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Key Points

e Chronic thromboembolic pulmonary hyperten-
sion (CTEPH) results from recurrent or residual
intraluminal organized fibrotic clot leading to
increased pulmonary vascular resistance (PVR),
severe PH, and eventually right heart failure
(RHF).

* Incidence of thromboembolic disease is difficult to
estimate because of the nonspecific nature of the
presenting symptoms and the lack of public aware-
ness of the disorder.

e Pulmonary thromboendarterectomy is an endarter-
ectomy of the proximal pulmonary vascular tree
and is the preferred treatment for chronic thrombo-
embolic pulmonary hypertension.

e The most common presenting symptom of chronic
thromboembolic pulmonary hypertension is exer-
tional dyspnea. The diagnosis is confirmed with
echocardiography, right-sided cardiac catheteriza-
tion, and pulmonary angiogram.

e Most common complications of PTE procedure
are reperfusion pulmonary edema (RPE), pul-
monary hemorrhage, and persistent pulmonary
hypertension
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e Riociguat is the first FDA-approved medication for
treating certain patient subgroups with chronic
thromboembolic pulmonary hypertension (CTEPH).

e Balloon pulmonary angioplasty is an alternative
approach to thromboendarterectomy surgery in
patients with surgically inaccessible chronic throm-
boembolic disease.

Introduction

Pulmonary thromboendarterectomy (PTE), a complete end-
arterectomy of the pulmonary vascular tree, is the definitive
treatment for chronic thromboembolic pulmonary hyperten-
sion (CTEPH). Pulmonary embolism (PE) is a relatively
common cardiovascular event, and in a small percentage of
cases, it leads to a chronic condition in which repeated
microemboli as well as ongoing inflammatory response lead
to accumulation of connective and elastic tissue on the endo-
vascular surface of the pulmonary vessels [1, 2].

Pulmonary thromboembolism is a significant cause of
morbidity and mortality worldwide. Acute PE has been esti-
mated to occur in approximately 63 per 100,000 patients per
year in the United States with in-hospital mortality occurring
in 11.1% [3-5]. These statistics probably represent underes-
timates; however, since in 70-80% of patients in whom the
primary cause of death was PE, the diagnosis was unsus-
pected premortem [6].

If left untreated, the prognosis for patients with CTEPH is
poor. In fact, once the mean pulmonary pressure in patients
with CTEPH reaches 50 mmHg or more, the 3-year mortality
approaches 90% [7]. Although medical management can pro-
vide temporary symptomatic relief, it is noncurative and gen-
erally ineffective. The only potentially curative options are
lung transplantation and PTE, with PTE preferred because of
its favorable long-term morbidity and mortality profile.
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This chapter, based in large part on the experience at
UCSD, provides a review of the natural history of CTEPH, a
description of PTE, a discussion of anesthetic factors unique
to PTE and CTEPH, and a case discussion on managing mas-
sive pulmonary hemorrhage, one of the feared complications
of the operation.

Classification of Pulmonary Hypertension

Pulmonary hypertension (PH) is classified by the World
Health Organization into five types known as the Evian
classification [8]: (1) pulmonary arterial hypertension
(PAH); (2) pulmonary venous hypertension typically from
left heart disease; (3) PH due to respiratory disease such as
chronic bronchitis, emphysema, and hypoxemia; (4) pul-
monary hypertension due to embolic disease (CTEPH); and
(5) PH caused by diseases affecting the pulmonary
vasculature.

Further classification of pulmonary hypertension by
Galie et al. [9, 10] is defined by the presence of precapillary
and postcapillary PH. Precapillary PH as assessed by right
heart catheterization is characterized by mean pulmonary
artery pressure (mPAP) >25 mmHg; normal pulmonary cap-
illary wedge pressure (PCWP), i.e., <15 mmHg; and an
elevated pulmonary vascular resistance (PVR) more than
300 dynes-s-cm™. Postcapillary PH, often due to left heart
disease, is the most frequent form of PH and is character-
ized by mPAP >25 mmHg, PCWP >15 mmHg, and normal
PVR [11].

Chronic Thromboembolic Pulmonary
Hypertension (CTEPH)

Most cases of acute PE resolve within weeks and the patient
recovers to their previous level of function. However, for
unknown reasons, embolic resolution is sometimes incom-
plete. If the acute emboli are not lysed in 1-2 weeks, the
embolic material becomes attached to the pulmonary arte-
rial and arteriolar walls [12]. With time, the embolic mate-
rial progressively becomes converted to connective and
elastic tissue [13]. This chronic obstructive disease may
lead to a small vessel arteriolar vasculopathy characterized
by excessive smooth muscle cell proliferation in pulmonary
arterioles. This vasculopathy is seen in the remaining open
vessels, which are subjected to long exposure to high flow
and pressure. Pulmonary hypertension results from both
mechanical obstruction and from small vessel vasculopa-
thy. Once pulmonary hypertension has developed, patients
require expeditious treatment. CTEPH patients generally
do not respond well to medical management, which is
reserved for patients who are not surgical candidates

[14-16]. The only curative option is to proceed with surgi-
cal removal of the thromboembolic material by means of
endarterectomy.

Incidence

The incidence of pulmonary hypertension caused by PE
remains unknown. It has been estimated that there are more
than 500,000 survivors of symptomatic episodes of acute PE
per year [17]. One recent prospective study indicates that
thromboembolic disease develops in as many as 3.8% of
patients with acute PE [18]. Thus, a conservative estimate is
that 19,000 individuals progress to CTEPH in the United
States each year. Considering that only 200-300 PTEs are
performed annually worldwide, it is clear that acute PE and
CTEPH are under-diagnosed, and PTE is underutilized.

Etiologic Factors

No clear etiology has been defined for the development of
CTEPH, although hypercoagulability is certainly a risk.
Lupus anticoagulant may be detected in approximately 10%
of chronic thromboembolic patients, and 20% carry anticar-
diolipin antibodies, lupus anticoagulant, or both [19]. A
recent study has demonstrated that the plasma level of factor
VIII, a protein that is associated with both primary and recur-
rent venous thromboembolism, is elevated in 39% of patients
with CTEPH. Analyses of plasma proteins in patients with
chronic thromboembolic disease have shown that fibrin from
these patients is resistant to thrombolysis in vitro. In this
study, the fibrin p chain N-terminus was particularly resistant
to thrombolysis, suggesting that it could be responsible for
thrombus nonresolution [20].

