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within the pulmonary vasculature. Unresolved emboli along
with thrombus organization and fibrosis lead to pulmonary
vascular obstruction and increase in pulmonary arterial
pressures (fig. 1).5 Although the pulmonary vasculature
typically expresses large quantities of plasmin, fibrinolysis
may be abnormal in patients who develop CTEPH and may
contribute to incomplete recanalization of affected pulmonary arteries.6
Persistent pulmonary hypertension causes medial hypertrophy and intimal hyperplasia leading to narrowing of
the vascular lumen, further increasing vascular resistance.
Microvascular thrombosis occurs at sites of chronic intimal
disruption. Prostacyclin metabolic pathways are disrupted in
patients with pulmonary arterial hypertension resulting in
pulmonary vasoconstriction, hypercoagulability, and smooth
muscle hypertrophy.7 Meanwhile, increased 
endothelin-1
expression causes intense pulmonary vasoconstriction and
potentiation of vascular remodeling.8,9
Moser et al.10 demonstrated that the microvascular
changes associated with CTEPH are indistinguishable
from those of idiopathic pulmonary arterial hypertension and may occur in pulmonary vascular domains not
affected by the inciting embolus. Counterintuitively,
vasculature distal to the inciting embolus often remains
unaffected while “normal” vasculature demonstrates evidence of remodeling. This paradox likely occurs because
those pulmonary vessels unaffected by the initial thrombus are exposed to increased pulmonary arterial pressures
thus inciting the microvascular alterations characteristic of
the disease. Because these changes occur throughout the
lungs, increased pulmonary arterial pressures in CTEPH
are often greater in magnitude than that observed during
the initial embolic event.

HRONIC thromboembolic pulmonary disease is an
important cause of severe pulmonary hypertension
and is associated with significant morbidity and mortality.
At 2-yr follow-up, 3.8% of survivors of an acute pulmonary
embolic event develop chronic thromboembolic pulmonary
hypertension (CTEPH) defined as a persistent mean pulmonary arterial pressure greater than 25 mmHg for 6 months
after the inciting event.1,2
Chronic thromboembolic pulmonary hypertension is
progressive in nature and carries a poor prognosis due to the
limited efficacy of medical therapy. Surgical intervention by
pulmonary thromboendarterectomy (PTE) or lung transplantation is the only effective cure.1 However, because the
mortality rate of untreated CTEPH approaches 90% after
3 yr, the scarcity of available organs limits the viability of
transplantation as a therapeutic option.3 Therefore, PTE has
become the therapy of choice for patients with CTEPH, and
a thorough understanding of the procedure and the medical
management of these patients is necessary. We now review
the anesthetic management and perioperative outcomes of
the patients undergoing PTE.

CTEPH Pathophysiology
The initiating event for CTEPH is an acute pulmonary
embolism followed by residual pulmonary arterial hypertension greater in magnitude than that seen during the acute
phase. Risk factors include multiple embolic events, various
inflammatory diseases, chronic indwelling vascular devices,
and splenectomy (table 1).4 Each of these shares features of
chronic inflammation and increased propensity for thrombus formation.
After an acute pulmonary embolic event, CTEPH
occurs as a consequence of numerous secondary events
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Fig. 1. Progression from acute pulmonary embolism (PE) to development of chronic thromboembolic pulmonary hypertension.

Evaluation of CTEPH
Patients with CTEPH may present with symptoms of exercise intolerance, fatigue, and dyspnea. Physical examination
often reveals signs of right heart failure including jugular
venous distention, hepatomegaly, ascites, and peripheral
edema.1 Bruits may be appreciated on auscultation of the
peripheral lung fields.
After a diagnosis of CTEPH is made, the primary goal of
further evaluation is determination of surgical accessibility.
This incorporates both angiographic data and the individual
surgeon’s proficiency with the procedure. Pulmonary angiography, the definitive standard for the diagnosis of CTEPH,
along with right heart catheterization allows characterization
of the disease process, evaluation of cardiac function, and
assessment of surgical risk based on assessment of pulmonary
vascular resistance (PVR).11–13 Characteristic angiographic
findings include vascular webs, intimal irregularities, abrupt
narrowing of vessels, and proximal obstruction of pulmonary arteries.14 Anomalies detected on angiography provide
clues regarding the extent of disease and surgical accessibility.
Patients with predominantly small-vessel disease on angiography or with significant comorbidities are typically considered inoperable.
Although echocardiography is sensitive for the diagnosis
of pulmonary hypertension and right ventricular dysfunction, specificity for CTEPH is lacking. Transthoracic echocardiography can reveal abnormal right heart function and
structure and can be used to quantify pulmonary arterial
pressures using the tricuspid regurgitant jet.15 In the event a
pulmonary arterial thrombus is identified, echocardiography
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cannot accurately differentiate acute from chronic pulmonary embolism, though presence of right ventricular hypertrophy is suggestive of chronic disease. Echocardiography
also allows assessment of left ventricular function and evaluation for the presence of intracardiac shunts.
Electrocardiogram may reveal right axis deviation, right
ventricular hypertrophy, and a right bundle-branch block.
Chest radiography may be normal; however, more advanced
disease often yields dilation of central pulmonary arteries
and enlargement of the right heart.16 Pulmonary function
testing can be used to exclude other underlying pulmonary pathology. Severe reductions in carbon monoxide–
diffusing capacity suggest that the pulmonary capillary bed
is severely compromised and an alternate diagnosis should
be considered as CTEPH affects the precapillary pulmonary
vasculature.16
Radioisotope ventilation–perfusion scans along with
computed tomography may aid in the diagnosis and determine suitability of the disease for surgical correction. Compared with computed tomography, ventilation–perfusion
scans have a higher sensitivity but lower specificity for
detecting CTEPH (96 vs. 51% and 90 to 95 vs. 99%, respectively).17 Magnetic resonance imaging may also be used, but
the incremental benefit of applying this technology remains
in question and requires further investigation.18

