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Abstract

Chronic thromboembolic pulmonary hypertension (CTEPH) occurs as a consequence of a series of events
that includes arterial obstruction by embolic material, secondary in situ thrombosis, cytokine activation
and inflammation, and small vessel angiopathy. Medical therapies have a limited efficacy. Only the gua-
nylate cyclase stimulator, riociguat, is approved for this condition. Surgical pulmonary endarterectomy is
the definitive treatment for patients with proximal disease, but one third of patients with CTEPH are con-
sidered ineligible for surgery. Another third have significant residual pulmonary hypertension postopera-
tively. Balloon pulmonary angioplasty is an option for these patients. The procedure has a low procedural
mortality and high efficacy in experienced centres but has not yet been subjected to rigorous evaluation in
clinical trials. Alternative options for percutaneous management include atrial septostomy and pulmonary
artery denervation. Experience with these procedures is accumulating, but adequately powered, controlled
trials have not yet been performed.
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Pathophysiology
When it is not acutely fatal, pulmonary thromboembolism is typi-
cally followed by gradual thrombus absorption and resolution with-
out adverse sequelac. However, in a minority of affected individuals,
estimated to be between 0.5 and 9.1%', incomplete thrombus reso-
lution and subsequent fibrous organisation result in mechanical
obstruction of proximal and/or distal pulmonary arteries, leading to
an increase in pulmonary vascular resistance and pulmonary hyper-
tension. CTEPH may also occur in the absence of a history of acute
pulmonary embolism or deep venous thrombosis®, either as a con-
sequence of silent thromboembolism, or in situ thrombus forma-
tion in patients with thrombophilic disorders'>. The direct impact
of embolic material on pulmonary flow may also be compounded
by a series of indirect effects including slow flow and secondary
thrombus formation, inflammation, distal arterial vasoconstriction,
and vascular remodelling due to endothelial and smooth muscle cell
proliferation. This results in the formation of the plexiform lesions
typical of other aetiologies of pulmonary hypertension®®.
Angiographically, these changes are characterised by arterial
stenoses or complete occlusion, web-like lesions, longitudinal
bands, and the presence of bronchial arterial collaterals®>™. The
condition is best diagnosed by a combination of ventilation/perfu-
sion lung scanning, contrast CT imaging, and pulmonary angio-
graphy. Echocardiography and cardiac MRI are also valuable to
document the effects of pulmonary hypertension on right ventricu-
lar size and function, and on the presence and severity of tricuspid
valve regurgitation’.

Guideline-approved therapy

Without definitive therapy, the prognosis for patients with CTEPH
and severe pulmonary hypertension (PH) is poor. In one series',
the five-year survival for male patients aged 40-50 years corre-
lated strongly with the initial mean pulmonary artery (PA) pres-
sure. Survival at five years of patients with a mean PA pressure
of 41-50 mmHg was 35%, and of those with a mean PA pres-
sure of >50 mmHg was 10%!'°. In another series, the three-year
survival was only 10% in patients with a mean PA pressure of
>30 mmHg".

Although medical therapy with endothelin receptor antago-
nists, phosphodiesterase-5 inhibitors and prostacyclin analogues
has been used to treat patients with CTEPH!, none of these has
been definitively shown to provide benefit in the CTEPH popula-
tion. In some series'?, bridging therapy prior to surgery was asso-
ciated with a less favourable outcome than in patients who did not
receive medical therapy. The only medication currently approved
for the treatment of inoperable CTEPH is the novel compound
riociguat, a soluble guanylate cyclase stimulator's.

Pulmonary endarterectomy (PEA) is considered the definitive
therapy and is potentially curative'*!>. The procedure involves
meticulous surgical removal of all visible thrombus and distal
fibrotic material in segmental and subsegmental arteries. Although
high surgical mortality rates have been reported in the past?, the
perioperative mortality of surgical endarterectomy has fallen and

is now reported to be <10% in experienced centres'*'®. Five-
year survival after successful surgery has also improved and now
approaches 90%'>!, The surgery is complex and demanding, and
has been limited to a small number of centres of excellence in
many countries.

Balloon pulmonary angioplasty

Although progress in the surgical management of CTEPH has
been made unequivocally over the past decade, many patients with
CTEPH are considered ineligible for endarterectomy because of
surgically inaccessible distal vessel disease (Figure 1), advanced
age or comorbidities. Others have significant residual postop-
erative PH. In the series of Condliffe and colleagues'®, 32% of
patients evaluated for surgery were considered inoperable. In the
same series, 35% of the patients who survived surgery had persis-
tent postoperative pulmonary hypertension'.

