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Abstract Pulmonary hypertension due to chronic
thromboembolic disease is potentially curable with pul-
monary thromboendarterectomy surgery. As a result, it is
important for clinicians to recognize and appropriately
diagnose this form of pulmonary hypertension. Advances
in this field with changes in surgical technique, the avail-
ability of PH-targeted medical therapy for select patient
subgroups, and the development of balloon pulmonary
angioplasty have broadened therapeutic options for
patients. This review will examine what is known about the
epidemiology and medical conditions placing patients at
risk of developing this disease, will present an approach to
evaluation of patients with suspected chronic thromboem-
bolic disease, and will describe the surgical and non-sur-
gical management of this unique patient population.
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Introduction

Prior to the mid-1950s, the development of cor pulmonale
from organized thrombus involving the pulmonary arteries
was merely an autopsy observation and the subject of
scattered case reports [1]. However, subsequent techno-
logical developments in cardiac catheterization and imag-
ing modalities not only allowed accurate pre-mortem
diagnosis of this entity, but cardiothoracic surgical
advancements established a surgical technique to remove
the organized thromboembolic material from the pul-
monary arteries. This thromboendarterectomy procedure
restored blood flow to the lungs and successfully relieved
the right heart strain and pulmonary hypertension that
afflicted these patients. The past five decades have wit-
nessed tremendous forward strides in our understanding of
the natural history, pathophysiology, and management of
chronic ~ thromboembolic ~ pulmonary  hypertension
(CTEPH) [2]. These advances have resulted in a greater
recognition of this disease, and the appreciation that
CTEPH is a potentially curable form of pulmonary
hypertension with pulmonary thromboendarterectomy
(PTE) also sometimes referred to as pulmonary
endarterectomy (PEA). Most recently, modifications of
surgical techniques have allowed distal resection of chronic
thrombotic lesions from the pulmonary vascular bed, pro-
viding an opportunity for a surgical cure to more patients.
And for those patients with inoperable CTEPH, pulmonary
hypertension (PH)-targeted medical therapy and, in some
specialized centers, balloon pulmonary angioplasty now
present opportunities for effective therapies in this select
patient group. An update on the epidemiology and medical
conditions placing patients at risk of developing CTEPH,
an approach to an evaluation of patients with suspected
chronic thromboembolic disease, and a review of the state-
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of-the-art surgical and non-surgical management of this
unique patient population will be examined.

Epidemiology and risk factors

Chronic  thromboembolic ~ pulmonary  hypertension
(CTEPH), currently categorized as World Health Organi-
zation (WHO) Group 4 [3], is defined as resting pulmonary
hypertension with a mean pulmonary artery pressure
(mPAp) > 25 mm Hg in the presence of organized
thrombus within the pulmonary arteries after at least
3 months of anticoagulant therapy. While no inciting
thromboembolic event can be identified in up to 25 % of
CTEPH patients, this is more likely due to underdiagnosis
of the initial pulmonary embolic event rather than an
alternative pathologic process [4]. The reported incidence
of CTEPH following an acute thromboembolic event varies
widely from 0.57 to 8.8 % [5-10]. The variability in
reported incidence is based on differences in study method,
patient population, method of pulmonary hypertension
detection—right heart catheterization versus echocardiog-
raphy—and values used to define pulmonary hypertension.

One of the first studies addressing this question followed
223 patients prospectively following an acute pulmonary
embolism (PE) for a median of 93.4 months. Patients who
remained symptomatic following the initial PE were
screened with echocardiography and those with a pul-
monary artery systolic pressure (PASP) estimate
>40 mmHg underwent confirmation right heart catheteri-
zation to confirm the diagnosis of CTEPH. The incidence
of CTEPH was 3.8 %. No patients developed CTEPH
greater than 2 years after the initial episode of PE [5].

Dentali and colleagues reported the highest incidence of
CTEPH following acute PE at 8.8 %. This finding is likely
a result of a study design that screened all patients, even
those without symptoms, following an acute PE. There was
a 4.4 % incidence of patients who presented with symp-
toms of shortness of breath [8]. Though study limitations
included small patient numbers and the fact that right heart
catheterization was not performed to confirm the diagnosis
of CTEPH, this study highlights the difficulty with epi-
demiologic studies in CTEPH which focus only on patients
who experience cardiopulmonary symptoms following a
limited time period after surviving an acute pulmonary
embolic event.

Reported in 2014, a study examining the incidence of
CTEPH prospectively followed 158 patients for a median
of 26 months following acute PE and confirmed the diag-
nosis of CTEPH in seven patients or 4.8 %. Of note, on
retrospective review of the CT angiogram diagnostic for
the index PE event, all seven patients already had findings,
suggesting the presence of CTEPH [11]. This observation
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has raised concerns that a diagnosed “initial acute PE
event” might actually be the presentation of CTEPH in
some patients.