Case reports and anecdotal experience have suggested
links between chronic thromboembolism and previous sple-
nectomy, permanent intravenous catheters, and ventricu-
loatrial shunts for the treatment of hydrocephalus or chronic
inflammatory conditions. In addition to these observations,
associations with sickle cell disease, hereditary stomatocyto-
sis, and the Klippel-Trenaunay syndrome have been
described [21]. However, the vast majority of cases of
CTEPH cannot be traced to a specific known coagulation
defect or underlying medical condition.

Pathology and Pathogenesis

Although most individuals with CTEPH are unaware of a
past thromboembolic or deep venous thrombosis, CTEPH
likely stems from acute embolic episodes that do not com-
pletely resolve. Why some patients fail to resolve their
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emboli is unclear, but a variety of factors may play a role.
The volume of acute embolic material may simply over-
whelm the lytic mechanisms. The total occlusion of a major
arterial branch may prevent lytic material from reaching, and
therefore dissolving, the embolus completely. The emboli
may be made of substances that cannot be lysed by normal
mechanisms. These may include organized fibrous throm-
bus, fat, or tumor emboli, from stomach, breast, kidney, and
right atrial (myxoma) origin. The lytic mechanisms them-
selves may be abnormal, or some patients may have a hyper-
coaguable state. Hypercoagulability may result in
spontaneous thrombosis within the pulmonary vascular bed,
embolization, or lead to proximal propagation of embolic
material. With time, the increased pressure and flow of redi-
rected pulmonary blood flow in the previously normal pul-
monary vascular bed can create a vasculopathy in the
arterioles, similar to that of the Eisenmenger syndrome. This,
as well as resulting right-sided heart failure, can lead to an
inoperable, lethal situation, so early surgical intervention is
recommended.

Clinical Presentation

The most common symptom of CTEPH, as with pulmonary
hypertension in general, is exertional dyspnea. This dyspnea
is out of proportion to abnormalities found on clinical
examination. Syncope is another common symptom of pul-
monary hypertension, particularly in patients with advanced
disease. Other common findings include chest tightness,
hemoptysis, peripheral edema, and early satiety.

The physical signs of pulmonary hypertension are the
same regardless of the underlying pathophysiology. Jugular
venous distension is common, with prominent V waves. The
right ventricle is usually palpable near the lower left sternal
border, and pulmonary valve closure may be audible in the
second intercostal space. Patients with advanced disease
may be cyanotic. A systolic murmur characteristic of tricus-
pid regurgitation is common, and murmurs over the lung
fields resulting from turbulent flow in the pulmonary vessels
may also be appreciated.

Workup may include chest radiograph (CXR), pulmonary
function testing, right heart catheterization with pulmonary
angiography, high-resolution magnetic resonance imaging,
arterial blood gas analysis, ventilation/perfusion scanning,
and echocardiography. CXR may show lung opacities sug-
gestive of previous scarring, hyperlucent areas suggestive of
regional decreased blood flow, right-sided cardiomegaly, and
dilatation of the pulmonary vessels (Fig. 49.1). Diffusing
capacity (DLCO) is often reduced and may be the only
abnormality on pulmonary function testing. Pulmonary arte-
rial pressure is elevated, sometimes being supra-systemic.
Resting cardiac output is often low, with reduced pulmonary

Fig.49.1 Chest radiograph of a patient with advanced chronic throm-
boembolic pulmonary hypertension. Cardiomegaly, hilar fullness, and
decrease in vascularity of the lung fields are apparent

arterial oxygen saturation. Many patients exhibit hypoxia,
particularly with exercise; room air arterial oxygen tension
ranges between 50 and 83 torr, the average being 65 torr
[22]. CO, tension is often slightly reduced, although dead
space ventilation is increased. Ventilation-perfusion studies
show moderate mismatch but correlate poorly with the
degree of pulmonary vascular obstruction [23].

Transthoracic echocardiography is often the first study to
provide clear evidence of pulmonary hypertension. An esti-
mate of pulmonary artery systolic pressure is often provided
by Doppler of the tricuspid regurgitant envelope.
Echocardiographic findings vary depending on the stage of
the disease and include right ventricular enlargement, left-
ward displacement of the interventricular septum, and
encroachment of the enlarged right ventricle on the left ven-
tricular cavity with abnormal systolic and diastolic function
of the left ventricle. Thankfully, many of these abnormalities
resolve after successful PTE [24]. Contrast echocardiogra-
phy may demonstrate a persistent foramen ovale, the result
of high right atrial pressures opening the previously closed
intra-atrial communication.

Pulmonary angiography is the gold standard for defin-
ing pulmonary vascular anatomy and is performed to con-
firm the diagnosis and to determine the location and
surgical accessibility of thromboembolic disease. In angi-
ographic imaging, thrombi appear as unusual filling
defects, pouches, webs, or bands, or completely throm-
bosed vessels that may resemble congenital absence of a
vessel (Fig. 49.2). More recently, high-resolution com-
puted tomography scanning [25], SPECT-CT fusion imag-
ing [26], and magnetic resonance angiography [27] have
been used successfully to screen patients with suspected
thromboembolic disease.
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Fig. 49.2 Pulmonary
angiogram showing perfusion
defects (arrows) and large
hyperlucent areas result from
pulmonary vascular
obstruction

In approximately 10% of cases, the differential diagnosis
between primary pulmonary hypertension and distal and
small vessel pulmonary thromboembolic disease remains
unclear and difficult to establish. In these patients, pulmo-
nary angioscopy is often helpful. The pulmonary angioscope
is a fiberoptic scope that is placed through a central line into
the pulmonary artery. The tip contains a balloon that is then
filled with saline and pushed against the vessel wall. A blood-
less field can thus be obtained to view the pulmonary artery
wall. The classic appearance of chronic pulmonary thrombo-
embolic disease by angioscopy consists of intimal thicken-
ing, with intimal irregularity and scarring, and webs across
small vessels. The presence of embolic disease, occlusion of
vessels, or the presence of thrombotic material is
diagnostic.