For these patients, balloon pulmonary angioplasty (BPA) has
been proposed as an attractive and effective option (Figure 2).
The procedure is based on techniques developed for the manage-
ment of congenital pulmonary artery stenosis'”'®. In early experi-
ence, low-pressure balloon inflation was performed with a balloon
to artery ratio of 2:1-3:1'7, but the technique was later modified
to use smaller diameter balloons (balloon to artery ratio <2:1) at
higher pressure'®. The first series of patients with CTEPH treated
by BPA was reported by Feinstein and colleagues in 2001'°. The
procedure was complicated by reperfusion pulmonary oedema in
11 of the 18 patients (61%) but resulted in a significant reduc-
tion in mean PA pressure, with an associated improvement in
NYHA class and six-minute walk time (6MWT) at three months'’.

Since the initial reports, experience with BPA has accumulated,
particularly in Japan and subsequently elsewhere?*?!. In selected
patients, the improvement in haemodynamic parameters and clini-
cal outcome following successful BPA may be comparable to that
of PEA?. Published series have confirmed the observations of
Feinstein with a significant reduction in mean PA pressure and
pulmonary vascular resistance (PVR), an increase in cardiac out-
put and arterial oxygen saturation, a reduction in B-natriuretic
peptide (BNP), and improvement in functional class?*?’. The study
of Fukui and colleagues® also showed a favourable effect of BPA
on right ventricular (RV) remodelling, measured by cardiac mag-
netic resonance (MR) imaging three to six months post-proce-
durally, with a significant reduction in RV volume and RV mass
index, and a rise in RV ejection fraction (Figure 3). The changes in
RV performance correlated strongly with the change in pulmonary
haemodynamic parameters®. Similar changes have also been doc-
umented by echocardiography after BPA%, and following PEA by
cardiac MR?. Importantly, in follow-up studies, the acute haemo-
dynamic and functional benefits of BPA seem durable, at least to
one-year follow-up, with a negligible incidence of recurrent PA
stenosis?’#.

Histologic and imaging studies pre- and post-BPA have shown
a variety of pathologies and various mechanisms of balloon dilata-
tion of pulmonary stenoses®-!. Pre-BPA OCT imaging has shown



Interventions for CTEPH

Figure 1. Digital subtraction angiography (DSA) of the right (4) and left (B) pulmonary arteries showing multiple lesions (arrowed) in

CTEPH.

lesions composed of lipid-rich plaques, organised thrombus, and
honeycomb structures that can be difficult to identify angiograph-
ically”. BPA results in medial dissection and compression of
organised thrombus and microchannels®!, and breakdown or dis-
ruption of the webs and honeycomb lesions®*32.

The procedure has continued to evolve with changes imple-
mented to minimise the risk of complications. In particular, multi-
ple strategies have been described to reduce the risk of reperfusion
lung injury and alveolar oedema, and the associated risk of res-
piratory failure?>»-3%3234 The phenomenon has been well stud-
ied in patients treated by PEA. In an early series of 22 patients
who underwent PEA at UC San Diego between 1970 and 1984,
radiological abnormalities were identified in all but one patient®.
Pulmonary infiltrates developed within 72 hrs and persisted for

No RCT Safe
No long-term A
data Less invasive
Encouraging
first results

Figure 2. Pros and cons of balloon pulmonary angioplasty for
CTEPH. RCT: randomised controlled trial.

a mean of nine days. The most common radiological appearance
was “focal pulmonary oedema”, which occurred only in the dis-
tribution of treated artery segments. In each patient, the left atrial
pressure or pulmonary capillary wedge pressure was normal
(<14 mmHg)*. The authors speculated that the mechanisms of
the non-hydrostatic pulmonary oedema could include tissue injury
mediated by the release of oxygen free radicals or inflammatory
cytokines, and a possible role for the extensive bronchial collateral
circulation seen in this condition®.

Following BPA, reperfusion lung injury occurs with a simi-
lar frequency to post PEA?>%*. Several predictors of the compli-
cation have been identified. In one study, the risk of reperfusion
injury was related to the baseline pulmonary pressure, with an
increased risk in patients with a pre-intervention mean PA pres-
sure >35 mmHg". In a study by Inami and colleagues®, baseline
mean PA pressure, and baseline PVR were independent predictors
by multivariate analysis, but the strongest correlate was a novel
index, the PEPSI (Pulmonary Edema Predictive Scoring Index)
score, that incorporates the change in segmental pulmonary blood
flow and the baseline PVR. The number of arteries treated per ses-
sion was not predictive®>. The practical consequence of this find-
ing is that, in patients with a very high PA pressure and PVR, the
size of the territory revascularised matters more than the number
of vessels treated. For example, when a large arterial segment is
affected (e.g., the basal segments 8, 9 or 10), BPA should be lim-
ited to one subsegment to reduce the risk of reperfusion injury
and alveolar oedema. If required, additional segments should be
treated in staged procedures.

