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Chronic thromboembolic pulmonary hypertension (CTEPH) is characterized 
by pulmonary arterial obstructions that typically result from non-resolving 
fibrotic organized pulmonary thromboemboli, causing elevated pulmonary 
vascular resistance, progressive pulmonary hypertension and, eventually, 
right heart failure. In more than 50% of patients, particularly those with a 
history of venous thromboembolism, CTEPH is a ‘surgical disorder’ meaning 
that the treatment of choice is a pulmonary endarterectomy, which restores 
pulmonary hemodynamics in a great majority of patients. However, in a 
recent registry, 36.4% of patients in major European expert centers were 
classified as non-operable, mainly due to surgically inaccessible thrombi or 
unacceptably high risk for surgery in general. Because of the observation of a 
secondary pulmonary vascular disease in some patients, pulmonary arterial 
hypertension (PAH)-targeted pharmacotherapies have been widely used in 
CTEPH patients – in up to 40% of patients in Europe – regardless of their 
operability status. However, the only randomized controlled trial that was 
powered to detect a difference between PAH-targeted drugs and placebo 
in CTEPH demonstrated that despite a moderate effect on hemodynamics, 
no improvement in 6‑min walking distance was achieved. These data 
illustrate the great need for further trials of PAH-targeted drugs in CTEPH, or 
(mechanical) treatments to salvage the right ventricle.
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Chronic thromboembolic pulmonary hypertension (CTEPH) is characterized 
by pulmonary vascular obstructions that are typically originating from 
non-resolving pulmonary thromboemboli, causing fibrotic vascular 
stenoses and occlusions, elevated pulmonary vascular resistance (PVR), 
progressive pulmonary hypertension (PH) and, eventually, right heart failure. 
Hemodynamics [1,2], and in particular PVR [3,4], appear to be predictors of 
outcome, at baseline and after pulmonary endarterectomy (PEA), in parallel 
with CTEPH subsets [5]. CTEPH most commonly occurs in a population of 
typically 50 to 60‑year-olds of either sex [6], and is labeled as group 4 of the 
current WHO diagnostic classification system for PH [7]. Current registry 
data suggest that CTEPH occurs at an incidence of 3–30 per million in the 
general population. Although CTEPH does not show the classical risk profile 
of venous thromboembolism, the disease has been demonstrated to emerge as 
a complication of symptomatic pulmonary embolism (PE) with a cumulative 
incidence of 0.1–9.1% within 2  or more years of the event [6, 8–16]. These 
numbers do not take into account that at least 25% of cases may originate 
from asymptomatic PE [17–19].

There remain many uncertainties surrounding CTEPH [17]: the incidence 
and prevalence of this disease are not well characterized; CTEPH pathogenesis 
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is poorly understood; diagnostic and treatment 
approaches, for example, PEA, have not been 
standardized; and operative techniques have not 
been taught to enough dedicated surgeons in the 
USA (~0.8 PEAs per million), and in European 
countries (~2.2 PEAs per million). An international, 
prospective, observational registry was set up in 
2007 to resolve these uncertainties, including 679 
newly diagnosed (≤6 months) consecutive patients 
with CTEPH. According to the registry data, 
diagnosis was confirmed by all of the following: 
right heart catheterization, (ventilation–)perfusion 
scintigraphy of the lungs, computed tomography 
and/or pulmonary angiography in the majority of 
patients. CTEPH is a potentially correctable cause of 
PH, and vascular reopening by PEA is the treatment 
of choice [3,20]. The disease is diagnosed 14.1 months 
(median) after first symptoms. In the registry, 63% 
(427 patients) were considered operable, and 37% 
(247  patients) were non-operable. Approximately 
60% of all patients effectively underwent surgery. A 
history of acute PE was reported for 74.8% patients. 
PEA mortality rate was 4.7%. A key finding in the 
registry was that at CTEPH diagnosis, 38% of all 
patients initiated at least one pulmonary arterial 
hypertension (PAH)-targeted therapy, including 
phosphodiesterase type V inhibitor, endothelin-
receptor antagonist or prostacyclin analogue, 
regardless of their operability status [19].

