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1. Abstract 
 

Chronic thromboembolic pulmonary hypertension is a commonly underdiagnosed 

disease leading to dyspnoea and physical incapacity. Due to this late presentation it 

results in a poor prognosis in general, although throughout the last two decades a 

significant number of patients could have been saved with the aid of improving 

diagnostics, surgical therapy and follow-up. Classical diagnostic tools, such as 

ventilation-perfusion scan and pulmonary angiography are now also supported by high 

resolution echocardiography, contrast enhanced magnetic resonance imaging 

angiography. Pulmonary thrombendarterectomy is a complex surgical procedure offering 

the best treatment option for these endangered patients, although the multidisciplinary 

approach is vital to evaluate suitability for surgery. Latest diagnostic and therapeutic 

criteria for chronic thromboembolic pulmonary hypertension are analysed in details in 

this summary. Those, who are not eligible for thrombendarterectomy, still can benefit 

from the improving medical therapy, although it has to be kept in mind, last chance for 
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them is a form of lung transplantation, however, this brings less favourable results as the 

thrombendarterectomy. Further technical possibilities are also going to be discussed in 

this chapter - either to be applied in an emergency situation or treating a complication -, 

which can help the patients to recover from the primary surgical procedure or to bridge to 

transplantation. These novel methods involve atrial septostomy, pumpless extracorporeal 

lung assist, minimalized extracorporeal circulation, extraanatomical bypass shunts. 

 

 

2. Introduction 
 

Chronic thromboembolic pulmonary hypertension (CTEPH) is one of the main causes of 

pulmonary hypertension (PAH). This severe disease is often underdiagnosed, usually due to 

the long “honeymoon period” following the acute pulmonary embolism, although in about 

50% of the patients a previous acute embolic event cannot be verified in the past medical 

history. This may be because either the primary embolic event was not severe enough to bring 

the patient to a medical facility or some other pathophysiological mechanisms are 

contributing to the development of this pathological phenomenon. Due to these wide range 

characteristics, the true prevalence of chronic obliteration of pulmonary vascular bed is still 

unclear. As a common feature, severe chronic disease can be described as an intraluminal 

thrombus organization and fibrotic involution or complete obliteration of the pulmonary 

vascular tree resulting in pulmonary hypertension and secondary right heart failure [1]. 

Surgical pulmonary vascular debridement is the treatment of choice for patients in CTEPH, 

although not all patients are in a suitable condition for this major surgical approach, as there 

is a variable degree of small vessel vasculopathy and a remodeling in patent distal arteries 

[2,3]. In a prospective study of Pengo et al. involving 223 cases with acute pulmonary 

embolism significant CTEPH developed in 3.8% at two years after the acute embolic episode 

[4]. CTEPH occurs when over 50% of major pulmonary arteries are obstructed and 

complicated by a secondary vasculopathy in the unaffected pulmonary vessels caused by 

PAH and shear stress. The persistent increase of pulmonary vascular resistance (PVR) results 

in a progressive right ventricular failure. As a result of the relatively asymptomatic 

“honeymoon period” these patients are often diagnosed at a late stage and without any kind of 

intervention they have a poor survival [5]. Pulmonary thrombendarterectomy (PEA) has 

proven to be an effective curative surgical treatment option for majority of patients with 

CTEPH, as the diagnosis and therapeutic plan results from a multidisciplinary patient 

evaluation and is usually performed in highly specialized surgical centres. Early mortality 

rates have become acceptably low and long-term survival and quality of life is now excellent 

for this group of patients [6]. Although some patients are not suitable for surgery, they may 

still undergo medical or interventional therapies, with the possibility that this will result in 

improved everyday mobility. 

 

 

3. Chronic Thromboembolic 
Pulmonary Hypertension 

 

Chronic pulmonary arterial occlusive disease was first described by Lungdahl in the 

1920`s as a phenomenon discovered in autopsies. CTEPH can be defined as a form of PAH, 
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where the mean pulmonary arterial pressure exceeds 25 mmHg and persistent pulmonary 

perfusion defects are demonstrated by imaging techniques [4, 7-8]. 

The first surgical intervention of acute pulmonary embolism was carried out by 

Trendelleburg; this procedure has carried his name ever since his initial intervention in 1908. 

Almost a half century later, the first operative approaches for CTEPH were carried out 

without the aid of cardiopulmonary bypass (CPB) by Blalock (1948), Boucher (1951), 

Hollister and Cull (1956), Hurwitt (1958), Hufnagel (1962), Snyder (1963), Houk (1963), 

Sabiston (1977). The next milestone was the application of CPB with deep hypothermia and 

intermittent circulatory arrest (Braunwald (1970), Daily (1980), Chitwood (1984)). In modern 

times, these techniques have been further improved and special CTEPH centres have become 

established in San Diego, Vienna, Mainz, Cambridge, and Paris, which have produced very 

good long term survival and functional improvement [9]. 

 

 

3.1. Natural History and Epidemiology 
 

Natural history of untreated CTEPH can be gleaned only from historical data as it would 

be unethical to observe the natural history of the disease when there are now several effective 

treatment possibilities for these patients. Riedel et al. followed up patients for up to 15 years. 

