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ABSTRACT Balloon pulmonary angioplasty (BPA) is an emerging treatment for patients with inoperable
chronic thromboembolic pulmonary hypertension (CTEPH).

We report on a prospective series of 56 consecutive patients who underwent 266 BPA interventions
(median, five per patient) at two German institutions. All patients underwent a comprehensive diagnostic
work-up including right heart catheterisation at baseline and 24 weeks after their last intervention.

BPA resulted in improvements in WHO functional class, 6 min walk distance (mean change, +33 m),
right ventricular function and haemodynamics, including a decline in mean pulmonary artery pressure by
18% and in pulmonary vascular resistance by 26%. Procedure-related adverse events occurred in 9.4% of
the interventions. The most common complications were related to pulmonary vascular injury and
consecutive pulmonary bleeding. Most of these events were asymptomatic and self-limiting, but one
patient died from pulmonary bleeding, resulting in a mortality rate of 1.8%.

BPA resulted in haemodynamic and clinical improvements but was also associated with a considerable
number of complications, including one fatal pulmonary bleeding. As the effects of BPA on survival are
unknown, randomised controlled outcome trials comparing BPA with approved medical therapies in
patients with inoperable CTEPH are required to allow for appropriate risk–benefit assessments.
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Introduction
Chronic thromboembolic pulmonary hypertension (CTEPH) is a life-threatening disease caused by persistent
obstruction of pulmonary arteries as a result of residual pulmonary emboli and consecutive small-vessel
pulmonary vascular remodelling [1, 2]. Surgical pulmonary endarterectomy (PEA) is the standard treatment
of CTEPH and potentially curative [3, 4]. However, about one-third of the patients are not operable, mostly
because of peripheral location of pulmonary vascular obstructions or because of comorbidities [5]. In
addition, up to 50% of patients undergoing pulmonary endarterectomy have residual pulmonary hypertension
(PH), which is usually mild, but occasionally moderate-to-severe, requiring additional treatment [6, 7]. Drug
therapy with riociguat, a soluble guanylate cyclase stimulator, improves haemodynamics and exercise capacity
in patients with inoperable or residual CTEPH, but it is not curative [8–10].

An evolving interventional treatment option for patients with inoperable CTEPH is balloon pulmonary
angioplasty (BPA). After a first case report in 1988 [11], a series of 18 patients was presented by FEINSTEIN
et al. in 2001 [12], followed by two additional cases from Germany in 2003 [13]. BPA initially did not get
widespread attention as it was associated with serious and potentially fatal complications, most notably
reperfusion oedema and pulmonary bleeding. Over the past couple of years, however, BPA has re-emerged
after several centres, mainly from Japan, have optimised the interventional approach using modern
imaging technology, a careful staged approach and undersizing of the balloons to minimise injury to the
pulmonary vessels [14–16]. The initial peri-procedural mortality was 3–10% [16–18] but this figure has
dropped to 0–1.5% in more recent reports [14, 15, 19–22]. At the same time, impressive haemodynamic
and clinical improvements closely resembling those seen in pulmonary endarterectomy with normalisation
or near-normalisation of pulmonary haemodynamics in up to 50% have been reported [14, 19]. In
addition, hybrid procedures consisting of pulmonary endarterectomy surgery and intraoperative BPA have
been described in highly selected cases with operable findings in one lung and inoperable findings in the
contralateral lung [23].

Despite being a promising therapy for patients with CTEPH, BPA is not yet considered an established
procedure [24–26]. So far, there are no long-term, multicentre data on the safety and efficacy of BPA and
it is unclear if BPA improves survival in patients with inoperable CTEPH. In addition, BPA was initially
developed in countries where pulmonary endarterectomy was not widely used. Hence, several patients who
underwent BPA may have been considered operable in other countries. Only recently, BPA has been
adopted by European and American centres with established surgical programmes. In these centres, BPA
is offered exclusively to patients who are considered inoperable or who suffer from symptomatic residual
PH after surgery. It is unclear if the results of BPA in centres that strictly restrict BPA to inoperable
patients are comparable with the results of BPA in centres that offer this interventional approach to a
broader population of patients with CTEPH.