Many CTEPH patients have longstanding pulmonary
hypertension; as many as 37% of them receive medical pul-
monary vasodilator therapy [28]. This therapy may consist of
phosphodiesterase 5 inhibition (e.g., sildenafil) [29], endo-
thelin-1 inhibition (e.g., bosentan) [30, 31], and prostacyclin
analogs (e.g., iloprost, flolan, remodulin) [32-34]. It is pru-
dent to continue these medications preoperatively and to
consider their use postoperatively if the surgical result is sub-
optimal. Abrupt cessation of a prostacyclin analog can result
in potentially catastrophic rebound pulmonary hypertension
[35]. If a patient presents with an epoprostenol (Flolan™)
infusion, one approach is to continue this infusion through-
out the pre-CPB period, discontinue it during CPB, and
restart it after CPB if the surgical result is suboptimal. If the

surgical result is good, keep it available to be restarted if pul-
monary hypertension develops postoperatively.

The Surgical Procedure
Surgical Approach and Technique

PTE, being an endarterectomy of the proximal pulmonary
vascular tree, is performed through a midline sternotomy and
requires cardiopulmonary bypass (CPB) with deep hypother-
mic circulatory arrest (DHCA). Although used in the past,
lateral thoracotomy is suboptimal [36]. Median sternotomy
allows treatment of both pulmonary arteries, which is neces-
sary in almost all cases [36, 37]. The use of CPB with peri-
ods of complete circulatory arrest provides the bloodless
operative field necessary for complete meticulous lobar and
segmental dissections [38].

The procedure follows four basic but important princi-
ples. (1) The endarterectomy must be bilateral; therefore the
approach is through a median sternotomy. (2) Identification
of the correct dissection plane is crucial, and at times the
plane of dissection has to be identified in each of the segmen-
tal and subsegmental branches. (3) Perfect visualization is
essential, and a thorough distal endarterectomy cannot be
performed without the use of circulatory arrest. Circulatory
arrest is usually limited to 20 min at a time, and supported by
cooling to 18 °C. (4) A complete endarterectomy all the way
to the distal ends of the smallest vessels is essential.
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Following median sternotomy, CPB is established with can-
nulation of the ascending aorta and the inferior and superior
vena cava. Cooling is instituted immediately. A gradient of not
more than 10 °C is maintained between the arterial blood and
the bladder/rectal temperature. This allows an even distribution
of cooling and warming, as well as helping to prevent release of
gas bubbles into the circulation upon rewarming. Pulmonary
artery and pulmonary venous vents are inserted. During the
cooling phase venous oxygen saturation increases, with a satu-
ration of 80% typical at 25 °C, and 90% at 20 °C. Hemodilution
to a hematocrit of 18-25% is utilized to decrease blood viscos-
ity, optimize capillary blood flow, and promote uniform cool-
ing. Complete cooling typically requires 45-60 min, depending
on the size and perfusion characteristics of the patient.

As core temperature approaches 20 °C and tympanic
membrane temperature approaches 16-18 °C, the aorta is
cross-clamped. Immediately after aortic cross-clamping,
cardioplegia solution is administered into the aortic root.
Additional myocardial protection is afforded by a circulating
cold water cooling jacket around the heart. An incision is
made in the right pulmonary artery with the surgeon standing
on the patient’s left. The right pulmonary artery endarterec-
tomy plane is established and dissection continues until
bronchial artery flow impairs good visualization. At this
point circulatory arrest is imperative. Bronchial flow in these
patients is frequently substantial and without circulatory
arrest complete endarterectomy cannot be accomplished.

Circulatory arrest is limited to 20-min epochs. An experi-
enced surgeon can usually accomplish the entire unilateral
endarterectomy within this time period. If additional arrest
time is necessary, reperfusion is carried out at 18 °C core
temperature for a minimum of 10 min. At the completion of
the endarterectomy, perfusion is reestablished, while the pul-
monary artery incision is closed.

Following a 10-min period of hypothermic perfusion, the
left pulmonary artery is incised, and an endarterectomy is
performed. Following completion of the left endarterectomy,
a patent foramen ovale (PFO), if present, is repaired. Any
additional procedures such as coronary artery bypass graft-
ing or valve replacement can be performed during the
rewarming period.

Surgical Subtypes

There are five categories of pulmonary occlusive disease
related to disease extent that can be appreciated. The UCSD
classification system describes these different levels based
on the thromboembolic specimen and corresponds to the
degree of difficulty of the endarterectomy [39] (Table 49.1).

Level O represents no evidence of chronic thromboem-
bolic disease present; in other words, there has been a misdi-
agnosis, or perhaps one lung is completely unaffected by

Table 49.1 UCSD CTE classification

Level I Chronic thromboembolic disease in the main pulmonary

Level I C arteries
Complete occlusion of one main pulmonary artery with
chronic thromboembolic disease

Level I Chronic thromboembolic disease starting at the level of
lobar arteries or in the main descending pulmonary
arteries

Level I Chronic thromboembolic disease starting at the level of
the segmental arteries

Level IV Chronic thromboembolic disease starting at the level of
the subsegmental arteries

Level 0  No evidence of chronic thromboembolic disease in either

lung

Fig. 49.3 Endarterectomy specimen of Type I thromboembolic dis-
ease. Thrombus and fibrous connective tissue were removed from much
of the pulmonary vascular tree

thromboembolic disease, both of which are rare. In this
entity there is intrinsic small vessel disease, although sec-
ondary thrombus may occur as a result of stasis. Small vessel
disease may be unrelated to thromboembolic events (“pri-
mary” pulmonary hypertension) or occurs in relation to
thromboembolic hypertension as a result of a high-flow or
high-pressure state in previously unaffected vessels similar
to the generation of Eisenmenger’s syndrome. We believe
that there may also be sympathetic “cross-talk” from an
affected contralateral side or stenotic areas in the same lung.
Level I (Fig. 49.3) disease refers to the situation in which
thromboembolic material is present and is readily visible on
the opening of the main left and right pulmonary arteries. A
subset of level I disease, level Ic, is complete occlusion of
either the left or right pulmonary artery and non-perfusion of
that lung. Complete occlusion may present an entirely differ-
ent disease, especially when it is unilateral and on the left
side. In level II (Fig. 49.4), the disease starts at the lobar or
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Fig. 49.4 Endarterectomy specimen of Type 2 thromboembolic dis-
ease. Fibrous connective tissue was removed from much of the pulmo-
nary vascular tree

