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ABSTRACT: All available evidence today indicates that chronic thromboembolic pulmonary
hypertension (CTEPH) is primarily caused by venous thromboembolism, as opposed to primary
pulmonary vascular in situ thrombosis. Both the initial magnitude of clot and pulmonary embolism
(PE) recurrence may contribute to the development of CTEPH. Only few specific thrombophilic
factors, such as phospholipid antibodies, lupus anticoagulant and elevated factor VIII, are
statistically associated with CTEPH.
A mechanistic view of CTEPH as a disease caused by obliteration of central pulmonary arteries
by pulmonary emboli is too simplistic. Based on available data one may speculate that PE may
be followed by a pulmonary vascular remodelling process modified by infection, immune
phenomena, inflammation, circulating and vascular-resident progenitor cells, thyroid hormone
replacement or malignancy. Both plasmatic factors (hypercoagulation, ‘‘sticky’’ red blood cells,
high platelet counts and uncleavable fibrinogens) and a misguided vascular remodelling process
contribute to major vessel and small vessel obliteration. Endothelial dysfunction and endothelial–
mesenchymal transition may be important, but their precise roles remain obscure. There exists no
animal model for CTEPH; therefore, experimentation in the future must include human tissues and
clinical data in parallel.
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hronic thromboembolic pulmonary hypertension (CTEPH) results from the obstruction of predominantly major (central or
proximal large) pulmonary vessels by organised
blood clots. CTEPH is a common variation of
pulmonary hypertension (PH) [1]. Current data
derived from registries suggest that CTEPH occurs
at an incidence of 3–30 per million in the general
population. Although CTEPH does not show the
classical risk profile of venous thromboembolism
(VTE), the disease has been demonstrated to emerge
as a long-term complication of symptomatic pulmonary embolism (PE) with a cumulative incidence
of 0.1–9.1% within 2 yrs of the event [2–11]. Still, a
significant number of cases may originate from
asymptomatic VTE [1, 12].

C

DEFINITION
CTEPH is defined by the following observations
after o3 months of effective anticoagulation [13]:
1) mean pulmonary arterial pressure .25 mmHg
with a pulmonary capillary wedge pressure
f15 mmHg; and 2) at least one (segmental)
perfusion defect detected by lung scanning, multidetector computed tomographic angiography or
pulmonary angiography.
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THE THROMBOEMBOLIC CONCEPT
Although CTEPH is considered a venous thromboembolic disorder, classic thromboembolic plasmatic risk factors are lacking. Over the past few
years, several important observations and clarifications have been made with regard to a better
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[22]. Factor V mutation prevalence is dependent on the
populations that are studied. The association between combined
defects and CTEPH is anecdotal [23]. LACs/APAs and the
coagulation factor FVIII have been found associated with VTE
and CTEPH [13, 18, 21, 22, 24, 25].

understanding of the disease [1]. In previous pathology series,
,50% of patients had an identifiable coagulation, autoimmune or
haematological abnormality [14, 15]. However, the European
CTEPH Registry has recently revealed that previous PE is
detected in 74.8% of all CTEPH patients while previous deep
venous thrombosis (DVT) is documented in 56.1% of patients
[16]. Based on these data, it appears adequate to view CTEPH as a
sequela of classical thromboembolism that is modified by
misguided thrombus resolution leading to occlusive vascular
remodelling (fig. 1) in proximal and distal vessels. Moreover,
some, but not all, risk factors of recurrent VTE are present, such as
elevated factor VIII (FVIII) [17] and lupus anticoagulant (LAC)/
antiphospholipid antibodies (APAs) [18]. In contrast to pulmonary arterial hypertension (PAH) involving vessels ,300 mm in
diameter, CTEPH typically affects major vessels [13] and is
therefore amenable to surgical removal of the obstructions [19],
i.e. pulmonary endarterectomy (PEA). Figure 2 shows a typical
specimen surgically removed from a CTEPH patient, representing a cast of the pulmonary vascular bed, consisting of
endothelial cells, smooth muscle cells, fibroblasts and fresh
thrombus by histological examination [1]. While the concept of
major-vessel disease (i.e. CTEPH) and small-vessel disease (i.e.
PAH) sounds intriguing, there are cases of CTEPH overlapping
with PAH, in that they are characterised by distal thromboembolic lesions and a typical pulmonary arteriopathy. Depending
on the assessment of the surgical team, those cases are classified
as inoperable CTEPH.