Risk factors for the development of CTEPH following
an acute PE include multiple episodes of pulmonary
embolism, younger age, larger perfusion defects, and
idiopathic pulmonary embolism CTEPH [5, 11]. One study
has also suggested that echocardiogram estimates of
sPAP > 50 mm Hg at the time of acute PE increases the
risk of developing CTEPH 10-fold [10]. Whether this
represents a misdiagnosis of CTEPH as an acute PE is
unknown.

Additional risk factors for the development of CTEPH
include the presence of the thrombophilic disorders
antiphospholipid antibody syndrome (APS), elevated factor
VIII levels and factor V Leiden mutation. APS has been
observed in 10-20 % of patients with CTEPH, and in a
study of 122 patients with CTEPH, factor VIII levels were
significantly higher than a control group and remained
elevated after PTE surgery [5, 12]. In a smaller study of 45
patients with CTEPH, nine of 31 (29 %) white patients
were heterozygous for factor V Leiden compared with
7.8 % of controls [13]. The prevalence of other known
thrombophilic disorders is not higher in patients with
CTEPH compared to the general population.

A number of medical conditions have been associated
with the development of CTEPH including the presence of
a ventriculo-atrial shunts, infected pacemaker wires,
absence of a spleen, blood groups other than O, thyroid
replacement therapy, and a history of malignancy [14]. The
mechanism by which thyroid replacement therapy and
blood groups other than O contribute to the development of
CTEPH may be through their effects on factor VIII levels.
Patients with blood group O have been shown to have
25 % lower plasma levels of factor VIII [15] and patients
exposed to levothyroxine have increases von Willebrand
factor (vWF) levels and increased platelet function [16].

Pathobiology of CTEPH

The majority of CTEPH cases are thought to have evolved
from a prior episode of acute pulmonary embolism (PE),
although the latter may have been asymptomatic and never
diagnosed [4]. Though efforts at identifying the patho-
physiologic mechanisms of CTEPH have been focused on
the transition from an acute thromboembolism to a chronic,
endothelialized, endovascular “scar,” the process is
incompletely understood. In addition to a genetic predis-
position for inadequate thrombus dissolution, for which
there is limited published data, explanatory hypotheses for
the transition from acute to chronic thromboembolism
within the pulmonary arteries include mechanisms of
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localized inflammation, ineffective angiogenesis, and
endothelial dysfunction [17, 18].

Inflammatory infiltrates within the thrombus/vessel-wall
complex may result in a chemokine cascade that promotes
smooth muscle cell proliferation, fibroblast migration and
proliferation, apoptosis inhibition, and endothelin-1 pro-
duction. Although specifics remain uncertain, it appears
that the inflammatory milieu results in maladaptive vessel-
wall remodeling with poor thrombus dissolution and lumen
recanalization. This theory is supported by published data
on inflammatory markers and endarterectomized material
analyzed from CTEPH patients [17-20].

Endothelial activation is an important component in the
process of thrombus dissolution, mostly through vessel
recanalization. A dysfunctional endothelium does not allow
for effective angiogenesis, including fibrinolysis and
thrombus contraction and absorption, resulting instead in
fibroblast proliferation and deregulation of myofibroblast
differentiation. This hypothesis, taken together with “lo-
calized inflammation” and reports of abnormal fragmen-
tation of fibrinogen variants [21], provide a plausible
mechanism for abnormal thrombus dissolution and mal-
adaptive vessel-wall remodeling, bridging the gap between
acute pulmonary embolus and chronic thromboembolic
disease [17, 22-24].

An essential aspect of the pathophysiologic pathway
leading to CTEPH is the development of a distal pul-
monary vasculopathy, which occurs in varying degrees in
addition to the upstream large vessel occlusion or nar-
rowing with chronic thrombus. Early observations revealed
small-vessel disease with pathologic changes similar to
PAH, including vessel-wall muscularization, intimal
fibrosis, medial hypertrophy, and even plexiform lesions
[25]. However, a recent study reports post-capillary
remodeling in CTEPH patients, associated with bronchial-
to-pulmonary venous shunting and collateral blood flow,
suggesting a much more complex distal vasculopathy than
previously appreciated [26].

Uncertain is whether this downstream vascular pathol-
ogy evolves as a function of the duration of established
chronic thromboembolic disease or provoked by a relative
high flow state in the vascular bed uninvolved with
obstructing thrombus. Whether influenced by a particular
genetic predisposition, the presence of a chronic infectious
or inflammatory state, or other comorbid medical condi-
tions remain areas of investigation [17].

Clinical presentation and evaluation
The clinical presentation of CTEPH is almost universally

marked by the development of exertional dyspnea and an
unexpected decline in exercise tolerance. In some

instances, the onset of dyspnea clearly starts at the time of a
known venous thromboembolic event and fails to resolve
despite therapeutic anticoagulation. Often however, the
onset of dyspnea is insidious and a delay in diagnosis is
common, similar to the delay in diagnosis observed in
Group I pulmonary arterial hypertension (PAH). Atypical
chest pain, palpitations, and a dry cough are more rarely
observed in the early stages of the disease. As the disease
progresses and the right heart fails, exercise limitation
becomes more severe and patients develop symptoms of
lower extremity edema, ascites, and syncope. Hemoptysis
can occur in the course of the disease and is likely related
to lung infarction when it occurs in the setting of acute
pulmonary embolism and bleeding from dilated bronchial
arterial collaterals in the setting of chronic pulmonary
artery obstruction.