Fig. 49.5 Endarterectomy specimen of Type 3 thromboembolic dis-
ease. Only distal fibrous connective tissue was found at surgery

intermediate level arteries and the main pulmonary arteries
are unaffected. Level III (Fig. 49.5) disease is limited to
thromboembolic disease originating in the segmental vessels
only. Level IV (Fig. 49.6) is disease of the subsegmental ves-
sels, with no other disease appreciated at more proximal lev-
els. Level IIT and level IV disease present the most challenging
surgical situation. The disease is very distal and confined to
the segmental and subsegmental branches.

Fig. 49.6 Endarterectomy specimen of Type 4 thromboembolic dis-
ease. Only subsegmental fibrous connective tissue was found at

surgery

Anesthetic Management
Setup and Preparation

A typical “setup” for a pulmonary endarterectomy includes
preparation for transesophageal echocardiography (TEE),
pulmonary artery catheterization, hemodynamic support,
cerebral function monitoring, and a cooling device for head
cooling. On the day of surgery, a large bore peripheral intra-
venous catheter and a radial arterial catheter are inserted.
The patient may then be given light sedation (with caution)
and brought to the operating room. Even small amounts of
sedation may cause respiratory depression, leading to a cata-
strophic rise in pulmonary vascular resistance. Supplemental
oxygen should be considered in the preoperative area, par-
ticularly if sedation is administered.

Anesthetic Induction and Pre-CPB
Management

After thorough preoxygenation and ventilation encourage-
ment, anesthetic induction can be accomplished with mid-
azolam, fentanyl, and a muscle relaxant. Myocardial
depressants such as propofol should be used with extreme
caution, if at all. In cases of tenuous hemodynamics,
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etomidate may be useful because of its relative lack of car-
diovascular depression. A pulmonary artery catheter is
generally placed after induction rather than before, since
the hemodynamic status and goals are usually known by
the time the patient reaches the operating room. Also, lying
awake in the supine or Trendelenburg position may be
stressful for patients with advanced disease, occasionally
leading to cardiorespiratory instability. If preoperative
transthoracic echocardiography shows evidence of right
atrial or right ventricular thrombi, TEE is performed
immediately after induction, prior to placement of a pul-
monary artery catheter.

Although some patients with CTEPH presenting for pul-
monary endarterectomy have associated left ventricular
pathology, most do not. Hemodynamic management is thus
centered on right ventricular function. The right ventricle is
usually hypertrophic and dilated, as is the right atrium.
Because of the high right-sided pressures, the coronary blood
supply to right ventricle is at risk. Maintenance of adequate
systemic vascular resistance (SVR), inotropic state, and nor-
mal sinus rhythm serve to preserve systemic hemodynamics
as well as right ventricular coronary perfusion. The preop-
erative cardiac catheterization data, including cardiac output,
pulmonary vascular resistance (PVR), patency of coronary
arteries, and right ventricular end-diastolic pressure
(RVEDP) are useful in planning the induction sequence.
Elevated RVEDP (>14 mmHg), severe tricuspid regurgita-
tion, and preoperative PVR > 1000 dyne-s-cm™ are signs of
impending decompensation. In such cases inotropic support
(e.g., dopamine or epinephrine), as well as vasopressor sup-
port (e.g., phenylephrine or vasopressin), should be consid-
ered for the induction and pre-CPB period. Generally,
patients with CTEPH have fixed PVR because of mechanical
obstruction. However, high PVR can still be exacerbated by
factors that increase PVR (e.g., hypoxia, hypercarbia, acido-
sis, pain, and anxiety). Thus, these stressors should be mini-
mized during induction and immediate pre-CPB period.
Attempts to lower the PVR pharmacologically (e.g., nitro-
glycerin, nitroprusside) should be avoided as they have mini-
mal efficacy in treating CTEPH and can dangerously
jeopardize the coronary perfusion pressure to the right ven-
tricular myocardium. This can rapidly lead to hypotension
and cardiovascular collapse. Direct pulmonary vasodilators
such as nitric oxide and prostaglandins, which may be useful
in the medical management of patients with other types of
pulmonary hypertension, generally show limited benefit for
pulmonary endarterectomy patients in the perioperative
period. The effects of phenylephrine on right ventricular per-
formance in pulmonary hypertension has been studied by
Rich et al. [40] They documented improved right ventricular
performance (increased MAP, coronary artery perfusion
pressure, maintained cardiac output) with phenylephrine
administration. Since hemodynamic collapse can occur very
rapidly in these patients, it is particularly important to treat

decreases in blood pressure and heart rate rapidly and aggres-
sively. The muscle relaxant is chosen according to airway
issues and desired hemodynamic response. Pancuronium,
rocuronium, and vecuronium have all been used successfully
in these patients.

If the superior vena cava is patent, an internal jugular
introducer and pulmonary artery catheter are inserted.
Placement of the pulmonary artery catheter may be difficult
because of right atrial and right ventricular dilatation, as well
as tricuspid regurgitation and pulmonary artery pathology.
Transesophageal echocardiography has been shown to be
helpful in the live guidance of pulmonary arterial catheter
placement in CTEPH patients [41].

Next, a femoral arterial catheter is placed. This is because,
in cases involving prolonged hypothermic CPB, the systemic
arterial pressure is significantly underestimated by the radial
artery catheter in the post-CPB period [42]. This phenome-
non has been noticed by others [43] and appears to be accen-
tuated by prolonged periods of profound hypothermia. It is
not uncommon for a mean arterial pressure (MAP) gradient
of as much as 20 mmHg to develop after CPB. The mecha-
nism is unclear; causes involving peripheral vasoconstriction
and vasodilatation have been proposed [44]. Although the
time course for recovery of the radial arterial wave is vari-
able, typically the radial and femoral pressure measurements
show reasonable agreement by the morning following sur-
gery [42].

