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Abstract
Objectives: Pulmonary endarterectomy (PEA) for chronic thromboembolic pulmonary hypertension (CTEPH) is
technically demanding. We reviewed the surgical outcomes of consecutive patients who underwent PEA with
aggressive use of pulmonary vasodilators, including epoprostenol sodium.
Methods: We retrospectively assessed perioperative clinical data of 122 patients with CTEPH who underwent PEA
with hypothermic circulatory arrest between 2005 and 2013. Peri-operatively, all of the patients received pulmonary
vasodilator therapy, including epoprostenol sodium and beraprost sodium.
Results: Patients were classified as having CTEPH type 1 (n=57), type 2 (n=32), and type 3 (n=33) disease
according to the Jamison classification system. In-hospital mortality was 7.4% (n=9), caused by right heart failure
(n=5), pulmonary hemorrhage (n=3), and pneumonia (n=1). The 113 patients who survived PEA showed
significantly decreased mPAP (46±11 to 23±10 mmHg, P<0.01) and PVR (826±357 to 237±153 dyne·s–1·cm–5,
P<0.01).
Conclusions: Aggressive pulmonary vasodilator treatment during surgical PEA results in favorable early outcomes.
This treatment also leads to immediate and substantial improvement in pulmonary hemodynamics in patients with
CTEPH.
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CTEPH, such as elevated factor VIII, lupus anticoagulant
antiphospholipid antibodies, and protein C, protein S, and
antithrombin III deficiency.6
The prognosis of patients with CTEPH undergoing medical
treatment is poor, largely because of severe ventilation–perfusion
mismatch, pulmonary hypertension, and decreased cardiac
output. In patients with an mPAP >50 mmHg, the 5-year
survival is as low as 10%.7
Pulmonary endarterectomy (PEA) is the only curative
treatment for CTEPH.8–16 The San Diego group procedure for
PEA through median sternotomy with intermittent deep
hypothermic circulatory arrest is the established surgical
treatment for CTEPH.12,15,16 Surgery can decrease PAP and
pulmonary vascular resistance (PVR), thereby increasing the
cardiac index. Because PEA is relatively invasive, it is mostly
performed at centers with surgeons who have experience.
However, the outcomes of PEA remain uncertain because of
limited available data.
We have performed PEA according to the San Diego group
procedure since 2001. In 2005, we added oral pulmonary
vasodilators and intravenous epoprostenol sodium for
perioperative management of all patients with CTEPH. We also
used epoprostenol sodium for postoperative management.
Although epoprostenol sodium was used for postoperative care of
patients with CTEPH before 2005, the surgical outcome was
poor. Our decision to use epoprostenol sodium preoperatively and

Introduction
Chronic thromboembolic pulmonary hypertension (CTEPH),
defined as a mean pulmonary artery pressure (mPAP)
≥25 mmHg, is caused by organized thrombi obstructing the
pulmonary arteries, and is associated with respiratory failure.1 In
the United States, the incidence of CTEPH after acute
pulmonary thromboembolism varies between 0.1% and 9.1%, but
it has increased in recent years.2–4 Available data have suggested
that the rate of CTEPH is higher if asymptomatic and unscreened
patients are taken into account. Although the incidence of
CTEPH in Japan is less than that in Western countries,5 the
official number of patients was >1800 in 2012, and this continues
to increase.
Although the pathogenesis of CTEPH remains unclear, it
appears to be a sequela of classic thromboembolism modified by
misguided resolution of thrombus. This then leads to occlusive
vascular remodeling of the pulmonary vessels. Additionally, some
risk factors of recurrent thromboembolism are present in
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postoperatively was based on the findings of Nagaya et al.17 They
reported that continuous intravenous epoprostenol prior to PEA
resulted in a highly significant decrease in PVR, an increase in
cardiac output, and excellent postoperative outcome in patients
with severe CTEPH, as defined by a PVR >1200 dyne·s–1·cm–5.17
In this study, we reviewed the early outcomes of a consecutive
series of patients with CTEPH who underwent PEA at our
institution after 2005, which is the era of epoprostenol sodium.

sodium, bosentan hydrate, sildenafil citrate, and tadalafil.
Intravenous infusion of epoprostenol sodium was started at
2 ng·kg–1·min–1 and was increased by 1–2 ng·kg–1·min–1 up to
6 ng·kg–1·min–1 at intervals of at least 15 min. This was
performed to allow assessment of the clinical response.
The preoperative mPAP was 47±10 mmHg and 43% of
patients had an mPAP >50 mmHg. The preoperative PVR was
847±373 dyne·s–1·cm–5, and 21% of patients had a PVR
>1000 dyne·s–1·cm–5. The preoperative cardiac index was
2.3±0.6 L·min–1·m–2.