Patients having a mean pulmonary arterial pressure over 30 mmHg at first presentation went 

on to develop progressive PAH. The 2-year survival was under 20% when the mean 

pulmonary arterial pressure exceeded 50 mmHg [10]. Kunieda et al. in Japan found that 

patients with a mean pulmonary arterial pressure of 50 mmHg had a mean survival of 6.8 

years after the initial diagnosis [11]. Although there is a discrepancy in this data, there is now 

no future possibility of conducting a prospective randomized trial on the natural course of 

CTEPH. Therefore, we have to accept that this severe disease progresses and leads to severe 

limitation in quality of life and subsequent death in a short period without adequate treatment. 

In historical publications an incidence of 0.1-0.5% was estimated for the development of 

CTEPH following an episode of acute pulmonary embolism (PE) [12-14]. As previously 

mentioned, Pengo et al. found in their prospective study an incidence of 3.1% at 1 year and 

3.8% at 2 years of CTEPH following PE. Risk factors were younger age, large perfusion 

defects at primary presentation, previous acute PE in the past medical history [4]. Ribeiro et 

al. reported a persistent PAH and/or progressive right ventricular dysfunction in 44% of the 

patients after 1 year following acute PE, 5.1 % developed CTEPH. Risk factors were age over 

70 years and systolic pulmonary arterial pressure over 50 mmHg at admission. Repeat 

echocardiography can be used to select patients after 6 weeks following acute PE and identify 

those that will develop chronic PAH or have a complete recovery [15]. 

The largest available recent database for prognostic and etiological factors in CTEPH 

comes from the United Kingdom pulmonary hypertension service. Condliffe et al. in 

Cambridge [16] analyzed 469 patients from hospital records between 2001 and 2006. 236 

patients underwent PEA, 148 had distal disease, i.e.: not suitable for surgical approach. PAH 

was defined >25 mmHg and PVR>240 dyn∙s∙cm
-5

. Two forms of exercise test were used; the 

6 minute walking distance test (6MWD) and the incremental shuttle walking test (ISWT). 

Median time to surgery from diagnostic catheter was 210 days. Significant predictors of 

survival in surgical patients were ethnicity (Caucasians have lower risk of perioperative 

mortality); higher PVR, lower cardiac index (CI), walk distance and TLCO was associated 
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with increased perioperative death. Mean preoperative 6MWD measured 262±128 m and a 

mean ISWT distance of 188±167 m characterized the surgical group. 

Non-surgical candidates had three times more mortality in New York Heart Association 

(NYHA) class III and IV compared to class I or II patients. Increased mean right atrial 

pressure and PVR were associated with increased mortality, although not significantly. 

Higher CI, TLCO, FEV1/FVC demonstrated better survival chances. In multivariate analysis, 

CI and walk distance were independent risk factors for survival. Mean 6MWD measured 

239±133 m and mean ISWT distance 140±119 m in this group of patients. 

Analysis of medical risk factors for developing CTEPH showed that previous 

thromboembolic event was significantly higher in the surgical group, whereas a previous 

splenectomy was significantly more common in the nonoperable cohort. Causes for 

splenectomy were trauma, myeloproliferative disease, and haemolythic anaemia. As the 

spleen is removed, more abnormal erythrocytes stay in the circulation and those abnormal 

erythrocyte membranes could interact with the pulmonary vascular bed. 

 

 

3.2. Pathophysiology 
 

It is been hypothesised for several years that CTEPH may not be exclusively a result of 

chronic PE causing permanent vascular obliteration. Pulmonary embolism is one initiating 

factor, which leads to an increased flow and higher shear stress in the non-occluded vascular 

bed. This drives vascular remodeling of the small pulmonary vessels, which is a progressive 

process. This theory was first postulated by Moser and Braunwald at the early 1970`s in San 

Diego following the pioneering couple of successful operations on CTEPH [17]. The authors 

described, that these patients have a double compartment vessel; the open portion has a 

thickened wall caused by shear stress and the distal portion of the embolized territory has a 

normal vascular wall as it is “protected” by the organizing thrombus from the shear stress. 

Obviously, the more severe peripheral vascular remodeling carries the higher risk for surgery, 

as those changes are irreversible. 

The question is which factors are contributing to incomplete resolution of thrombi, or in 

other words failure of recanalisation of the vascular tree. If massive PE occurs, either the 

patient does not survive the incident or an acute intervention is required to avoid mortality. 

CTEPH cannot develop after smaller emboli, but the question is raised, what are the 

contributing factors of incomplete resolution of thrombi. 

Decreased fibrinolythic activity has not been identified in patients with CTEPH although, 

thrombophylia caused by mutations in protein C, protein S, prothrombin, factor V or 

antithrombin has not been associated with CTEPH [18, 19]. Secretion of tissue plasminogen 

activator and plasminogen activator inhibitor-1 is also not different between lungs in CTEPH 

and donor lungs [20]. The only factors related to CTEPH are increased levels of factor VIII 

and anticardiolipin antibodies [19,21]. 

The classical hypothesis of recurrent pulmonary embolism leading to CTEPH exclusively 

is nowadays in doubt. Egermayer and Peacock emphasized, that a pulmonary arteriopathy can 

lead to in situ thrombosis and vascular occlusion without recurrent peripheral embolism [22]. 