Plasma concentrations of FVIII and von Willebrand factor
antigen (VWF:Ag) were measured in 122 consecutive patients
with CTEPH, in 88 patients with nonthromboembolic PAH, and
in 82 age- and sex-matched healthy controls [17]. Elevated
VWF:Ag and FVIII (.230 IU?dL-1) were more common in
patients with CTEPH than in both PAH patients and controls
(41% versus 5% and 22%, respectively). After successful PEA, no
decrease in FVIII plasma concentrations occurred; in contrast,
plasma FVIII decreases after alleviation of PH by prostanoid
treatment [30]. These data suggest that elevated values of FVIII
in patients with CTEPH might be causal to the disease process.

COAGULATION AND FIBRINOLYSIS
A low incidence of CTEPH after PE, a lack of symptomatic PE
in o25% of patients with CTEPH and the absence of classical
thromboembolic risk factors challenges the link between PE and
CTEPH [1, 20, 21]. For example, a deficiency of antithrombin,
protein C and protein S, the G20210A mutation of prothrombin
and hyperhomocysteinaemia are not associated with CTEPH.
The factor V R506Q mutation (factor V Leiden) is not more
common in CTEPH [18]. However, in a recent retrospective
study, factor V Leiden was more frequent in CTEPH than in
other PH (29% versus 7.8%; p50.001), and the prothrombin
mutation was more frequent in CTEPH, albeit not significantly

Acute episodes of VTE may be associated with the risk of
developing CTEPH. In a prospective cohort study, 305 patients
with symptomatic VTE were recruited, 223 with a first episode of
PE, 58 with previous DVT and 24 with previous PE [8]. The
incidence of CTEPH in the first group was 3.8% within the first
2 yrs of follow-up. In the other two groups, cumulative
incidences of CTEPH were 5.2% and 33.3%, respectively. In the
multivariate logistic regression model, younger age (OR 1.79, 95%
CI 1.23–2.56), previous PE (OR 19, 95% CI 4.5–79.8), an idiopathic
clinical presentation of PE (OR 5.70, 95% CI 1.41–22 .97) and
larger perfusion defects at the time of PE diagnosis (OR 2.22, 95%
CI 1.49–3.31) were associated with an increased risk of CTEPH
[8]. In a recent smaller prospective cohort study on 110 patients

APAs have been detected in patients with various forms of PH,
but usually in low titres. High APA titres were found in
CTEPH patients, and high titres were associated with LAC
[18]. In patients with CTEPH, the detection of LAC suggests a
prothrombotic state; this may not be true in patients with
nonthromboembolic PH in whom other immunological and
inflammatory mechanisms may be involved [26, 27]. The
finding of multiple positive tests in CTEPH patients is of
interest because of a recent publication illustrating a higher
risk of VTE recurrence in triple-positive tests [28, 29].
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FIGURE 1.

Scheme of the pathophysiological concept of chronic thromboem-

FIGURE 2.