The physical examination findings of CTEPH can be
subtle early in the course of the disease and become more
notable as right heart function deteriorates. Cardiac
examination is notable for a loud, split second heart sound
with accentuation of the pulmonic component, a tricuspid
regurgitation murmur heart best at the left sternal border,
the presence of a right-sided S4, and the development of a
right-sided S3 when heart failure becomes more severe.
Pulmonary flow murmurs can be heard in up to 30 % of
patients with CTEPH as a result of turbulent flow across
incompletely obstructed medium to large pulmonary
arteries. While cyanosis can be observed, especially in
patients with significant right-to-left shunt through a patent
foramen ovale, clubbing is not a feature typical of CTEPH.

The chest radiograph is of limited utility in the diagnosis
of CTEPH and is mostly helpful to rule out significant
parenchymal lung disease or major anatomic deformities
that would complicate PTE surgery. Enlargement—and
occasionally, asymmetric enlargement—of the central
pulmonary arteries and a decrease in peripheral vascular
markings can be seen in CTEPH. In the setting of signifi-
cant pulmonary hypertension, cardiomegaly and loss of the
retrosternal air space from right heart chamber enlargement
can be observed. However, these radiographic findings of
pulmonary hypertension are nonspecific and can be also be
chest radiographic findings in PAH [27].

Basic pulmonary function studies do not provide
specific clues to the diagnosis of CTEPH, and primarily
useful in evaluating for coexisting parenchymal lung dis-
ease or airflow obstruction. Twenty percent of CTEPH
patients will exhibit a mild to moderate restrictive defect,
typically on the basis of parenchymal scarring from prior
lung infarction [28]. Similarly, a modest reduction in single
breath diffusing capacity for carbon monoxide (DLco) may
be present in some CTEPH patients. A normal value does
not exclude the diagnosis [29], and severe reduction in
DLco is indicative that the distal pulmonary vascular bed is
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significantly compromised, making an alternative diagnosis
other than CTEPH more likely. CTEPH patients will fre-
quently exhibit some degree of hypoxemia, often worsen-
ing with exercise. This is a result of moderate ventilation—
perfusion mismatch and an inadequate cardiac output
response to exercise which results in a low mixed venous
oxygen saturation [30]. Marked hypoxemia at rest implies
severe right heart dysfunction or the presence of a con-
siderable right-to-left shunt, typically through a patent
foramen ovale. More rigorous cardiopulmonary exercise
testing (CPET) can be valuable in assessment of the degree
of cardiopulmonary compromise and dead space ventila-
tion in symptomatic patients with chronic thromboembolic
disease who exhibit normal echocardiographic findings at
rest [31]. In a longitudinal study following patients after an
acute pulmonary embolism, Held and colleagues found
CPET a useful complementary screening tool for the early
detection of possible CTEPH where resting echocardio-
graphic findings were unremarkable [32].

Often the first objective indication of the presence of
elevated pulmonary pressures or right ventricular com-
promise is provided with transthoracic echocardiography.
Estimates of pulmonary artery systolic pressure (PASP) by
Doppler are a common tool used to screen all groups of
pulmonary hypertension including CTEPH. In addition to
elevated PASP, common findings on echocardiogram
include right atrial enlargement, right ventricular enlarge-
ment, right ventricular hypertrophy, and reduced systolic
function [33]. In CTEPH, as in other forms of pulmonary
hypertension, accurate assessment of right ventricular
function, right ventricular work load, right ventricular
ejection fraction, and ultimately disease severity by ECHO
is challenging. Various ECHO measurements have been
used to make this assessment including the tricuspid
annular plane systolic velocity (S’), RV fractional area
change (RVFAC), RV myocardial performance index
(RVMPI), RV strain patterns, and tricuspid annular plane
systolic excursion (TAPSE). While some of these mea-
surements have been shown to correlate with invasive
measurements of PVR, other measurements such as
TAPSE lose their utility postoperatively [34-36].