In Germany, BPA was introduced in 2013 by two centres with established surgical programmes for
CTEPH (Kerckhoff Clinic Bad Nauheim and Hannover Medical School). These two centres cooperate
closely as members of the German Centre for Lung Research. Both centres hold regular multidisciplinary
conferences to determine individual treatment strategies for patients with CTEPH and offer BPA only to
patients who are deemed technically inoperable or at high surgical risk, respectively. The two centres
utilise different imaging technologies and technical approaches but similar standardised follow-up
programmes for patients undergoing BPA to allow comparative analysis. Here, we present the results of
the first 56 consecutive patients who underwent BPA in these two centres.

Methods
Patient selection
The two participating centres hold weekly conferences of a multidisciplinary team consisting of
experienced PEA surgeons, interventional radiologists, cardiologists and/or pneumologists, and
anaesthesiologists, if required. Inoperable patients were selected for BPA based on a comprehensive
assessment of haemodynamics, comorbidities and imaging findings.
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Per protocol, PH-targeted medication was introduced at least 12 weeks prior to BPA and remained
unchanged during the study.

All patients were informed verbally and in writing about the innovative nature of the procedure including
potential risks and benefits. This prospective study was approved by the ethics committees of both
institutions and all patients provided written informed consent.

Clinical assessment
All patients underwent structured pre-specified assessment at baseline, i.e. prior to the first BPA, before
each consecutive intervention and 24 weeks after the last BPA. Assessment at baseline and at week 24 after
intervention included the WHO functional class (FC), the 6 min walk test (6MWT), the Borg dyspnoea
index obtained directly after the 6MWT, pulmonary function testing including the lung diffusion capacity
for carbon monoxide (DLCO), serum levels of creatinine (with calculation of the estimated creatinine
clearance) and the N-terminal fragment of pro-brain natriuretic peptide (NT-proBNP), echocardiography
(including right ventricular end diastolic diameter, right ventricular free wall diameter, tricuspid annular
plane systolic excursion, right atrial dilation, defined as right atrial diameter >43 mm in the four-chamber
view) and right heart catheterisation to determine right atrial pressure, pulmonary arterial pressures,
pulmonary arterial wedge pressure (PAWP), cardiac output (CO), cardiac index (CI), pulmonary vascular
resistance (PVR) and mixed-venous oxygen saturation (SvO2). Assessment between the BPAs consisted of
WHO FC, 6MWT and laboratory studies as described above.

Balloon pulmonary angioplasty
Both centres used a staged approach targeting a limited number of segmental or subsegmental pulmonary
arteries during each intervention with intervals of 4–6 weeks between each session. All procedures were
performed under local anaesthesia.

Bad Nauheim
In Bad Nauheim, all patients received direct-acting oral anticoagulants (DOACs) for the intervention
period. One day prior to BPA, DOACs were replaced with low molecular weight heparin (LMWH).
LMWH was not administered on the day of BPA. During the procedure, unfractionated heparin was used
intravenously at 100 IU·kg−1 to maintain an activated clotting time >250 s.

BPA was performed in a series of staged procedures over a 6-month period using a femoral or jugular
access. A 6F sheath ( Johnson & Johnson Vista Brite Tip, Milpitas, CA, USA) was placed in the pulmonary
artery using fluoroscopy (Siemens Axiom artis zee, Siemens, Erlangen, Germany), and a 6F guiding
catheter (Medtronic multi-purpose, Judkins right 4, Medtronic, Dublin, Ireland) was inserted in the
pulmonary artery to intubate the segmental arteries. The guide wire (Runthrough NS-PTCA Guide Wire,
Terumo Europe, Leuven, Belgium) was placed into the target subsegmental arteries, whose diameters had
been determined by fluoroscopy. Subsequently, the target subsegmental branches were dilated by multiple
balloon inflations using semi-compliant balloons (Emerge 2.0/20 mm and 4.0/20 mm, Boston Scientific,
Marlborough, MA, USA). To avoid pulmonary arterial rupture, slightly undersized balloons were used in
all cases. A final pulmonary angiography documented the post-procedural morphologic result.

