0.054) or beraprost 41 to 23.5 (p=0.11) >65 years 310 to 409 m 3.2%
(p<0.0001) (p=0.553)
KurzyNa, 2015 [91 20 (Poland) 37 procedures 82% of patients, NR 58+6 to 419 WHO FC lI/IV 95% Improved 2 RPO 10% (RPO) NR
105 vessels mainly sildenafil at baseline; exercise
35% at follow-up tolerance
VELAZauEZ MARTIN, 7 (Spain) 22 (mean 3 ERA + sildenafil + 61 56+17 to 3610 NYHA FC 3.840.2 NR 2 RPO 1 CVA day 7 NR
2015 [24] procedures per epoprostenol in (p<0.06) to 2.3+0.2
patient; each most patients (p<0.001)
procedure mean
2.4 segments,
1.2 lobes)
Roik, 2016 [25] 9 (Poland) 27 sessions in 6/11 sildenafil 76 Median (IQR) NYHA FC Median (IQR) 2 RPO 0 NR
9 patients 40 (32-54) to  I/1/1/IV 0/0/6/3 to 304 (135-450) 1 haemoptysis
Mean 3 per patient 34.5 (29-42) 0/7/2/0 (p=0.018) to
(p=0.01) 304 (205-530)
(p=0.03)
Aoki, 2016 [26] 25 (Japan) 113 procedures ERA 4% Median (IQR) Median (IQR) WHO FC Median (IQR) No severe 0 NR
Mean 4.7 per PDE-5i 71% 70 (60-74) 37 (28-45) to I/0/1N/1V 0/50/46/ 390 complications
patient Oral prostanoid 23 (19-27) 4% at baseline;  (286-484) m to
21% (p<0.01) 24/76/0/0% at 490 (411-617) m
Epoprostenol 8% follow-up (p=0.04) (p<0.01)
Riociguat 12%
Continued
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TABLE 1 Continued
First author, Patients Procedures CTEPH medical Mean Reduction in FC improvement 6MWD Complications Acute mortality Long-term
year [ref.] (Llocation) therapy pre-BPA age years mPAP mmHg improvement (<30 days after BPA)  outcomes
Kawakami, 2016 97 (Japan) 500 procedures ERA 47.4% 61.7¢12.3 45.1£10.8 to WHO FC 276.3+123.2 m Haemoptysis 4% NR
[27] Mean 5.2 per PDE-5i 36.1% 23.3t6.4 (p<0.01)  1/II/I/IV 0/0/70/  to 359.3+t91.9 m (19.6%)
patient Oral prostanoid 27% at baseline; (p<0.01) Pulmonary injury
(1936 lesions) 50.5% 13/76/4/0% at (26.0%)
i.v. prostanoid follow-up
9.3%
KiMura, 2016 [28] 66 (Japan) Mean 6.8 sessions ERA 41% 63.2+13.2 39.2+10.5 to NR NR Haemosputum 0 NR
per patient; mean PDE-5i 55% 20.945.4 (p<0.001) (6.1%)
13.1 vessels per Prostanoid 29% RPO requiring
patient Riociguat 11% NPPV (1.1%)
Kok, 2016 [29] 8 (Japan) 16 procedures NR 70.8+8.6 30.4+11.0 to NR 332.3+59.6 m to NR 0 NR
Mean 2 per patient 25.618.2 (p=0.04) 352.1%
64.1m
(p<0.0001)
Oco, 2016 [30] 80 (Japan) 385 sessions ERA 23% Median (IQR) 42411 to 25+6 WHO FC 372+124 mto  Wire perforation 0 NR
Mean 4.8 per PDE-5i 25% 68 (58-76) (p<0.01) 3.0£0.4 to 1.8+0.4 47099 m (7.5%)
patient (1155 Oral prostanoid (p<0.01) (p<0.01) RPO (4.7%)
lesions) 42% Haemoptysis
i.v. prostanoid 6% (4.7%)
Riociguat 6%
Tsueu, 2016 [31] 26 (Japan) Mean 6 sessions ERA 46% 63+16 38.3t8.4 to WHO FC 326.8+83.7 m to NR NR NR
per patient PDE-5i 72% 18.0£4.2 (p<0.01)  2.9£0.6 to 1.2¢0.4  400.3x77.4 m
Prostanoid 40% (p<0.01) (p<0.01)
Yamasaki, 2016 29 (Japan) Mean 2.7 sessions ERA 45% 61.9£10.6 42.6£11.0 to NR 391£75 m to NR 0 NR
[32] per patient PDE-5i 50% 30.0£6.6 437+68 m
Oral prostanoid (p<0.0001) (p<0.0001)
40%