TEE is valuable in monitoring and assessing cardiac func-
tion and filling during PTE. The most useful views include
the transgastric mid-papillary short-axis view to assess left
ventricular size and septal motion (Fig. 49.7; Video 49.1);
the midesophageal four-chamber view for relative chamber
sizes, intracardiac thrombus, and tricuspid valve assessment
(Fig. 49.8; Video 49.2); the midesophageal bicaval view
(interatrial septal integrity, thrombosis of the great veins);
and the midesophageal ascending aortic short-axis view for

Fig. 49.7 Transgastric mid-papillary short-axis view in a PTE patient
with a massive enlarged right ventricle and a shifted interventricular
septum. RV right ventricle, LV left ventricle
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Fig. 49.8 Midesophageal four-chamber view in a PTE patient with a
severely dilated right atrium and right ventricle. Note the shifted inter-
ventricular septum and interatrial septum (red arrow) as well as the
underfilled left heart. RA right atrium, RV right ventricle, LV left
ventricle

MPA

Fig. 49.9 Midesophageal ascending aortic short-axis view demon-
strating thromboembolic material at the origin of the right pulmonary
artery (red arrow). Ao ascending aorta, MPA main pulmonary artery

size of the pulmonary artery (PA) and detecting PA throm-
bus. It is not uncommon to find substantial dilatation of the
PA, as well as thromboembolic material (Fig. 49.9; Video
49.3). The integrity of the interatrial septum is investigated
with the use of an agitated saline test. PFO is present in
25-35% of PTE patients [45]. If a PFO is present, it is
repaired, since, postoperatively some patients may experi-
ence high right-sided pressures. Such pressures, in the pres-
ence of a PFO, could lead to right-to-left shunt and
hypoxemia.

Processed electroencephalogram (EEG) is monitored
throughout the procedure. This allows confirmation of mini-
mal oxygen utilization of the brain prior to circulatory arrest
(isoelectric EEG), as well as monitoring of level of con-
sciousness during normothermia. In our institution the

SedLine monitor (Masimo, Irvine, CA), a four-channel pro-
cessed electroencephalograph monitor, provides monitoring
of the isoelectric electroencephalogram and confirmation of
minimal oxygen utilization of the brain before circulatory
arrest. Temperature monitoring is accomplished with a uri-
nary catheter with temperature monitoring capabilities, a
rectal probe, and tympanic membrane probe, which provides
an estimation of brain temperature [46]. The rectal and blad-
der probes estimate core temperature, and the PA catheter
measures blood temperature, allowing quantification of ther-
mal gradients.

During the precardiopulmonary bypass period, the head is
wrapped in a circulating cold water blanket. The water,
maintained at 4 °C, is circulated through the blanket by an
electric pump. This system (Polar Care, Breg, Inc., Vista,
CA), originally designed as a “knee wrap” for orthopedic
and physical medicine purposes, is easily applied to the head.
It contains a thermometer within the fluid circulation system
for confirmation of adequate blanket cooling, as well as a
flow control dial. This head wrap is used in all PTEs at
UCSD, with no complications. It is our belief that the blan-
ket provides better cooling to the surface of the cranium, par-
ticularly posterior regions, than application of ice bags, and
is easier to apply.

If the hematocrit and hemodynamics permit, 1-2 units of
autologous blood are harvested for reinfusion after
CPB. Another consideration is prior exposure and response
to heparin. Because of prior exposure, some patients develop
heparin-induced antiplatelet antibodies, causing a propensity
to heparin-induced thrombocytopenia. Anticoagulation for
these patients has been managed with preheparin administra-
tion of iloprost (a prostacyclin analog), heparinoid [37, 38],
hirudin, and bivalirudin [47, 48]. Most recently, we have had
success using the platelet-inhibitor tirofiban [49, 50].

Management of Deep Hypothermic Circulatory
Arrest (DHCA)

Prior to DHCA mannitol (12.5 g), methylprednisolone
sodium succinate (30 mg/kg; maximum dose of 3 g), and
phenytoin sodium (15 mg/kg) are administered. Mannitol is
used to promote an osmotic diuresis, minimize cellular
edema, and for free radical scavenging. Methylprednisolone
theoretically functions as a cell-membrane stabilizer and
anti-inflammatory agent. Phenytoin may provide some pro-
tection against postoperative seizures. Historically sodium
thiopental (6 mg/kg) was administered as a cerebral protec-
tion agent. Due to sodium thiopental’s lack of commercial
availability, propofol (2.5 mg/kg) is utilized to ensure com-
plete isoelectricity immediately prior to instituting deep
hypothermic circulatory arrest. While there is no clear clini-
cal evidence supporting added benefit of propofol or barbitu-
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rate administration for DHCA, we give propofol for three
reasons: (1) brain cooling may be uneven or incomplete, (2)
cerebral emboli may occur during rewarming (pulmonary
endarterectomy is an “open-chamber” procedure), and (3)
even at 18 °C we often notice sparse EEG activity which is
then abolished with administration of propofol.

After assurance of an isoelectric EEG, tympanic mem-
brane temperature 18 °C or less, and a bladder or rectal tem-
perature of 20 °C or less, circulatory arrest is instituted. At
this time, all monitoring lines are turned off to the patient,
decreasing the risk of entraining air into the vasculature dur-
ing exsanguination. The duration of DHCA is limited to
20 min epochs, typically one epoch per left and right pulmo-
nary endarterectomy, respectively. If additional time is
needed on either side, hypothermic circulation is reestab-
lished for 10 min prior to additional periods of DHCA.