In fact, in situ thrombosis of pulmonary vessels is a well known phenomenon in severe PAH, 

where a vasculopathy occurs due to the shear stress, but no peripheral embolization is present. 
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Clinically less then 50% of the CTEPH patients suffer from venous thromboembolic disease 

[23]. 

Some authors suggest that a subgroup of patient with CTEPH have a genetical 

predisposition to the disease. In familial and idiopathic PAH, mutations of bone 

morphogenetic protein receptor II (BMPR-II) have been found [24]. These mutations promote 

smooth muscle cell proliferation and vascular remodeling. Similar mutations have not been 

proven in CTEPH. However, expression of BMPR-IA - a transmembrane signaling protein 

for BMPR-II – is significantly downregulated in the lungs of CTEPH as well as other forms 

of PAH. Angiopoetin-I, a signaling molecule involved in angiogenesis and smooth muscle 

cell proliferation is upregulated in lungs with CTEPH. Angiopoetin-I depresses BMPR-IA 

expression and thereby blocks BMPR-II signaling even without having BMPR-II mutations 

[25]. 

In some forms of PAH, the endothelin system is activated leading to pulmonary 

vasoconstriction. In a chronic form it can result in vascular remodeling, as upregulation of 

endothelin receptors on pulmonary arterial smooth muscle cells has been demonstrated [26]. 

Increased levels of proinflammatory molecules have also been reported in idiopathic PAH 

[27]. 

 

 

3.3. Presentation 
 

Vast majority of CTEPH patients report no history of previous pulmonary embolism, or 

one in the past with a long “honeymoon” period without any restricting symptoms for a long 

time. Later on, as the compensation mechanisms fail and the gas exchange worsens and/or 

right ventricular failure develops, patients experience shortness of breath on exertion, 

weakness, haemoptysis, syncopal episodes, peripheral oedema. 

Physical findings are not prominent at the first stage; with progression of disease a 

systolic murmur signalizing increasing tricuspid regurgitation will become more and more 

prominent. This is accompanied by extended jugular veins, ascites, and acrocyanosis. Bruits 

over the peripheral lung fields are pathognomic for CTEPH, especially over the lower lobes, 

as a result of turbulent blood flow in partially occluded areas. These can be found in 

approximately 10% of the patients, so has a low sensitivity but very high specificity [28]. 

Most of authors agree that a single episode of acute PE is not sufficient to result in 

CTEPH, and some other pathomechanisms are involved which do not require an embolism of 

peripheral origin. Fedullo et al. estimated only 5% [29] of acute PE who are going to survive 

the incident develop CTEPH. This results in an incomplete resolution of thrombi and failed 

recanalisation of the vascular bed, which later results in occlusive pulmonary arterial disease. 

From San Diego, Jamieson suggests four types of thrombus localization to classify the 

pathological changes in CTEPH: 

 

● Type 1 – Classical thrombus in a proximal main pulmonary artery (PA) (20%) 

● Type 2- No visible thrombus present in the PA. PEA is performed at the mid-to-

distal PA and lobar arteries (60%). 

● Type 3 – No visible thrombus proximally but distal intimal thickening is present 

(15%). 
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● Type 4 – PAH is not due to CTEPH and thus inoperable (5%) (4A Eisenmenger`s 

syndrome, 4B primary PAH) [30]. 

 

 

3.4. Diagnosis and Assessment of Operability 
 

Since the 3
rd

 World Symposium on Pulmonary Hypertension (Venice, 2003) the 

diagnostic steps for CTEPH have not changed significantly. The main diagnostic issue is the 

presence of the minimum of one or even more persistent perfusion defects on ventilation-

perfusion scan test. Haemodynamic measurements help in establishing the diagnosis and are 

useful for preoperative risk assessment. Multiplane pulmonary digital angiography is the gold 

standard for the confirmation of CTEPH [31]. Multislice computed scanning and magnetic 

resonance imaging have become valuable supportive investigations of the diagnosis [32, 33]. 

The most adequate preoperative information can be obtained through pulmonary 

angiography, the evaluation and preparation for surgery should be based on a 

multidisciplinary consensus. 

Diagnostic criteria for CTEPH and perioperative management as a consensus of an 

international multicentric review from Keogh et al. [34] are the following: 

 

● CTEPH is defined as symptomatic PAH (mean PAP>25 mmHg) with permanent 

perfusion defects. 

● CTEPH has a mechanical component to be improved by surgical measurements as 

well as variable small vessel disease. 

● PEA is the treatment of choice in CTEPH. 

● At the diagnosis of CTEPH the patient should be referred without delay to a 

specialized surgical centre for multidisciplinary evaluation, if generally fit for major 

surgery. 

● If the patient is operable, PEA is effective and carries the best risk-benefit ration for 

this patient group. There is no evidence that an exclusive medical therapy is a real 

alternative to surgery, hence surgery should not suffer a delay in favour of medical 

treatment. Current operative mortality measures 4-7% in leading specialized centres. 