CTEPH Medical Management
Medical management of pulmonary hypertension is often
instituted before surgery. However, crucial to the management of patients with CTEPH is an understanding that
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surgical correction is the only potentially curative intervention. The use of medical therapy as a bridge-to-surgery is
unproven and should not delay surgical intervention.19
Four groups of patients have been described as candidates
for medical treatment.3,20 These include patients with systemic disease processes who limit their candidacy for PTE,
those with surgically inaccessible disease, and those with
residual pulmonary hypertension after PTE. More relevant
to the anesthesiologist is another subset of patients with surgically accessible disease and severe pulmonary hypertension
defined as PVR greater than 1,000 dyne s−1 cm−5 and mean
pulmonary arterial pressure greater than 50 mmHg. Medical
therapy functions to stabilize this patient population until
surgery can be performed; therefore, an understanding of the
various medical therapies available is mandatory.
Traditionally, CTEPH medical therapy has focused on
preventing thromboembolic recurrence and minimizing
pulmonary vasoconstriction. Lifelong anticoagulation with
warfarin titrated to a goal international normalized ratio of
2.0 to 3.0 is common.21 Dihydropyridine calcium-channel
blockers such as amlodipine and nifedipine are commonly
administered for their pulmonary vasodilator properties, and
diuretics including furosemide and hydrochlorothiazide are
often used to minimize volume overload.8
Several therapies have been introduced for the treatment
of idiopathic pulmonary arterial hypertension including
prostacyclin analogs, endothelin-receptor antagonists, and
phosphodiesterase inhibitors (fig. 2).8,22 Because of some
similarities in pathophysiology, a discussion of these agents
is warranted because they may also find use in the treatment
of CTEPH.8
Bosentan, an endothelin-receptor antagonist, has been
evaluated as a means of reducing PVR and possibly inhibiting vascular remodeling. The “Bosentan Effects in iNopErable Forms of chronic Thromboembolic pulmonary
hypertension” trial evaluated the safety and efficacy of bosentan as a target medical therapy.23 In 157 patients with either

persistent pulmonary hypertension after PTE or inoperable disease, a statistically significant decrease in PVR and
improved cardiac index occurred during 16 weeks of observation. However, no improvement was observed in quality of
life measures or exercise tolerance. The authors hypothesized
that this discrepancy is due to a lag between improvement in
hemodynamics and symptomatic improvement. In addition,
14.5% of patients receiving bosentan developed a three-fold
increase in alanine and aspartate aminotransferase levels. At
this time, the utility of bosentan remains in question for
patients with operable disease, but the use of bosentan for
refractory pulmonary hypertension after PTE and inoperable CTEPH is promising.
Prostacyclin analogs such as epoprostenol, treprostinil,
and iloprost induce vasodilation and inhibit both platelet
activation and vascular proliferation, thus targeting several
pathophysiologic mechanisms of CTEPH. Intravenous,7
subcutaneous,24 oral,25 and inhalation26 administrations
have all demonstrated the ability to increase functional
capacity, improve World Health Organization Classification,
decrease brain natriuretic peptide levels, increase cardiac output, and decrease PVR. Inhalational administration of prostacyclin analogs is associated with rapid (<5 min) reduction
of PVR and maintenance of systemic blood pressure and is
an attractive method for intraoperative administration.26 A
preliminary, open-label study of the effect of preprocedural
infusion of prostacyclin demonstrated a reduction of PVR
and improved cardiac output in high-risk patients (PVR
>1,200 dyne s−1 cm−5) before CTEPH, but this therapeutic
strategy has yet to be proven in randomized, controlled trials.7 Because prostanoid discontinuation is associated with
rebound hypertension, oral therapy is often continued until
the day of surgery and infusion therapy is continued through
induction and weaned before instituting cardiopulmonary
bypass.
The phosphodiesterase type 5 inhibitors sildenafil and
tadalafil stabilize cyclic guanosine monophosphate levels,