Assessments from the European CTEPH Registry 
suggest that time from symptoms to diagnosis and 
to surgery were 12 to 22 months and 12 to 116 days, 
respectively. A wide variation in non-operability was 
observed between countries (from 12.0 to 60.9%). 
Low-volume centers performing up to ten PEAs per 
year reported a higher percentage of non-operable 
patients (47%) than intermediate centers performing 
11 to 50 PEAs per year (32%) or high-volume centers 
performing over 50 PEAs per year (34%), suggesting 
that center expertise is likely to impact on the 
decision to operate. In contrast to the US center at 
the University of California at San Diego, CA, USA, 
who operate on the vast majority of patients, about 
40% of the European CTEPH population is classified 
as non-operable [21,22]. In ~10–20% of patients, PH 
persists or recurs after PEA, being the most important 
determinant of post-operative poor outcome [20,23,24]. 
All these data suggest that there is a need for non-
surgical treatment options in CTEPH.

Pathogenesis, risk factors & vascular biology
Today, CTEPH is viewed as a complex ‘dual’ vascular 
disorder. While elevations in mean pulmonary artery 
pressure (PAP) and total pulmonary resistance are 

correlated with the degree of pulmonary vascular 
obstruction in patients with PE [25], no such 
correlation was detectable for patients with CTEPH, 
suggesting that PH in CTEPH is not solely based on 
the obstruction of proximal pulmonary arteries, but 
is also due to the remodeling of small distal arteries.

All available evidence today indicates that CTEPH 
is primarily caused by pulmonary thromboembolism, 
as opposed to primary pulmonary vascular 
in  situ thrombosis [26]. One of the key factors for 
the differential diagnosis between CTEPH and 
idiopathic PAH is a clinical history of acute venous 
thromboembolism. However, a purely mechanistic 
view of CTEPH as a disease caused by obliteration of 
central pulmonary arteries by pulmonary emboli is 
too simplistic. We speculate that PE may be followed 
by a misguided pulmonary vascular remodeling 
process that is triggered by conditions such as high 
pressure and shear stress due to obstructed major 
vessel-dependent pulmonary vascular territories (‘PH 
begets PH’), infection [27], immune phenomena [28], 
inflammation [29] and malignancy [30]. Both plasmatic 
factors (hypercoagulation [31–33], uncleavable fibrin 
[34,35] and abnormal circulating cells [‘sticky’ red 
blood cells, high platelet and erythrocyte counts 
and progenitor cells [36,37]]), and a predominantly 
‘negative’ vascular remodeling process (fibrotic vessel 
shrinkage) enhance major vessel and small vessel 
obliteration. Endothelial dysfunction and endothelial 
mesenchymal transition may play an additional role, 
as well as many of the mechanisms of pulmonary 
vascular remodeling that have been identified in 
classical pulmonary arteriopathy. Recently, the role 
of the calcineurin pathway as a disease mediator [38] 
has shed new light and interest on a potential role for 
tacrolimus and sirolimus [39] in preventing occlusive 
vascular fibrosis. However, these pathways, as well 
as infection or the role of thrombus-borne vascular 
precursor cells, are still poorly understood in their 
relation to thrombus persistence, and are not ready 
to be translated into clinical practice.

Therapeutic options for CTEPH
■■ Conventional treatments

The decision of how to treat each patient is complex 
and requires a multidisciplinary team of cardiologists, 
pulmonologists, radiologists and surgeons to estimate 
both surgical risk and the degree of hemodynamic 
improvement to be expected after surgery [20]. All 
patients with CTEPH receive lifelong anticoagulant 
medication to prevent recurrent thromboembolic 
events, and a 3‑month period of watchful waiting 
should have elapsed before a full diagnostic workup 
and any decision is made regarding choice of 
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treatment [19].
The primary treatment for suitable cases of 

CTEPH is PEA. Management of CTEPH patients 
should be reserved for expert centers with internists, 
cardiologists, pulmonologists, thoracic surgeons 
who specialize in PEA, and anesthesiologists who 
are ready to take on the challenges of reperfusion 
pulmonary edema and post-operative PH. PEA is 
performed under hypothermia and total circulatory 
arrest, and involves the removal of obstructive 
material from each pulmonary artery, and its lobar 
and segmental branches (Figure  1). Today, PEA is 
yielding excellent results in well-selected patients, 
with near normalization of hemodynamics and 
symptoms. Postoperative mortality rates are 4.4 to 
16% [3,18,20, 40–43].