Major vessel obstructions (‘‘acute and chronic clot’’) removed by

bolic pulmonary hypertention. VTE: venous thromboembolism; PE: pulmonary

pulmonary endarterectomy from the right and left pulmonary artery. Scale

embolism.
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with acute PE, CTEPH incidence was 9.1% within 2 yrs; six (5.4%)
cases were diagnosed during variable clinical follow-up and the
remaining cases were diagnosed on the basis of echocardiographic and clinical findings at 2 yrs from the index event [11]. In
the multivariate regression model older age (relative risk (RR) 1.2
per year, 95% CI 1.0–1.3) and a combination of previous and
recurrent PE were found to be associated with CTEPH (RR 5.7,
95% CI 1.5–22.0). In a large retrospective cohort study, 687
consecutive patients with PH were enrolled in four large
European databases [25]. 433 of these patients were diagnosed
with CTEPH and 254 with nonthromboembolic PH. A logistic
regression analysis was performed in 585 patients showing that
both previous and recurrent VTE were significantly associated
with an increased risk of CTEPH (OR 4.52, 95% CI 2.35–9.12 and
OR 14.49, 95% CI 5.40–43.08, respectively). Even chronic venous
ulcers, which can be viewed as the late sequelae of DVT, were
more common in CTEPH patients (OR 2.84, 95% CI 0.99–9.00).
In a prospective cohort study on 254 subjects observed for a
median 3.8 yrs after a first episode of acute PE, 0.8% developed
CTEPH [3]. Interestingly, this incidence increased to 1.5% if only
patients with an idiopathic clinical presentation of PE were
considered, which is similar to that observed by PENGO et al. [8],
although no VTE recurrences were observed in patients
diagnosed with CTEPH. However, the exclusion of both cancer
patients and those with major thrombophilic disorders, the
relatively low severity of acute PE episodes and the very careful
management of anticoagulant therapy may have influenced the
true incidence of CTEPH. In another prospective cohort study of
834 subjects with suspected PE, 320 patients with an objectively
confirmed diagnosis were followed-up for a median 2.1 yrs [6].
This study was unique in that it performed serial lung scans in all
patients. The incidence of CTEPH was 1.3%; the median extent of
pulmonary vascular obstruction was almost 60% in patients
diagnosed with CTEPH. There was no evidence of recurrent PE
in serial lung scans. However, an association between recurrent
PE and CTEPH could have been underestimated: 1-yr mortality
was high, and three out of four CTEPH patients had had
documented episodes of DVT without any objective imaging
tests for PE before entering the study. POLI et al. [31] prospectively
observed a cohort of 239 patients with a first episode of PE and
found a 0.4% CTEPH incidence after a median follow-up of 3 yrs.
VTE recurrences and high levels of D-dimer after withdrawal of
anticoagulant therapy were not associated with an increased risk
of CTEPH. Notably, none of the patients with VTE recurrences
had high systolic pulmonary arterial pressure. However, the lack
of data about the severity of the index event and the exclusion of
patients with cancer introduced a selection bias. In up to 14% of
subjects a treatment strategy based on D-dimer testing was
adopted in order to reduce VTE recurrences, and this may have
affected CTEPH incidence. KLOK et al. [5] investigated the
occurrence of CTEPH in 866 unselected consecutive patients
diagnosed with PE. Provided that a diagnosis of CTEPH was not
made, the 588 survivors underwent an echocardiographic study
after a median time of 3.7 yrs after the index event; in case of
suspected CTEPH a diagnostic procedure was performed for
confirmation purposes. The cumulative incidence of CTEPH was
0.57% in the overall population and 1.5% in patients with
unprovoked PE. Recurrent PE was not associated with a higher
risk of developing CTEPH. However, a lack of data related to the
acute index event, variable duration of follow-up and the
464