Fig. 2. Medical management of chronic thromboembolic pulmonary hypertension. Several agents affect disease progression by
inhibiting multiple pathophysiologic elements of the disease. RV = right ventricle.
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thereby augmenting nitric oxide–mediated pulmonary vasodilation and ventricular ionotropy. These agents have been
shown to reduce PVR, increase cardiac output, improve right
ventricular function, and improve exercise tolerance among
patients with chronic pulmonary hypertension including
patients with CTEPH.27,28 Their use is generally continued
into the perioperative period.

Anesthetic Management
Patients with CTEPH typically present for surgery after
extensive medical evaluation and therapy. A thorough review
of existing records is necessary with an emphasis on previous
catheterization data to evaluate cardiac output, pulmonary
arterial pressures, PVR, and right ventricular performance.
Preoperatively increased right ventricular end-diastolic pressures (>14 mmHg), severe tricuspid regurgitation, and PVR
greater than 1,000 dyne s−1 cm−5 are signs of imminent cardiovascular collapse, and in such instances, institution of
inotropic support may be considered before induction.29
Sedative-induced respiratory depression may critically
increase PVR and is best avoided. A combination of benzodiazepines, opioids, and etomidate is a common selection
though many other induction agents may be successfully
used. In the setting of right ventricular hypertrophy, perfusion of the right ventricle is limited to diastole and dependent on diastolic blood pressure similar to left ventricular
coronary perfusion. Adequate systemic vascular resistance is
therefore necessary to maintain coronary blood flow to the
right ventricle and can be maintained by various catecholamine derivatives or vasopressin if necessary. PVR is relatively fixed in CTEPH, and vasodilators used in the hope of
reducing PVR may not augment right ventricular function.
Pulmonary arterial catheterization is generally performed
after anesthetic induction and is valuable both for hemodynamic management and assessing the response to PTE.
Transesophageal echocardiogram may reveal the presence of
right atrial, right ventricular, or pulmonary arterial thrombus and allows monitoring of both right and left ventricular
function. Color-flow Doppler and agitated saline should also
be used to detect intracardiac shunts that may affect surgical
management.

Surgical Management
Median sternotomy is performed and cardiopulmonary
bypass is established by means of ascending aortic and bicaval cannulation. Pulmonary arterial and venous vents are
placed. Intermittent circulatory arrest is essential to obtain a
bloodless field due to the significant amount of collateral and
bronchial blood flow present in these patients.
Typically, the right arteriotomy is performed first. The
endarterectomy plane is identified and dissection proceeds.
Circulatory arrest is initiated when blood obscures the surgical field and usually does not exceed 20 min. On completion
of the right pulmonary endarterectomy, bypass is resumed
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and the arteriotomy is closed. Left-sided endarterectomy is
performed in a similar manner with circulatory arrest initiated when necessary.
Limited evidence exists regarding the appropriate management of patients immediately before circulatory arrest. In
our institution, hypothermia in addition to phenobarbital
10 mg/kg IV, lidocaine 1 mg/kg IV, and magnesium sulfate
2 mg IV is administered for myocardial protection and cerebral quiescence. Cerebral oximetry is used for monitoring
oxygenation of the ischemic brain. Thomson et al.30 reported
the successful use of antegrade cerebral perfusion to avoid
total circulatory arrest during PTE though 9% of patients in
their series required conversion to complete arrest. There is
limited evidence demonstrating the superiority of alternative
techniques over the traditional technique of using cardiopulmonary bypass and deep hypothermic circulatory arrest.31
A patent foramen ovale is present in up to 25% of the
general population and may contribute to hypoxemia in
the setting of increased right atrial pressures.32 Conversely,
right-to-left interatrial shunting may improve left ventricular filling and systemic cardiac output in the setting
of right ventricular dysfunction.33 If detected on echocardiography, repair of a patent foramen ovale should be individualized based on the patient’s hemodynamic status and
oxygenation.