Based on these observations, the technique of BPA for CTEPH
has been modified in many centres, using guidance by sequential
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Figure 3. Cardiac MRI before (4) and after (B) BPA demonstrating right ventricular remodelling.

physiological assessment or intravascular imaging. Inami and col-
leagues used a 0.014” pressure guidewire to guide balloon infla-
tions, with the aim of achieving a distal pressure to proximal
pressure ratio >0.8%2. Further balloon inflations of each stenosis
were stopped when the mean distal pressure rose to 35 mmHg.
The authors retrospectively compared cohorts of consecutive
patients treated without pressure wire guidance (group 1), with
pressure wire guidance alone (group 2), and with guidance using
both the PEPSI score and physiological assessment (group 3)*.
The more intensively guided group of patients (group 3) had a sig-
nificantly lower incidence of moderately severe or severe reperfu-
sion lung injury, with the same haemodynamic improvement in
fewer treatment sessions®.

Other approaches to minimising complications of BPA have
included intravascular ultrasound imaging®3* and OCT?**. In
these studies, maximum balloon diameter was limited, usually to
<90% of the PA diameter, to minimise the risk of arterial dissec-
tion and perforation.

Patient selection for BPA

BPA is listed in the current guidelines for the treatment of PH
as an option for patients who are considered inoperable, or who
have an unfavourable risk:benefit ratio for PEA as a class IIb

recommendation with a level of evidence C'. Decisions made
regarding suitability for surgery versus angioplasty should be
made at expert referral centres by a multidisciplinary team which
includes cardiologists with expertise in the medical management
of pulmonary hypertension, respiratory physicians, cardiac sur-
geons with expertise in PEA, radiologists and other imaging spe-
cialists, intensive care specialists and/or anaesthetists, a clinical
nurse specialist, and social work/geriatricians. The BPA procedure
should be performed by an experienced interventional radiologist
or interventional cardiologist. The institution should have appro-
priate facilities for postoperative management including extracor-
poreal membrane oxygenation (ECMO) therapy and, ideally, lung
transplantation.

Patients considered for BPA should have severe PH (mean PA
>25 mmHg), and severe PVR (=3 Woods units or 240 dynes- sec - cm),
should be symptomatic (NYHA or WHO functional class >II), and
should be considered poor candidates for PEA. Anatomical fea-
tures that would favour BPA include focal stenoses, webs, bands,
intimal irregularities, abrupt narrowings, and some chronic total
occlusions in segmental or subsegmental pulmonary arteries that
are not readily accessible surgically®. Optimal medical therapy
should be instituted prior to intervention using oral anticoagulants
and appropriate anti-failure therapy. In some patients, angiographic



assessment may suggest operable disease in one lung, and inoper-
able disease on the contralateral side. In this situation, considera-
tion should be given to a hybrid approach, treating the inoperable
disease by BPA first or at the time of the pulmonary endarterec-
tomy (Figure 4)%.

BPA procedure

BPA is best performed as a staged procedure, often as a series of
three to five sessions over a period of several weeks to minimise
the risk of reperfusion injury. Heavy sedation should be avoided
since wiring of the target lesion often requires deep inspiration and
breath holding. Access is obtained from either the right internal
jugular vein or right femoral vein. Access to the right pulmonary
artery may be easier in some arterial anatomies using an internal
jugular approach but, in experienced hands, both pulmonary cir-
culations can be accessed from a femoral approach. Once access
is obtained and anticoagulant therapy given, a 6 Fr introducer
sheath is advanced into the main pulmonary artery, or right or left
PA over a 0.035” guidewire. A 90 cm sheath is used for femo-
ral access, and an 80 cm sheath is used from the internal jugular
vein. Through the sheath, a 6 Fr guiding catheter (Multipurpose or
JR4) is advanced to the arterial segment to be treated. The lesion
is crossed with a 0.014” wire, sometimes interrogated with [IVUS
or OCT, and dilated with undersized, rapid exchange balloons
(Figure 5, Figure 6). Inflations are performed sequentially aiming
to restore flow in the arterial and venous circulations, and reduce
stenosis severity without necessarily attempting to eliminate the
arterial narrowing completely (Figure 5). Several lesions can be
treated in one session, though the treated lesions are often limited
to one or two pulmonary segments. Since the lower lobes have
a more extensive vascular supply than the upper or middle lobes,

Interventions for CTEPH

lesions in the lower lobes are commonly treated first. Some opera-
tors prefer to limit procedural time, radiation dose and contrast
dose rather than the number or distribution of lesions treated>**>2,
Three-dimensional rotational angiography with image overlay has
been used in some centres to provide roadmap guidance to select
projection angles, and reduce fluoro time and contrast dose.