Monitoring jugular venous bulb oxygen saturation may
be useful in detecting adverse cerebral effects of rapid
warming [51] or for prognosticating postoperative neuro-
logic function [52]. However, since our warming rate is
slow, and our neurologic results are good, we choose not to
expose our patients to the added risks of jugular venous
bulb catheterization. Surface cerebral oximetry is a nonin-
vasive technique applying near-infrared spectroscopy to
measure hemoglobin oxygen saturation in the brain under-
lying the sensor. The number reported by the monitor is
rSO,, which is a measure of the mixed arterial and venous
blood in the brain. Since venous blood volume accounts for
70-90% of total cerebral blood volume, rSO, reflects oxy-
gen saturation of venous blood and thus the relationship
between cerebral oxygen metabolism (demand) and cere-
bral blood flow (supply). In healthy volunteers, rSO, has
been found to correlate with jugular venous saturation [53,
54], although, during cardiac surgery, the correlation
between the two monitors is not always close [55]. Ongoing
research in this area and additional neuropsychiatric out-
come studies may prove this monitor useful during the con-
duct of DHCA.

Post-DHCA Rewarming

A 10° gradient between blood and bladder/rectal tempera-
ture is not exceeded during rewarming, and the perfusate
temperature is never greater than 37.5°. Warming too quickly
promotes systemic gas bubble formation, cerebral oxygen
desaturation, and uneven warming. Rewarming times are
variably related to the patient’s weight and systemic perfu-
sion; 90—120 min is usually required to achieve a core tem-
perature of 36.5 °C. Adequate and even rewarming aims to
prevent “after-drop”, whereby uneven rewarming redistrib-
utes post-CPB leading to a drop in temperature with the
attendant risks of hypothermia.

Separation from CPB

With the following few exceptions, the process of separation
from CPB is similar to other surgeries involving CPB. End-
tidal carbon dioxide (ETCO,) is a poor measure of ventila-
tion adequacy in these patients both pre- and post-CPB, since
dead space ventilation is an integral part of the disease pro-
cess. After successful surgery, the arterial-ETCO, gradient
may be decreased compared to preoperative values, but the
time course for this improvement is variable often with
weeks to months for complete resolution. Aggressive hyper-
ventilation is utilized due to the metabolic acidosis that may
occur from cardiopulmonary bypass, hypothermia, and deep
hypothermic circulatory arrest. The anesthesiologist checks
the endotracheal tube for frothy sputum or bleeding because
reperfusion pulmonary edema and airway bleeding, two of
the most dreaded complications of the procedure, may mani-
fest at this time [56]. Suction of the endotracheal tube during
rewarming (while the surgical PA vent remains in place)
allows the early identification of bleeding prior to pressuriza-
tion of the pulmonary arterial circuit. While still on CPB, the
TEE is used to detect intracavitary air as well as to evaluate
left and right ventricular function.

For separation from CPB, modest inotropic support (e.g.,
dopamine, 3-7 pg/kg/min) is often necessary because of the
long hypothermic period and long aortic cross-clamp time.
In patients with particularly poor ventricular function epi-
nephrine 0.04-0.15 pg/kg/min is added. Discussion with the
surgical team regarding CTEPH classification and the suc-
cess of the endarterectomy should occur prior to separation.
If the surgery has only been partially successful because of
small vessel disease, pulmonary vasodilators such as milri-
none, intravenous prostacyclin, and nitric oxide are consid-
ered. If the surgery has been successful, the TEE reveals
immediate improvements in the left- and right-sided geom-
etry [57, 58]. The distention of the right atrium and right ven-
tricle is greatly decreased, resulting in improvement of
function of both ventricles (Fig. 49.10a, b; Videos 49.4 and
49.5). Tricuspid regurgitation, if it was present before the
endarterectomy, has greatly decreased or resolved. Significant
improvement in hemodynamic status is usually noted,
including a doubling of the cardiac index, dramatic decrease
in PA pressures, and a drop in the PVR to 25% of the preop-
erative value [4].

Post-CPB Management

After heparin reversal, bleeding diathesis is rare, and transfu-
sion requirements are usually minimal [4]. Antifibrinolytic
agents such as e-amino-caproic acid are not routinely used
for pulmonary endarterectomy in our institution. Two
procedure-related complications may potentially present



806

T. M. Maus and D. Banks

Pre PTE

Fig. 49.10 (a) Midesophageal four-chamber view in a patient with
CTEPH prior to pulmonary thromboendarterectomy. Note the dilated
right heart, deviated septums, and underfilled left heart. RA right
atrium, RV right ventricle, LV left ventricle. (b) Midesophageal four-

themselves immediately upon separation from CPB. Pink
frothy sputum, if present, likely indicates the onset of reper-
fusion pulmonary edema. In this case, the endotracheal tube
is suctioned, and increasing amounts of positive end-
expiratory pressure (PEEP) are applied beginning with 5
cmH,0 escalating to 8 and 10 cmH,0. The volume of pul-
monary edema can be profound requiring frequent anesthe-
sia circuit changes and maintenance of high levels of PEEP. If
oxygenation and ventilation are significantly impaired, the
resultant hypoxia and hypercarbia can lead to worsening RV
dysfunction. Venovenous extracorporeal membrane oxygen-
ation may be considered to improve the hypoxia and
hypercarbia.

Secondly, if frank blood is emanating from the endotra-
cheal tube, disruption of the blood-airway barrier has likely
occurred secondary to surgical injury. The approach to this
clinical scenario often begins with the surgeon’s high index
of suspicion of adventitial disruption. Prior to pressurizing
the pulmonary arterial circuit via reduction of the PA vent,
the anesthesiologist should pass an airway suction catheter.
Identification of blood in the endotracheal tube warrants a
fiberoptic bronchoscopy. If identification of pulmonary hem-
orrhage occurs after pressurization of the pulmonary arteries
during cardiac ejection, localization of the culprit segment
may be difficult. With the assistance of the surgical team and
perfusionist, a slow reinstitution of cardiac ejection while
concurrently visualizing via bronchoscopy can identify the
specific lesion location. Management subsequently includes
lung or lobar isolation via bronchial blocker placement,
PEEP, separation from CPB, reversing anticoagulation, and
treatment of coagulopathy. Assuming adequate oxygenation,
ventilation, and coagulation, bronchial blocker balloon defla-
tion may occur under direct fiberoptic visualization [59].