The first goal of the diagnostic evaluation of 
PH in general is to rule out CTEPH, because once 
this diagnosis is made the patient should proceed 
to evaluation for PEA [44]. Medical treatments 
for CTEPH are empirical at this stage, and not 
supported by evidence. Lung transplantation 
remains a last resort for CTEPH patients [18]. Optimal 
medical therapy (OMT) for CTEPH comprises 
anticoagulation, diuretics and oxygen to correct 
hypoxemia to a minimum of 92% oxygen saturation, 
and has contributed to long-term outcomes similar 
to those after surgery, ranging from 70–80% at 3 
years, at least in retrospective surveys [45,46]. Whether 
these observations also reflect the impact of PAH-
specific treatments remains elusive.

■■ Targeted medical treatments
CTEPH is understood as a dual vascular disorder, 
affecting the major vessel compartment (note 
the definition of CTEPH as chronic major vessel 
thromboembolic PH in the original description of 
Moser et al. [47]), and the compartment of pulmonary 
resistance vessels measuring 200 µm and less. While 
major vessel disease is the result of a ‘positive’, that is, 
‘outwards directed’ vascular remodeling process of 
thrombus resolution, small vessel disease represents 
a classical pulmonary arteriopathy as seen in PAH 
characterized by a ‘negative’, that is, ‘inwards 
directed’ vascular remodeling pattern. Whether 
these lesions result from the general hemodynamic 
effect of chronic PH on exposed non-occluded areas 
of the vasculature [48] or from thrombus organization 
is unknown. However, the observation of a vascular 
pathology in CTEPH that appears similar to PAH 
is laying the ground for medical therapies for PH, 
targeting the three main pathways involved in the 
abnormal proliferation and contraction of smooth 
muscle cells of pulmonary vessels in patients with 

CTEPH (i.e., the endothelin, prostacyclin and 
nitric oxide pathways). PAH-targeted treatments in 
CTEPH may be useful:

■■ In patients with predominantly distal disease that 
is not surgically accessible;

■■ When surgery is contraindicated because of 
significant co-morbidity;

■■ In patients who are at high risk because of extremely 
poor hemodynamics and general condition before 
PEA (bridging to PEA) [49–51];

■■ In patients with persistent or recurrent PH after 
PEA. 

Calcium-channel blockers have not been a realistic 
option for treating CTEPH because true hemodynamic 
responders are rare [52], and responders are mainly 
observed among operable patients [4]. Apart from 
numerous uncontrolled trials using bosentan, an 
endothelin-receptor antagonists, iloprost, sildenafil, 
a phosphodiesterase-5 inhibitor, and treprostinil 
[49–51, 53–60], three randomized, controlled trials have 
involved patients with CTEPH. Inhaled iloprost [61], 
sildenafil [62] and bosentan [63] have been tested, with 
only the latter trial carrying the statistical power 
to demonstrate a difference between study drug 
and control. There exists a strong rationale that the 
endothelin pathway may be important in CTEPH: 
endothelin is a potent endogenous vasoconstrictor 
and both endothelin-1 and the G-protein-coupled 
endothelin receptors on endothelial cells and smooth 
muscle cells are upregulated in CTEPH [64]. Endothelin-
dependent pulmonary vascular remodeling has been 

Figure 1. Material removed by pulmonary endarterectomy from the 
(A) left and (B) right pulmonary artery. The specimen is an example of 
type I disease [3].
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demonstrated in a canine model of CTEPH [65]. A 
recent meta-analysis has emphasized a positive effect 
of bosentan on hemodynamics and exercise capacity 
in patients with CTEPH, illustrating that uncontrolled 
trials are subjected to significant bias in non-operable 
CTEPH [66]. The BENEFIT study [63] randomized 
157 patients with non-operable CTEPH over 16 weeks, 
and tested the hypothesis that the combined end point 
6‑min walking distance (6‑MWD) and PVR would be 
improved in the study drug group. Although PVR was 
reduced by 24% compared with placebo (p < 0.0001), 
in concordance with a significant effect on cardiac 
output and pro-brain natriuretic peptide, there was 
no significant benefit on 6‑MWD [63]. Based on these 
data, bosentan did not receive market approval for 
treatment of CTEPH. Mechanisms of disease that 
account for the difference between BREATHE-1 and 
BENEFIT remain obscure, but may be related to the 
magnitude of the bosentan effect in CTEPH versus 
PAH, which each represent very different patient 
populations.