CTEPH: diagnostic imaging

Ventilation—perfusion (V/Q) scintigraphy plays a pivotal
role in the diagnostic algorithm of pulmonary hypertension
and remains the most widely available, sensitive test for the
detection of CTEPH [37]. The combination of an abnormal
V/Q scan and confirmatory digital subtraction pulmonary
angiography (DSPA) is the current gold standard for the
detection of CTEPH and for operability assessment. A
normal V/Q essentially rules out the presence of CTEPH.
Although previous studies demonstrated a wide gap

@ Springer

between the sensitivity of V/Q and computed tomography
pulmonary angiography (CTPA)—96-97 versus 51 %,
respectively [38]—this discrepancy has diminished as
CTPA imaging has advanced and interpretive experience
has grown. In a study of 114 consecutive patients being
evaluated for CTEPH, the sensitivity of V/Q scan was
96-100 % with a specificity of 95-94 % compared with a
sensitivity of 92 % and specificity of 95 % for CTPA [39].
Additional data supporting the increasing sensitivity of
CTPA were found in a study comparing the sensitivity of
320-slice CTPA to DSPA. The sensitivity of CTPA to
detect chronic thromboembolic findings was 97.0 % at the
main/lobar level though dropped to 85.8 % at the seg-
mental level [40]. Nonetheless, the simplicity of interpre-
tation inherent with a V/Q scan—that is either normal or
abnormal—along with the difficult-to-recognize findings of
chronic thromboembolic disease on CTPA makes perfusion
scintigraphy the ideal screening study in the evaluation of
patients for CTEPH.

In chronic thromboembolic disease, at least one and
more commonly several segmental or larger mismatched
perfusion defect are present (Fig. 1). In those patients
with small-vessel pulmonary vascular disease, perfusion
scans either are normal or exhibit a “mottled” appearance
characterized by non-segmental defects [41, 42]. It has
also been observed that the magnitude of perfusion
defects exhibited by CTEPH patients with operable dis-
ease may understate the degree of pulmonary vascular
obstruction determined by angiography, a result of radi-
olabeled macroaggregated albumin traversing recanalized
thrombus [43]. Therefore, CTEPH should be considered,
and an evaluation for operable disease is warranted even
if the V/Q scan demonstrates a limited number of mis-
matched perfusion defects, or regions of relative hypo-
perfusion (“gray zones”). And though an abnormal per-
fusion scan is observed in patients with CTEPH, this
finding lacks specificity. A number of other disorders
affecting the proximal pulmonary vessels [44—46] may
result in scan findings similar to those in chronic throm-
boembolic disease, and as such, further diagnostic imag-
ing is necessary.

Catheter-based pulmonary angiography has tradition-
ally been considered the “gold standard” for confirming
the diagnosis of CTEPH and assessing the proximal extent
of chronic thromboembolic disease. It has been the diag-
nostic study against which other modalities have been
compared, especially in providing an anatomic “map” for
surgery. In most circumstances, a properly performed
pulmonary angiogram, including lateral projections, will
provide sufficient information on which to base a decision
regarding chronic thrombus location and, as a result, sur-
gical accessibility. The angiographic appearance of chronic
thromboembolic disease is distinct from the well-defined,
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Fig. 1 Lung ventilation—
perfusion scan in CTEPH
patient. Bilateral unmatched
perfusion defects; segmental
sized defects in the lingula and
left lower lobe as indicated by

the arrows; overall perfusion to WASH IN EQUIL
right upper and middle lobes is
reduced
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intraluminal filling defects of acute pulmonary embolism
and reflects the complex patterns of organization and
recanalization after an acute event. Several angiographic
patterns have been described in chronic thromboembolic
disease, including “pouch defects,” pulmonary artery webs
or bands, intimal irregularities, abrupt, frequently angular
narrowing of the major pulmonary arteries, and complete
obstruction of main, lobar, or segmental vessels at their
point of origin [47]. In the majority of CTEPH patients,
two or more of these angiographic findings are present,
typically involving both lungs (Fig. 2).

With the advances in computed tomography, CT
angiography of the chest has played an increasing role in
the evaluation for CTEPH. Findings on CTPA suggesting
the presence of CTEPH include mosaic perfusion of the
lung parenchyma; enlargement of the central pulmonary
arteries; variability in the size of lobar and segmental-level
vessels with a reduction in vessel caliber of those involved
with chronic thrombi; and peripheral, scar-like lesions in
poorly perfused lung regions [48]. With contrast enhance-
ment of the pulmonary vasculature during CT imaging,
organized thrombus can be seen to line the pulmonary
vessels, often in an eccentric manner. Associated narrow-
ing of pulmonary arteries, web strictures or “bands”, post-
stenotic vessel dilatation, and other irregularities of the
intima may also be appreciated [49, 50] (Fig. 3). These
radiologic signs are distinct from the isolated finding of
intraluminal filling defects observed with acute throm-
boemboli [48, 49]. And with appropriate timing of the

intravenous contrast bolus for CTA, opacification of both
the pulmonary and systemic circulation is possible. In
addition to the pulmonary vascular bed, this allows
examination of a number of cardiac features including
cardiac chamber size, position and shape of the interven-
tricular septum (deviated toward the left ventricle in the
setting of significant RV pressure overload), the presence
of congenital cardiac abnormalities, anomalous pulmonary
venous drainage, and the size and distribution of collateral
vessels arising from the systemic arterial circulation, such
as bronchial arteries off the aorta and collaterals arising
from coronary vessels [48, 51, 52]. CTPA has the addi-
tional benefit of providing information about the lung
parenchyma and mediastinum. This allows a clearer defi-
nition of the extent of coexisting lung disease (such as
emphysema and interstitial lung disease) which will affect
operability, and the identification of mediastinal adenopa-
thy and fibrosis, which might account for the perfusion
abnormalities observed on V/Q scan, would be essential
information, thereby excluding a patient from surgical
consideration [48].