b

Post PTE

chamber view of the same patient status post-pulmonary thromboen-
darterectomy and tricuspid valve repair. Note the decompression of the
RA and RV with increased left heart size. RA right atrium, RV right
ventricle, LV left ventricle

Significant pulmonary hemorrhage may lead to inade-
quate oxygenation, ventilation, and potential subsequent car-
diac dysfunction prompting the use of various methods of
extracorporeal life support. The choice of support depends
upon the clinical scenario as outlined in the algorithm in
Fig. 49.11. With preserved cardiac function, oxygenation
and ventilation may be assisted via venovenous extracorpo-
real membrane oxygenation (ECMO). Utilization of the
Avalon Elite Bicaval Dual-Lumen Catheter (Maquet, Rastatt,
Germany) via the right internal jugular vein allows the insti-
tution of venovenous ECMO with minimal or no anticoagu-
lation, an advantage in the setting of massive pulmonary
hemorrhage [59]. As RV dysfunction develops, ECMO may
be employed with right atrial inflow and pulmonary arterial
outflow. Lastly if biventricular failure ensues, venoarterial
ECMO may be employed.

Postoperative Management

Intensive care unit management is similar to other post-
cardiac surgical patients with a few exceptions. Two major
postoperative complications unique to PTE that can present
in the ICU are reperfusion pulmonary edema and pulmonary
arterial steal. Reperfusion pulmonary edema is a localized
form of high-permeability (noncardiogenic) lung injury, a
form of adult respiratory distress syndrome, localized to the
area of lung having received the endarterectomy. It usually
occurs within the first 24 h but may appear up to 72 h follow-
ing PTE [60]. In most cases it is mild; reperfusion edema
resulting in clinically significant morbidity occurs in only
10% of cases. In its most severe form, it begins immediately
post-CPB, in the operating room as described above.
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High suspicion of adventitial
disruption

FOB while on CPB and
PA vent in place

I

Proceed with
separation from CPB

Normal FOB

Evidence of pulmonary
hemorrhage or early
reperfusion edema

Allow heart to briefly eject

Proceed with
separation from CPB

with area under direct
visualization

[

Small bleed or early
reperfusion edema

Brisk,extensive,
pulsatile flow

“Traditional”
management
1. Lung Isolation
2. Separation from CPS
3. Reversal of heparin

Consider PA
exploration for
surgical repair or
occlusion

4. Correction of coagulopathies

Adequate oxygenation,
ventilation, and
hemodynamics

Consider deflation of

balloon under direct

Inadequate oxygenation,
ventilation, and/or
hemodynamics

Consider ECMO

visualization

Preserved LV and RV
function

RV dysfunction with
preserved LV
function

Biventricular
dysfunction

Fig. 49.11 Algorithm for the management of post-pulmonary throm-
boendarterectomy pulmonary hemorrhage. CPB cardiopulmonary
bypass, FOB fiberoptic bronchoscopy, ECMO extracorporeal mem-

These patients are often extremely ill, requiring aggressive
intensive care and ventilator management. Pressure control,
PEEP, and inverse ratio ventilation are used judicially in an
effort to improve V/Q matching and minimize further pulmo-
nary injury. Occasionally extracorporeal support is required
[61, 62]. Pulmonary arterial steal represents a postoperative
redistribution of pulmonary arterial blood away from the pre-
viously well-perfused segments into the newly endarterecto-
mized segments [63]. Whether the cause is failure of
autoregulation in the newly endarterectomized segments or

Consider vw-ECMO

Consider va-ECMO

Consider ECMO

with RA inflow and
PA outflow

brane oxygenation, LV left ventricular, PA pulmonary artery, RA right
atrial, RV right ventricular, va venoarterial, vv venovenous. (Reprinted
with permission from Cronin et al. [59])

secondary small vessel, changes in the previously open seg-
ments have not been clarified. However, long-term follow-up
has documented a decrease in pulmonary vascular steal in
the majority of patients, suggesting a remodeling process in
the pulmonary vascular bed [64].

Other postoperative complications are rare but can include
pulmonary hemorrhage (0.4%), neurologic sequelae (0.4%),
mediastinal bleeding (3.5%), GI bleeding (1.6%), atrial
fibrillation (2.6%), renal failure requiring renal replacement
therapy (1%), and sepsis (1.2%) [65].
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PTE patients usually awaken within 1-2 h after surgery,
and a brief neurologic examination is performed. The patient
is then sedated with a propofol infusion and analgesics. They
remain intubated overnight, since the onset of reperfusion
pulmonary edema may be delayed. If pulmonary, cardiac, and
neurologic function is good, and there is no bleeding diathe-
sis, extubation occurs the following morning. Discharge from
the intensive care unit typically occurs on the second or third
postoperative day, and the patients are usually discharged
from the hospital 1 week after the operation.

Outcome After PTE

There has been steady improvement in mortality rate at
UCSD since 1980, with current perioperative mortality rate
being less than 3% (Fig. 49.12). We believe these result from
improvements in preoperative preparation, surgical tech-
nique, anesthetic care, perfusion technique, and postoperative
management. The positive effect of experience, in the form of
case volume, on outcome has been well documented for other
types of complicated surgery, such as liver transplantation
[66]. In addition, we have developed close collaboration
between the Pulmonary Medicine, Cardiac Surgery, and
Anesthesiology departments. This “team approach,” we
believe, is absolutely essential to a successful PTE program.
With this operation, a reduction in pulmonary pressures
and resistance to normal levels and corresponding improve-
ment in pulmonary blood flow and cardiac output are gener-
ally immediate and sustained [65, 67, 68]. Mortality rate and
improvements in hemodynamics depend heavily on surgical
subtype, with CTEPH Type 1 and 2 fairing better than Types
3 and 4. Type 0, not being CTEPH but rather small vessel
disease, is associated with poor outcome [65]. There is a
trend of patients presenting with more segmental and sub-
segmental disease as identified by Madani et al [69]. Despite
a trend of patients presenting with more distal disease with
its attendant increased surgical complexity, our experience