● Reasonable operative outcome associated with an experienced surgeon and 

specialized centre, concordance with pulmonary vascular resistance (PVR) and 

anatomic disease, preoperative PVR<1200 dyn∙s∙cm-5, absence of selected 

comorbidities (e.g.: autoimmunic diseases, splenectomy, ventriculoatrial shunts), 

postoperative PVR<500 dyn∙s∙cm-5. 

● Benefits of surgery may take >6 months. 

● Systematic follow-up is crucial with haemodynamic re-evaluation at 6 to 12 months 

postoperatively as disease may reoccur. 

● For inoperable CTEPH patients, a randomized, placebo-controlled, double-blind trial 

with bosentan showed modest improvement in haemodynamics but no change in 

6MWT. 

● The role of IVC filters in CTEPH is questionable. 
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3.5. Diagnostic Investigations in CTEPH 
 

● Echocardiography is a basic diagnostic tool when PAH is suspected, a routine 

echocardiography is suggested 6 weeks after PE to identify patients developing 

CTEPH, although this represents a relative small proportion of CTEPH patients [15]. 

Echocardiography shows not only PAH but reveals right ventricular distension as 

well as compression on the left ventricle (D-phenomenon). Furthermore, coexisting 

cardiac anomalies can be demonstrated or excluded. However, ideal timing of 

follow-up echocardiography still requires further investigations. 

● Ventilation-perfusion scan is a useful tool to research this disease. There is a 

consensus present, that a normal ventilation-perfusion scan excludes the diagnosis of 

CTEPH [35]. Lung perfusion scans reveal segmental, large, usually bilateral filling 

defects, which supports the preliminary diagnosis, whereas the ventilation scan is 

homogenous. It is important to differentiate between CTEPH and primary PAH. In 

PAH the lung perfusion scan is usually homogenous, although there is a real 

diagnostic pitfall; a pulmonary veno-occlusive disease can copy the pattern of 

CTEPH [36]. It has to be kept in mind that ventilation-perfusion scan is not suitable 

to evaluate the severity of CTEPH. 

● Right heart catheterization is usually performed in combination with pulmonary 

angiography; it provides essential data on the severity of CTEPH and generates vital 

data on postoperative prognosis. 

● Pulmonary angiography provides the definite diagnosis and determines the efficacy 

of surgery giving details on proximal or distal localization of the process [37]. 

Angiography must include serial pictures, from the arterial injection until the venous 

phase with parenchymography to demonstrate non-perfused areas. Care must be 

taken to image both lungs completely. The right pulmonary arterial tree is visible 

from the anterior and lateral view; the left side is also targeted anteriorly, in LAO 

view and laterally. There are five angiographic features characteristic to CTEPH: 

 

1 irregularities of the arterial wall, 

2 caliber changes of the artery, 

3 a saccular stop of the artery at the level of obstruction, 

4 transverse bands in the arterial lumen, 

5 absence of lobar or segmental arterial branches with parenchymal defects in 

these locations. 

 

● Helical computed tomography, especially high-resolution helical CT shows exactly 

the obstructions, narrowing the arterial lumen, although smaller distal vessels are not 

well visible. CT is effective to exclude other mediastinal/pulmonary pathologies, 

such as tumors, fibrous mediastinitis and atheromatous changes of the pulmonary 

arteries. Lung perfused blood volume imaging by dual energy CT is a comparable 

option to pulmonary scintigraphy for the evaluation of CTEPH. It makes possible to 

investigate pulmonary perfusion and vessel morphology at the same time [64]. 

● Contrast enhanced magnetic resonance imaging (MRI) angiography has high 

sensitivity and specificity for CTEPH. The sensitivity can be further increased with 



Laszlo Göbölös, Dimitrios Pousios, Maik Foltan et al. 166 

the addition of unenhanced proton MRI angiography which delineates the vascular 

wall, so adherent central and lobar thrombi can be better detected [65].  

 

 

3.6. Differential Diagnosis 
 

The following diseases have to be differentiated from CTEPH, some of them pose real 

diagnostic challenges. 

 

● Pulmonary arteritis: Behcet`s or Takayashu`s arteritis results in false aneurysms of 

the pulmonary artery associated with in situ thrombosis. These lesions are 

characterized by other features of the diseases, such as mucocutan lesions or 

supraaortic arterial involvement. 

● Hydatic emboli: cysts of the liver can move into the inferior vena cava and than to 

the pulmonary arteries, causing retrograde thrombosis and obstruction of the vascular 

bed. Different clinical picture and positive serology supports the diagnosis. 

● Tumor emboli: peripheral tumors can embolise to the pulmonary arterial system. 

Even benign tumors with vascular tropism can lead to invasion of the pulmonary 

arteries, such as testicular tumors, uterine leiomyomatosis. Tumor markers aid the 

differential diagnosis. 

● Fibrous mediastinitis: is very similar to CTEPH on angiography/CT scan and also 

causes PAH. The essential difference is that fibrous mediastinitis encapsulates other 

structures in the mediastinum. Bronchoscopy is supportive in the differential 

diagnosis detecting obstructions of the bronchial ostia. 