Hannover
In Hannover, BPA procedures were conducted as described previously [27]. All patients received
anticoagulation with rivaroxaban, which was paused for the intervention day (without LMWH bridging).
During the procedure, patients received 5000–10000 IU of unfractionated heparin intra-arterially. A 6F
sheath (Destination – Peripheral guiding sheath, Terumo Europe, Leuven, Belgium) was placed in the
main pulmonary artery of interest and a selective C-Arm CT (CACT) was acquired using a 5F pigtail
catheter (Optitorque, Terumo Europe) as described elsewhere [27, 28]. The target lesions were localised by
selective digital subtraction angiography (DSA) and CACT. Based on these images, centre-lines indicating
the course of the pulmonary arteries were drawn, BPA positions were identified and marked by coloured
lines in the CACT dataset [27]. Both images could be superimposed on the live fluoroscopic image during
intervention for individual navigation. Subsequently, a 6F guiding catheter (MACH 1, Boston Scientific,
Marlborough, MA, USA) was advanced into the targeted pulmonary artery segment and a hydrophilic
0.014-inch guide-wire (V-14, Boston Scientific) was used to cross the target lesions. Based on the
measured vessel diameter in CACT, appropriate rapid exchange balloon catheters (1.2–4 mm, Emerge,
Boston Scientific) were selected. The balloons were advanced through the pulmonary lesion and inflated
for 15–60 s by hand using an inflation device. BPA results were documented by selective pulmonary
angiograms.
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Statistical analysis
The IBM SPSS Statistics 24.0 (IBM Corp, Armonk, NY, USA) and STATA 13.0 (State Corp LP, College
Station, TX, USA) statistical software were used to analyse the data. Categorical variables are shown as
numbers (n) and percentages (%). Continuous variables are shown as mean±SD, unless indicated
otherwise. For comparisons, Fisher’s exact test, Chi-squared test, Mann–Whitney U test, McNemar’s test
or two-sided paired t-test were used as appropriate. All reported p-values are two-sided unless indicated
otherwise; p-values <0.05 were considered statistically significant.

Results
Baseline characteristics, effects of BPA and procedures
Between August 2013 and January 2016, 56 consecutive patients were enrolled into this study: 31 in
Hannover and 25 in Bad Nauheim. Only patients undergoing hybrid procedures, i.e. PEA surgery and
BPA at the same time [23], were excluded. The demographics and baseline characteristics of these patients
are depicted in tables 1 and 2. Follow-up ended in July 2016. The median duration between CTEPH
diagnosis and first BPA was 14 months; in 34% of the patients this interval exceeded 2 years. Most patients
received PH-targeted therapies, which were introduced at least 3 months prior to baseline assessment and
kept unchanged during the study.

A total of 266 interventions were performed: 155 in Hannover and 111 in Bad Nauheim. In both centres,
the median number of interventions per patient was five (range, 3–8). The median number of vessels
targeted per intervention was two (range, 1–4). The median duration from first BPA to the 24-week
follow-up assessment was 13.8 months.

Treatment response
The effects of BPA on haemodynamics, right ventricular (RV) function, serum NT-proBNP and exercise
capacity are presented in table 2. WHO FC improved in 33 (59%) patients and remained unchanged in 22
(41%) patients; it did not deteriorate in any patients. The 6-min walk distance improved by an average of
33 m (about 9% from baseline) accompanied by a reduction in the Borg dyspnoea index. Haemodynamic
assessment showed improvements in right atrial pressure, mean pulmonary artery pressure (PAPm) and
PVR, while CO, CI and SvO2 remained unchanged. NT-proBNP improved and so did several
echocardiographic measurements of RV function including right atrial diameter, RV diameter and
tricuspid annular plane systolic excursion. Arterial oxygen tension (increased while DLCO remained
unchanged, as did serum creatinine and creatinine clearance.