Riociguat 40%

Data are presented as n or mean#sp, unless otherwise stated. mPAP: mean pulmonary arterial pressure; FC: functional class; 6MWD: 6-min walking distance; NR: not reported; NYHA:
New York Heart Association; RPO: reperfusion pulmonary oedema; MV: mechanical ventilation; RHF: right heart failure; PDE-5i: phosphodiesterase type-5 inhibitor; PA: pulmonary
artery; WHO: World Health Organization; PE: pulmonary embolism; ERA: endothelin receptor antagonist; PCA: prostacyclin analogue; PEA: pulmonary endarterectomy; PEPSI: Pulmonary
Edema Predictive Scoring Index; PWG: pressure-wire guidance; CVA: cerebrovascular accident; IQR: interquartile range; NPPV: non-invasive positive pressure ventilation. #. values not
reported; T: estimated from graphs.
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authors and others recommend combined PEA and BPA for patients with both proximal and very distal
lesions [20, 34]. One report from Japan described outcomes of CTEPH managed using drug therapy
(including anticoagulants and pulmonary vasodilators), BPA or PEA [22]. Despite significantly worse
haemodynamic parameters at baseline, patients managed with interventional therapies (PEA or BPA) had
significantly superior survival at 5 years than those treated medically (98% versus 64%, respectively;
p<0.0001). The efficacy and safety of BPA were similar in younger (<65 years) and older (=65 years)
patients [23]. Data comparing outcomes of PEA in operable patients with those of BPA in inoperable
patients suggest that the efficacy and safety of the two procedures are similar in their target cohorts [35].
In addition to the improvements in haemodynamics and functional capacity, there is accumulating
evidence that BPA leads to improvements in right ventricular function, including volumes, ejection
fraction, peak systolic strain, myocardial remodelling and alleviation of dyssynchrony [31, 32, 36-38].
In addition, left ventricular function may be improved, although this has been studied less extensively [32,
36]. Improvements in mPAP and pulmonary vascular resistance (PVR) after BPA are associated with
reductions in high-sensitivity troponin-T levels, suggesting attenuation of myocardial injury [28]. In
addition, BPA appears to improve respiratory function and oxygenation in patients with CTEPH (26, 39].

It is difficult to compare results between countries and regions because of differences in patient selection
and procedures, and possible differences in vascular structure and function related to ethnicity or diet. To
date, it is estimated that ~600 patients have been treated in Europe.

Current BPA practice

All patients with pulmonary hypertension, including CTEPH, should be evaluated and managed in a
centre with specialist expertise and facilities [1], including a CTEPH team [40]. A referral centre should
follow >50 patients per month and receive at least two new referrals for PAH or CTEPH each month [1].
The recommendation to perform BPA in expert centres (as for PEA) is important, because BPA is a
complex procedure that is not risk free. The first consideration in the evaluation of patients for BPA is the
feasibility of PEA [1]. The European Society of Cardiology/European Respiratory Society guidelines [1]
state that BPA may be considered for patients who are technically inoperable or who carry an
unfavourable risk/benefit ratio for PEA (class IIb recommendation, level of evidence C). This
recommendation covers a very diverse group and there are currently no data to identify those patients who
might benefit the most from BPA. Patient groups in whom BPA could potentially be used include those
with inoperable CTEPH due to distal distribution of vascular obstructions; those with an unfavourable
risk/benefit ratio for PEA (for example, few lesions but severe haemodynamics, or extreme surgical risk
because of comorbidities, etc.); patients with persistent/recurrent pulmonary hypertension after PEA;
patients in need of rescue angioplasty after early failure of PEA [41]; patients with residual lesions after
PEA; and patients with inoperable or persistent/recurrent CTEPH and an inadequate response to medical
therapy. Some patients may have no distinct comorbidities that directly affect the surgical risk of PEA, but
have limitations (e.g. general frailty, severe chronic obstructive pulmonary disease or inability to walk) such
that the potential functional gain from surgery is very small (“low benefit” rather than “high risk”). BPA
may be appropriate in these patients and is within the guideline recommendation. Conversely, BPA should
not be offered to patients with large central clots or unilateral total occlusion.