Complications of the procedure other than reperfusion lung
injury are relatively infrequent. They include pulmonary artery
dissection, perforation or rupture, cardiac perforation, arrhyth-
mias, pulmonary haemorrhage and haemoptysis, contrast allergy
and contrast-related renal injury, and access-site injury including
pneumothorax (Table 1).

Table 1. Complications of balloon pulmonary angioplasty.

Pulmonary artery injury
— dissection/perforation/rupture

Pulmonary haemorrhage

Reperfusion lung injury
— alveolar oedemal/respiratory failure

Access-site injury
— vascular/pneumothorax

Cardiac perforation/arrhythmia

Contrast nephropathy

Contrast allergy

Atrial septostomy

In selected patients with PH, the creation of a right to left shunt
by atrial septostomy has provided symptom relief and objective
improvement in exercise performance. Although this has most fre-
quently been used for treatment of other causes of PHY, it could
be considered an option in patients with inoperable CTEPH who

are not good candidates for BPA, and in those with persisting

CTEPH confirmed

Non-operable
(mostly subsegmental lesions, comorbidity,
age, recurrent pulmonary hypertension
after PEA)

I
BPA possible
(surgically inaccessible
webs, bands, abrupt
narrowing, CTOs)

(" BPA not possible/

reasonable
(lesions which do not explain
pulmonary hypertension,
pleura near lesions with
L high risk for perforation)

Medical BPA+
therapy } [medical therapy} [ BPA

ST
Operable and contra %perablei e
~ central and segmental lesions,
non operable border zone segmental -
findings subsegmental lesions)
Hybrid
procedure
PEA/BPA
} PEA

Figure 4. Decision tree for management of CTEPH. BPA: balloon pulmonary angioplasty; CTO: chronic total occlusion; PEA: pulmonary

endarterectomy
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Figure 5. BPA procedure for bifurcation disease. A) Selective DSA showing subtotal peripheral occlusion. B) Venous run-off before BPA.
C) Kissing balloon BPA of the bifurcation lesion. D) Selective DSA post-BPA. E) Venous run-off after BPA.

post-PEA PH. The technique is based on the observation that
patients with severe PH associated with Eisenmenger’s syndrome
have a more favourable haemodynamic profile, better functional
capacity and a better prognosis than patients with primary PH*.
The presence of a shunt is thought to increase left ventricular pre-
load and cardiac output, decompress the right atrium and ventricle,
and reduce sympathetic overactivity. Although systemic arterial
oxygen saturation falls, systemic oxygen transport rises. This has
been shown to improve right ventricular performance®, reduce
B-type natriuretic peptide (BNP) levels*, and reduce muscle sym-
pathetic nerve activity (MSNA)*.

The technique of atrial septostomy has been described in detail
elsewhere*. Originally conceived as a palliative treatment for
infants born with cyanotic congenital heart disease (specifically
complete transposition of the great arteries) by William Rashkind
in 1966%, the procedure was first described as a treatment for PH
almost two decades later’’. Early experience with blade septos-
tomy* and subsequently with graded or stepwise balloon dila-
tation® was associated with a high procedural mortality. Based
on this experience, recommendations for minimising procedural

mortality were proposed®. These included exclusion of patients
with severe right heart failure, a mean right atrial pressure
>20 mmHg, an indexed PVRI >55 U/m? resting arterial O, satu-
ration <90% on room air, and LVEDP >18 mmHg**¢ (Table 2).
With these guidelines, the procedural mortality rate has been con-
siderably lower with rates of 2-5% reported in some series®**”.

Alternatives to balloon septostomy for creating a right to left
shunt at the atrial level have also been described*. These include
the use of septal devices to improve the predictability and dura-
bility of the treatment effect. Their role remains uncertain at this

time.

Table 2. Exclusion criteria for atrial septostomy for pulmonary
hypertension.

Mean right atrial pressure >20 mmHg
LVEDP >18 mmHg

Pulmonary vascular resistance index >55 U/m?

Resting O, saturation (room air) <90%

Severe right heart failure
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Figure 6. Chronic total occlusion (CTO) and bifurcation disease. A) Selective angiogram showing chronic occlusions. B) BPA with two
2.0%20 mm compliant balloons. C) Final result after BPA of recanalisation of two CTOs.