● Angiosarcoma of the pulmonary artery: this malignant tumor is usually localized on 

the pulmonary trunk; it incorporates the pulmonary valve and progressively extends 

towards the pulmonary arteries, usually bilaterally. This disease is characterized by 

slow progression, extraluminar involvement and pulmonary regurgitation on 

echocardiography. Positron emission tomography can support the differential 

diagnosis [38]. 

 

 

4. Surgical Considerations, Recent 
Techniques in CTEPH 

 

4.1. Indication Criteria and Patient Selection for PEA 
 

Selection criteria for surgical consideration of a patient with CTEPH according to the 

guidelines of the American College of Chest Physicians are the following four basic 

parameters: 

 

● New York Heart Association (NYHA) class III and IV symptoms 

● Surgically accessible thrombus localization 

● Preoperative PVR>300 dyn∙s∙cm
-5
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● No severe underlying comorbidities. Severe chronic lung disease, either obstructive 

or restrictive is a contraindication of the operative procedure, independently of the 

severity grade of the thromboembolic disease [39]. Most common rejection reason 

for PEA is a significant peripheral localization of the thrombi or a severe 

comorbidity. Dartevelle et al. suggested to select patients for surgery, if a reduction 

of PVR>50% can be expected [40]. 

 

 

4.2. Surgical Technique of PEA 
 

The following pulmonary endarterectomy technique is described by Mayer and Klepetko, 

leading representatives of CPEPH surgery in two large European centres; Mainz (Germany) 

and Vienna (Austria) [41]. This technique is used worldwide with some mild modifications 

for PEA. 

The procedure is performed in deep hypothermic circulatory arrest (HCA) at 18-20°C 

core body temperature as used in dissection surgery as well. More considerations on 

management of the deep hypothermic arrest we discuss in another article, which could be 

applied in general for deep hypothermic arrest, not only in acute aortic syndrome [42]. 

Circulatory arrest facilitates visibility in the distal pulmonary tree, which would be flooded at 

normal perfusion due to systemo-pulmonary shunts in this disease. Circulatory arrest ideally 

should be shorter than 45 minutes, but should not exceed a cumulated period of 60 minutes to 

avoid permanent neurological deficit. Usually 40-45 minutes of HCA is sufficient to perform 

a complete PEA, between the bilateral PEA a shorter reperfusion period could also lower the 

risk of brain injury. Exceptionally, if a longer period of HCA required, different forms of 

cerebral protection, e.g.: selective antegrade carotid perfusion with the aid of continuous 

neurological monitoring, such as near infrared spectroscopy-NIRS are available, as for the 

management of acute aortic syndrome [43]. 

A standard median sternotomy is performed, followed by a vertical pericardiotomy. PEA 

is performed as an intrapericardial procedure without opening the pleural cavities. CPB is 

established and the cooling commenced, meanwhile the superior vena cava (SVC) is 

dissected to allow sufficient access to the right pulmonary artery (RPA). When 20°C of core 

temperature is reached, the ascending aorta is cross clamped and aortic root cardioplegia is 

given. After a proximal incision on the RPA the correct endarterectomy plane is established 

in the media posteriorly, and followed to the segmental or subsegmental pulmonary tree 

levels with the aid of special aspiration dissectors to achieve a complete resection. A 

complete debridement is required, to avoid residual pulmonary hypertension and a poor 

postoperative outcome. 

Mayer and Klepetko suggests a reperfusion period of 15 minutes after completing the 

right sided PEA to avoid brain injury, during this period the arteriotomy is closed by running 

sutures. A PEA in a similar manner is performed during the second setting of HCA on the 

contralateral side. After completion of PEA reperfusion is started, the left pulmonary artery 

(LPA) is closed in a similar way, following deairing the aortic cross clamp released and the 

patient is rewarmed gradually. After completion of the left sided PEA there is the possibility 

to perform additional cardiac procedures, such as coronary artery bypass grafting (CABG). 

Thistlethwaite et al. reported 83 CABG out of 90 combined procedures at 1190 PEA patients 

in CTEPH [44]. 
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A relatively novel technique to facilitate PEA is a video assisted technique, which 

provides a source of light, better visualization of the distal branches and a closer view for the 

assisting surgeons. Dartevelle et al. reported improved endarterectomy quality and beneficial 

postoperative outcome using rigid angioscopy in this cohort of patients [40]. 

 

 

4.3. Postoperative Patient Management and 
Possible Complications 

 

Although the intraoperative challenges are demanding for patients with CTEPH, the 

postoperative care also requires attention to detail. The most problematic postoperative result 

is persistent PAH, which means a constant PAP>25 mmHg, which is seen around 10%. The 

reason for this adverse result is usually an incomplete PEA. There are several causes, 

including often inaccessible distal pathology, which is why we emphasize the role of 

specialized centres with a vast experience. This complication leads eventually to right 

ventricular failure. This major adverse outcome underlines the importance of correct 

preoperative evaluation, as the Jamieson Type 4 thrombus localisation ultimately leads to this 

complication, so the multidisciplinary team work-up is vital for effective preoperative 

planning. 

Another potential postoperative hazard is reperfusion oedema in the endarterectomised 

lung areas, which occurs in a similar proportion of patients, but less fatal in outcome as it is 

manageable by adequate postoperative ventilation and fluid balancing. It appears usually 8-12 

hours postoperatively, but a late presentation can be observed even after 72 hours. 