Given the urgent clinical need for medical 
treatments for CTEPH in a growing population of off-
label treated patients, randomized controlled trials 
are needed, possibly separating patients who have 
previously undergone PEA from those never classified 
as operable. Two randomized controlled trials in 
CTEPH are ongoing. Bayer’s trial 11349 (long-term 
extension, multicenter, multi-international study to 
evaluate the safety and tolerability of oral BAY63–2521 
[1, 1.5, 2.0 and 2.5 mg three-times a day] in patients 
with CTEPH, [CHEST-2]) and the academic CTREPH 
trial (efficacy and tolerability of subcutaneously 
administered treprostinil sodium in patients with 
severe [inoperable] CTEPH NCT01416636) are 
currently under way. Due to the lack of evidence, all 
ongoing trials except CTREPH strictly enroll only 
patients who are treatment-naive.

Future perspective
There appears to be a disconnection between 
significant hemodynamic benefits of bosentan, and 
an improvement in the 6-MWD test. This may be 
because of differing mechanisms of exercise limitation 
(gas exchange issues, lung dead space issues pertinent 
to CTEPH, hypoxemia, deconditioning and muscle 
weakness, a limited study duration of 16 weeks, etc.), 
or simply because of an insufficient primary treatment 
effect that created statistical but not biological 
significance.

A near goal is the revelation of data from the 
European CTEPH registry, which is expected to 
put into perspective surgery and optimal medical 
therapy, in a prospective database format. In the 
absence of prospective randomized controlled trials 
investigating this area, the registry information will 
be crucial. In addition, prospective follow-up data of 
patients diagnosed with CTEPH will be provided.

Over the next 5–10 years from the point at which 
this review was written, it is to be expected that in 
Europe, the surgical knowledge will be spread and 
through effective educational efforts patients will have 
a wider access to PEA in well-defined expert centers, 
under standardized protocols.

Whether burgeoning non-pharmacologic 
treatments such as percutaneous balloon dilatation of 
proximal lesions [67] employing drug-eluting balloons 
will add to the armamentarium of treatments for 
CTEPH is speculative today. However, a desperate 
elderly CTEPH population may be the driver for 
treatment innovations.

By contrast, primary prevention of CTEPH by 
aggressive anticoagulation or targeted antiproliferative 
and antibiotic treatments will remain experimental, 
even years from today.
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Executive summary

Background
■■ Pulmonary endarterectomy is the treatment of choice for chronic thromboembolic pulmonary hypertension (CTEPH).

Pathogenesis, risk factors & vascular biology
■■ Recent data confirm that venous thromboembolism is a risk factor for CTEPH, yet the precise incidence after pulmonary 
embolism remains unproven.

Therapeutic options for CTEPH
■■ Surgery is the prime treatment modality for CTEPH.
■■ PAH-specific drug therapy may be indicated in selected CTEPH patients such as patients who are not candidates for surgery 
or patients with residual pulmonary hypertension after pulmonary endarterectomy (class of recommendation IIb, level of 
evidence C).

■■ Despite a lack of evidence, the European Registry has demonstrated that in real life more than 50% of non-operable patients and 
almost one third of operable patients receive off-label treatments. Endothelin-receptor antagonists are the most commonly used 
PAH-targeted drugs (37.7%), followed by phosphodiesterase type 5 inhibitors (19.4%), combined therapy (7.7%) and prostanoids 
(4.5%) [19].



Pharmacological treatment of CTEPH  Review: Clinical Trial Outcomes 

future science group Clin. Invest. (2012) 2(4) 401

IM Lang has received speaker’s fees and/or edu-
cational grants from Actelion, GlaxoSmithKline, 
United Therapeutics, Bayer and AOP Orphan 
Pharmaceuticals, and has acted in advisory 
boards for Actelion, GlaxoSmithKline, Pfizer, 
Lilly, Servier and Astra Zeneca. In addition, she 
received a fellowship grant from the US Tobacco 
Research fund in 1991. The author has no other 
relevant affiliations or financial involvement with 
any organization or entity with a financial inter-
est in or financial conflict with the subject matter 
or materials discussed in the manuscript apart 
from those disclosed. No writing assistance was 
utilized in the production of this manuscript. 

References
1	 Lewczuk J, Piszko P, Jagas J et al. Prognostic 

factors in medically treated patients with 
chronic pulmonary embolism. Chest 119(3), 
818–823 (2001).

2	 Riedel M, Stanek V, Widimsky J, Prerovsky 
I: Long term follow-up of patients with 
pulmonary thromboembolism. Late 
prognosis and evolution of hemodynamic 
and respiratory data. Chest 81(2), 151–158 
(1982).