TABLE 1 Characteristics of patients at time of inclusion

Last measurement prior to first intervention

Patients 56 (100)
Age years 65 (55–74)
Females 34 (61)
BMI kg·m−2 26±4
Post PEA 7 (13)
History of VTE 32 (57)
Interval between CTEPH diagnosis and first BPA months 14 (5–36)
Pulmonary function
TLC % pred 97±14
FVC % pred 88±17
FEV1 % pred 77±16

Pulmonary hypertension therapy
Riociguat 8 (14)
PDE5 inhibitor 33 (59)
ERA 10 (18)
Prostacyclin i.v. 1 (2)

Data are presented as n (%), median (interquartile range) and mean±SD. BMI: body mass index; PEA:
pulmonary endarterectomy; VTE: venous thromboembolism; CTEPH: chronic thromboembolic pulmonary
hypertension; BPA: balloon pulmonary angioplasty; TLC: total lung capacity; % pred: % predicted;
FVC: forced vital capacity; FEV1; forced expiratory volume in 1 s; PDE5: phosphodiesterase-5; ERA:
endothelin receptor antagonist.

https://doi.org/10.1183/13993003.02409-2016 4

PULMONARY VASCULAR DISEASES | K.M. OLSSON ET AL.



Supplementary table S1 shows the effects of BPA on haemodynamics, RV function, serum NT-proBNP
and exercise capacity in the two centres.

Complications
A total of 25 procedure-related complications (Hannover, n=9; Bad Nauheim, n=16) occurred during the
266 interventions (9.4% of all interventions, 32% of all patients; figure 1 and table 3). Most of these
adverse events were related to pulmonary vascular injury by wire perforation resulting in parenchymal
bleeding with or without haemoptysis, the majority of which were mild and did not require intervention.
There was, however, one episode of fatal pulmonary bleeding. In that patient, wire perforation of a
subsegmental right lower lobe artery occurred during the intervention. The patient was initially
asymptomatic and had no haemoptysis. Chest fluoroscopy showed mild parenchymal bleeding which
appeared to have stopped spontaneously without further therapeutic measures. The patient was discharged

TABLE 2 Changes from baseline to week 24

Baseline Week 24 p-value

Subjects n Value Subjects n Value

Exercise capacity
WHO functional class 56 55 <0.001
I 0 (0) 6 (13)
II 9 (15) 33 (60)
III 40 (70) 16 (25)
IV 7 (15) 0 (0)

6 min walking distance m 55 358±108 53 391±108 0.001
Borg dyspnoea scale (1–10) 55 4.7±2.0 53 3.1±2.0 <0.001

Haemodynamics and NT-proBNP
Right atrial pressure mmHg 55 8±5 55 6±4 0.001
PAPm mmHg 56 40±12 55 33±11 <0.001
PAPsyst mmHg 56 66±20 55 55±19 <0.001
PAPdiast mmHg 56 23±9 55 19±8 <0.001
PAWP mmHg 56 10±3 55 9±3 0.738
DPG mmHg 55 14±8 55 10±8 <0.001
TPG mmHg 56 30±11 55 23±10 <0.001
CO L·min−1 56 4.4±1.1 55 4.6±1.2 0.071
CI L·min−1·m−2 56 2.4±0.6 55 2.5±0.6 0.259
PVR dyn·s·cm−5 56 591±286 55 440±279 <0.001
SvO2 % 55 64±8 55 69±6 <0.001
HR bpm 56 72±12 55 69±11 0.123

NT-proBNP 56 504 (233–1676) 55 242 (109–555) 0.002
Echocardiographic findings
RVED diameter mm 51 38±9 49 34±8 0.002
RV free wall diameter mm 31 6.6±1.2 31 6.5±1.0 0.917
TAPSE mm 51 19±5 44 21±5 <0.001
RA dilation 50 38 (76) 49 19 (39) <0.001

Blood gas analysis and pulmonary function
PaO2 mmHg 53 62±9 53 66±10 0.001
SaO2 % 53 93±3 53 94±3 0.004
PaCO2 mmHg 53 34±3 53 34±6 0.801
DLCO % pred 53 57±16 53 58±19 0.261

Laboratory findings
Creatinine µmol·L−1 55 87±36 55 87±26 0.746
eGFR mL·min−1 56 62±15 55 64±17 0.343