Dual-energy CT (DECT) is a newer CT technique that
generates a lung perfusion map and traditional CTPA
images in a single acquisition. In a small single-center
study evaluating the utility of DECT, 14 out of 40 patients
were diagnosed with CTEPH. DECT had a sensitivity of
100 % and specificity of 92 % [53]. The main limitation to
this technique is a streaking artifact that renders some
studies difficult to interpret and may impact inter-observer
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Right PA

Fig. 2 Pulmonary angiogram demonstrating features of chronic
thromboembolic disease; study obtained in the patient whose V/Q
scan is pictured in Fig. 1. a Solid white arrow depicts a “pouch
defect” and proximal vessel arrow in the artery leading to the apical
right upper lobe; the distal descending PA narrows and is

agreement. Pulmonary blood volumes on DECT have also
been shown to inversely correlate with mPAp and PVR
[54] and can provide information regarding the severity of
pulmonary hypertension. The utility of DECT, as well as
other perfusion-enhanced CT modalities such as single-
photon emission CT (SPECT), still must be confirmed in
larger multicenter study to better elucidate its role in the
diagnosis of CTEPH and operability assessment [53, 55].

Magnetic resonance techniques have been evaluated in
the diagnosis and operability assessment of CTEPH. MR
angiography has a high sensitivity for CTEPH occurring in
the proximal pulmonary arteries, but the sensitivity drops
as low as 57 % at the segmental and subsegmental level
[56, 57]. MR perfusion imaging techniques have
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Right Lateral -

Left Lateral

accompanied by poor perfusion of several lower lobe vessels (open
white arrow). This finding is better demonstrated on lateral view
(open white arrow). b The left pulmonary angiogram in the same
patient demonstrates marked vessel narrowing and hypoperfusion of
the posterior lower lobe artery (solid white arrow)

demonstrated better promise in the diagnosis of CTEPH.
Recent data from the ASPIRE registry used MR perfusion
to screen 132 patients suspected of having CTEPH.
Seventy-eight patients were diagnosed with CTEPH and
MRI perfusion demonstrated an overall sensitivity of 97 %,
specificity 92 %, positive predictive value 95 %, and
negative predictive value 96 % compared with V/Q scan
(sensitivity 96 %, specificity 90 %) and CTPA (sensitivity
94 %, specificity 98 %) [58].

MR techniques have also shown significant promise in
CTEPH, just as in the other WHO groups of pulmonary
hypertension, to evaluate the severity of right ventricular
dysfunction, right ventricular workload, and response to
therapy, whether surgical, minimally invasive or medical
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Fig. 3 CT angiogram of the patient in Figs. 1 and 2. a A vascular
“web” in the proximal right middle lobe (solid white arrow), and
eccentric lining thrombus involving the right descending PA (open
white arrow) are CT findings consistent with chronic thromboembolic
disease. b Farther caudad in the same study, the irregular lining
thrombus in the descending PA is associated with vessel narrowing
(open white arrow). This is more pronounced in the posterior vessel to
the left lower lobe (solid white arrow), the CT finding correlating with
what was observed on the pulmonary angiogram in Fig. 2

[59-63]. Newer MR techniques in development include
four-dimensional flow studies that map the direction and
speed of blood flow. Mapping the blood flow vortices in the
right ventricle can provide information about right ven-
tricular diastolic dysfunction, and changes in the vortices of
flow within the pulmonary arteries have been shown to
change in response to therapy with balloon pulmonary
angioplasty [64, 65]. Many of these newer MR techniques
offer the promise of providing greater insight into disease
severity and treatment selection especially in instances
when symptoms are disproportionate to the severity of
resting hemodynamic impairment or the degree of pul-
monary vascular obstruction.

Pulmonary thromboendarterectomy
Operability assessment

Once a diagnosis of CTEPH is established, an assessment
of operability is the next, and often most difficult, next
step. This decision has even greater implications in a new
era with approved PH-targeted medical therapy for inop-
erable CTEPH and an expanding role of balloon pulmonary
angioplasty (BPA). PTE has been established as the treat-
ment of choice for CTEPH patients deemed operable
because of the low mortality, excellent outcomes, and
potential for cure at experienced CTEPH centers [37]. In
large patient series published from the USA and Europe,
the mean and median PVR achieved after surgery is usually
<300 dyn s cm ™ [66, 67]. As a result, every effort should
be made to have patients with CTEPH evaluated at a center
experienced with performing PTE surgery (Fig. 4). How-
ever, even at experienced CTEPH centers, operability
assessment is often subjective, and a decision to proceed
with PTE in borderline cases is accompanied by a frank
discussion with patients weighing expectations of a
favorable surgical outcome against associated risks.