Postoperative Management
Successful PTE results in an immediate decrease in right
ventricular afterload. Cardiac output is generally dependent
on optimization of right ventricular function. Maintaining appropriate right ventricular preload, sinus rhythm and
heart rate are important to achieve optimization of right ventricular function.34 Pericardial effusion and tamponade are
common complications and can be prevented by creating a
posterior pericardial window or by placing a posterior pericardial drain. On removal of drains and pacemaker wires,
anticoagulation with warfarin is started.
Most patients experience some degree of reperfusion
injury ranging in severity from mild to life threatening. Onset
is typically within 24 to 72 h of surgery, though reperfusion
injury can occur immediately after cessation of cardiopulmonary bypass. Mild reperfusion injury typically results in
pulmonary edema and postoperative hypoxemia for which
supportive care typically allows resolution while severe reperfusion injury presents as profound alveolar hemorrhage with
persistently increased pulmonary artery pressure. The use of
inhaled nitric oxide to improve oxygenation and gas exchange
has been described, but subsequent clinical trials have not
demonstrated significant benefit.34 In addition, long-term use
of nitric oxide may lead to rebound pulmonary hypertension.
Inhaled and intravenous prostacyclin analogues have been
reported in case series as a successful, short-term treatment
option, but evidence is limited and long-term efficacy has
not been demonstrated.35 Extracorporeal membrane oxygenation may be used for hemodynamic or respiratory support in
Shenoy et al.
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Table 1. Risk Factors for CTEPH Development

Table 2.

Principle
 Multiple pulmonary embolic events
 Younger age
 Idiopathic pulmonary embolism
Associated medical conditions
 Chronic inflammatory states
 Ventriculoatrial shunts
 Malignancy
 Indwelling central venous catheters
 Splenectomy
 Recurrent episodes of venous thromboembolism
 Thyroid hormone replacement therapy
Thrombotic factors
 Lupus anticoagulant
 Antiphospholipid antibodies
 Increased levels of factor VIII
 Dysfibrinogenemia
Genetic factors
 ABO blood groups other than O
 HLA polymorphisms
 Abnormal endogenous fibrinolysis

Description

Type I

Fresh thrombus in main lobar
pulmonary arteries.
No major vessel thrombus is
present. Intimal thickening and fibrosis proximal to
segmental arteries.
Fibrosis, intimal webbing, and
thickening with or without
thrombus in distal segmental arteries.
Inoperable, microscopic distal
arteriolar disease without
visible thrombus.

Type III

Type IV

severe cases. Current management strategies include diuretic
administration, avoidance of inotropes and vasodilators, and
lung-protective ventilatory strategies including the early use
of positive end-expiratory pressure.34
Pulmonary arterial steal occurs as blood flow from previously perfused alveoli is shunted to the newly perfused areas
of the lung. Severe hypoxemia develops when these lung
segments are not yet contributing to oxygenation. This phenomenon decreases over time, suggesting that remodeling of
the pulmonary vasculature and improved ventilation–perfusion matching occurs.34 Studies using inhaled nitric oxide
and iloprost have produced moderate improvements in oxygenation, and inhaled nitric oxide has been successfully used
in the treatment of right ventricular dysfunction attributed
to pulmonary hypertension in a variety of postoperative
settings.36,37 However, no proven benefit on long-term outcome has been demonstrated in this patient population.

One-month
Survival (%)
98.7
97.5

86.8

85.7

to 1990, operative mortality after PTE was 17%.11 A more
recent review of an international registry from 2007 to 2009
showed an in-hospital mortality of 4.7% after PTE.39 One
series of 157 patients demonstrated a 4-yr cumulative survival of 84%.40 This same series reported significant improvements in New York Heart Association class, hemodynamics,
and Pao2 in the first 3 postoperative months which persisted
throughout the follow-up period. Up to 35% of patients
with PTE will experience some degree of persistent pulmonary hypertension likely due to distal disease not accessible
during surgery. These patients typically demonstrate worse
preoperative hemodynamics compared with that in patients
undergoing successful PTE.20

Conclusion
In summary, PTE is currently the most viable treatment
option for surgically accessible CTEPH. Though medical
therapy is limited, these patients often present on multiple
medications that must be considered for successful perioperative management. Because of the relative infrequency and
complexity of PTE, successful surgery is dependent on multidisciplinary management including medical, surgical, and
anesthetic consultation.
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PTE Outcomes
Postoperative mortality strongly correlates with the degree of
residual PVR. Individuals with a postoperative PVR greater
than 500 dynes s−1 cm−5 have a mortality of 30.6%, whereas
patients below this threshold have a mortality of 0.9%.11
The Jamieson classification (table 2) divides CTEPH based
upon intraoperative observation of thrombus location and
evolution of vascular changes.38 Four categories exist that are
useful for describing both disease progression and prognosis.
Type IV patients have 1-month mortality rates approaching
15%, and surgery has the least effect on their PVR.
Significant improvement has been made in the surgical
management of CTEPH over the last 4 decades. From 1970
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