Methods
Study cohort
We retrospectively reviewed the clinicopathological data of 122
patients who underwent PEA at Fujita Health University
Hospital between 2005 and 2013. The institutional review board
approved this retrospective, observational study. The approval
included a waiver of informed consent. All of the 122 patients
underwent preoperative pulmonary angiography, right heart
catheterization, and computed tomographic scanning.
The baseline characteristics of the patients are shown in Table
1. The mean age was 55±11 years (±standard deviation [SD])
and 88 (72%) patients were women. Sixteen (13%) patients had a
coexisting coagulation abnormality (protein C deficiency, n=7;
protein S deficiency, n=3; antiphospholipid syndrome, n=6).
None of the patients had antithrombin III deficiency. Thirtyseven (30%) patients had deep vein thrombosis, and four (3%)
had deep vein thrombosis and a coagulation abnormality. The
mean preoperative arterial oxygen and carbon dioxide tensions
were 59±10 and 37±5 mmHg. Fifty-five (45%) patients had a
preexisting inferior vena cava filter. Most of the patients (96%)
were in New York Heart Association (NYHA) functional class III
or IV, and all of the patients required home oxygen therapy. After
admission to hospital, all of the patients received pulmonary
vasodilator therapy, including epoprostenol sodium, beraprost

Surgical techniques
The indications for PEA included: (1) mPAP >30 mmHg; (2)
PVR >300 dyne·s–1·cm–5; (3) accessible proximal edge of
pulmonary thrombi; and (4) NYHA functional class greater than II
in the absence of significant comorbidities.
Surgery was performed through a median sternotomy with
intermittent deep hypothermic circulatory arrest according to the
San Diego group procedure.12,15,16 PEA was performed using
cycles of 15 min of circulatory arrest followed by 10 min of
reperfusion at a core temperature of 18°C. We did not perform
surgery on the tricuspid valve, even when regurgitation was
severe, because regurgitation was expected to regress
postoperatively owing to diminished pulmonary hypertension.
Weaning from cardiopulmonary bypass (CPB) was performed
with care because hemodynamics were unstable as a result of
residual pulmonary hypertension due to hypothermia, CPB, and
reperfusion injury of the lungs. Patients who could not be
successfully weaned from CPB because of hypotension, hypoxia,
and/or pulmonary bleeding were supported by percutaneous
extracorporeal membrane oxygenation (ECMO) via the femoral
artery and vein. With ECMO, mean blood flow was maintained at
2.5 to 3 L·min–1 to support respiratory and circulatory function.
Weaning from ECMO was attempted when cardiac hemodynamics and oxygenation were stable.
Anticoagulation therapy with intravenous heparin was
administered for the first week after surgery with a target of
activated clotting time from 150 to 180 s, followed by oral
warfarin therapy with a target international normalized ratio of
approximately 2.0.

Table 1 Baseline characteristics of patients with CTEPH who
underwent PEA
Variable
n=122
Women, n (%)
88 (72)
Age (y)
55±10.6
Hypertension, n (%)
27 (22)
Diabetes, n (%)
8 (7)
Dyslipidemia, n (%)
12 (10)
Smoking, n (%)
18 (15)
Coagulation abnormality, n (%)
16 (13)
Deep vein thrombosis, n (%)
37 (30)
Preoperative inferior vena cava filter, n (%)
55 (45)
Mean pulmonary artery pressure (mmHg)
47±11 (26–73)
Pulmonary vascular resistance (dyne·s–1·cm–5) 847±373 (258–1869)
Cardiac index (L·min–1·m–2)
2.3± 0.6 (1.3–4.4)
Blood gas analysis (mmHg)
Arterial oxygen tension
59±10 (40–90)
Arterial carbon dioxide tension
37±5 (26–54)
New York Heart Association functional class, n (%)
I
0 (0)
II
5 (4)
III
108 (89)
IV
9 (7)

Data collection and statistical analysis
Perioperative data were collected from hospital records. For
112 of the 113 survivors of PEA, postoperative pulmonary
hemodynamic data for calculating mPAP and PVR were obtained
by right heart catheterization within 1 month after PEA. Data for
the remaining one patient were obtained before removal of a
Swan–Ganz thermodilution catheter. Operative death was defined
as death within 30 days after surgery.
Continuous data are shown as the mean±SD (and range, as
indicated), and categorical variables are presented as frequencies
and percentages. All analyses were performed with SPSS 18
software (IBM Corporation, Armonk, NY). The Wilcoxon signedrank test was used for comparison of preoperative and
postoperative pulmonary hemodynamic data. Univariate analysis
was performed with the t-test or the Mann–Whitney test for
continuous variables and with the χ2 test or Fisher’s exact test for
categorical variables. P values were corrected for multiple
comparisons. P<0.05 was considered statistically significant.