Surgical success owes as much to appropriate patient
selection as it does to surgical technique and postoperative
management. The determination of operability relies on
several key assessments: (1) the chronic thrombotic lesions
are surgically accessible based on the experience of the
surgical team; (2) the thrombus burden observed on
imaging correlates with degree of hemodynamic impair-
ment observed during right heart catheterization. This is
particularly difficult for patients with primarily segmental
and subsegmental chronic thromboembolic disease; (3)
there is the anticipation that an endarterectomy will result
in pulmonary hemodynamic and cardiopulmonary symp-
tom improvement; and (4) patient comorbidities do not
preclude surgical consideration.

While centers have previously reported higher mortality in
patients with preoperative PVR > 1000-1200 dyn s cm >,
this finding is not a contraindication to PTE and should not
limit referral to a CTEPH center for surgical evaluation.
And although over the past decade overall perioperative
mortality rates have declined worldwide, patients with
more severe pulmonary hypertension and those with
decompensated right heart failure from their chronic
thromboembolic disease remain at greater risk [67]. In a
recent report, the San Diego group reported a declining
overall operative mortality risk of 2.2 % following
thromboendarterectomy surgery in 500 patients operated
between 2006 and 2010; in this same group, those patients
with a preoperative PVR > 1000 dyn/s/cm > experienced
a mortality rate of 4.1 % compared to 1.6 % in those
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Fig. 4 CTEPH treatment
algorithm proposed at the Sth [
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patients with a PVR less than 1000 dyn/s/cm™> [66]. A
more recent report from de Perrot and colleagues compared
post-endarterectomy outcomes in those CTEPH patients
with a preoperative total pulmonary vascular resistance of
greater than (N = 26) or less than (N = 78) 1200 dyn s cm ™.
Overall in-hospital mortality after pulmonary endarterec-
tomy was 4 %, with all deaths occurring in patients with a
TPR > 1200 dyn s cm~> and decompensated right heart
failure on presentation [68].

As perioperative mortality rates have declined, PTE sur-
gery is now more routinely being performed in symptomatic
patients with chronic thromboembolic disease (CTED) but
without pulmonary hypertension at rest [69]. Patients with
CTED are thought to improve from PTE surgery through a
reduction in dead space ventilation [70]. Data supporting the
role of PTE surgery in CTED is limited. Recently, a CTEPH
center in the UK published data from 42 patients with
symptomatic CTEPH and a baseline mean PA pressure
<25 mmHg who underwent PTE surgery. PTE resulted in a
significant improvement in functional status and quality of
life with 95 % of patients remaining NYHA class I or II at
1-year follow-up. While there was no in-hospital mortality,
complications occurred in 40 % of patients [69].

The presence of comorbidities further impacts the
decision to proceed with surgery. There should be the
anticipation that a PTE will have a meaningful outcome for
the patient undergoing this complex and technically chal-
lenging procedure. Patients with significant comorbid
conditions such as severe emphysema, or those with a life-
limiting malignancy, are not only at considerable periop-
erative risk, but are unlikely to realize the functional status
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benefit that would be achieved with a PTE. Based on data
from the European CTEPH registry, coronary artery dis-
ease increases the in-hospital and 1-year mortality associ-
ated with the surgery from 2.1 to 10 % and 5.1 to 15 %,
respectively [67]. Advanced age by itself is not a con-
traindication to surgery. Over a 5-year period, Berman and
colleagues reported a comparable in-hospital mortality rate
of 4.6 % (14 of 308) for patients <70 years old compared
to 7.8 % (8 of 103) for those patients >70 years. However,
total hospital days and ICU days were greater in the older
patient group [71]. Other factors that make the surgery
technically more difficult but have not been shown to
increase mortality include elevated BMI [72], taller
patients, and the presence of prior sternotomy.

Outcomes: pulmonary thromboendarterectomy
surgery

Since its inception, pulmonary thromboendarterectomy
surgery has evolved significantly [1]. However, the fun-
damental elements of the procedure have remained little
changed over the past two decades. Currently, a throm-
boendarterectomy necessitates a median sternotomy, car-
diopulmonary bypass, and deep hypothermia (for tissue
protection) with circulatory arrest periods in order to pro-
vide a bloodless surgical field. This allows for an optimal
visual field to facilitate as complete a dissection as possible
[73].

Recent reports of in-hospital mortality rates for PTE
surgery are 2.2 % [66] at a single US referral center and
4.7 % [67] across multiple European centers. Long-term
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survival following PTE is excellent. For patients who
survive to hospital discharge, survival rates of 92.5 % at
5 years and 88.3 % at 10 years have been reported in the
UK. More recent data from the same center showed similar
results with a 5-year survival rate of 90.0 % [74]. Other
centers have demonstrated similar long-term survival
results with reports from the Netherlands demonstrating 1-,
3-, and 5-year survival rates of 93.1, 91.2, and 88.7 %,
respectively [75].