Data are presented as n (%), mean±SD and median (interquartile range). WHO: World Health Organization;
NT-proBNP: N-terminal fragment of pro-brain natriuretic peptide; PAPm: mean pulmonary artery
pressure; PAPsyst: systolic pulmonary artery pressure; PAPdiast: diastolic pulmonary artery pressure;
PAWP: pulmonary arterial wedge pressure; DPG: diastolic pressure gradient; TPG: transpulmonary
gradient; CO: cardiac output; CI: cardiac index; PVR: pulmonary vascular resistance; SvO2: mixed venous
oxygen saturation; HR: heart rate; RVED: right ventricular end diastolic diameter; RV: right ventricle;
TAPSE: tricuspid annular plane systolic excursion; RA: right atrium; PaO2: arterial oxygen tension; SaO2:
arterial oxygen saturation; PaCO2: arterial carbon dioxide tension; DLCO: lung diffusion capacity for carbon
monoxide; eGFR: estimated glomerular filtration rate based on serum creatinine.
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from the hospital after 1 week in apparently good health but was admitted 14 days after the intervention to
another hospital with shock, respiratory distress and a large right-sided haemothorax. The patient could
not be stabilised and died from haemorrhagic shock.

Discussion
The present study supports the notion that BPA is potentially an effective interventional treatment for
patients with inoperable CTEPH. We saw improvements in pulmonary haemodynamics, RV function,
serum NT-proBNP, WHO functional class and 6 min walk distance in most of our patients, but this did
not come without risks. In the present series of 266 interventions in 56 patients, adverse events occurred
in 9.4% of the interventions; 32% of the patients had at least one procedure-related event. Reperfusion
oedema, which was the predominant adverse event in previous series [12, 15–17], was rare, occurring only
in two patients. By far the most common complication in our series was pulmonary bleeding because of
pulmonary vascular injury. In the majority of cases, bleeding was mild, asymptomatic and required no
intervention. One patient, however, died from pulmonary bleeding, resulting in a mortality rate of 1.8%.

The average haemodynamic improvement observed with BPA in our study was moderate with an 18%
drop in PAPm (from 40 mmHg to 33 mmHg) and a 26% decrease in PVR (from 591 to 440 dyn·s·cm−5).
These haemodynamic improvements were less pronounced than in previous publications from Japanese
centres, which reported reductions in PAPm and PVR between 31–49% and 45–69%, respectively [14, 15,
18–20, 22]. There are several possible explanations for these differences. 1) One might argue that Japanese
centres are more experienced in BPA than German centres; however, both German centres developed BPA
in close collaboration with Japanese centres and used basically the same interventional approach; in
addition the overall number of 266 interventions in our series makes lack of experience an unlikely
explanation; finally, the number of patients and interventions reported from Japanese centres was in the

a) b)

FIGURE 1 a) Digital subtraction angiography of the middle lobe arteries in a 63-year-old man with inoperable
chronic thromboembolic pulmonary hypertension (CTEPH) showing a pulmonary artery dissection (arrows)
after manipulation with the guiding catheter. b) Digital subtraction angiography of the right upper lobe
arteries in a 72-year-old woman with inoperable CTEPH showing pulmonary haemorrhage (arrow) after guide
wire perforation.

TABLE 3 Complications related to balloon pulmonary angioplasty

Total Hannover Bad Nauheim

Interventions# n 266 155 111
Pulmonary arterial dissection without bleeding 2 (0.8) 1 (0.6) 1 (0.9)
Vascular lesions with pulmonary bleeding but without haemoptysis 3 (1.1) 1 (0.6) 2 (1.8)¶

Vascular lesions with haemoptysis 15 (5.6) 5 (3.2) 10 (9)
Reperfusion oedema 2 (0.8) 0 (0) 2 (1.8)+

Others 3 (1.1) 2 (1.3) 1 (0.9)
Total 25 (9.4) 9 (5.8) 16 (14.4)