Table 49.2 Preoperative/postoperative hemodynamic results and
operating times

Group 1 Group 2
Variable (n=1000) (n=500) p value
PVR (dynes/sec/cm™)
Preoperative 861.2+446.2 719.0+383.2 <0.001*
Postoperative 294.8 £204.2 2534 +148.6 <0.001*
Cardiac output (L/min)
Preoperative 39+13 43+14 <0.001*
Postoperative 5415 5614 <0.001%
Systolic pulmonary artery pressure (mm Hg)
Preoperative 75.7 £ 18.8 75.5£19.1 0.8932
Postoperative 46.8 £17.3 41.7 £ 14.1 <0.001%
Mean pulmonary artery pressure (mm Hg)
Preoperative 46.1 £ 11.4 455+11.6 0.3854
Postoperative 28.7 £10.1 26.0 + 8.4 <0.001%
Tricuspid regurgitant velocity (m/s)
Preoperative 4.2 +0.7 4.0+0.8 0.0263*
Postoperative 3.0+0.6 29+0.6 0.0075*
Operating times
Total operating room 488.6 + 80.1 534.6 £ 643 <0.001*
time (min)
Surgical time (min) 388.5+73.4  430.5+£58.8 <0.001*
CPB time (min) 231.5+45.6  2654+379 <0.001°
Cross-clamp time (min)  95.7 £ 26.5 105.7+254 <0.001*
Circulatory arrest time (min) 35.2 + 12.5 36.3£12.5 0.1309

Data are shown as mean + standard deviation or number (percentages).
Top numbers are preoperative values and bottom numbers are postop-
erative values

CPB cardiopulmonary bypass, PVR pulmonary vascular resistance
*Statistically significant with p value <0.05

Group 1 included 1000 patients operated on between March 1999 and
October 2006, and group 2 included 500 patients operated on between
October 2006 and December 2010

Adapted with permission from Madani et al. [69]

continues to demonstrate a dramatic reduction in pulmonary
arterial pressures and pulmonary vascular resistance
(Table 49.2). Patients who have undergone a successful PTE
enjoy long-term benefit. Typically patients preoperatively
present as New York Heart Association (NYHA) class III or
IV and often maintain NYHA I and II function indefinitely
following the operation [70].

UCSD PTE Perioperative Mortality Rate
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Fig.49.12 Bar graph showing progressive improvement in perioperative mortality at UCSD. Years are on the X-axis, percentage mortality on the

Y-axis
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Future

While surgical management of CTEPH continues to be the
proven mainstay of treatment, there are continued advances
both in medical management and percutaneous treatments of
these patients. Adempas® (Riociguat) is an FDA-approved
drug which acts via guanylate cyclase and nitric oxide; the drug
is a pulmonary vasodilator specifically indicated for the treat-
ment of residual or recurrent pulmonary hypertension after
PTE or those with inoperable CTEPH. Its role and the role of
other pulmonary vasodilators (i.e., phosphodiesterase inhibi-
tors, endothelin antagonists, prostaglandins, etc.) in the treat-
ment are continuing to be elucidated. The exact role of medical
management prior to surgical PTE still remains unknown.

The experience with percutaneous balloon pulmonary
angioplasty (BPA) has continued to grow either as an alter-
native to those patients with surgically inaccessible CTEPH
or those with high perioperative risk due to comorbidities.
Reperfusion pulmonary edema and pulmonary vascular
injury remain concerns with this percutaneous technique as
well. The exact role of BPA in the management of CTEPH
patients requires further study.

Research to determine the etiology of CTEPH, as well as
the mechanisms and factors leading to reperfusion pulmonary
edema, vascular steal, and ischemic neurologic injury con-
tinues. Understanding these processes will most likely lead
to improved prophylaxis and treatment. Anesthesiologists, in
particular, will be an integral part of future research on the
immediate perioperative period. This will include efforts to
improve the management of residual “small vessel disease,”
right ventricular failure, cerebral function and oxygenation
monitoring, postoperative pulmonary edema, pulmonary
bleeding, and organ protection.

Clinical Case Discussion

Case: A 68-year-old woman with CTEPH underwent a PTE
and has just been separated from CPB. The surgeon tells you
that the endarterectomy was difficult because it was Type 3
disease and the thromboembolic material was particularly
“sticky.” You suspected such because the surgeon required
two circulatory arrests on the right side, and he usually
requires only one on each side. Large amounts of dark blood
appear in the endotracheal tube as you begin ventilating.

Questions

*  What is the most likely cause of this bleeding?

* What diagnostic maneuvers can be performed to deter-
mine the cause and location of the bleeding?

* What are the therapeutic options, and how will they be
chosen?

The most likely cause is surgical trauma, puncture of the
distal pulmonary arteries resulting from aggressive endarter-
ectomy. Other possibilities include nonsurgical PA rupture
(high pressure, PA catheter trauma). Initial maneuvers include
reinstitution of CPB including decompression of the pulmo-
nary arterial tree with a PA vent, thereby temporarily reduc-
ing the amount of airway bleeding. Fiberoptic bronchoscopy
can assist in localizing the site of the bleeding. Smaller bleeds
may be managed with lung isolation, separation from CPB,
reversal of heparin, as well as correction of coagulopathies.
Lung isolation techniques include double-lumen tubes and
bronchial blockers. A preferred technique is to exchange the
endotracheal tube for a larger size (i.e., 9.0 mm ETT) to allow
a bronchial blocker and a larger adult-sized bronchoscope
simultaneously. The use of a pediatric size scope yields a
smaller suction channel. Attempts to place the bronchial
blocker in a subsegment if possible should be sought to maxi-
mize the amount of salvaged lung and prevent spillage of
blood into the remaining segments. Larger pulmonary hemor-
rhage events or those associated with worsening hypoxia and
hypercarbia may require ECMO. The decision for the method
of ECMO rests on the hemodynamic status of the patient with
TEE evidence of ventricular dysfunction playing a key role.
Assuming biventricular function is intact, venovenous ECMO
may be instituted via a single cannula placed percutaneously
through the right internal jugular vein. This approach allows
for ECMO support with minimal anticoagulation [59]. An
algorithm for management of post-CPB hemorrhage is pre-
sented in Fig. 49.11.
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