BPA was made possible by technical advances and accumulating experience in the management of
congenital and acquired pulmonary artery stenoses. The rationale is to open obstructed vessels or widen
stenotic lesions using a catheter-based intervention rather than the invasive surgery of PEA. The intention
is to improve haemodynamics and pulmonary perfusion, ultimately reducing right ventricular afterload
and preventing right ventricular failure. In outline, the procedure consists of the identification of
pulmonary artery lesions that can be treated; passage of a guide wire across the lesion or occlusion; and
balloon dilatation of the target lesions to restore pulmonary blood flow. Staged procedures with repeat
catheterisations and dilatations are needed to achieve optimal haemodynamic results. Long-term
haemodynamic and clinical follow-up are essential.

Percutaneous vascular access for BPA is via the femoral or jugular vein, using long sheaths through which
pre-shaped guiding catheters (e.g. multipurpose shape, right or left coronary Judkins or left Amplatz
shape) are inserted. Anticoagulation throughout the procedure is based on heparin at a level below that
required for coronary angioplasty (e.g. 2000 IU heparin) given hourly. Supplemental oxygen is given to
keep saturation levels above 95% during the procedure and to ease the breath hold for the patient. Patients
are required to hold their breath for >20 s to allow the wire to enter lower lobe branches. A long 6-, 7- or
8-French sheath containing a pre-shaped 6-French guiding catheter is placed in the pulmonary trunk and
guided to the right or left main pulmonary artery. Generally, the lobe with the worst perfusion identified
by lung perfusion scintigraphy is treated first. A primary target for BPA (as for PEA) is the right lower

https://doi.org/10.1183/16000617.0119-2016 6



CHRONIC THROMBOEMBOLIC PULMONARY HYPERTENSION | I. LANG ET AL.

lobe, because of its size and physiologically greater compartment of blood flow [42]. In patients with low
mPAP (i.e. <40 mmHg), more than one lobe may be treated in a single session [16, 17, 43, 44].

Pulmonary vascular lesions found in patients with CTEPH include fibrous webs, occlusions, tortuous
lesions and pouches [45]. It is important to have information about peripheral branches distal to the
lesion in order to perform BPA safely [42]. In severe cases, the primary goal is to reduce pressure by
addressing simpler lesions first (i.e. web lesions or ring-like stenoses). The guide wire is passed carefully
across the target lesion: proper guide wire placement must be proven before angioplasty can be performed
(figure 1). Recent practice in Japan has employed pressure wires to measure the ratio of distal to proximal
pressures across the target lesion: this information can be used to reduce the risk of RPO [21, 43]. In some
cases, soft hydrophilic guide wires are used, e.g. for the management of occlusive pulmonary artery lesions.
To begin the procedure, wires with tip loads <1 g should be used. Balloons should be undersized (i.e. a low
balloon/artery ratio) to reduce the risk of vessel injury and RPO: a 2-mm balloon is typically used for
initial dilatation, followed by larger balloons according to lesion size and residual pressure. The balloon is
inflated by hand until the fluoroscopic waist disappears or until the balloon is expanded at 5-8 atm. For
that reason, compliant balloons are preferred. Repeat dilatations with bigger balloons are performed if
there is <50% increase in angiographic vessel size and an increase of pulmonary venous backflow is

b)

d)

Arterial inflow

FIGURE 1 a] Pulmonary angiography, showing a stenosis in the subsegment of the 10th segmental artery (anterior view); b) the catheter is
introduced into a web stenosis; c) the wire is introduced between the fibrotic material and the balloon is inflated, leading to rupture of the web.
d) Angiography after balloon pulmonary angioplasty shows an improvement of blood flow with better perfusion of the parenchyma and quick venous
return. In contrast to pulmonary endarterectomy, the fibrous material is not removed from the arteries, but is crushed against the vessel wall.
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documented. In case of chronic total occlusions, microcatheters and wires with higher tip loads are used,
similar to conventional chronic total occlusion techniques. One retrograde chronic total occlusion
procedure has been reported [46]. Complete haemodynamics, including PVR, are measured pre-BPA, and
repeated before the next BPA.