Pulmonary artery denervation
Like atrial septostomy, pulmonary artery denervation (PADN) is
a novel procedure being used predominantly as a treatment for
primary PH*. However, it could also be considered for patients
who are inoperable, or who have residual PH after PEA or BPA*,
Patients with PH have increased sympathetic nervous system
activity as measured by microneurography, and right ventricular
B-adrenergic receptor downregulation has been demonstrated in
patients with PH and right heart failure®. Stretch receptors in the
pulmonary artery may also cause vasoconstriction, adding to the
increased PVR*. The potential for PADN as a treatment for PH
has been evaluated in preclinical models. In a canine model of PH,
Zhou and colleagues® showed that PADN caused neural demyeli-
nation, axon loss and impaired conduction velocity in pulmonary
sympathetic nerves. This was associated with substantial reductions
in mean PA pressure, PVR, and medial wall thickness compared to
a sham treated group®. It should be noted that the canine model is
not an ideal model for human pulmonary hypertension, and has not
been predictive of the human response to medical therapies.
Nonetheless, in an uncontrolled series of 66 patients, nine of
whom had CTEPH, Chen and colleagues* showed an improved
functional class and 6MWD, and reduced pro-BNP levels
12 months after PADN therapy. Clearly this will need to be further
evaluated in larger, controlled trials before being incorporated into
the list of therapeutic strategies for CTEPH.

Conclusions

Untreated, CTEPH is associated with substantial morbidity and
a high mortality. In experienced centres, the prognosis for patients
with surgically accessible disease has been improved consider-
ably by PEA. Patients with surgically inoperable disease, and with

persisting PH after endarterectomy, may be candidates for BPA.
The technique has been refined progressively in recent years to
include physiological and intravascular imaging guidance. To date,
large-scale controlled clinical trials have not yet been performed
but the experience reported from small series is encouraging. It is
too early to speculate on whether BPA may eventually become
a first-line therapy for surgically operable disease, but its use in
high-risk individuals is likely to increase. For the foreseeable
future, patients with central or segmental disease should be treated
surgically. When the disease predominantly affects subsegmental
arteries, balloon angioplasty is usually preferred. Other approaches
to managing CTEPH percutaneously remain investigational.

Conflict of interest statement
The authors have no conflicts of interest to declare.

References

1. Galie N, Humbert M, Vachiery JL, Gibbs S, Lang I,
Torbicki A, Simonneau G, Peacock A, Vonk Noordegraaf A,
Beghetti M, Ghofrani A, Gomez Sanchez MA, Hansmann G,
Klepetko W, Lancellotti P, Matucci M, McDonagh T, Pierard LA,
Trindade PT, Zompatori M, Hoeper M, Aboyans V, Vaz Carneiro A,
Achenbach S, Agewall S, Allanore Y, Asteggiano R, Paolo
Badano L, Albert Barbera J, Bouvaist H, Bueno H, Byrne RA,
Carerj S, Castro G, Erol C, Falk V, Funck-Brentano C, Gorenflo M,
Granton J, Tung B, Kiely DG, Kirchhof P, Kjellstrom B,
Landmesser U, Lekakis J, Lionis C, Lip GY, Orfanos SE, Park MH,
Piepoli MF, Ponikowski P, Revel MP, Rigau D, Rosenkranz S,
Voller H, Luis Zamorano J. 2015 ESC/ERS Guidelines for the
diagnosis and treatment of pulmonary hypertension: The Joint Task
Force for the Diagnosis and Treatment of Pulmonary Hypertension

m
=
=
=
=3
(1]
=
<
(1]
=
=
o
=
N
@
[
o
—
oy
>
w
@
>
>
w




m
=
=
=
=
=3
(1]
=
<
(1]
=
=
o
=
N
o
=
<
—
N
>
w
@
>
H
w

of the European Society of Cardiology (ESC) and the European
Respiratory Society (ERS): Endorsed by: Association for European
Paediatric and Congenital Cardiology (AEPC), International
Society for Heart and Lung Transplantation (ISHLT). Eur Heart J.
2016;37:67-119.

2. Fedullo PF, Auger WR, Kerr KM, Rubin LJ. Chronic throm-
boembolic pulmonary hypertension. N Engl J Med. 2001;345:
1465-72.

3. Lang IM, Pesavento R, Bonderman D, Yuan JX. Risk fac-
tors and basic mechanisms of chronic thromboembolic pulmonary
hypertension: a current understanding. Eur RespirJ. 2013;41:462-8.

4. Humbert M. Pulmonary arterial hypertension and chronic
thromboembolic pulmonary hypertension: pathophysiology. Eur
Respir Rev. 2010;19:59-63.

5. Yi ES, Kim H, Ahn H, Strother J, Morris T, Masliah E,
Hansen LA, Park K, Friedman PJ. Distribution of obstructive inti-
mal lesions and their cellular phenotypes in chronic pulmonary
hypertension. A morphometric and immunohistochemical study.
Am J Respir Crit Care Med. 2000;162:1577-86.