Haemoglobin levels at 100-110 g/L, oxygen saturations>90%, positive-end-expiratory-

pressure level reduction with a progressive change of volume to pressure supported 

ventilation and the acceptance of moderate hypercapnia is beneficial in the initial 

management. 

At the termination of CPB, inotropes and vasodilators are frequently used, although 

Mares et al. found that avoidance or reduction of this pharmacological support and the 

application of nonaggressive mechanical ventilation are associated with lower incidence of 

the above mentioned condition. They suggest a peek inspiratory pressure<18 cmH2O, 

inspiration-expiration ratio of 3:1, tidal volume<8 ml/kg [45]. 

Prostanoid or nitric oxide inhalation can be beneficial for residual PAH, although some 

authors question the efficacy of the latter [46, 47]. If all these measures are unsuccessful and 

severe, uncontrollable respiratory failure ensues, the novel option of pumpless extracorporeal 

lung assist (PECLA) should be considered. PECLA provide excellent support for this 

condition as it does for other pulmonary pathologies. This therapeutic option is going to be 

discussed in a further section of the chapter. If combined respiratory-circulatory failure 

threatens, then extracorporeal membrane oxygenation (ECMO) could be also considered, 

although the outcome of the next step, a lung, heart-lung transplantation is rather poor. 

Further surgical complications can affect the postoperative outcome, such as 

postoperative bleeding, nosocomial pneumonia, intrapulmonary bleeding (0.5-1%), and re-

thrombosis of the PEA area (very rare). 
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Table 1. Pre- and postoperative hemodynamic values in relation to Jamieson 

classification of CTPEH 

 

 Type 1 

n=187 

Type 2 

n=245 

Type 3 

n=60 

Type 4 

n=8 

PVR 

dyn∙s∙cm
-5

 

973±444 

275±201 

809±419 

273±219 

973±488 

344±194 

1163±490 

868±421 

Cardiac output 

l/min 

3.6±1.4 

5.6±1.5 

4.1±1.2 

5.6±1.5 

3.8±1.5 

5.3±1.6 

3.4±1.2 

4.2±1.6 

Systolic PAP 

mmHg 

78±16 

46±15 

76±20 

45±17 

77±18 

53±17 

86±11 

101±39 

Diastolic PAP 

mmHg 

30±9 

18±7 

29±10 

18±7 

30±10 

20±9 

37±11 

38±12 

Mean PAP 

mmHg 

47±10 

28±9 

46±12 

28±10 

47±12 

32±11 

55±10 

55±13 

Mortality 

% 

2.1 5.3 5.0 25 

 

Table 2. Predictors of surgical success and adverse outcome in CTEPH 

 

Predictors of operative success Predictors of adverse outcome 

Previous history of embolic event No history of embolic event 

“Honeymoon period” Presence of indwelling catheter 

Angiographic lesions in major pulmonary 

branches 
Distal localization of thrombotic material 

Correlation between PVR and anatomic picture Haemodynamic-angiographic imbalance 

 Normal bronchial arteries 

 Myeloproliferative syndrome 

 

 

4.4. Postoperative Outcome 
 

As previously already mentioned, correct preoperative multidisciplinary evaluation of 

CTEPH, sufficient operative experience and postoperative management facilities in 

specialized centres are crucial for good postsurgical outcomes. Dartevelle et al. found that the 

main cause of postoperative mortality results from persistent PAH (60.7% of mortality), 

additionally from reperfusion pulmonary oedema and pneumopathy (both 10.7%). The 

perioperative mortality rate is closely related to the haemodynamic severity; 4% observed in 

patients with a preoperative PVR<900 dyn∙s∙cm
-5

, 10% at those with PVR between 900 and 

1200 dyn∙s∙cm
-5

, and over 20%, if PVR>1200 dyn∙s∙cm
-5

 [38]. Jamieson et al., although with 

differently set thresholds, found a similar predictive value of postoperative PVR 

measurements for outcome assessment. They report a rate of mortality of 0.9%, if 

postoperative PVR<500 dyn∙s∙cm
-5

 and a dramatic jump to 30.6% at higher PVR values [23]. 

The San Diego group with Archibald et al. also found that a 6 year survival is around 75%, 

which does not significantly decrease even after 15 years. Therefore, a successful PEA is 

providing better survival and quality of life than lung transplantation [47]. Bresser et al. 
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mentions the possibility that postoperative outcome might be favourably influenced by 

preoperative combined medical treatment (prostaglandins, phosphodiestherase-5 inhibitors, 

endothelin receptor antagonists), although this supportive therapy should not delay the 

surgical intervention [48]. Mayer and Klepetko also emphasize the importance of disease 

localization - classified by Jamieson – which influence haemodynamic parameters before and 

after PEA, hence outcome as demonstrated by Table 1. In each cell preoperative values are on 

top, postoperative on the bottom. They also summarize the predictors of surgical success and 

poor outcome (Table 2.) in the same review [23, 41]. 