Between three and 10 sessions of BPA are usually required for each patient, generally at intervals of >1 week,
to achieve the desired PAP reduction and treat all amenable lesions. The number of sessions required
depends on the extent of disease, the location and configuration of the lesions and the skills of the operator.
At each session, treatment is targeted to segmental and subsegmental pulmonary arteries of one pulmonary
lobe. The need for repeated sessions is an important consideration when explaining the procedure, planning
resources and evaluating potential hazards from repeated exposure to radiation and contrast media,
including contrast-induced nephropathy. For the proper reporting of BPA, the numbers and types of lesions
and the numbers of dilatations and sessions are monitored. Figure 2 shows pulmonary arterial imaging
before and after BPA.

After BPA, many patients still show elevated pressure and resistance values [9]. Riociguat has effects on
vascular and endothelial function that may be beneficial in CTEPH [47-52]. Consequently, hybrid therapy
(medical treatment combined with BPA and PEA) may be a promising option [9]. This could include acute
or chronic “bridging” treatment before BPA, to improve haemodynamics and potentially reduce the risk of
complications, or after BPA in patients whose haemodynamic response is unsatisfactory. Prospective studies
need to be performed in this setting. In many BPA studies, some or all patients received additional targeted

FIGURE 2 Pulmonary arterial imaging before and after percutaneous balloon pulmonary angioplasty (BPAJ.
a) Pre-procedure pulmonary angiogram demonstrating an intra-arterial fibrous “web” lesion; b) the
corresponding intravascular ultrasound image showing the intravascular filling defect; c] the BPA balloon in
place; d) pulmonary angiogram after the BPA procedure, showing the patent arterial lumen.
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medical therapy (see table 1) to stabilise the patient or improve haemodynamics before the procedure, and
this therapy was generally continued afterwards. However, medical therapy in conjunction with BPA has
not been systematically evaluated, and most studies were performed before the advent of riociguat.
Successful hybrid therapy with BPA and riociguat has been described in a case report [53]. However,
currently no robust data exist on the benefits of treatment with riociguat before and after BPA.

Imaging for BPA

Accurate pulmonary artery branch intubation and alignment of the guiding catheter to the lesion of
interest are essential for BPA; therefore, imaging techniques are critical. Selective pulmonary angiography
is used in the anterior-posterior and lateral projections, to reveal stenotic lesions, webs (“slits”), pouches,
arterial wall irregularities and complete vascular obstruction, as well as bronchial collaterals.
Three-dimensional/rotational angiography of the target vessels may be helpful for diagnosis and procedure
guidance [54, 55], but bi-plane or single-plane conventional angiography is usually sufficient. Iodinated
contrast media are generally used, usually by gentle hand-injection, and using a 1:3 saline dilution.
Gadolinium compounds can be considered in patients with iodine allergy.

Digital-subtraction pulmonary angiography is the most common imaging method used to examine the
pulmonary vasculature and to determine patient operability [56]. Figure 3 shows selective angiograms and
digital-subtraction angiograms from a 76-year-old female with CTEPH manifesting at the level of
segmental and subsegmental branching.

d)

c)

a) Left lateral b) Left frontal

/ 4

Right lateral

Right frontal

“‘

e Left lateral Left frontal Right lateral Right frontal

FIGURE 3 a-d] Selective angiograms and e-h) digital-subtraction angiograms of the right and left pulmonary arteries in a 76-year-old female
with chronic thromboembolic pulmonary hypertension manifestation at the level of segmental and subsegmental branching. e-h] Image
acquisition in the digital-subtraction angiography technique in frontal or lateral (90° left anterior oblique] projection using intra-arterial
contrast injection (iomeprol 300 mg iodine-mL~", flow rate 12 mL-s™", volume per injection 35 mL, frame rate 7.5-s™').
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Several other imaging techniques may also play a role in patient work-up. Cone-beam computed tomography
(CBCT) is important for localisation of relevant intra-arterial lesions and the assessment of pulmonary artery
diameter. A recent study by Fukupa et al. [57] comparing CBCT with selective angiography during BPA has
shown that CBCT can be used to select target lesions in segmental and subsegmental pulmonary artery
branches, and gives clearer images of webs and bands than conventional computed tomography angiography.
They identified the following lesion types. Type la: webs; type 1b: webs with severe narrowing of the
subsegmental artery; type 2: web and slits; type 3: slits; and type 4: pouch defect with incomplete obstruction
of subsegmental branches or complete occlusion. >90% of lesions diagnosed by CBCT were consistent with
the findings on selective angiography during BPA [57].