6. Galie N, Kim NH. Pulmonary microvascular disease in
chronic thromboembolic pulmonary hypertension. Proc Am Thorac
Soc. 2006;3:571-6.

7. Dartevelle P, Fadel E, Mussot S, Chapelier A, Herve P, de
Perrot M, Cerrina J, Ladurie FL, Lehouerou D, Humbert M,
Sitbon O, Simonneau G. Chronic thromboembolic pulmonary
hypertension. Eur Respir Rev. 2004;23:637-48.

8. Reichelt A, Hoeper MM, Galanski M, Keberle M. Chronic
thromboembolic pulmonary hypertension: evaluation  with
64-detector row CT versus digital substraction angiography. Eur J
Radiol. 2009;71:49-54.

9. AugerWR,FedulloPF,MoserKM,BuchbinderM, PetersonKL.
Chronic major-vessel thromboembolic pulmonary artery obstruc-
tion: appearance at angiography. Radiology. 1992;182:393-8.

10. Riedel M, Stanek V, Widimsky J, Prerovsky I. Longterm fol-
low-up of patients with pulmonary thromboembolism. Late prog-
nosis and evolution of hemodynamic and respiratory data. Chest.
1982:81:151-8.

11. Lewczuk J, Piszko P, Jagas J, Porada A, Wojciak S,
Sobkowicz B, Wrabec K. Prognostic factors in medically treated
patients with chronic pulmonary embolism. Chest. 2001;119:818-23.

12. Delcroix M, Lang I, Pepke-Zaba J, Jansa P, D’Armini AM,
Snijder R, Bresser P, Torbicki A, Mellemkjaer S, Lewczuk J,
Simkoval, BarberaJA, de Perrot M, Hoeper MM, Gaine S, Speich R,
Gomez-Sanchez MA, Kovacs G, Jais X, Ambroz D, Treacy C,
MorsoliniM,Jenkins D, LindnerJ, DartevelleP, MayerE, SimonneauG.
Long-term Outcome of Patients With Chronic Thromboembolic
Pulmonary Hypertension: Results From an International Prospective
Registry. Circulation. 2016;133:859-71.

13. Ghofrani HA, D’Armini AM, Grimminger F, Hoeper MM,
Jansa P, Kim NH, Mayer E, Simonneau G, Wilkins MR, Fritsch A,
Neuser D, Weimann G, Wang C; CHEST-1 Study Group. Riociguat
for the treatment of chronic thromboembolic pulmonary hyperten-
sion. N Engl J Med. 2013;369:319-29.

14. Jamieson SW, Kapelanski DP, Sakakibara N, Manecke GR,
Thistlethwaite PA, Kerr KM, Channick RN, Fedullo PF, Auger WR.
Pulmonary endarterectomy: experience and lessons learned in
1,500 cases. Ann Thorac Surg. 2003;76:1457-62.

15. Mayer E, Jenkins D, Lindner J, D’Armini A, Kloek J,
Meyns B, Ilkjaer LB, Klepetko W, Delcroix M, Lang I, Pepke-
Zaba J, Simonneau G, Darteville P. Surgical management and out-
come of patients with chronic thromboembolic pulmonary
hypertension: results from an international prospective registry.
J Thorac Cardiovasc Surg. 2011;141:702-10.

16. Condliffe R, Kiely DG, Gibbs JS, Corris PA, Peacock AJ,
Jenkins DP, Hodgkins D, Goldsmith K, Hughes RJ, Sheares K,
Tsui SS, Armstrong 1J, Torpy C, Crackett R, Carlin CM, Das C,
Coghlan JG, Pepke-Zaba J. Improved outcomes in medically and
surgically treated chronic thromboembolic pulmonary hyperten-
sion. Am J Respir Crit Care Med. 2008;177:1122-7.

17. Lock JE, Castaneda-Zuniga WR, Fuhrman BP, Bass JL.
Balloon dilation angioplasty of hypoplastic and stenotic pulmonary
arteries. Circulation. 1983;67:962-7.

18. Gentles TL, Lock JE, Perry SB. High pressure balloon angio-
plasty for branch pulmonary artery stenosis: early experience. J Am
Coll Cardiol. 1993;22:867-72.

19. Feinstein JA, Goldhaber SZ, Lock JE, Ferndandes SM,
Landzberg MJ. Balloon pulmonary angioplasty for treatment of
chronic - thromboembolic pulmonary hypertension. Circulation.
2001;103:10-3.