3	 Jamieson SW, Kapelanski DP, Sakakibara N 
et al. Pulmonary endarterectomy: 
experience and lessons learned in 
1,500 cases. Ann. Thorac. Surg. 76(5), 1457–
1462; discussion 1462–1454 (2003).

4	 Skoro-Sajer N, Hack N, Sadushi-Kolici R 
et al. Pulmonary vascular reactivity and 
prognosis in patients with chronic 
thromboembolic pulmonary hypertension: a 
pilot study. Circulation 119(2), 298–305 
(2009).

5	 Bonderman D, Jakowitsch J, Adlbrecht C 
et al. Medical conditions increasing the risk 
of chronic thromboembolic pulmonary 
hypertension. Thromb. Haemost. 93(3), 
512–516 (2005).

6	 Fedullo PF, Auger WR, Kerr KM, Rubin LJ. 
Chronic thromboembolic pulmonary 
hypertension. N. Engl. J. Med. 345(20), 
1465–1472 (2001).

7	 Galie N, Hoeper MM, Humbert M et al. 
Guidelines for the diagnosis and treatment 
of pulmonary hypertension: the Task Force 
for the Diagnosis and Treatment of 
Pulmonary Hypertension of the European 
Society of Cardiology (ESC) and the 
European Respiratory Society (ERS), 
endorsed by the International Society of 
Heart and Lung Transplantation (ISHLT). 
Eur. Heart J. 30(20), 2493–2537 (2009).

8	 Becattini C, Agnelli G, Pesavento R et al. 

Incidence of chronic thromboembolic 
pulmonary hypertension after a first episode 
of pulmonary embolism. Chest 130(1), 
172–175 (2006).

9	 Benotti JR, Ockene IS, Alpert JS, Dalen JE: 
The clinical profile of unresolved pulmonary 
embolism. Chest 84(6), 669–678 (1983).

10	 Klok FA, Van Kralingen KW, Van Dijk AP, 
Heyning FH, Vliegen HW, Huisman MV: 
Prospective cardiopulmonary screening 
program to detect chronic thromboembolic 
pulmonary hypertension in patients after 
acute pulmonary embolism. Haematologica 
95(6), 970–975 (2010).

11	 Miniati M, Monti S, Bottai M et al. Survival 
and restoration of pulmonary perfusion in a 
long-term follow-up of patients after acute 
pulmonary embolism. Medicine (Baltimore) 
85(5), 253–262 (2006).

12	 Ribeiro A, Lindmarker P, Johnsson H, 
Juhlin-Dannfelt A, Jorfeldt L: Pulmonary 
embolism: one-year follow-up with 
echocardiography doppler and five-year 
survival analysis. Circulation 99(10), 
1325–1330 (1999).

13	 Pengo V, Lensing AW, Prins MH et al. 
Incidence of chronic thromboembolic 
pulmonary hypertension after pulmonary 
embolism. N. Engl. J. Med. 350(22), 
2257–2264 (2004).

14	 Dentali F, Donadini M, Gianni M et al. 
Incidence of chronic pulmonary 
hypertension in patients with previous 
pulmonary embolism. Thromb. Res. 124(3), 
256–258 (2009).

15	 Surie S, Gibson NS, Gerdes VE et al. Active 
search for chronic thromboembolic 
pulmonary hypertension does not appear 
indicated after acute pulmonary embolism. 
Thromb. Res. 125(5), e202–e205 (2010).

16	 Marti D, Gomez V, Escobar C et al. 
Incidence of symptomatic and 
asymptomatic chronic thromboembolic 
pulmonary hypertension. Arch. 
Broncopneumol. 46(12), 628–633 (2010).

17	 Lang IM: Chronic thromboembolic 
pulmonary hypertension – not so rare after 
all. N. Engl. J. Med. 350(22), 2236–2238 
(2004).

18	 Dartevelle P, Fadel E, Mussot S et al. 
Chronic thromboembolic pulmonary 
hypertension. Eur. Respir. J. 23(4), 637–648 
(2004).

19	 Pepke-Zaba J, Delcroix M, Lang I et al. 
Chronic thromboembolic pulmonary 
hypertension (CTEPH): results from an 
international prospective registry. 
Circulation 124(18), 1973–1981 (2011).

20	 Mayer E, Jenkins D, Lindner J et al. Surgical 
management and outcome of patients with 
chronic thromboembolic pulmonary 
hypertension: results from an international 
prospective registry. J. Thorac. Cardiovasc. 
Surg. 141(3), 702–710 (2011).