Data are presented as n (%), unless otherwise stated. #: others were groyne haematoma (n=1), peripheral
arteriovenous fistula (n=1), induction of atrial fibrillation, self-limiting (n=1); ¶: one event was fatal, see text
for details; +: both patients recovered after noninvasive ventilation.
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same range as in our series [14, 16]. 2) We studied a prospective cohort of consecutive patients treated in
two centres whereas previous reports were based on single-centre series, so that the possibility of selective
reporting cannot be excluded. 3) PEA surgery is well established in Germany but it is used less frequently
in Japan; some of the patients who underwent BPA in Japan would have been deemed operable in
Germany, but we selected for BPA only patients with inoperable disease or residual PH after surgery;
hence, patient populations were not comparable. 4) The majority of patients in our series had a relatively
long interval between CTEPH diagnosis and first BPA (median 14 months; 34% of the patients >2 years).
It is possible that some of these patients had developed peripheral pulmonary vasculopathy, which would
mitigate the haemodynamic effects of upstream interventions such as BPA.

The haemodynamic effects of BPA observed in our study were inferior to the effects of PEA surgery,
which decreases PAPm by approximately 40% and PVR by approximately 60% [3, 6], but are similar to
the effects of riociguat, which decreases PAPm by approximately 11% and PVR by approximately 31% in
patients with inoperable CTEPH [8].

The profile of the haemodynamic changes observed with BPA, however, was different from the
haemodynamic changes observed with medical therapy as we saw improvements in PAPm and PVR with
very small changes in cardiac output. Medical therapy, in contrast, tends to improve mostly cardiac output,
but the effects on PAPm are usually modest [8, 29]. One possible reason for this observation may have
been that most patients in our study had normal or near normal cardiac output at baseline, perhaps
because almost all of them were already pre-treated with PH medications. The baseline haemodynamics of
our patients were similar to the on-treatment haemodynamics reported with riociguat in the CHEST-1
study [8]. In addition, it is possible that the increase in cardiac output observed with most medical
therapies is partly mediated by systemic vasodilation, an effect that would be absent with BPA. This
hypothesis is supported by the haemodynamic effects of inhaled nitric oxide, a selective pulmonary
vasodilator, which also lowers PAPm with little effect on cardiac output [30].

As stated above, adverse events occurred in 9.4% of the interventions and in 32% of the patients. The
observed mortality rate of 1.8% (1 of 56 patients) is similar to more recent publications from Japanese
centres that reported mortality rates between 0 and 1.5% [14, 15, 19, 22]. However, the rate of pulmonary
vascular injury with or without pulmonary bleeding was higher in our series, possibly because we recorded
all episodes of parenchymal bleeding, even if they did not require interventions. The rate of adverse events
tended to be higher in Bad Nauheim than in Hannover, which might have been partly related to the fact
that Bad Nauheim used conventional contrast-enhanced DSA to guide the interventional procedures
whereas DSA and CACT imaging were used in Hannover. CACT provides more detailed imaging of
peripheral pulmonary arteries, allowing for a more reliable assessment of accessibility, vessel morphology
and diameter, adequate balloon size and procedural guidance [27, 28]. In addition, LMWH bridging in
patients receiving DOACs may have been associated with an increased bleeding risk in Bad Nauheim, as
has been reported from other patient populations [31, 32].

Our study has several limitations. Firstly, although this was one of the largest prospective series of BPA,
the number of patients was still small. Secondly, there was no control group. Thirdly, efficacy measures
such as 6MWT, WHO FC and haemodynamics were not obtained by blinded study personal. Finally,
long-term outcome data were not available. Despite these limitations, our data may provide a realistic
perspective on the risks and benefits associated with the introduction of a BPA programme in referral
centres with an established surgical programme for CTEPH.

In conclusion, our results confirm previous reports demonstrating that BPA improves haemodynamics, RV
function and exercise capacity in patients with inoperable CTEPH or residual PH after PEA surgery.
However, like any other interventional procedure, BPA is associated with potentially life-threatening
complications. Further studies need to determine whether CACT-guided BPA is safer than DSA-guided
BPA. Most importantly, as it remains unknown if BPA improves survival, our data call for a large,
prospective, multicentre study comparing long-term outcomes in patients receiving medical therapy and
BPA with medical therapy alone.
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