20. Ogawa A, Matsubara H. Balloon Pulmonary Angioplasty:
A Treatment Option for Inoperable Patients with Chronic Thrombo-
embolic Pulmonary Hypertension. Front Cardiovasc Med. 2015;2:4.

21. Kurzyna M, Darocha S, Koteja A, Pietura R, Torbicki A.
Balloon pulmonary angioplasty for chronic thromboembolic pulmo-
nary hypertension. Postepy Kardiol Interwencyjnej. 2015;11:1-4.

22. Inami T, Kataoka M, Shimura N, Ishiguro H, Yanagisawa R,
Fukuda K, Yoshino H, Satoh T. Pressure-wire-guided percutaneous
transluminal pulmonary angioplasty: a breakthrough in catheter-
interventional therapy for chronic thromboembolic pulmonary
hypertension. JACC Cardiovasc Interv. 2014;7:1297-306.

23. Mizoguchi H, Ogawa A, Munemasa M, Mikouchi H, Ito H,
Matsubara H. Refined balloon pulmonary angioplasty for inopera-
ble patients with chronic thromboembolic pulmonary hypertension.
Circ Cardiovasc Interv. 2012;5:748-55.

24. Kataoka M, Inami T, Hayashida K, Shimura N, Ishiguro H,
Abe T, Tamura Y, Ando M, Fukuda K, Yoshino H, Satoh T.
Percutaneous transluminal pulmonary angioplasty for the treatment
of chronic thromboembolic pulmonary hypertension. Circ
Cardiovasc Interv. 2012;5:756-62.

25. Fukui S, Ogo T, Morita Y, Tsuji A, Tateishi E, Ozaki K,
Sanda K, Fukuda T, Yasuda S, Ogawa H, Nakanishi N. Right ven-
tricular reverse remodelling after balloon pulmonary angioplasty.
Eur Respir J. 2014;43:1394-402.

26. Broch K, Murbraech K, Ragnarsson A, Gude E, Andersen R,
Fiane AE, Andreassen J, Aakhus S, Andreassen AK. Echocardio-
graphic evidence of right ventricular functional improvement after



balloon pulmonary angioplasty in chronic thromboembolic pulmo-
nary hypertension. J Heart Lung Transplant. 2016;35:80-6.

27. Andreassen AK, Ragnarsson A, Gude E, Geiran O,
Andersen R. Balloon pulmonary angioplasty in patients with inop-
erable chronic thromboembolic pulmonary hypertension. Heart.
2013;99:1415-20.

28. Rolf A, Rixe J, Kim WK, Borgel J, Mollmann H, Nef HM,
Liebetrau C, Kramm T, Guth S, Krombach GA, Mayer E, Hamm CW.
Right ventricular adaptation to pulmonary pressure load in patients
with chronic thromboembolic pulmonary hypertension before and
after successful pulmonary endarterectomy--a cardiovascular mag-
netic resonance study. J Cardiovasc Magn Reson. 2014;16:96.

29. Ishiguro H, Kataoka M, Inami T, Shimura N, Yanagisawa R,
Kawakami T, Fukuda K, Yoshino H, Satoh T. Diversity of Lesion
Morphology in CTEPH Analyzed by OCT, Pressure Wire, and
Angiography. JACC Cardiovasc Imaging. 2016;9:324-5.

30. Sugimura K, Fukumoto Y, Miura Y, Nochioka K, Miura M,
Tatebe S, Aoki T, Satoh K, Yamamoto S, Yaoita N, Shimokawa H.
Three-dimensional-optical coherence tomography imaging of
chronic thromboembolic pulmonary hypertension. Eur Heart J.
2013;34:2121.

31. Kitani M, Ogawa A, Sarashina T, Yamadori I, Matsubara H.
Histological changes of pulmonary arteries treated by balloon pul-
monary angioplasty in a patient with chronic thromboembolic pul-
monary hypertension. Circ Cardiovasc Interv. 2014;7:857-9.

32. SugimuraK, FukumotoY,SatohK,NochiokaK,MiuraY,AokiT,
Tatebe S, Miyamichi-Yamamoto S, Shimokawa H. Percutaneous
transluminal pulmonary angioplasty markedly improves pulmonary
hemodynamics and long-term prognosis in patients with chronic
thromboembolic pulmonary hypertension. Circ J. 2012;76:485-8.

33. Inami T, Kataoka M, Shimura N, Ishiguro H, Yanagisawa R,
Taguchi H, Fukuda K, Yoshino H, Satoh T. Pulmonary edema pre-
dictive scoring index (PEPSI), a new index to predict risk of reper-
fusion pulmonary edema and improvement of hemodynamics in
percutaneous  transluminal — pulmonary angioplasty. JACC
Cardiovasc Interv. 2013;6:725-36.