21	 Kim NH. Assessment of operability in 
chronic thromboembolic pulmonary 
hypertension. Proc. Am. Thorac. Soc. 3(7), 
584–588 (2006).

22	 Peacock A, Simonneau G, Rubin L. 
Controversies, uncertainties and future 
research on the treatment of chronic 
thromboembolic pulmonary hypertension. 
Proc. Am. Thorac. Soc. 3(7), 608–614 (2006).

23	 Archibald CJ, Auger WR, Fedullo PF et al. 
Long-term outcome after pulmonary 
thromboendarterectomy. Am. J. Respir. Crit. 
Care Med. 160(2), 523–528 (1999).

24	 Hartz RS, Byrne JG, Levitsky S, Park J, 
Rich S. Predictors of mortality in pulmonary 
thromboendarterectomy. Ann. Thorac. Surg. 
62(5), 1255–1259 (1996).

25	 Azarian R, Wartski M, Collignon MA et al. 
Lung perfusion scans and hemodynamics in 
acute and chronic pulmonary embolism. 
J. Nucl. Med. 38(6), 980–983 (1997).

26	 Egermayer P, Peacock AJ. Is pulmonary 
embolism a common cause of chronic 
pulmonary hypertension? Limitations of the 
embolic hypothesis. Eur. Respir. J. 15(3), 
440–448 (2000).

27	 Bonderman D, Jakowitsch J, Redwan B et al. 
Role for staphylococci in misguided 
thrombus resolution of chronic 
thromboembolic pulmonary hypertension. 
Arterioscler. Thromb. Vasc. Biol. 28(4), 678–
684 (2008).

28	 Wolf M, Boyer-Neumann C, Parent F et al. 
Thrombotic risk factors in pulmonary 
hypertension. Eur. Respir. J. 15(2), 395–399. 
(2000).

29	 Quarck R, Nawrot T, Meyns B, Delcroix M. 
C-reactive protein: a new predictor of 
adverse outcome in pulmonary arterial 
hypertension. J. Am. Coll. Cardiol. 53(14), 
1211–1218 (2009).

30	 Bonderman D, Wilkens H, Wakounig S et al. 
Risk factors for chronic thromboembolic 
pulmonary hypertension. Eur. Respir. J. 
33(2), 325–331 (2009).

31	 Laczika K, Lang IM, Quehenberger P et al. 
Unilateral chronic thromboembolic 
pulmonary disease associated with 
combined inherited thrombophilia. Chest 
121(1), 286–289 (2002).

32	 Bonderman D, Turecek PL, Jakowitsch J 
et al. High prevalence of elevated clotting 



www.future-science.com future science group402

Review: Clinical Trial Outcomes    Lang

factor VIII in chronic thromboembolic 
pulmonary hypertension. Thromb. Haemost. 
90(3), 372–376 (2003).

33	 Wong CL, Szydlo R, Gibbs S, Laffan M. 
Hereditary and acquired thrombotic risk 
factors for chronic thromboembolic 
pulmonary hypertension. Blood Coagul. 
Fibrinolysis 21(3), 201–206 (2010).

34	 Morris TA, Marsh JJ, Chiles PG et al. High 
prevalence of dysfibrinogenemia among 
patients with chronic thromboembolic 
pulmonary hypertension. Blood 114(9), 
1929–1936 (2009).

35	 Miniati M, Fiorillo C, Becatti M et al. Fibrin 
resistance to lysis in patients with 
pulmonary hypertension other than 
thromboembolic. Am. J. Respir. Crit. Care 
Med. 181(9), 992–996 (2010).

36	 Firth AL, Yao W, Ogawa A, Madani MM, 
Lin GY, Yuan JX. Multipotent mesenchymal 
progenitor cells are present in 
endarterectomized tissues from patients 
with chronic thromboembolic pulmonary 
hypertension. Am. J. Physiol. Cell Physiol. 
298(5), C1217–C1225 (2010).

37	 Yao W, Firth AL, Sacks RS et al. 
Identification of putative endothelial 
progenitor cells (CD34+CD133+Flk-1+) in 
endarterectomized tissue of patients with 
chronic thromboembolic pulmonary 
hypertension. Am. J. Physiol. Lung Cell Mol. 
Physiol. 296(6), L870–L878 (2009).

38	 Ogawa A, Firth AL, Yao W et al. Inhibition 
of mTOR attenuates store-operated Ca2+ 
entry in cells from endarterectomized 
tissues of patients with chronic 
thromboembolic pulmonary hypertension. 
Am. J. Physiol. Lung Cell Mol. Physiol. 
297(4), L666–L676 (2009).