PTE performed at experienced centers usually results in
an immediate and sustained improvement in hemodynam-
ics. Data published from CTEPH centers around the world
have reported similar improvements in hemodynamics with
improvements of PVR from >800 dyn to values below 400
[76]. Results are similarly robust for improvements in CO/
CI and mPAp. Most importantly, the hemodynamic
improvement is sustained on long-term follow-up. Data
from the UK have shown that prior to PTE, 66 % of
patients were functional class III or IV and 88 % of
patients had improved to functional class I or II at
12-month follow-up [77]. Mean improvement in 6-min
walk test following PTE of 103 &+ 22.7 m was also sus-
tained at 12-month follow-up. Data from Italy have shown
similar results with a sustained functional improvement
over a 4-year period with 97 % of patients NYHA III or IV
prior to PTE and 74 % improved to functional class I at
4-year follow-up [78].

And as evolving surgical techniques have allowed more
distal resection of chronic thromboembolic disease,
immediate and long-term results have been similarly
impressive (Fig. 5). In a 2014 report from D’Armini and
colleagues, of 331 endarterectomies performed, 110 were
classified as distal resection. Overall in-hospital mortality
rate was 6.9 % with no significant difference between
groups, immediate pulmonary hemodynamic improve-
ments were comparable (PVR 876 & 392 to 251
+146 dyn s cm™ in the proximal group vs. 926 & 337 to
295 4 161 dyn s cm ™ in the distal resection group), and
the sustained hemodynamic benefit at 12-month follow-up
was similar in both patient groups [79]. This report sup-
ports the benefit of PTE surgery for distal (segmental)
resection; however, it should be emphasized that an
endarterectomy performed at this level requires consider-
able surgical expertise.

Though the definition of residual pulmonary hyperten-
sion varies between reporting centers, there are patients
who do not achieve normal pulmonary pressures and right
heart function following PTE surgery. Occurrence esti-
mates vary between 5 and 35 % of operated patients [74,
77, 78, 80, 81], though long-term information is lacking as
to what level of residual pulmonary hypertension nega-
tively impacts functional status and survivorship, and
therefore requires PH-targeted medical therapy. In a recent

report, residual PH after PTE surgery negatively impacted
in-hospital mortality. In 500 consecutive cases performed
at UCSD between 2006 and 2010, mortality was 10.3 % for
patients with a postoperative PVR > 500 dyn s cm™>
compared with 0.9 % for patients with a postoperative
PVR < 500 dyn s cm™> [66].

Non-surgical approach to CTEPH
PH-targeted medical therapy

Despite the evolution of PTE surgery, for patients who
are not surgical candidates and not candidates for balloon
pulmonary angioplasty, there is a role for pulmonary
hypertension-targeted medical therapies [82]. The use of
pulmonary hypertension-targeted medical therapy in
CTEPH is widespread and generally occurs in one of
three categories of patients: (1) patients who are deemed
inoperable or not a suitable candidate for PTE surgery;
(2) patients with residual pulmonary hypertension fol-
lowing PTE surgery; and (3) patients being “bridged”
with therapy until they can be evaluated for PTE at a
CTEPH center.

Up to 37 % of patients in a European and Canadian
registry of CTEPH centers were deemed inoperable and
were not offered PTE surgery [4]. There was a wide vari-
ation among centers however ranging from 12 to 61 %, and
fewer patients were declined surgery at more experienced
centers. The most common reason (48 %) for not offering
surgery was clot deemed inaccessible to surgery. Other
reasons included comorbidities (13 %) and discordance
between clot burden and hemodynamic impairment.

Despite widespread use, only three PH-targeted thera-
pies, sildenafil, riociguat, and bosentan, have been studied
in randomized controlled fashion. In addition, large-scale
trials on the impacts of therapy prior to PTE surgery, or
“bridge” therapy, have not yet been completed. Smaller
trials examining this treatment strategy have shown acute
improvements in hemodynamics and measurements of
right ventricular function in the preoperative period but no
effects on postoperative hemodynamics or other outcome
measures.

Of the PH-targeted therapies, only the guanylate cyclase
stimulator, riociguat, is approved for patients with CTEPH
and only for patients with inoperable disease or residual
pulmonary hypertension following PTE surgery. In the
16-week randomized, placebo-controlled trial CHEST-1,
261 patients with inoperable CTEPH or residual pulmonary
hypertension following PTE surgery were treated over a
16-week period with riociguat or placebo [83]. Patients
treated with riociguat had an improvement in 6-min walk
distance of 39 m compared to a 6-m decrease in the
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Fig. 5 Endarterectomy
specimen obtained from the
patient whose studies are
pictured in Figs. 1, 2, and 3.
Semi-organized thrombus was
obtained from the right
descending PA in addition to the
extensive chronic thrombotic
material pictured. On the left,
the endarterectomized material
from the upper lobe, lingula,
and lower lobe originated
primarily from the segmental
level

placebo arm. There was also an improvement in hemody-
namics, WHO functional status, and NT-proBNP levels.
Data from the open-label, long-term extension of this trial
confirmed the durable exercise and functional status benefit
of this medication for up to a year, with a similar safety
profile achieved in CHEST-1 [84].