Contrast-enhanced, C-arm computed tomography (CACT) of the pulmonary arteries is feasible and
provides additional information to digital-subtraction angiography, improving the work-up of patients
before surgical or interventional treatment [54, 58]. CACT is accurate for procedure guidance in BPA and
pre-acquired image fusion can be used to reduce radiation exposure [54, 58]. Conventional pulmonary
angiography [59], optical coherence tomography (OCT) [60], optical frequency domain imaging [61, 62]
and magnetic resonance imaging [59, 63] may also be useful in some settings. Figure 4 shows conventional
pulmonary angiograms and corresponding OCT images from a patient with CTEPH. Experts in BPA do
not recommend OCT other than for cases where the diagnosis is unclear, because forceful injection of

FIGURE 4 a) Conventional pulmonary angiogram, with b} and c] corresponding optical coherence tomography
images from a patient with chronic thromboembolic pulmonary hypertension, showing the nature of vascular
obstructions at two locations. #: location for b); T: location for c). Scale bars=1 mm.
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contrast for the sake of OCT may increase perfusion pressure in the peripheral pulmonary vasculature and
cause pulmonary injury.

Dual-energy computed tomography has been used to demonstrate an increase in pulmonary blood volume
after BPA [29], and electrocardiogram-gated area detector computed tomography has also been used to guide
BPA [30]. Imaging techniques are generally complementary and their diagnostic utility may depend on local
practice and expertise [56]. Bearing cost in mind, simple radiographic imaging may be sufficient. In other
patients, two or more techniques may be needed to evaluate the lesions fully and determine management.

To date, the classification of vascular lesions considered for BPA has been based on the features of
specimens removed during PEA. However, organised thrombi are not removed during BPA; therefore,
KawakaMr et al. [27] attempted to establish a new classification of vascular lesions based on pulmonary
angiographic images. They reviewed 500 consecutive BPA procedures (1936 lesions) in 97 patients and
investigated outcomes based on lesion distribution and angiographic characteristics. The lesions were
classified into five types, as follows. Type A: ring-like stenosis lesion; type B: web lesion; type C: subtotal
lesion; type D: total occlusion lesion; and type E: tortuous lesion. The outcome and complication rates
were highly dependent on lesion characteristics. The success rate was higher and the complication rate was
lower in ring-like stenosis and web lesions. Total occlusion lesions had the lowest success rate. Tortuous
lesions were associated with a high complication rate and should be treated only by operators with
extensive experience. The authors concluded that the new classification could help to predict outcome and
complication rate of BPA and refine strategies for the procedure.

Safety and limitations of BPA
The principal complications associated with BPA are pulmonary oedema/pulmonary vascular injury, vessel
injury/rupture, pulmonary haemorrhage and haemorrhagic pleural effusion.

Acute pulmonary vascular injury/pulmonary artery rupture, pulmonary haemorrhage and RPO
Patients undergoing BPA are at risk of pulmonary artery injury (PAI) and haemorrhage [64] (table 1).
Importantly, respiratory failure may follow pulmonary vessel injury as a result of occult bleeding (B.C. Meyer,
Dept of Diagnostic and Interventional Radiology, Hannover Medical School, Hannover, Germanys;
unpublished data). INam1 et al. [64] identified four categories of PAI: wire perforation, high-pressure perfusion
injury, pulmonary artery rupture and pulmonary artery dissection. These complications are an immediate
result of procedural error and can lead to signs and symptoms such as haemoptysis, coughing or hypoxia
within 20 min, although they can be asymptomatic in some cases. Wire perforation is the most common PAI
and is usually caused by deep insertion of a guide wire into peripheral small branches, although if managed
correctly, wire perforation does not necessarily lead to RPO. Wire perforation can be reduced by stabilising
the guiding catheter and avoiding deep insertion of the guide wire in lesions with unclear distality, or by using
CBCT imaging to visualise the distality. The risk may also be reduced by avoiding BPA for complete
obstructions, which require a heavy-weight-tip wire [30].