VOLUME 41 NUMBER 2

exclusion of ,30% of eligible subjects significantly limited the
power of detecting CTEPH.
RIEDEL et al. [20] assessed haemodynamics at o2 months after
acute PE in 76 patients. A haemodynamic investigation was
subsequently performed in subjects surviving 1–15 yrs after the
first examination [32]. The detection of a mean pulmonary artery
pressure .30 mmHg at baseline was associated with a further
increase during follow-up (from 47.1¡14.6 to 55.3¡10.1 mmHg,
p,0.05), while normal mean pulmonary artery pressures showed
no late increase.
In a small prospective cohort study RIBEIRO et al. [7] performed
serial echocardiographic examinations within 1 yr of the acute
event in 78 patients who were subsequently followed over 5 yrs.
The detection of systolic pulmonary artery pressures .50 mmHg
at the time of the initial diagnosis of PE was associated with a
three-fold increase in the risk of PH at 1 yr [7]. Notably, three out
of four patients with persistent PH underwent PEA. The
detection of right ventricular dysfunction during the acute phase
of PE in a cohort of 301 patients with a first acute episode of PE
was associated with an almost four-fold risk of VTE recurrences
after a 3-yr follow-up (hazard ratio 3.79, 95% CI 1.8–7.8) [33].
However, the question remains whether early detection of
significantly elevated pulmonary arterial pressures is related to
true acute PE with right ventricular strain, or to an early
manifestation of CTEPH.
Taken together, currently available evidence confirms that at
least some prothrombotic risk factors of acute and recurrent
VTE are prevalent in CTEPH patients, while fibrinolytic factors
have been shown to be bystanders rather than mediators of the
disease [34]. In general, the clinical presentation of the acute PE
episode, and possibly VTE recurrences, increase the risk of
developing CTEPH. Recent studies have demonstrated that
persistent residual thrombotic material in the deep venous
system is associated with a higher risk of VTE recurrences and
identify a subgroup of patients in whom prolonging anticoagulant therapy is beneficial [35].
Current evidence suffers from several limitations: patient
cohorts are heterogeneous and their mortality rates variable;
studies are often retrospective and not adequately controlled;
the severity of the initial embolic episode is often unknown;
and it is very hard to exclude pre-existing PH. However, the
recent description of the European patient cohort indicating
that previous PE was confirmed in three-quarters of patients
and previous VTE was observed in half of them provides firm
evidence for the thromboembolic nature of the disease, despite
continued controversy over this issue [36].
OTHER RISK FACTORS
Nonplasmatic risk factors such as splenectomy, ventriculo–
atrial (VA) shunt for hydrocephalus therapy, inflammatory
bowel disease and chronic osteomyelitis are associated with a
higher incidence and a worse prognosis of CTEPH [21, 25, 37]. In
a recent retrospective database involving three European PEA
centres, data from 687 CTEPH patients were compared with
nonthromboembolic precapillary PAH cohorts at the participating institutions. VA shunts and infected pacemakers (OR 76.40,
95% CI 7.67–10351; p,0.001), splenectomy (OR 17.87, 95% CI
1.56–2438; p50.017), and non-O blood groups (OR 2.09, 95% CI
1.12–3.94; p50.019) were more often associated with CTEPH.
EUROPEAN RESPIRATORY JOURNAL
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Thyroid replacement therapy (OR 6.10, 95% CI 2.73–15.05;
p,0.001) and a history of malignancy (OR 3.76, 95% CI 1.47–
10.43; p50.005) emerged as novel CTEPH risk factors. Recent
data from the French PH programme reporting on 17 cases of
Port-A-Cath1 (Smiths Medical, Grasbrunn, Germany) central
venous access systems entailing CTEPH [38] with 30% culturepositive for Staphylococcus epidermidis lends support to the