39	 Spiekerkoetter E, Haghighat L, Haghighat R 
et al. FK-506 (Tacrolimus), identified in a 
high throughput screen to increase bmprii 
signaling, prevents pulmonary arterial 
hypertension (PAH) in mice with 
endothelial bmprii deletion. Am. J. Respir. 
Crit. Care Med. 183, A2519 (2011).

40	 Auger WR, Fedullo PF. Chronic 
thromboembolic pulmonary hypertension. 
Semin. Respir. Crit. Care Med. 30(4), 
471–483 (2009).

41	 Klepetko W, Mayer E, Sandoval J et al. 
Interventional and surgical modalities of 
treatment for pulmonary arterial 
hypertension. J. Am. Coll. Cardiol. 43(12), 
73S-80S (2004).

42	 Thistlethwaite PA, Kaneko K, Madani MM, 
Jamieson SW. Technique and outcomes of 
pulmonary endarterectomy surgery. Ann. 
Thorac. Cardiovasc. Surg. 14(5), 274–282 
(2008).

43	 Matsuda H, Ogino H, Minatoya K et al. 
Long-term recovery of exercise ability after 

pulmonary endarterectomy for chronic 
thromboembolic pulmonary hypertension. 
Ann. Thorac. Surg. 82(4), 1338–1343 (2006).

44	 Keogh AM, Mayer E, Benza RL et al. 
Interventional and surgical modalities of 
treatment in pulmonary hypertension. J. 
Am. Coll. Cardiol. 54(Suppl. 1), S67–S77 
(2009).

45	 Condliffe R, Kiely DG, Gibbs JS et al. 
Improved outcomes in medically and 
surgically treated chronic thromboembolic 
pulmonary hypertension. Am. J. Respir. Crit. 
Care Med. 177(10), 1122–1127 (2008).

46	 Bresser P, Pepke-Zaba J, Jais X, Humbert M, 
Hoeper MM. Medical therapies for chronic 
thromboembolic pulmonary hypertension: 
an evolving treatment paradigm. Proc. Am. 
Thorac. Soc. 3(7), 594–600 (2006).

47	 Moser KM, Auger WR, Fedullo PF. Chronic 
major-vessel thromboembolic pulmonary 
hypertension. Circulation 81(6), 1735–1743 
(1990).

48	 Galie N, Kim NH. Pulmonary 
microvascular disease in chronic 
thromboembolic pulmonary hypertension. 
Proc. Am. Thorac. Soc. 3(7), 571–576 (2006).

49	 Bresser P, Fedullo PF, Auger WR et al. 
Continuous intravenous epoprostenol for 
chronic thromboembolic pulmonary 
hypertension. Eur. Respir. J. 23(4), 595–600 
(2004).

50	 Cabrol S, Souza R, Jais X et al. Intravenous 
epoprostenol in inoperable chronic 
thromboembolic pulmonary hypertension. 
J. Heart Lung Transplant 26(4), 357–362 
(2007).

51	 Nagaya N, Sasaki N, Ando M et al. 
Prostacyclin therapy before pulmonary 
thromboendarterectomy in patients with 
chronic thromboembolic pulmonary 
hypertension. Chest 123(2), 338–343 (2003).

52	 Ulrich S, Fischler M, Speich R, Popov V, 
Maggiorini M. Chronic thromboembolic 
and pulmonary arterial hypertension share 
acute vasoreactivity properties. Chest 130(3), 
841–846 (2006).

53	 Scelsi L, Ghio S, Campana C et al. 
Epoprostenol in chronic thromboembolic 
pulmonary hypertension with distal lesions. 
Ital. Heart J. 5(8), 618–623 (2004).

54	 Skoro-Sajer N, Bonderman D, Wiesbauer F 
et al. Treprostinil for severe inoperable 
chronic thromboembolic pulmonary 
hypertension.  
J. Thromb. Haemost. 5(3), 483–489 (2007).

55	 Bonderman D, Nowotny R, Skoro-Sajer N 
et al. Bosentan therapy for inoperable 
chronic thromboembolic pulmonary 
hypertension. Chest 128(4), 2599–2603 
(2005).

56	 Hoeper MM, Kramm T, Wilkens H et al. 
Bosentan therapy for inoperable chronic 

thromboembolic pulmonary hypertension. 
Chest 128(4), 2363–2367 (2005).