RPO was common in early studies of BPA [15], but its incidence appears to be lower in some recent
studies (table 1). In contrast to the immediate complications described, RPO develops 24—72 h after the
procedure. Several types of acute vascular injury can lead to this complication. RPO after BPA was initially
believed to arise from the same mechanism as that encountered after PEA [65, 66] and to be related to
reperfusion itself, involving haemodynamic effects of angioplasty with elevation of the perfusion pressure
of the dilated territory. It is now believed to involve additional microtrauma caused by the guide wire
and/or balloon, vascular dysfunction, oedema and the release of inflammatory cytokines [30]. However, it
is clearly established that this risk is all the more important when the patient has severely impacted
haemodynamics (mPAP >40 mmHg and/or PVR >7 Wood Units). Underdeveloped bronchial arteries have
been identified as a risk factor for RPO [67]. Refinements to reduce RPO risk include intravascular
ultrasound to visualise the vessel and determine the appropriate size of the balloon catheter; use of a
soft-tipped 6-French guiding catheter and a 2-mm balloon for initial dilatation; use of non-invasive rather
than intravascular imaging modalities [30]; and medical therapy to reduce PAP as much as possible before
the procedure [43]. The Pulmonary Edema Predictive Scoring Index, based on flow in the target vessel just
before and after angioplasty, has been shown to predict the occurrence of RPO [42]. The addition of a
pressure wire technique to maintain a distal mPAP <35 mmHg during BPA sessions, and pressure
measurements across the target lesion to estimate the effectiveness of balloon dilatation further reduce the
incidence of clinically critical RPO and vessel injuries, and achieve the same haemodynamic improvements
with fewer target lesions treated and sessions performed [21].

The belief that RPO was due to reperfusion itself caused some centres to limit the target area for one
treatment session to two segments on the same side until the mPAP fell below 30 mmHg [43]. In contrast,
a later report from a Japanese centre stated that there is no limit to the number of lobes targeted in one
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session [44]. Therefore, it may not be necessary to limit a session to two vessels; however, that centre
limits the maximum time of radiographic fluoroscopy in a single session to 60 min [44]. The targets and
areas for treatment should be decided according to the operator’s experience and the type and
distribution/location of the patient’s lesion.

Pulmonary artery dissection can result from deep intubation of the guiding catheter, and pulmonary artery
rupture can occur after dilatation using oversized balloon catheters. Angiography or computed
tomography may help to locate PAIs [64]. Interventions to manage PAI include balloon sealing by
prolonged, low-pressure dilatation; slow infusion of protamine to reverse the effects of heparin;
embolisation with bioabsorbable gelatin or metallic coils; and insertion of covered stents [62, 64, 68, 69].
This is the only setting in which stents are currently used in BPA [9].

X-ray exposure

The use of repeated intraprocedural angiographic imaging to guide the intervention results in increased
X-ray exposure for both operators and patients. This exposure increases with the complexity of the
procedure, and may be underestimated by clinicians [70]. CBCT-based image guidance can help to reduce
the extent of digital-subtraction angiography, for example by finding appropriate working projections or
imaging the course of a pulmonary artery. Furthermore, image fusion of a pre-acquired CACT can be used
to decrease radiation exposure due to multiple CBCT acquisitions in several BPA sessions [54].

Currently, BPA should not be offered to patients who are eligible for PEA. In patients with recurrent or
persistent pulmonary hypertension, residual pulmonary artery webs or residual lesions after PEA, BPA is
less well established, as is PEA.

To date, BPA has only been evaluated in small, uncontrolled studies and knowledge of its long-term
effects on haemodynamics, functional capacity and survival remains limited, although data from follow-up
studies beyond 1 year in some Japanese centres are promising [21, 22, 30].