 

 

5. Further Treatment Possibilities or 
Supportive Therapies 

 

5.1. Atrial Septostomy 
 

In severe idiopathic PAH survival rates are worse than in Eisenmenger-syndrome as the 

right-left heart communication decompresses the failing right ventricle [49]. Atrial 

septostomy is a useful alternative for acute treatment of progressing RV failure, e.g.: limited 

availability of donor organs or circulatory support. The septostomy provides a right-left shunt, 

which allows increased systemic oxygen transport, in spite of lower systemic arterial oxygen 

saturation and also decompresses the weak RV. This therapy can be performed in two ways; 

the stepwise balloon–dilation provides the better option as the created orifice can be enlarged 

gradually. 10% reduction in arterial oxygen saturation and an increase of LV end-diastolic 

pressure to 18 mmHg preclude further dilation. The blade balloon dilation carries less control 

possibilities, but techniques are varying between centres [50]. The artificial septal defect may 

close with time and requiring a repeat procedure. 

The published mortality rate for atrial septostomy is approximately 15%; cause of death 

is refractory hypoxia, progressive RV failure, and multiple organ failure. With atrial 

septostomy, right heart failure and 6MWD improves significantly [51,52]. Mean survival 

after septostomy is 63.1 months according to Keogh et al. [34]. The beneficial 

pharmacological support of atrial septostomy has been demonstrated by epoprostenol, 

treprostinil, bosentan [53,54]. 

 

 

5.2. Pumpless Extracorporeal Lung Assist 
 

The novel application of pumpless extracorporeal lung assist is a remarkable alternative 

to the conventional extracorporeal membrane oxygenation in case of severe lung failure. By 

establishing an artificial shunt between femoral artery and vein using the arterio-venous 

pressure gradient as a driving force through a low-resistance membrane oxygenator, PECLA 

(Novalung
®
, Heilbronn, Germany) provides highly effective gas-exchange with preserved 

cardiac function. Due to its closed system, reduced priming volume (200-250 mL) and low 

heparin demand (100 IU/kg), the unfavourable effects of extracorporeal membrane 

oxygenation can be effectively diminished. Hence the small technical, financial and personal 

input, the PECLA can be ideally used even in district hospitals and during transport as well. 
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Implantation criteria [61] are summarized in Table 3; these values are applicable at 

maximally optimized ventilation. The system is demonstrated on Figure 3. PECLA can be 

used as a bridge to transplantation. If ventilatory parameters improve, the patient can be even 

weaned off the system. The weaning algorithm is demonstrated at Table 5. [62,63]. 

 

Table 3. Indication summary for PECLA system 

 

 Elective Urgent 

paO2/FIO2 <150 mmHg over 48 h <80 mmHg 

paCO2 >60 mmHg over 48 h >70 mmHg 

LV ejection fraction>50% required 

 

 

Figure 1. PECLA in situ. 

 

 

Figure 2. MECC system components. 
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Figure 3. Transport MECC system. 

Table 5. Weaning algorithm from the PECLA system 
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5.3. Extracorporeal Membrane Oxygenation (ECMO), Ventricular Assist 
Devices (VAD) 

 

Extracorporeal membrane oxygenation is widely used for cardiorespiratory support, as 

bridge to recovery. Further indication is bridge to transplantation for heart or lung 

transplantation, although with preserved cardiac function pumpless extracorporeal lung assist 

is more advantageous, as it carries fewer side effects as ECMO therapy. The classical arterio-

venous extracorporeal circulation provides complete heart offloading, as a veno-venous 

system is useful for carbon dioxide removal, oxygenation and RV afterload reduction. 

Minimalized extracorporeal circulation (MECC) can be also be utilized, as 50% less heparin 

is required for maintaining the circuit, as the system is "tip-to-tip" heparin coated, so the 

bleeding risk is lower, as it provides a significantly smaller foreign surface. For all these 

reasons there is lower immunological response present and less priming fluid demand, which 

all helpful features in these very fragile patients. Comparison of a classical CPB and MECC is 

demonstrated in Table 4. [58]. Figure 2. shows components of the MECC system. A modified 

mini MECC system enables the critically diseased patients to be transported to a specialized 

centre even by air transfer if required, which contributes to better survival rates, see Figure 3. 

[59]. 

VAD therapy as a stand-alone treatment for RV failure caused by CTEPH does not solve 

the primary problem; obliteration of the pulmonary vascular bed, so the indication is very 

limited in this condition. With the onset of postoperative RV failure it provides an option as a 

bridge to recovery in refractory cases, even for duration of a year or two. VAD systems with 

pulsatile flow (membrane pumps) result in high alterations of pressure to the freshly opened 

pulmonary arterial tree that is why a centrifugal, diagonal or axial nonpulsatile flow (rotor 

pumps) is preferable in postoperative management of CTEPH. Detailed discussions of these 

systems are not the aim of this chapter, and we refer to current available literature. 

 

 

5.4. Lung Transplantation 
 

Bilateral lung transplantation (LTX) or a combined heart lung transplantation (HLTX) is 

the final option for patient’s refractory to medical therapy, who is not suitable for PEA [55]. 

Although, it is not an option in patients, who are suitable for PEA, as the long term outcome 

and quality of life is much worse than of PEA. 