57	 Hughes R, George P, Parameshwar J et al. 
Bosentan in inoperable chronic 
thromboembolic pulmonary hypertension. 
Thorax 60(8), 707 (2005).

58	 Hughes RJ, Jais X, Bonderman D et al. The 
efficacy of bosentan in inoperable chronic 
thromboembolic pulmonary hypertension: a 
1‑year follow-up study. Eur. Respir. J. 28(1), 
138–143 (2006).

59	 Ghofrani HA, Schermuly RT, Rose F et al. 
Sildenafil for long-term treatment of 
nonoperable chronic thromboembolic 
pulmonary hypertension. Am. J. Respir. Crit. 
Care Med. 167(8), 1139–1141 (2003).

60	 Reichenberger F, Voswinckel R, Enke B et al. 
Long-term treatment with sildenafil in 
chronic thromboembolic pulmonary 
hypertension. Eur. Respir. J. 30(5), 922–927 
(2007).

61	 Olschewski H, Simonneau G, Galie N et al. 
Inhaled iloprost for severe pulmonary 
hypertension. N. Engl. J. Med. 347(5), 
322–329 (2002).

62	 Suntharalingam J, Treacy CM, Doughty NJ 
et al. Long-term use of sildenafil in 
inoperable chronic thromboembolic 
pulmonary hypertension. Chest 134(2), 229–
236 (2008).

63	 Jais X, D’armini AM, Jansa P et al. Bosentan 
for treatment of inoperable chronic 
thromboembolic pulmonary hypertension: 
BENEFiT (bosentan effects in inoperable 
forms of chronic thromboembolic 
pulmonary hypertension), a randomized, 
placebo-controlled trial. J. Am. Coll. 
Cardiol. 52(25), 2127–2134 (2008).

64	 Bauer M, Wilkens H, Langer F, 
Schneider SO, Lausberg H, Schafers HJ. 
Selective upregulation of endothelin B 
receptor gene expression in severe 
pulmonary hypertension. Circulation 105(9), 
1034–1036 (2002).

65	 Kim H, Yung GL, Marsh JJ et al. Pulmonary 
vascular remodeling distal to pulmonary 
artery ligation is accompanied by 
upregulation of endothelin receptors and 
nitric oxide synthase. Exp. Lung Res. 26(4), 
287–301 (2000).

66	 Becattini C, Manina G, Busti C, 
Gennarini S, Agnelli G. Bosentan for 
chronic thromboembolic pulmonary 
hypertension: findings from a systematic 
review and meta-analysis. Thromb. Res. 
126(1), e51–e56 (2010).

67	 Feinstein JA, Goldhaber SZ, Lock JE, 
Ferndandes SM, Landzberg MJ. Balloon 
pulmonary angioplasty for treatment of 
chronic thromboembolic pulmonary 
hypertension. Circulation 103(1), 10–13 
(2001).


	OLE_LINK1
	OLE_LINK2
	_ENREF_1
	_ENREF_2
	_ENREF_3
	_ENREF_4
	_ENREF_5
	_ENREF_6
	_ENREF_7
	_ENREF_8
	_ENREF_9
	_ENREF_10
	_ENREF_11
	_ENREF_12
	_ENREF_13
	_ENREF_14
	_ENREF_15
	_ENREF_16
	_ENREF_17
	_ENREF_18
	_ENREF_19
	_ENREF_20
	_ENREF_22
	_ENREF_23
	_ENREF_24
	_ENREF_25
	_ENREF_26
	_ENREF_27
	_ENREF_28
	_ENREF_29
	_ENREF_30
	_ENREF_31
	_ENREF_32
	_ENREF_33
	_ENREF_34
	_ENREF_35
	_ENREF_36
	_ENREF_37
	_ENREF_38
	_ENREF_39
	_ENREF_40
	_ENREF_41
	_ENREF_42
	_ENREF_43
	_ENREF_44
	_ENREF_45
	_ENREF_46
	_ENREF_47
	_ENREF_48
	_ENREF_49
	_ENREF_50
	_ENREF_51
	_ENREF_52
	_ENREF_53
	_ENREF_54
	_ENREF_55
	_ENREF_56
	_ENREF_57
	_ENREF_58
	_ENREF_59
	_ENREF_60
	_ENREF_61
	_ENREF_62
	_ENREF_63
	_ENREF_64
	_ENREF_65
	_ENREF_66
	_ENREF_67