concept of infected intravenous lines as a pathological trigger for
CTEPH.
PATHOPHYSIOLOGICAL CONCEPTS AND ANIMAL
MODELS
The concept of ‘‘inflammatory thrombosis’’
In the majority of subjects, venous thrombi are removed by
complex processes of degradation and organisation, including
adaptive (mostly positive) remodelling of the vessel wall and
recanalisation. This process is very similar to the formation of
granulation tissue during wound healing. Leukocyte recruitment
and angiogenesis play important roles during thrombus resolution. Initially neutrophils and subsequently monocytes are
recruited into organising thrombi. Thrombus resolution is
severely impaired when monocyte recruitment is reduced.
Monocytes are capable of expressing and secreting a host of
chemo-attractants (e.g. monocyte chemotactic protein (MCP)-1),
growth factors (e.g. vascular endothelial growth factor (VEGF),
basic fibroblast growth factor (bFGF), transforming growth factor
(TGF)-a and -b1) and proteases (e.g. urokinase-type plasminogen
activator and matrix metalloproteinases). Inflammatory markers,
e.g. C-reactive protein (CRP) [26], tumour necrosis factor-a [39]
and MCP-1 [40] have been found to be elevated in plasma and
thrombus tissues of patients with CTEPH, in correlation with
haemodynamics.
The concept of ‘‘deficient angiogenesis’’
In CTEPH, angiogenesis depends on vasa vasorum that derive
from the systemic bronchial arteries. After pulmonary arterial
occlusion, these vessels normally spread into the pulmonary
arteries and pre-existing collaterals are opened. In the course of
healing or thrombus organisation, positive regulators of angiogenesis predominate and the endothelium becomes activated,
penetrating the occlusive thrombus [41]. Previous animal studies
have demonstrated that recanalisation of the vein wall may occur
within 24 h of thrombus formation. During the early phase of
resolution, thrombi begin to contract and retract from the vein
wall, which results in the formation of cell-lined pockets between
the body of the thrombus and the intima of the vein wall. The
appearance of vascular channels is associated with the expression
of VEGF and bFGF, which are thought to drive neovascularisation
within the thrombus [42]. Collagen-secreting cells were detected
in PEA material [43], participating in the formation of a
microenvironment that leads to dysfunctional endothelial cells
that do not support the angiogenetic process [44]. Previous animal
studies demonstrated that VEGF administration enhanced
thrombus resolution in animal models [45, 46]. Nevertheless,
the observation was rejected by certain experimental setups [47].
Recent experimental data suggest that stimulating hypoxiainducible factor-1a levels in the vein wall leads to an increased
angiogenic drive and promotes vein recanalisation and thrombus
resolution [48]. These observations, and the deficiency of
angiogenetic gene expression in CTEPH obstructions detected
by differential display analysis and RT-PCR, suggest that the
EUROPEAN RESPIRATORY JOURNAL
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failure to resolve pulmonary vascular obstructions may be
interconnected with a deficiency in angiogenesis.
The concept of ‘‘abnormal fibrinogen’’
Abnormal variants of fibrinogen [49, 50] and abnormal
fragmentation of fibrinogen by plasminogen activators [51]
are alternative pathophysiological targets. In a recent study, a
significant difference was demonstrated in fibrinogen (Fg)-Aa
Thr312Ala genotype and allele frequencies between CTEPH
subjects and controls [52]. In addition, the Fg-Aa Thr312Ala
allele has been associated with an increased risk of VTE [53].
Animal models
Animal models have been designed to imitate the thrombosis
and thrombus resolution pathways in the pulmonary vasculature, albeit with limited success [54, 55]. A porcine model
a)