Values are number (%) or mean±standard deviation (range) CTEPH,
chronic thromboembolic pulmonary hypertension; PEA, pulmonary
endarterectomy.
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46±11 mmHg; P=0.28 and PVR, 826±357 dyne·s–1·cm–5,
P=0.3), but the differences were not significant. The 113
survivors of PEA showed a significant decrease in mPAP (46±11
to 23±10 mmHg, P<0.01) and PVR (826±357 to
237±153 dyne·s–1·cm–5, P<0.01), and a significant increase in the
cardiac index (2.4±0.6 to 2.9±0.6 L·min–1·m–2, P<0.01).
Although 96% of the patients were classified as NYHA functional
class III or IV before surgery, 18 (16%) showed class I and 89
(79%) showed class II after PEA. The mean duration of hospital
stay for the survivors was 44±25 days (10–153 days).

Results
Operative data
Operative parameters during PEA are shown in Table 2.
CTEPH was classified into four types according to Jamison,1
based on the location and morphology of thromboemboli and the
vascular wall found at the time of surgery. Type 1 (n=57) was
characterized by fresh (acute) thrombus in the main and lobar
pulmonary arteries. Type 2 (n=32) was characterized by intimal
thickening and fibrosis with or without organized thrombus
proximal to the segmental arteries. Type 3 (n=33) was
characterized by fibrosis, intimal webbing, and thickening with or
without an organized thrombus within distal segmental arteries
alone. Type 4 (n=0) was characterized by microscopic distal
arteriolar vasculopathy without visible thromboembolic disease.

Discussion
This study showed that PEA was an effective surgical
therapeutic option for patients with CTEPH to obtain immediate
and significant improvement in pulmonary hemodynamics.
However, this surgical procedure is reportedly associated with
high mortality (2.2–14%) because it is technically demanding and
requires intensive postoperative management.8,10–12,16,18–22
Although the overall in-hospital mortality rate in our study was
7.4%, the mortality among the 103 patients who were treated
after 2007 was 4.8%, which is lower than that reported in
previous studies. In contrast, the in-hospital mortality was 21%
for the 20 patients who underwent PEA from 2001 to 2004 in our
institute, whose preoperative mPAP was 50±10 mmHg and PVR
was 1058±295 dyne·s–1·cm–5. These patients had the same
selection process and surgical procedure as those used currently.
Several factors are likely to contribute to a favorable early
outcome of PEA. There is undoubtedly a learning curve for such
a complex surgical intervention. Several centers have shown that
the learning curve for PEA is an important factor in improving
surgical outcomes.5,15,16 This learning curve applies to the entire
multidisciplinary team of surgeons, radiologists, and pulmonary
hypertension physicians, who each provide their expertise to the
decision-making process.
Additionally, aggressive pulmonary vasodilator treatment,
including epoprostenol sodium, may be linked to improved
clinical outcomes. As shown in the current study, all of our
patients had been treated with epoprostenol sodium
preoperatively and postoperatively since 2005.
Dartevelle and colleagues stressed the importance of
preoperative PVR as a risk factor and reported a postoperative
mortality rate of 20% among patients with a preoperative PVR
>1200 dyne·s–1·cm–5.22 Yildizeli and associates also recently
reported 100% survival after PEA for patients with a
preoperative PVR <300 dyne·s–1·cm–5.23 In our study, eight of the
nine patients who died after PEA required ECMO because of
persistent pulmonary hypertension and bleeding. Indeed, the inhospital mortality of patients who required ECMO after PEA was
higher than that of those who did not require ECMO. Therefore,
persistent pulmonary hypertension and bleeding requiring
support with ECMO after PEA is considered to be the most
important risk factor for in-hospital mortality.
In addition to the standard medical treatment of CTEPH,
including diuretics, oxygen therapy, and life-long anticoagulant
therapy, pulmonary vasodilator therapy should be aggressively
incorporated into perioperative management. Similar to
inoperable patients with severe CTEPH, patients undergoing
PEA may also benefit from epoprostenol sodium, beraprost
sodium, bosentan hydrate, sildenafil citrate, and tadalafil.24
Primary and secondary forms of pulmonary hypertension are
associated with increased release of vasoconstrictor thromboxane