The use of endothelin receptor antagonists (ERA) in
CTEPH is common and occurs in up to 20 % of patients at
the time of PTE evaluation according to data from a single
US center. In the BENEFiIT trial, 157 inoperable patients or
patients with residual pulmonary hypertension following
PTE were randomized to bosentan or placebo. The study
failed to meet the primary end point, an improvement in
6-min walk distance, but did demonstrate a 24 % reduction
in PVR and improvement in functional class in the treat-
ment arm [85]. The MERIT study, examining the effects of
newer ERA, macitentan, in patients with inoperable
CTEPH, is currently underway.

The phosphodiesterase inhibitor (PDES) sildenafil was
studied in a small, randomized controlled study of 19
patients and in a larger open-label study of 104 patients.
The effect on 6-min walk distance was mixed, but
improvements in PVR and quality of life were observed
[86]. In small, uncontrolled studies, all of the currently
available prostacylin (PGI2)-based therapies including
epoprostenol, iloprost, and trepsotinil have demonstrated
improvements in hemodynamics and functional status
[87-89].
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The improvements achieved with medical therapy are
more modest than what are achieved with PTE surgery, and
medical therapy should not be used as an alternative to
surgery in patients felt to have operable CTEPH or delay a
referral to a CTEPH center for surgical evaluation [90].

Balloon pulmonary angioplasty

Balloon pulmonary angioplasty (BPA) has emerged
recently as a potentially effective therapy to treat CTEPH.
In simplest terms, this procedure identifies areas of vas-
cular obstruction in the pulmonary arteries using selective
angiography, and balloon dilates these lesions with similar
well-established angioplasty techniques used in other vas-
cular locations. In practice, it has taken more than 20 years
to refine the technique, optimize patient selection and
vessel selection to match the safety and efficacy achieved
with PTE surgery at experienced centers.

The first case report of BPA was published in 1988 [91],
and it was not until 13 years later in 2001 that a larger case
series was published describing 18 patients who underwent
BPA [92]. Patients required a median of three procedures
and achieved a reduction in mPAp from 43.0 £ 12.1 to
33.7 £ 10.2 mmHg (P = 0.007), an improvement in
6-MW distance from 209 to 497 yards (P < 0.0001) and an
improvement in functional class from 3.3 to 1.8
(P < 0.001). However, 11 (61 %) patients suffered lung
injury in the treated lung segments, three (16.7 %) of
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which required mechanical ventilation and one (5.6 %)
patient died in the immediate post-procedure period. While
benefits of the procedure were clearly demonstrated in this
series, the complication rate and mortality compared to
PTE surgery was too high to justify widespread adoption of
the procedure.

For this reason, refinement of the BPA technique has
occurred in locations around the world where access to
experienced PTE surgical centers capable of distal
endarterectomy has been limited. In 2012, three publica-
tions from medical centers in Japan generated a renewed
enthusiasm for the role of BPA in the treatment for CTEPH
[93-95]. The largest of the three series included 68 patients
who were deemed inoperable for PTE surgery based on
comorbidities and lesion location. Following a median of
four sessions, mPAp decreased from 45.4 4+ 9.6 to
240 £ 64 mmHg (P <0.01), and improvements in
6MWD and NYHA functional class were also observed
[93]. In all three reports, lung injury complications
including reperfusion edema, vascular rupture, and
hemoptysis were observed in 50-70 % of patients.

The data from Japan were followed by a case series from
Norway in 2013 of 21 patients deemed poor candidates for
PTE who underwent BPA. As observed in the series from
Japan, there were significant improvements in hemody-
namics, NYHA functional class, pro-BNP levels, and car-
diopulmonary exercise testing after BPA [96]. While rates
of reperfusion lung injury were lower at 35 %, mortality
was 10 %.

In a relatively short period of time, the procedure has
been further refined with improved techniques to image
diseased segments, size balloons, measure pressure gradi-
ents, and predict the likelihood of lung injury. In a series
from Japan, 140 consecutive BPA procedures in 54 patients
were used to generate a scoring index to predict lung injury
[97]. Notably, the incidence of clinically significant lung
injury following BPA was only 6 %, and the mortality was
1.9 %. While the specific BPA techniques still vary
between centers, the complication rate and mortality mir-
rors this trend with routine complication and mortality rates
now <5 % [98].

BPA has also been performed and proven safe and
effective in patients with residual pulmonary hypertension
following PTE surgery [99]. While interest in BPA grows,
so does the need to better define its role in the treatment for
CTEPH, particularly in locations where PTE surgery is
routinely performed. Additionally, little is known about
how BPA affects the ability to perform successful PTE
surgery. Concerns center around the potential disruption of
the surgical plane during BPA, thereby increasing the
difficulty of surgery should PTE be necessary following
this procedure.
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