For lung transplantation recipients, the most common diagnosis is idiopathic PAH, 

although other diseases such as sarcoidosis, histiocytosis, scleroderma are also part of the 

indications spectrum. Due to the lack of suitable donor organs, as in most of transplantation 

surgery, leads to long waiting lists resulting increased death rates in the end-stage disease. 

The risk of mortality is even higher, if a combined organ failure is present already (e.g.: renal, 

hepatic, right heart). As an bail-out procedure in CTEPH, the survival rates are the best 

following lung transplantation, as the right ventricle is decompressed, compared to LTX 

undertaken for other diagnosis (e.g.: pulmonary veno-occlusive disease, scleroderma, 

pulmonary capillary hemangiomatosis) [56]. 

The 6MWD and peak myocardial oxygen consumption predicts the survival, although a 

CI<2.0 L/min/m
2
 and a right atrial pressure>15 mmHg shows poor survival parameters too 

[55]. 
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Table 4. Comparison of classical bypass- and MECC systems 

 

Coventional CPB  MECC 

12 m
2 

System surface area 3 m
2 

1500 mL Priming volume 250-500 mL 

+ Venous reservoir - 

+ Cardiotomy suction - 

+ Vent + 

+ Heat exchanger + 

+ Bubble trap - 

+ Arterial filter optional 

300 IU/kg Heparin dosage 150 IU/kg 

optional Cell saver + 

 

Single lung transplantation has generally been abandoned due to the high risk of 

postoperative pulmonary oedema and poor outcomes in generalised lung disease, although 

isolated LTX is still an option, if an underlying cardiac cause results in PAH and 

Eisenmenger syndrome, although the cardiac pathology has to be repaired simultaneously. 

HLTX is technically easier than bilateral LTX and it preserves airway blood supply aiding the 

better regeneration, although there is no significant difference in the survival rates [57]. 

 

 

5.5. Further Novel Therapeutic Options 
 

Pacemaker Resynchronisation Therapy 
If postoperative RV failure is not severe enough to require circulatory support, in very 

selected cases, resychronisation therapy can provide a good option for this small subgroup. 

As right bundle branch block occurs, caused by the decreased conductivity due to high RV 

pressures, the interventricular dyssynchrony leads to prolonged RV systolic contraction. 

Dyssynchrony results in LV failure, which worsens the patient's general condition. This 

conduction dysfunction can be resolved by a well targeted pacemaker system [60]. 

 

Stem Cell Transplantation 
Circulating endothelial progenitor cells may be capable of reendothelization of the 

pulmonary arterial bed, lowering the risk of rethrombosis/occlusion following PEA. This 

theoretical option requires further research. 

 

Modified Blalock-Taussig Shunts 
The right ventricle may also be off-loaded by shunts. This is not a real alternative in 

CTEPH, as a sternotomy enables the curative PEA; otherwise the less invasive AS represents 

the therapeutic option as a bail-out procedure. In idiopathic PAH these shunts can provide an 

advantage to AS, and valved conduits can be utilised (e.g.: Contegra
®
 Pulmonary Valved 

Conduit, Medtronic Inc., Minneapolis, US) to produce unidirectional flow from right to left. 
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Medical Therapy 
Intravenous epoprostenol has been applied by several centres as a preoperative 

hemodynamic stabilizing agent, which showed some beneficial effect on this patient 

population [66]. Furthermore, the phosphodiesterase-5 inhibitor sildenafil and the endothelin 

receptor antagonist bosentan seem to carry a positive effect on inoperable patients. Ghofrani 

et al. could demonstrate a 54 m increase in 6MWD and a 30% drop in baseline PVR after a 

half year treatment on sildenafil [67]. Hoeper et al. could provide comparable results with 3 

months of bosentan treatment, which lead to a 73 m increase of 6MWD and 33% drop of 

baseline PVR [68]. The Aerosolized Iloprost Randomization study failed to demonstrate a 

significant positive effect of inhaled iloprost on exercise tolerance or haemodynamics [69]. 

 

 

6. Follow-Up 
 

Anticoagulation with intravenous heparin is vital and should be commenced 2-4 hours 

after surgery to avoid re-occlusion of the pulmonary vascular bed, and lifelong 

warfarinisation should to be started 5 to 8 days postoperatively. The warfarinisation goal is at 

INR 2.0-3.0, the best long term results can be achieved by INR self-testing (e.g.: CoaguChek 

XS
®
, Roche Pharma, Basel, Switzerland) as the patient can perform the test daily at home, 

similar to a blood sugar test and adjust the required warfarin dose. This system is easy to use, 

requires only a short training period and in many European countries is supported by the 

national health insurance systems. Routine preoperative insertion of inferior vena cava filters 

to lower the risk of future embolism is a matter of debate. Currently IVC filters are less and 

less favoured as they can become a source of embolism and a significant amount of CTEPH 

patients have not had previous peripheral thrombosis [70]. 

Annual evaluation of patients with a 6MWD and exercise tolerance with respiratory 

review is recommended. If these tests deteriorate or the general condition worsens, 

hemodynamic and angiographic re-evaluation may be required, although recent improvement 

in imaging techniques could help to avoid invasive investigations in the future. 
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