Early outcomes
Postoperatively, 31 patients required ECMO and 11 patients
required circulatory assist with an intra-aortic balloon pump
(Table 3). Preoperative PVR of the patients who required ECMO
after PEA was 993±386 dyne·s–1·cm–5. The mean duration of
postoperative respiratory support was 7±9 (range: 1–58) days.
There were nine (7.4%) in-hospital deaths caused by right heart
failure (n=5), pulmonary hemorrhage (n=3), and pneumonia
(n=1). The eight patients who died of heart failure and
pulmonary hemorrhage also had persistent pulmonary
hypertension and required ECMO, accounting for 26% (n=31) of
patients who needed ECMO after PEA. The nine non-survivors
of PEA showed a higher preoperative mPAP (51±13 mmHg) and
PVR (1052±500 mmHg) than those who survived PEA (mPAP,
Table 2 Operative
underwent PEA

parameters

for

Variable
Operation time, min
Cardiopulmonary bypass time, min
Cardiac arrest time, min
Lowest body temperature, °C
Jamison classification
Type 1
Type 2
Type 3
Type 4

patients

with

CTEPH

who

n=122
437±88 (295–865)
253±43 (185–456)
141±24 (87–207)
18±0.7 (15.3–19.6)
57 (47%)
32 (26%)
33 (27%)
0 (0%)

Values are mean±SD (range) or number (%) of patients. CTEPH, chronic
thromboembolic pulmonary hypertension; PEA, pulmonary endarterectomy.
Table 3

Postoperative results of patients with CTEPH

Variable
Operative mortality (within 30 days)
Time to operative death, days
In-hospital mortality
Time to in-hospital death, days
ICU stay for survivors, days
Hospital stay for survivors, days
Postoperative use of ECMO
Postoperative use of IABP
Respiratory support, days

n=122
7 (5.7%)
13±8 (2–22)
9 (7.4%)
36±48 (2–147)
13±14 (2–69)
44±25 (10–153)
31 (25%)
11 (9%)
7±9 (1–58)

Values are number (%) or mean±SD (range). CTEPH, chronic
thromboembolic pulmonary hypertension; ICU, intensive care unit;
ECMO, extracorporeal membrane oxygenation; IABP, intra-aortic balloon
pump.
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A2 and decreased endogenous prostacyclin.25 As the logical
treatment choice, synthetic prostacyclin or prostaglandin analogs,
such as epoprostenol and beraprost, are expected to provide
symptomatic and hemodynamic improvement, as well as
improved survival, in patients with severe primary pulmonary
hypertension.26,27 Other promising drugs with different
pharmacological effects include endothelin receptor antagonists
(bosentan) and phosphodiesterase type-5 inhibitors (sildenafil).
Combination therapy with oral sildenafil and beraprost may
attenuate development of pulmonary hypertension.28–30
Epoprostenol sodium was approved in 1995 by the United
States Food and Drug Administration for treatment of PAH.
Epoprostenol sodium is a potent pulmonary and systemic
vasodilator, and an inhibitor of platelet aggregation, and may
modulate pulmonary vascular remodeling.
Jensen and colleagues have suggested that pulmonary
vasodilators have a minimal benefit in preoperative mPAP.31
However, we believe that pulmonary vasodilators, especially
epoprostenol sodium, should be used postoperatively and
preoperatively to improve the prognosis. This advocacy is based
on previous findings that 10–35% of patients who undergo PEA
develop persistent pulmonary hypertension10,32–35 and that
persistent pulmonary hypertension (PVR >500 dyne·s–1·cm–5) is
an independent risk factor for death after PEA.10,12,21
This study has some limitations. First, the data were collected
retrospectively and some events were incompletely reported or
missing. Second, our study included a relatively small number of
patients from a single center. Third, our study did not include
non-surgical patients. Therefore, we could not compare the
surgical group with a medically managed group.
Although the present study only showed only outcomes of
PEA, they are thought to have a large effect on late outcomes
after PEA. We will investigate the late outcomes and prognostic
factors of this challenging surgery in the future.
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Conclusion
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improvement in pulmonary hemodynamics. Additionally, this
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Conflicts of Interest
The authors declare no conflicts of interest associated with this
manuscript.
Acknowledgements
We thank everyone in the Fujita Health University
Department of Cardiovascular Surgery for supporting the present
study.
References
1. Daily PO, Dembitsky WP, Peterson KL, Moser KM. Modifications of
techniques and early results of pulmonary thromboendarterectomy
for chronic pulmonary embolism. J Thorac Cardiovasc Surg 1987; 93:
221–33.
2. Fedullo PF, Auger WR, Kerr KM, Rubin LJ. Chronic thromboembolic
pulmonary hypertension. N Engl J Med 2001; 345: 1465–72.