b)

FIGURE 3.

‘‘Secondary vascular disease’’ of chronic thromboembolic

pulmonary hypertension observed in lung biopsies obtained during pulmonary
endardectomy in the course of a clinical study. a) Trichrome stain of small
pulmonary arteries ,200 mm in diameter with intimal fibrosis and smooth muscle
hypertrophy; b) lung specimen from a lobe dependent upon a completely occluded
main pulmonary artery. Note a paucity of vessels. Existing vessels do not display
smooth muscle cell hypertrophy and intimal lesions. Both lung specimens are from
the same patient (different from that shown in fig. 2). Scale bars5200 mm.
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originating from ligation of the left pulmonary artery through
a midline sternotomy combined with repeated embolisation of
histoacryl into the right lower lobe over 5 weeks may be
promising [56]. Several models utilising percutaneous embolisations of the pulmonary vessels in combination with
splenectomy are currently under investigation. Alternatively,
a murine vena cava ligation model is allowing mechanisms of
thrombus resolution to be pinpointed [48, 57].
VASCULAR PATHOBIOLOGY
According to current knowledge, CTEPH emerges as a ‘‘dual’’
pulmonary vascular disorder with thrombosis inducing major
vessel vascular remodelling, combined with a small pulmonary vessel disease (pulmonary arteriopathy) [1, 58]. Vascular
lesions comprise distal extension of muscularisation, concentric
laminar intimal fibroelastosis and eccentric intimal fibrosis,
medial hypertrophy and occasional plexiform lesions. The latter
appear to predominate in areas with patent feeding vessels
(fig. 3a), while in areas distal to stenotic or occluded vessels a
paucity of vessels is observed (fig. 3b). Pulmonary arteriopathy
in CTEPH patients is currently interpreted as the sequela of
combined endothelial dysfunction with abnormal accumulation
of asymmetric dimethylarginine [59], abnormal proliferation of
smooth muscle and endothelial cells, fibroblast and smooth
muscle cell migration, inhibited apoptosis in vascular smooth
muscle cells and in situ thrombosis [60, 61]. Key players in this
disturbance are prostacyclin and prostacyclin synthase, which
have been found deficient in PAH, and physiologically counteract the effects of RhoA/Rho-kinases, small intracellular guanosine triphosphatases having important signalling functions on
tissue factor expression, nuclear factor-kB induction and cyclin
D transcription. It is not known whether the degree of smallvessel disease may be related to the length of time a patient has
PH before diagnosis of CTEPH [62]. Recent data suggest that the
incidence of small-vessel disease may be greater in patients with
associated medical conditions [37], e.g. VA shunts for the
treatment of hydrocephalus, splenectomy, inflammatory bowel
disease, low-grade malignancy and thyroid replacement therapy. In addition, pulmonary vascular reactivity, which is
thought to reflect the functional responsiveness of resistance
vessels, parallels prognosis [63]. In greater detail, a decrease in
mean pulmonary artery pressure of o10% after administration
of inhaled nitric oxide at diagnostic right heart catheterisation is
a predictor of better prognosis. Recently, the observation of
infection with staphylococcal species has been demonstrated
both in vivo [38, 57] and in a detailed analysis involving a mouse
model of stagnant-flow venous thrombosis [57]. Staphylococcus
aureus or Staphylococcus epidermidis is responsible for up to half
of device infections, and bacterial pathogens promote fibrotic
wound healing [64]. In the mouse model, staphylococcal
infection delayed thrombus resolution in parallel with upregulation of TGF-b and connective tissue growth factor, laying
grounds for the assumption that thrombus infection may be
associated with thrombus nonresolution. Based on these data,
one may speculate that timely antibiotic treatment of major VTE
may prevent the development of CTEPH.
Pulmonary vascular wall thickening in CTEPH patients may be
due to proliferation of adventitial fibroblasts, circulating progenitor/precursor cells and/or myofibroblasts, creating fibrous
plaques with angioneogenesis and cholesterol-containing
466
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atherosclerotic plaques [65]. In a large series of thromboembolic
obstructions analysed at the University of California at San
Diego (San Diego, CA, USA), remodelling of thrombi at various
stages, granulomas associated with sarcoidosis, and a rare case
showing features of inflammatory myofibroblastic tumour,
primary or metastatic malignancies, and isolated pulmonary
arteritis were observed [58]. In 15% of cases significant inflammation was noted [14]. The role of inflammation in CTEPH
pathogenesis has been emphasised by studies illustrating the
expression of the CRP receptor LOX-1 on cells isolated from the
major pulmonary vessels in CTEPH [27]. The cells isolated from
endarterectomised tissue from CTEPH patients displayed diverse
morphological phenotypes. Immunofluorescent staining using
the smooth muscle cell (SMC) marker smooth muscle a-actin was
detected in most of the cells; however, some cells showed defined
actin filament structures, some a more general cytoplasmic
staining and others very weak staining. Cells stained very
strongly with the fibroblast marker vimentin in addition to
markers typical of more primitive mesenchymal precursor/progenitor cells, some of them with hyperproliferative, anchorageindependent, invasive and serum-independent features [66].
Furthermore, RT-PCR confirmed the presence of mRNA transcripts indicating primitive cell types. In vitro, it was demonstrated that myofibroblast-like cells harvested from PEA
specimens induced endothelial-to-mesenchymal transition that
was effectively inhibited by rapamycin [44]. Similar proliferative
features were observed in cells isolated and cultured from the
proximal pulmonary arteries during PEA [67]. The data suggest
that enhanced or deregulated differentiation of progenitor cells
into SMC types may occur in occluded vessels, in addition to
transmigration or transdifferentiation of adventitial fibroblasts.
These mechanisms characterise both vascular remodelling
processes observed in CTEPH [43, 68].
CONCLUSION AND OUTLOOK
CTEPH is a unique subset of PH because of the asset of
curability. It may therefore also serve as an elegant model for
studies of right ventricular function and pulmonary vascular
tissues. In Europe, the Association for Research in CTEPH has
established a unique database and platform to drive research
and education in this important subsection of pulmonary
vascular medicine.
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