Future perspectives for CTEPH management

There are many unanswered questions regarding the merits of BPA versus PEA, including standardisation
of procedures and set-up, the appropriate target population, the role of medication and outcomes over the
long term [71]. There is far more experience of and many more publications about PEA, which is the only
intervention that offers a potential for cure. However, BPA is much less invasive than PEA, although it is
not without risk and should therefore be conducted only in expert centres and in accordance with current
guidelines [1]. An expert centre in Japan reported that PEA had greater effects on haemodynamics than
BPA, while effects on 6MWD and BNP levels were similar [22]. Such comparisons should be interpreted
with caution in view of the large differences between patient populations and eligibility criteria. A true
comparison of BPA with PEA can be obtained only with large, international, multicentre, controlled
clinical studies [72]. Although some patients are clearly eligible for PEA and others for BPA, there is some
overlap in terms of the anatomical localisation of thrombi and acceptable or unacceptable risk/benefit ratio
of PEA. Comparative trials should address these borderline patients. Such studies should be conducted in
high-risk patients eligible for PEA under a multidisciplinary team of surgeons, interventional cardiologists
and radiologists. They will be challenging because few centres are able to provide equal expertise in
surgery and BPA, and thus recruitment may be difficult. The degree of overlap between eligibility for PEA
versus BPA depends on the PEA operator’s skill as well as on patient characteristics. Such trials should
therefore be undertaken only in high-volume expert PEA centres. In coronary heart disease, the SYNTAX
trial compared percutaneous coronary intervention (PCI) with Taxus paclitaxel-eluting stents versus
coronary artery bypass surgery in patients with three-vessel or left main coronary artery disease [73].
SYNTAX involved stratification of patients by a risk score based on anatomical assessment of the disease.
Surgery was better than PCI (in terms of major adverse cardiovascular or cerebrovascular events) in the
tertile with highest risk score [73] and in patients with diabetes [74], while equivalence between PCI and
coronary artery bypass surgery was observed in the lower risk tertiles.

Patients with significant chronic vascular occlusions but near-normal pulmonary haemodynamics at rest
do not meet the formal definition of CTEPH and are described as having chronic thromboembolic
pulmonary vascular disease. The UK CTEPH centre published data on PEA in 42 such patients with
baseline mPAP <25 mmHg. There was no in-hospital mortality, and patients had significant improvements
in functional status and quality of life, although complications occurred in 40% of patients [75]. Therefore,
it may be expected that BPA could be beneficial in this setting, but no data exist on BPA in this group.

The absence of controlled comparative trials hampers comparisons between BPA and targeted medical
therapy. The RACE trial (ClinicalTrials.gov identifier NCT02634203) may address this problem. Patients in
France with non-operable CTEPH are being randomised to BPA or medical therapy with riociguat and
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will be followed-up for 26 weeks. The primary end-point will be the change in PVR at week 26. In Japan,
a randomised trial comparing riociguat with BPA (MR BPA) is ongoing (UMIN Clinical Trials Registry
identifier UMIN000019549).

Future developments in BPA can be expected to refine patient selection, imaging and procedures, potentially
leading to the use of BPA in patients who are potentially operable, but in whom the perioperative risk is
increased [9]. Developments may include the use of ancillary vascular devices such as stents and steerable
guides. An objective risk score to identify candidates for BPA should be developed and validated. CTEPH
registries will play a vital part in gathering data to identify the best candidates for BPA. In addition, it may be
possible to identify easily assessed biomarkers that allow monitoring of treatment outcomes without the need
for invasive measurement of haemodynamic parameters. The implications of concomitant conditions,
including diabetes, must also be explored. Further developments in BPA should be based on controlled
clinical studies in centres with multidisciplinary CTEPH teams, rather than observational data [72].

Another potential development is the combination of BPA and PEA for patients with CTEPH that is
proximal on one pulmonary artery territory and distal on the other. A preliminary study in three patients
found that this strategy improved pulmonary haemodynamics and functional class [76]. However, at
present this strategy remains experimental.

Advances in BPA may demand more refined definitions of CTEPH and pulmonary artery abnormalities. For
example, the distribution of intra-arterial lesions, lesion types, number of chronic total occlusions, proximal or
distal distribution of lesions and diameter of pulmonary artery branches should be reported. Future
management decisions may be refined according to the location of pulmonary artery lesions: treat proximal
lesions with PEA; subsegmental lesions with BPA; and very distal lesions with medical therapy [71]. Future
CTEPH management may consist of PEA, BPA and targeted medical therapy combined simultaneously or
sequentially and matched to the characteristics of the individual patient in acute settings and as they evolve over
time. A flexible strategy may offer the potential for substantial improvements in short- and long-term outcomes.
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