65

Outcomes after PEA for CTEPH

21. 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.
22. 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 J 2004; 23: 637–48.
23. Yildizeli B, Tas S, Yanartas M, Kaymaz C, Mutlu B, Karakurt S,
Altinay E, Eldem B, Ermerak NO, Batirel HF, Kocak T, Bekiroglu N,
Yuksel M, Sunar H. Pulmonary endarterectomy for chronic thromboembolic pulmonary hypertension: an institutional experience. Eur J
Cardiothorac Surg 2013; 44: e219–27.
24. Lang IM, Madani M. Update on chronic thromboembolic pulmonary
hypertension. Circulation 2014; 130: 508–18.
25. Christman BW, McPherson CD, Newman JH, King GA, Bernard GR,
Groves BM, Loyd JE. An imbalance between the excretion of
thromboxane and prostacyclin metabolites in pulmonary hypertension. N Engl J Med 1992; 327: 70–5.
26. Rubin LJ, Mendoza J, Hood M, McGoon M, Barst R, Williams WB,
Diehl JH, Crow J, Long W. Treatment of primary pulmonary
hypertension
with
continuous
intravenous
prostacyclin
(epoprostenol). Results of a randomized trial. Ann Intern Med 1990;
112: 485–91.
27. Barst RJ, Rubin LJ, Long WA, McGoon MD, Rich S, Badesch DB,
Groves BM, Tapson VF, Bourge RC, Brundage BH, Koerner SK,
Langleben D, Keller CA, Murali S, Uretsky BF, Clayton LM, Jobsis
MM, Blackburn SD, Shortino D, Crow JW, Primary Pulmonary
Hypertension Study Group. A comparison of continuous intravenous
epoprostenol (prostacyclin) with conventional therapy for primary
pulmonary hypertension. N Engl J Med 1996; 334: 296–301.
28. Itoh T, Nagaya N, Fujii T, Iwase T, Nakanishi N, Hamada K, Kangawa
K, Kimura H. A combination of oral sildenafil and beraprost
ameliorates pulmonary hypertension in rats. Am J Respir Crit Care
Med 2004; 169: 34–8.

29. Rosenzweig EB, Kerstein D, Barst RJ. Long-term prostacyclin for
pulmonary hypertension with associated congenital heart defects.
Circulation 1999; 99: 1858–65.
30. Bresser P, Fedullo PF, Auger WR, Channick RN, Robbins IM, Kerr
KM, Jamieson SW, Rubin LJ. Continuous intravenous epoprostenol
for chronic thromboembolic pulmonary hypertension. Eur Respir J
2004; 23: 595–600.
31. Jensen KW, Kerr KM, Fedullo PF, Kim NH, Test VJ, Ben-Yehuda O,
Auger WR. Pulmonary hypertensive medical therapy in chronic
thromboembolic pulmonary hypertension before pulmonary
thromboendarterectomy. Circulation 2009; 120: 1248–54.
32. Condliffe R, Kiely DG, Gibbs JS, Corris PA, Peacock AJ, Jenkins DP,
Hodgkins D, Goldsmith K, Hughes RJ, Sheares K, Tsui SS,
Armstrong IJ, Torpy C, Crackett R, Carlin CM, Das C, Coghlan JG,
Pepke-Zaba J. Improved outcomes in medically and surgically treated
chronic thromboembolic pulmonary hypertension. Am J Respir Crit
Care Med 2008; 177: 1122–7.
33. Tscholl D, Langer F, Wendler O, Wilkens H, Georg T, Schafers HJ.
Pulmonary thromboendarterectomy—risk factors for early survival
and hemodynamic improvement. Eur J Cardiothorac Surg 2001; 19:
771–6.
34. Auger WR, Kim NH, Kerr KM, Test VJ, Fedullo PF. Chronic
thromboembolic pulmonary hypertension. Clin Chest Med 2007; 28:
255–69.
35. Freed DH, Thomson BM, Berman M, Tsui SS, Dunning J, Sheares
KK, Pepke-Zaba J, Jenkins DP. Survival after pulmonary
thromboendarterectomy: effect of residual pulmonary hypertension. J
Thorac Cardiovasc Surg 2011; 141: 383–7.

Copyright©2017 Yusuke Sakurai, MD et al.
This is an Open access article distributed under the Terms of Creative
Commons Attribution License, which permits unrestricted use,
distribution, and reproduction in any medium, provided the original
author and source are credited.

66