34. Taniguchi Y, Miyagawa K, Nakayama K, Kinutani H,
Shinke T, Okada K, Okita Y, Hirata KI, Emoto N. Balloon pulmo-
nary angioplasty: an additional treatment option to improve the
prognosis of patients with chronic thromboembolic pulmonary
hypertension. Eurolntervention. 2014;10:518-25.

35. Levinson RM, Shure D, Moser KM. Reperfusion pulmonary
edema after pulmonary artery thromboendarterectomy. Am Rev
Resp Dis. 1986;134:1241-5.

36. Wiedenroth CB, Liebetrau C, Breithecker A, Guth S,
Lautze HF, Ortmann E, Arlt M, Krombach GA, Bandorski D,
Hamm CW, Mollmann H, Mayer E. Combined pulmonary endar-
terectomy and balloon pulmonary angioplasty in patients with
chronic thromboembolic pulmonary hypertension. J Heart Lung
Transplant. 2015 Oct 30. [Epub ahead of print].

Interventions for CTEPH

37. Rich S, Lam W. Atrial septostomy as palliative therapy for
refractory primary pulmonary hypertension. Am J Cardiol. 1983;51:
1560-1.

38. Hopkins WE, Ochoa LL, Richardson GW, Trulock EP.
Comparison of the hemodynamics and survival of adults with
severe primary pulmonary hypertension or Eisenmenger syndrome.
J Heart Lung Transplant. 1996;15:100-5.

39. Keogh AM, Mayer E, Benza RL, Corris P, Dartevelle PG,
Frost AE, Kim NH, Lang IM, Pepke-Zaba J, Sandoval J. Interven-
tional and surgical modalities of treatment in pulmonary hyperten-
sion. J Am Coll Cardiol. 2009;54:S67-77.

40. O’Byrne ML, Rosenzweig ES, Barst RJ. The effect of atrial
septostomy on the concentration of brain-type natriuretic peptide in
patients with idiopathic pulmonary arterial hypertension. Cardiol
Young. 2007;17:557-9.

41. Ciarka A, Vachiery JL, Houssiere A, Gujic M, Stoupel E,
Velez-Roa S, Naeije R, van de Borne P. Atrial septostomy decreases
sympathetic overactivity in pulmonary arterial hypertension. Chest.
2007;131:1831-7.

42. Bhamra-Ariza P, Keogh AM, Muller DW. Percutaneous inter-
ventional therapies for the treatment of patients with severe pulmo-
nary hypertension. J Am Coll Cardiol. 2014;63:611-8.

43. Rashkind WJ, Miller WW. Creation of an atrial septal defect
without thoracotomy. A palliative approach to complete transposi-
tion of the great arteries. JAMA. 1966;196:991-2.

44. Kerstein D, Levy PS, Hsu DT, Hordof AJ, Gersony WM,
Barst RJ. Blade balloon atrial septostomy in patients with severe
primary pulmonary hypertension. Circulation. 1995;91:2028-35.

45. Sandoval J, Gaspar J, Pulido T, Bautista E, Martinez-
Guerra ML, Zeballos M, Palomar A, Gomez A. Graded balloon
dilation atrial septostomy in severe primary pulmonary hyperten-
sion. A therapeutic alternative for patients nonresponsive to vaso-
dilator treatment. J Am Coll Cardiol. 1998;32:297-304.

46. Sandoval J, Rothman A, Pulido T. Atrial septostomy for pul-
monary hypertension. Clin Chest Med. 2001;22:547-60.

47. Sandoval J, Gaspar J, Pena H, Santos LE, Cordova J, del
Valle K, Rodriguez A, Pulido T. Effect of atrial septostomy on the
survival of patients with severe pulmonary arterial hypertension.
Eur Respir J. 2011;38:1343-8.

48. Chen SL, Zhang H, Xie DJ, Zhang J, Zhou L, Rothman AM,
Stone GW. Hemodynamic, functional, and clinical responses to
pulmonary artery denervation in patients with pulmonary arterial
hypertension of different causes: phase II results from the
Pulmonary Artery Denervation-1 study. Circ Cardiovasc Interv.
2015;8:¢002837.

49. Zhou L, Zhang J, Jiang XM, Xie DJ, Wang JS, Li L, Wang ZM,
Rothman AM, Lawrie A, Chen SL. Pulmonary Artery Denervation
Attenuates Pulmonary Arterial Remodeling in Dogs With
Pulmonary Arterial Hypertension Induced by Dehydrogenized
Monocrotaline. JACC Cardiovasc Interv. 2015;8:2013-23.

m
=
=
=
=
=3
(1]
=
<
(1]
=
=
o
=
N
o
=
o
—
>
>
w
@
>
H
w




